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Abstract. Sequential cleavage of the amyloid-� protein precursor (A�PP) by BACE1 (�-secretase) followed by the
�-secretase complex, is strongly implicated in Alzheimer’s disease (AD) but the initial cellular responses to these cleav-
age events are not fully defined. �-secretase-mediated A�PP processing yields an extracellular domain (sA�PP�) and a
C-terminal fragment of A�PP of 99 amino acids (C99). Subsequent cleavage by �-secretase produces amyloid-� (A�) and
an A�PP intracellular domain (AICD). A cellular screen based on the generation of AICD from an A�PP-Gal4 fusion pro-
tein was adapted by introducing familial AD (FAD) mutations into the A�PP sequence and linking the assay to Gal4-UAS
driven luciferase and GFP expression, to identify responses immediately downstream of A�PP processing in neurons with
a focus on the transcription factor Foxo3a which has been implicated in neurodegeneration. The K670N/M671L, E682K,
E693G, and V717I FAD mutations and the A673T protective mutation, were introduced into the A�PP sequence by site
directed mutagenesis. When expressed in mouse cortical neurons, A�PP-Gal4-UAS driven luciferase and GFP expression
was substantially reduced by �-secretase inhibitors, lowered by �-secretase inhibitors, and enhanced by �-secretase inhibitors
suggesting that AICD is a product of the ��-secretase pathway. A�PP-Gal4-UAS driven GFP expression was exploited to
identify individual neurons undergoing amyloidogenic A�PP processing, revealing increased nuclear localization of Foxo3a
and enhanced Foxo3a-mediated transcription downstream of AICD production. Foxo3a translocation was not driven by
AICD directly but correlated with reduced Akt phosphorylation. Collectively this suggests that ��-secretase-mediated A�PP
processing couples to Foxo3a which could be an early neuronal signaling response in AD.
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INTRODUCTION

Despite ongoing debate about the validity of the
amyloid cascade hypothesis, it is still the best expla-
nation for the underlying triggering events in both
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sporadic and familial Alzheimer’s disease (FAD),
and it remains a key therapeutic target area for early
intervention and risk reduction [1, 2]. Multiple cell
types undeniably play a role in the development
of amyloid-� (A�) pathology [3], but aberrant pro-
cessing and metabolism of the amyloid-� protein
precursor (A�PP) in neurons is still the most plausible
disease-initiating event.

Soluble oligomeric forms of A� peptide, gen-
erated from A�PP, play a central role in AD
pathogenesis and through actions at synapses affect
excitability, plasticity, and neuronal viability trigger-
ing secondary pathologies such as development of
dystrophic neurites and inflammation. A� is pro-
duced from sequential cleavage of A�PP, first by
BACE1 (�-secretase) [4–7] to yield a large secreted
extracellular domain (sA�PP�) and an intracellu-
lar C-terminal fragment of A�PP of 99 amino acid
(C99), followed by cleavage of C99 by �-secretase
[8, 9] to produce A� and an A�PP intracellular
domain (AICD), which can potentially form a tran-
scriptionally active complex with Fe65 and Tip60
[10]. Alternatively, A�PP can be cleaved by �-
secretase to release neurotrophic sA�PP� and an
intracellular C-terminal fragment of A�PP of 83
amino acids (C83) followed by cleavage of C83 by �-
secretase to yield a p3 fragment and an AICD [11]. To
facilitate identification of inhibitors and modulators
of these pathways and to investigate the pathophysi-
ological regulation of A�PP metabolism, we adapted
a gene reporter assay based on the cleavage of an
A�PP-GAL4 fusion protein similar in principle to
that used in HeLa [10–12], HEK293 [13], and SH-
SY5Y cells [14]. To ensure that A�PP processing
was assessed in a physiologically meaningful con-
text, particularly to include the complexity of the
post synaptic density, we employed the assay in
mouse primary cortical neurons and demonstrated
that excitatory synaptic transmission exerts a fine
activity-dependent control over A�PP processing
[15, 16]. This, therefore, potentially represents a pow-
erful model system to investigate environmental and
genetic influences on A�PP processing in a neuronal
context enabling assessment of resulting changes
in synaptic responsiveness and neuronal viability.
We used this approach to test the hypothesis that
amyloidogenic processing of A�PP couples to the
pro-apoptotic transcription factor Foxo3a which has
been reported to mediate A�PP-induced cell death
through an AICD dependent pathway [17].

Lifelong overexpression of A�PP can cause AD,
and numerous missense mutations in A�PP have been

identified which lead to FAD [2]. Not all mutations in
A�PP increase �-secretase processing and A� pro-
duction per se but may instead result in elevated levels
of C-terminally extended A� or increased ratios of
long to short forms of the peptide such as the V717L
(London) mutation [18]. Mutations in A�PP within
the A� sequence itself, such as the E693G (Arctic),
typically increase the self- aggregation properties of
the peptide and enhances protofibril formation [19]
which could accelerate neurotoxicity. There are some
mutations in A�PP that do alter the levels of A�
most notably the K670N/M671L (Swedish) mutation
immediately adjacent to the �-secretase cleavage site
[20, 21] and the E682K (Leuven) mutation which
shifts processing toward the �-site increasing total
A� production [22]. Significantly, the A673T muta-
tion reduces �-secretase cleavage of A�PP, lowering
A� production, and conferring protection against
AD [23]. These mutations were introduced into the
A�PP-GAL4 construct to assess their impact on the
processing of A�PP, the sensitivity of processing
to �-, �-, and �-secretase inhibition and to identify
early responses to amyloidogenic A�PP process-
ing in neurons. For this, we focused primarily on
potential downstream effects on Foxo3a-activity [24]
which have previously been implicated in the devel-
opment of protein pathology in neurodegenerative
disease [25–27], likely through control of apoptosis
and autophagy [28]. When used in primary corti-
cal neurons, the A�PP-GAL4 assay preferentially
reported ��-secretase processing, was sensitive to
mutations which influence �-secretase activity and
revealed increased nuclear localization of Foxo3a
and upregulation of Foxo3a activity as early events
lying downstream of amyloidogenic A�PP process-
ing. The recruitment of Foxo3a correlated with subtle
reductions in the levels of Akt phosphorylation. Over-
expressing GFP tagged AICD within the cytoplasm
did not drive Foxo3a translocation to the nucleus
but did enhance transcription. Collectively this sug-
gests that ��-secretase-mediated A�PP processing
increases Foxo3a translocation and transcriptional
activity which could be an early neuronal signaling
response in AD.

MATERIALS AND METHODS

Antibodies and compounds

Mouse anti-GFP antibody (1 : 2000) was pur-
chased from Abcam; Rabbit anti-FOXO3a (75D8)
antibody (1 : 300) and rabbit anti-pAktS473 antibody
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(1 : 500) were obtained from Cell Signaling Tech-
nology; Rabbit anti-Amyloid Precursor Protein,
C-Terminal amino acid 676-695 (1 : 2000; A8717)
was purchased from Sigma. Goat anti-rabbit antibody
Alexa Fluor 546 (1 : 600) and goat anti-mouse anti-
body Alexa Fluor 488 (1 : 2000) were purchased from
Invitrogen. 4’,6-Diamidino-2-Phenylindole, Dihy-
drochloride (DAPI; 1 mg/ml) from ThermoFisher
Scientific. TAPI-1, Batimastat and �-secretase
inhibitor IV (�-IV) were purchased from Merck
Millipore, DAPT and BMS299897 were from
Tocris Bioscience, AZD3839 from Selleckchem and
GI 254023X from Sigma Aldrich. All secretase
inhibitors were reconstituted in dimethylsulphox-
ide (DMSO) at stock solutions of 1-10 mM as
recommended by the manufacturer.

Plasmids and site-directed mutagenesis

The A�PP-GAL4 plasmid containing the cDNA
encoding full length A�PP695 and the yeast tran-
scription factor GAL4 at the C-terminus of A�PP
and the plasmid for expression of the Fe65 adap-
tor protein were as previously described [15]. The
UAS-GFP plasmid, with the upstream activating
sequence (UAS) lying immediately upstream of the
GFP gene [29], was kindly provided by Dr. Zhiyang
Gong (National University of Singapore, Singapore).
pEGFP-n1-AICD was a gift from Zita Balklava
and Thomas Wassmer [30] and was supplied by
Addgene (plasmid # 69925). The Foxo3a response
element (FRE) luciferase plasmid (FRE-Luc), con-
taining three repeats of the insulin response element
[31] upstream of the luciferase gene, was gener-
ated as previously described [32]. The pFR-Luc
reporter plasmid, containing the firefly (Photinus
pyralis) luciferase gene under the control of a syn-
thetic promoter consisting of five tandem repeats
of the yeast GAL4 activation sequence upstream
of a minimal TATA box, and TK-Renilla, a phRL-
thymidine kinase (TK) vector containing the sea
pansy (Renilla reniformis) luciferase gene under
the control of the HSV (herpes simplex virus)-TK
promoter, were purchased from Promega. The gen-
eration of A�PP-GAL4 mutants was performed by
site-directed mutagenesis using Pfu Ultra II Hotstart
PCR Master Mix (Agilent Technologies). Mutated
plasmids were cloned using the One Shot TOP10
Chemically Competent E. coli (Invitrogen) and sub-
sequently obtained using a plasmid extraction kit
(Qiagen). The correct incorporation of each mutation
into the plasmid was confirmed by DNA sequencing.

Primary neuronal culture

Primary cortical neurons were prepared from CD1
mouse embryos in accordance with UK Home Office
Guidelines as stated in the Animals (Scientific Pro-
cedures) Act 1986 using Schedule 1 procedures
approved by the University of Bath Animal Wel-
fare and Ethical Review Body. Primary neurons were
prepared essentially as described previously [33].
Cortices were dissected from 15-day-old CD1 mouse
embryos, and were mechanically dissociated in PBS
supplemented with 33 mM glucose, using a fire-
polished glass Pasteur pipette. Cells were plated into
either 12- or 24-well Nunc tissue culture plates, pre-
viously coated with 20 �g/ml poly-D-lysine (Sigma).
Neurons were cultured in Neurobasal medium (phe-
nol red free) supplemented with 2 mM glutamine,
100 �g/ml penicillin, 60 �g/ml streptomycin, and
B27 (all from Invitrogen), and incubated at 37◦C,
in high humidity with 5% CO2. Under these growth
conditions at 5–11 days in vitro (DIV) cells had
a well-developed neuritic network and were 99%
�-tubulin III positive and <1% GFAP positive.

Dual-Glo luciferase assay

0.5 �g of each of the required plasmid construct,
including A�PP-GAL4, Fe65, pFR-Luc, TK-Renilla,
FRE-Luc, and pEGFP-n1-AICD were first trans-
fected into primary cortical neurons in 24-well
tissue culture plates at 5–8 DIV using lipofectamine
2000 (0.5 �l/well) (Invitrogen) as recommended in
the manufacturer’s protocol. Mixtures of lipid and
DNA were prepared in Opti-MEM I reduced serum
medium (Invitrogen). The contents were mixed and
incubated at room temperature for 25 min and the
resulting transfection mixtures applied to the neu-
rons dropwise directly into the growth medium
(100 �l/well). The neurons were then returned to
the incubator. Treatment of neurons with secretase
inhibitors was typically performed 30 min prior to
transfection. Neurons were processed for luciferase
expression 24 h post-transfection. Neuronal lysis was
achieved by incubation in Glo lysis buffer (Promega)
(50 �l/well) with gentle agitation for 15 min. Lysates
were transferred to a white 96-well microplate
(Greiner Bio One) and then treated with Dual-Glo
luciferase reagent (Promega) (50 �l/well). The subse-
quent quantification of the firefly luciferase reporter
gene activity was performed using a Promega Glo-
max Multi Detection System. To control for the
difference in transfection efficiency and neuronal
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viability across wells, the firefly luciferase reporter
activity was normalized to the Renilla luciferase
activity to obtain the normalized luciferase signal.
For the purposes of statistical analysis an individ-
ual transfected well of neurons was assigned n = 1
and experiments were typically repeated on cultures
prepared from 2–3 maternal mice.

Immunofluorescence, confocal microscopy, and
image acquisition

For microscopic analysis, cortical neurons were
grown on 13 mm glass coverslips (Thermo Scien-
tific) pre-coated with 20 �g/ml poly-D-lysine and
placed in 12-well tissue culture plates. 1 �g of the
required plasmid constructs, including A�PP-GAL4
and UAS-GFP, and 4 �g of pEGFP-n1-AICD were
transfected into the neurons at 5–8 DIV, using lipo-
fectamine 2000 (1 �l/well) (Invitrogen) as described
above and transfection mixtures were added at
150 �l/well. Treatment of neurons with secretase
inhibitors was performed as described in the Results
section.

For direct live cell imaging and morphologi-
cal assessment of GFP expressing neurons images
were captured on an AMG EVOS LED fluores-
cence microscope 24–96 h after transfection. For
immunofluorescence, cells were washed in pre-
warmed Neurobasal medium and then fixed in 4%
paraformaldehyde in PBS at room temperature for
20 min. Neurons were permeabilized in PBS con-
taining 0.5% Triton-X100 (Sigma) for 10 min, and
were then incubated in a blocking buffer compris-
ing PBS containing 3% bovine serum albumin (BSA)
(Sigma) and 0.1% Triton-X100 for 30 min. This was
followed by an overnight incubation of the cells in
the appropriate primary antibodies added to an anti-
body buffer (PBS containing 1% BSA and 0.1%
Triton X-100) at 4◦C. The cells were then incu-
bated in the appropriate secondary antibodies diluted
in the antibody buffer for 1 h at room temperature.
Neurons were counterstained for nuclei with DAPI
(300 nM) for 20 min. Multi-channel fluorescence
images were captured using either a 40X or 63X oil
objective fitted to a Zeiss META LSM510 confocal
microscope, using Zeiss LSM image examiner soft-
ware (Carl Zeiss, Thornwood, NY). Multi-channel
image overlays were obtained using ImageJ software
(NIH, USA). Alexa fluorochromes were excited by
the argon (488 nm) and helium/neon (543 nm and
633 nm) lasers at fixed exposure time and the emit-
ted fluorescence was detected using the multi-track

function and a combination of filters (550–625) and
band pass filters (BP 420–480 and BP 505–530). All
images were obtained using the Plan-Apochromat
63 × 1.4 NA oil objective. Z stack images were taken
at 1 �m intervals.

Data analysis and statistics

A�PP-GAL4 driven luciferase expression data was
analyzed by two-way ANOVA with a Bonferroni post
hoc test (raw data), or by one-way ANOVA with a
Dunnett’s post hoc test (% comparisons to control).
FRE-luc expression data and GFP cell expression
data were analyzed by a two-tailed Student’s t test.
All analysis was undertaken using GraphPad Version
5 (La Jolla, CA) software and differences between
experimental treatments were considered to be sta-
tistically significant when p < 0.05.

RESULTS

AβPP-GAL4 driven luciferase expression reports
βγ-secretase-mediated AβPP processing in
neurons

In order to assess the impact of A�PP mutations
on secretase-mediated processing in primary corti-
cal neurons, the K670N/M671L, E682K, E693G,
and V717I FAD mutations, and the A673T protec-
tive mutation were introduced into the A�PP-GAL4
sequence by site directed mutagenesis. The luciferase
reporter assay works on the principle that �-secretase
cleavage releases an AICD-GAL4 which then drives
luciferase expression via the UAS. To establish the
�-secretase sensitivity of the different constructs two
structurally distinct �-secretase inhibitors, DAPT and
BMS299897 were tested (Fig. 1A, B and Supple-
mentary Fig. 1). Cortical neurons were treated with
DAPT (10 �M) or BMS299897 (10 �M) 30 min prior
to transfection with the respective A�PP-GAL4 and
luciferase construct, together with TK-Renilla as an
internal control and luciferase expression measured
24 h later. DAPT treatment resulted in a 57% reduc-
tion in luciferase expression as a result of wild type
A�PP-GAL4 processing. The level of inhibition with
DAPT was significantly greater for the processing of
FAD A�PP-GAL4 mutants: 82% for K670N/M671L;
74% for E683K; 77% for E693G; 80% for V717I
(Fig. 1A, B). In contrast, the protective A673T mutant
showed a similar level of sensitivity to that observed
with wild type A�PP (Fig. 1A, B). BMS299897
showed a similar profile of inhibition to DAPT and
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Fig. 1. A�PP GAL4 assay sensitivity to �-, �-, and �-secretase inhibition. A�PP-GAL4 driven luciferase expression in the presence of the
�-secretase inhibitor DAPT (A, B); the �-secretase inhibitor TAPI-1 (C, D) or the �-secretase inhibitor �-IV (E, F). Primary cultured cortical
neurons at 5-7 DIV were treated with vehicle (A, C, and E; white bars), 10 �M DAPT (A, black bars), 50 �M TAPI-1 (C, black bars), or
10 �M �-IV (E, black bars) for 30 min and then co-transfected with A�PP695-GAL4 wild type or A�PP-GAL4 mutants, pFR-Luc Firefly
luciferase and phRL-TK. Dual-Glo luciferase activity assays were performed 24 h after transfection for quantification of Firefly and Renilla
luciferase expression. Data presented in A, C, E, is Firefly luciferase reporter activity normalized to the constitutive Renilla activity. Each
column is the mean ± SEM of 6–8 separate transfections prepared from at least 2 independent cultures (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001;
p < 0.0001, n = 6-8; by two-way ANOVA with Bonferroni post hoc test) vehicle versus DAPT (A), vehicle versus TAPI-1 (C) vehicle versus
�-IV (E). B, D, F) Present transformed data as a % of the paired vehicle control (shown as 100% black bar) to enable direct comparisons of
the secretase sensitivity to be made between wild type A�PP and A�PP mutants following treatment with DAPT (B), TAPI-1 (D), and �-IV
(F); (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001, n = 6–8; by one-way ANOVA with Bonferroni post hoc test).
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the K670N/M671L mutation was significantly more
sensitive to the inhibitor than wild type A�PP-GAL4
(Supplementary Fig. 1). Collectively, this data con-
firms the assay as an effective �-secretase reporter and
additionally highlights some differences in sensitivity
to � secretase inhibitors between A�PP mutants.

Although the underlying principle of our assay is
to report �-secretase processing, the dependency on
�- and �-secretase is much more difficult to predict
as the AICD can theoretically be generated by either
�- or �-secretase processing. A�PP processing is
tightly regulated in primary neurons with some
inverse coupling observed between �- and �-
secretase-mediated cleavage events [34] and the
potential roles played by �- and �-secretase in
AICD generation is a little controversial [35–38].
To first assess potential sensitivity to �-secretase-
mediated processing two structurally distinct broad
spectrum ADAM metalloprotease inhibitors, TAPI-1
and Batimastat were tested (Fig. 1C, D; Supple-
mentary Fig. 2). Cortical neurons were treated with
either TAPI-1 (50 �M) or Batimastat (50 �M) 30 min
prior to transfection with the respective A�PP-GAL4
and reporter constructs and luciferase expression
measured 24 h later. TAPI-1 treatment resulted in
a 240% increase in luciferase expression result-
ing from processing of wild type A�PP-GAL4 and
there was a similar level of potentiation with the
K670N/M671L (220%) and E693G (265%) mutants
(Fig. 1C). A�PP-GAL4 A673T was not significantly
potentiated by TAPI-1 and was the least affected of
all the mutants tested (Fig. 1D). Batimastat treat-
ment also strongly increased A�PP-GAL4 driven
luciferase expression with all A�PP-GAL4 reporter
constructs equally affected (∼3-fold stimulation)
(Supplementary Fig. 2A). This increase in luciferase
expression most likely results from enhanced sub-
strate (C89/C99) availability for �-secretase as we
have previously reported [15]. To confirm this, we
treated neurons with TAPI-1 and then assessed the
levels of �-CTFs by immunoblotting. As predicted,
chronic exposure to TAPI-1 imbalanced normal
C83/C89/C99 distribution leading to increased levels
of �-CTFs (Supplementary Fig. 2B). TAPI is a broad
spectrum non-selective inhibitor and the constitutive
�-secretase in neurons is most likely ADAM10 [39],
so the effect of a more selective ADAM10 inhibitor
(GI 254023X) was also investigated. Exposure to
GI 254023X also showed a trend toward enhanced
A�PP-GAL4 driven luciferase expression although
less dramatically than that seen with Batimastat
and TAPI-1 (Supplementary Fig. 2C). Collectively,

this demonstrates that chronic and broad inhibition
of �-secretase does not inhibit constitutive AICD
production in neurons. To next assess sensitivity to �-
secretase-mediated processing, neurons were treated
with �-secretase inhibitor IV (10 �M) 30 min prior
to transfection with the respective A�PP-GAL4 and
reporter constructs, and luciferase expression mea-
sured 24 h later. �-IV inhibitor treatment resulted in a
36% decrease in luciferase expression resulting from
processing of wild type A�PP-GAL4, 55% inhibi-
tion resulting from processing of the E693G mutant
and a much more substantial 70% inhibition result-
ing from processing of the K670N/M671L mutant
(Fig. 1E, F). None of the other A�PP-GAL4 con-
structs, including A673T, were significantly affected
by the �-secretase inhibitor although there were clear
trends toward lower luciferase expression with all
mutants (Fig. 1E, F). We did expect to see a greater
level of sensitivity of E682K to �-secretase inhi-
bition but this did not reach significance mainly
due a high level of variance with this construct.
Collectively, this data indicates that in neurons the
A�PP-GAL4 assay: reports ��-secretase activity;
is reciprocally modulated by �- and �-secretase
inhibitors; is sensitive to mutations that increase
�-secretase processing and A� production; and is
sensitive to mutations which reduce �-secretase
processing.

AβPP-GAL4 driven luciferase expression is
enhanced by co-transfection with Fe65

AICD is a labile fragment, stabilized by associa-
tion with Fe65 and forms a transcriptionally active
complex with Fe65 and Tip60 [10, 40]. To determine
if Fe65 enhanced luciferase expression in our assay
neurons were co-transfected with Fe65 to assess the
impact on A�PP-GAL4 driven luciferase expres-
sion. Fe65 enhanced luciferase gene expression
driven by �-secretase processing of either the A�PP-
GAL4 wild type, K670N/M671L or A673T mutants.
The greatest level of potentiation was observed
with A�PP-GAL4 A673T and in the presence of
Fe65 luciferase levels were the same as that fol-
lowing processing of A�PP-GAL4 K670N/M671L
(Fig. 2A). To next determine if these potenti-
ated signals resulted from �-secretase processing
of A�PP the effect of �-IV and a structurally dis-
tinct �-secretase inhibitor AZD3839 were tested.
AZD3839 and �-IV caused concentration-dependent
inhibition of luciferase expression following process-
ing of A�PP-GAL4 K670N/M671L (Fig. 2B) or
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Fig. 2. Fe65 enhances �-secretase dependent A�PP-GAL4 driven luciferase expression. A) Primary cultured cortical neurons at 5–7 DIV
were treated with vehicle (white bars & grey bars) or 10 �M DAPT (black bars & checked bars) for 30 min and then co-transfected with
pFR-Luc Firefly luciferase and phRL-TK with, A�PP695-GAL4 wild type, A�PP-GAL4 K670N/M671L, or A�PP-GAL4 A673T either
with (grey bars & checked bars) or without (white bars & black bars) Fe65. Dual-Glo luciferase activity assays were performed 24 h after
transfection for quantification of Firefly and Renilla luciferase expression. Data presented is Firefly luciferase reporter activity normalized
to the constitutive Renilla activity. Each column is the mean ± SEM of 4 separate transfections showing potentiation of the luciferase signal
from APP-GAL4 A673T in the presence of Fe65 (∗∗p < 0.01; n = 4; by two-way ANOVA with Bonferroni post hoc test). B) Primary cultured
cortical neurons at 5–7 DIV were treated with vehicle (white bar), AZD3839 (black bars, 1 �M or 5 �M) or �-IV (grey bars, 10 or 50 �M) for
30 min and then co-transfected with A�PP695-GAL4 K670N/M671L, Fe65, pFR-Luc Firefly luciferase, and phRL-TK Dual-Glo luciferase
activity assays were performed 24 h after transfection for quantification of Firefly and Renilla luciferase expression. Data presented is
Firefly luciferase reporter activity normalized to the constitutive Renilla activity. Each column is the mean ± SEM of 4 separate transfections
showing �-secretase sensitivity compared with vehicle control (∗∗p < 0.01; ∗∗∗p < 0.001; n = 4; by one-way ANOVA with Dunnett’s Multiple
Comparison Test).

A�PP-GAL4 wild type (not shown). This demon-
strated that the Fe65-stabilized signal likely resulted
primarily from �-secretase processing further val-
idating the assay as a readout of amyloidogenic
processing and consistent with AICD production as a
�-secretase mediated process. Furthermore, in order
to fully delineate differences in processing between
A�PP mutants, the assay is best undertaken without
co-expression of Fe65 which masks differences in
processing likely by stabilizing the product.

Expression and processing of AβPP-GAL4 FAD
mutations induces slowly developing neuronal
damage

To be able to monitor A�PP processing in indi-
vidual identifiable neurons the A�PP-GAL4 assay
was adapted to report via a UAS-GFP system
(Fig. 3A, B). To first confirm that GFP expression
resulted from A�PP-GAL4-mediated secretase pro-
cessing, the effects of TAPI-1, �-IV, and DAPT were

tested and GFP positive cells counted. The number
of cells expressing detectable GFP resulting from
A�PP-GAL4 wild type processing was reduced by
∼85% by DAPT, reduced by ∼30% by �-IV, and
increased by ∼50% by TAPI-1 (Fig. 3B), which
was broadly in line with the pattern of regulation
found with the luciferase reporter. The aim was to
utilize this approach to probe for cellular changes
lying downstream of A�PP processing that might
mediate neuronal damage so a general morphologi-
cal assessment of neuronal integrity was first made to
define an appropriate time window for investigating
responses occurring in advance of cell death. Neu-
rons transfected with wild type, FAD, or protective
A�PP-GAL4 constructs showed robust GFP expres-
sion within the cell soma, proximal axonal area,
and neurites 24 h after transfection without obvious
evidence of cell damage. However, by 96 h, neu-
rons expressing A�PP-GAL4 FAD mutants showed
swollen cell soma and damaged neurites (Fig. 3A,
compare 24 h to 96 h). This was much less evident
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with the A�PP-GAL4 wild type and there was no
clear sign of damage in neurons expressing A�PP-
GAL4 A673T (Fig. 3A). On this basis, we opted
to use 24 h as the time-point for identifying signal-
ing alterations resulting directly from the products of
A�PP processing avoiding the potentially confound-
ing effects caused by the release of secondary factors
following cell damage at later stages.

Expression and processing of the AβPP-GAL4
K670N/M671L mutation increases nuclear
localization of Foxo3a and enhances
Foxo-mediated transcription

Foxo3a is a transcription factor that belongs to
the O class of Forkhead Box proteins and may
play a role in the regulation of neuronal apopto-
sis and autophagy in AD [28]. Furthermore, A�PP
has been shown to modulate FoxO-mediated cell
death through AICD, which acts as a transcrip-
tional co-activator of FoxO [17]. We therefore wished
to determine if A�PP processing coupled to the
activation of Foxo3a in primary neurons. To first
establish Foxo3a expression and basic susceptibil-
ity to dysregulated signaling in our model, neurons
were treated with the PI3-kinase inhibitor wort-
mannin which allows Foxo3a to accumulate in the
nucleus to drive transcription. Foxo3a localization
was then determined by immunofluorescence. Under
basal conditions, Foxo3a was distributed very dif-
fusely throughout the cytoplasm and was excluded
from the nucleus (Fig. 4A, upper panel). Exposure to
wortmannin dramatically altered the staining profile
with a strong co-localization of Foxo3a with DAPI
positive nuclei now evident (Fig. 4A, lower panel).
In order to determine if this redistribution of Foxo3a
from cytoplasm to nucleus influenced its transcrip-
tional activity we utilized a FoxO3a response element
(FRE) luciferase reporter [32]. Exposure to wortman-
nin caused a modest but highly significant increase in
FRE-mediated luciferase expression (Fig. 4B) con-
sistent with enhanced Foxo3a mediated transcription
following Foxo3a redistribution to the nucleus.

Next to assess whether A�PP processing impacted
on Foxo3a, neurons were transfected with A�PP-
GAL4 K670N/M671L and the UAS-GFP reporter
and Foxo3a localization determined by immunoflu-
orescence. The A�PP-GAL4 K670N/M671L mutant
was utilized for these experiments as we hypothe-
sized it should give us the clearest signal-to-noise
outcome based on the earlier luciferase data. Foxo3a
was clearly excluded from the nucleus of healthy

non-transfected neurons (Fig. 4C, white arrows) but
in neighboring transfected cells that were express-
ing and processing A�PP-GAL4 K670N/M671L, as
determined by UAS-driven GFP expression, Foxo3a
showed prominent nuclear staining and overlap with
DAPI positive nuclei (Fig. 4C, Merge). Redistri-
bution of Foxo3a in A�PP-GAL4 K670N/M671L
expressing neurons resulted in enhanced FRE-
mediated luciferase expression compared with
neurons expressing A�PP-GAL4 wild type (Fig. 4D)
suggesting a transcriptional gain of function associ-
ated with the K670N/M671L mutation. To determine
if enhanced FRE-mediated luciferase expression
resulted from secretase processing of A�PP-GAL4
K670N/M671L, neurons were treated with secretase
inhibitors. There was a modest but clear trend towards
reduced FRE-mediated luciferase expression in the
presence of either DAPT (�-secretase inhibitor) or
�-IV (�-secretase inhibitor) but no inhibition in the
presence of TAPI-1 (�-secretase inhibitor) (Fig. 4E).
Collectively, this suggested that FRE-mediated tran-
scription was downstream of amyloidogenic A�PP
processing.

AICD has been proposed to physically associate
with Foxo3a in the cytoplasm [17] and may co-
translocate into the nucleus to drive an apoptotic
transcriptional program. Thus, it was possible that
our observed accumulation of Foxo3a in the nucleus
of cells processing A�PP-GAL4 and the subsequent
increase in transcription, resulted directly from pro-
duction of the AICD. To address this, we transfected
neurons with a GFP tagged AICD and then assessed
the distribution of Foxo3a. AICD was expressed
strongly throughout the neuronal cell soma and
neurites but did not clearly stimulate nuclear accumu-
lation of Foxo3a (Fig. 5A). In fact, we only observed
clear nuclear Foxo3a in 3 out of 90 individual
AICD-GFP transfected neurons across 3 coverslips.
Despite, the lack of a strong visible translocation of
Foxo3a there was an increase in FRE-luc activity in
neurons transfected with AICD-GFP in comparison
to neurons transfected with a UAS-GFP control plas-
mid (Fig. 5B), suggesting an increase in Foxo3a
transcriptional activity directly downstream of AICD
(Fig. 5B).

Processing of AβPP-GAL4 induces loss of pAkt
at discrete locations

The PI3K/Akt signaling axis is strongly impli-
cated in mediating neuronal responses to A� such
as autophagy, mitophagy, plasticity and apoptosis
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Fig. 3. A�PP-GAL4 driven GFP expression to visualize onset and development of neurotoxicity downstream of A�PP processing. A) Primary
cultured cortical neurons at 5–7 DIV were transfected with, or without, A�PP695-GAL4 wild type or A�PP-GAL4 mutants and a UAS-GFP
reporter and imaged for fluorescence at 24 h and 96 h post-transfection. Green fluorescence indicates transfected neurons expressing and
processing A�PP-GAL4. At 24 h post transfection fluorescence was detectable in the cell soma and neurites of all A�PP-GAL4 mutants
with no overt signs of cell damage. At 96 h, there were clear signs of damage to neurites in cells expressing and processing A�PP-GAL4
K670N/M671L, A�PP-GAL4 E682K, A�PP-GAL4 E693G, and A�PP-GAL4 V717L (white arrows) but less damage was detectable in
neurons expressing A�PPA673T. No significant cellular fluorescence was observed in neurons transfected with UAS-GFP alone (UAS-GFP,
96 h). White scale bar (20 �m). B) Quantification of GFP positive cells in neurons following 30 min pre-treatment with TAPI-1 (50 �M; black
bar), �-IV (10 �M; grey bar), DAPT (10 �M; speckled bar), or vehicle control (white bar) and then 24 h co-transfection with A�PP-GAL4
wild type and UAS-GFP. Each column are cell counts obtained from three coverslips from independently transfected neurons showing
secretase sensitivity compared with vehicle control (p < 0.05; n = 3; by two tailed unpaired t-test).
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Fig. 4. A�PP-GAL4 processing increases nuclear accumulation and transcriptional activity of Foxo3a. A) Primary mouse cortical neurons
at 7 DIV were treated with either vehicle or wortmannin (150 nM) for 2 h and the subcellular distribution of Foxo3a (red) determined by
immunofluorescence. Nuclei were counterstained with DAPI (blue). Under vehicle conditions Foxo3a staining was very diffusely distributed,
wortmannin treatment strongly increased the levels of nuclear Foxo3a (Scale bar = 20 �m). B) The effect of wortmannin treatment on the
transcriptional activity of Foxo was determined using a FRE-Luc reporter construct. Neurons (5–7 DIV) were co-transfected with FRE-Luc
and phRL-TK for 48 h and treated with 150 nM wortmannin, 2 h prior to being assayed for luciferase expression. Data presented is Firefly
luciferase reporter activity normalized to the constitutive Renilla activity, following vehicle (grey bar) and wortmannin (white bar) treatment.
Wortmannin increased Foxo driven luciferase expression compared with vehicle. (∗∗∗p < 0.001; n = 8, by unpaired two tailed t-test). C) The
effect of A�PP-GAL4 K670N/M671L (APPSwe) expression and processing on Foxo3a distribution. Primary cultured cortical neurons at 6
DIV were co-transfected with UAS-GFP and A�PP-GAL4 K670N/M671L (APPSwe) and fixed 48 h later for immunofluorescence staining
with anti-Foxo3a (red), anti-GFP (green) and DAPI (blue). Merged image to illustrate localization of Foxo3a in the nucleus of neurons
expressing and processing APP-GAL4 Swe. Note diffuse non-nuclear distribution of Foxo3a in neighboring non-transfected cells (white
arrows). White scale bar (20 �m). D) Neurons (5–7 DIV) were co-transfected with FRE-Luc, phRL-TK and either A�PP-GAL4 wild type
(grey bar) or A�PP-GAL4 K670N/M671L (white bar) and Dual-Glo luciferase activity assays were performed after 48 h for quantification of
Firefly and Renilla luciferase expression. Data presented is Firefly luciferase reporter activity normalized to the constitutive Renilla activity.
Each column is the mean ± SEM of 10 separate transfections from at least 2 independent cultures showing potentiation of the luciferase
signal from A�PP-GAL4 K670N/M671L expressing neurons compared with A�PP-GAL4 wild type (∗∗∗p < 0.001; n = 10; by unpaired
t-test). E) Neurons (5-7DIV) were co-transfected with FRE-Luc, phRL-TK and A�PP-GAL4 K670N/M671L and treated with either vehicle
(grey bar), DAPT (10 �M), �-IV (10 �M), or TAPI-1 (50 �M) and Dual-Glo luciferase activity assays were performed for quantification
of Firefly and Renilla luciferase expression 48 h later. Data presented is Firefly luciferase reporter activity normalized to the constitutive
Renilla activity. Each column is the mean ± SEM of 8 separate transfections from at least 2 independent cultures.
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Fig. 5. Overexpression of AICD-GFP does not drive Foxo3a translocation but enhances Foxo transcription. A) Primary cortical neurons at
6DIV were transfected with pEGFP-n1-AICD (AICD-GFP, green) overnight and the distribution of Foxo3a (red) determined by immunofluo-
rescence. Nuclei were counterstained with DAPI (blue). Note general pattern of diffuse non-nuclear distribution of Foxo3a in both transfected
(white arrows) and neighboring non-transfected cells (grey arrow central panel). White scale bar (200 �m). B) Neurons (6DIV) were co-
transfected with FRE-Luc, phRL-TK and either UAS-GFP (white bar) or pEGFP-n1-AICD (AICD-GFP, black bar) and Dual-Glo luciferase
activity assays were performed after 24 h for quantification of Firefly and Renilla luciferase expression. Data presented is Firefly luciferase
reporter activity normalized to the constitutive Renilla activity. Each column is the mean ± SEM of 6 separate transfections showing poten-
tiation of the luciferase signal from AICD-GFP expressing neurons compared with the UAS-GFP control (∗p < 0.05; n = 6; by unpaired
t-test).

and we have previously reported a marked loss of
pAkt in A�PP transgenic mouse brain in the absence
of neuronal cell death [25]. Loss of Akt-mediated
phosphorylation on Ser253 promotes Foxo3a nuclear
localization and increases the transcription of pro-
apoptotic genes [24]. We therefore wished to
determine if �-secretase mediated A�PP-GAL4 pro-
cessing impaired pAkt. Basal levels of pAkt were
high in all cells, consistent with previous observa-
tions, but in neurons expressing A�PP-GAL4, and
most notably the K670N/M671L mutation, there was
evidence of a loss of pAkt in discrete parts of the cell
(Fig. 6A, B). Reduced pAkt was most evident in neu-
ritic locations lying close to the cell soma and in the
proximal axon (Fig. 6A, B) suggesting these regions
might be most vulnerable to the products of ��-
secretase processing. There was no evidence of loss
of pAkt in immediate neighboring non-transfected
cells indicating that this signaling deficit results from
cellular expression and processing of A�PP-GAL4
and suggests that this might not be mediated by a
secreted factor. Although we have not demonstrated a

direct causal relationship, these observations do sug-
gest that Foxo3a translocation correlates with a loss
of Akt phosphorylation, which would be consistent
with a loss of regulation of Foxo3a by Akt.

DISCUSSION

We have adapted and characterized an A�PP-
GAL4 luciferase and GFP gene reporter assay in
primary mouse cortical neurons as a model sys-
tem for testing physiological, pathological, genetic
and environmental influences on A�PP processing,
for probing cellular responses lying downstream of
A�PP processing and as a platform for screening sec-
retase inhibitors. This represents a complete system
for studying the influence of A�PP processing on
synaptic function and dysfunction incorporating all
the elements and products of the A�PP processing
pathways which are lacking in approaches applying
recombinant A� to cells. Although the development
of iPS cell systems ultimately has the potential to
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A

B

Fig. 6. A�PP-GAL4 processing induces a loss of Akt phosphorylation at discrete sites. Primary cultured cortical neurons at 5–8 DIV were
co-transfected with UAS-GFP and either A�PP-GAL4 wild type (A) or A�PP-GAL4 K670N/M671L (APPSwe) (B) and fixed 24 h later
for immunofluorescence staining with anti-pAkt473 (red), anti-GFP (green) and DAPI (blue). Triple label is the merged image to illustrate
pAkt deficits (white arrows) observed at discrete neuronal locations in cells expressing and processing A�PP-GAL4. Note the high levels
of pAkt473 throughout the cell soma, neurites and axons of neighboring non-transfected cells. White scale bar (20 �m).

offer similar outcomes, rodent neurons have very
well characterized synaptic physiology and are sim-
ple to maintain and differentiate so this approach has
valuable utility.

When expressed in neurons the A�PP-GAL4
reporter assay was sensitive to �-secretase inhibition
as expected, and preferentially reported ��-secretase
processing over ��-secretase processing. �-secretase
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inhibitors reduced luciferase expression whereas
broad-spectrum �-secretase inhibitors potentiated
luciferase expression. This reciprocal sensitivity to
secretase inhibition was consistent with ADAM met-
alloproteases and BACE1 competing for A�PP as
a substrate, such that their cleavages are inversely
coupled [34]. This mechanism provides a possible
explanation for the association between late-onset
AD-associated mutations in ADAM10 and enhanced
A� levels [41]. Others, however, have only observed
unidirectional coupling with ADAM10 inhibition
not influencing BACE processing of endogenous
mouse A�PP [34], so it appears that the pre-
cise cellular context and/or presence of human
A�PP695 could be critical determinants for detecting
this reciprocal relationship. In our hands, inhibi-
tion of �-secretase processing of A�PP at the
plasma membrane by TAPI-1 increased the levels
of the A�PP carboxyl-terminal fragment (�-CTF)
potentially providing more substrate availability to
BACE1 within the trans-Golgi network. Amyloido-
genic processing of A�PP is associated with the
appearance of mature differentiated cortical pheno-
types in human iPS cells [42], and we observed
similar �-secretase favored processing of human
A�PP-GAL4 in mouse cortical neurons differenti-
ated from E15 embryos, giving us confidence in
the basic utility of a system expressing human
A�PP695 on a rodent background. Significantly,
mutations in A�PP, such as the K670N/M671L
mutation which enhances BACE processing, showed
the highest levels of A�PP-GAL4 mediated gene
expression and greatest sensitivity to �-secretase
inhibition compared with wild type A�PP and other
A�PP mutants. The protective A673T mutation
which has been shown to reduce BACE pro-
cessing coupled weakly to A�PP-GAL4 mediated
gene expression and showed least sensitivity to
�-secretase inhibition and no clear signal potenti-
ation in the presence of the �-secretase inhibitor
TAPI-1. This is in agreement with findings that the
A673T substitution makes A�PP a less favorable
substrate for cleavage by BACE1 [43]. Collec-
tively, this demonstrated that the assay is sensitive
to bi-directional genetic influences on �-secretase-
mediated A�PP processing. A�PP-GAL4-mediated
luciferase expression was strongly potentiated upon
co-transfection of neurons with Fe65, even with
the A673T mutation, likely due to a stabilizing
and accumulating effect on the AICD leading to
increased expression of the reporter [10, 40]. This
is important as it shows that in order to fully

delineate differences in processing between A�PP
mutants, the assay is best undertaken without co-
expression of Fe65 which masks subtle differences
in processing likely by stabilizing the product. Fur-
thermore, the inherent sensitivity of the assay to
�-secretase inhibition, either in the presence or
absence of Fe65, is in agreement with functional
AICD appearing to be preferentially synthesized
via �-secretase action on A�PP695 in neurons
[35, 38, 44].

To test the utility of our system for probing early
neuronal responses to amyloidogenic A�PP pro-
cessing at the single cell level, we coupled the
reporter to a GFP readout and confirmed that GFP
expression was also dependent on �-secretase and,
albeit to a lesser extent, �-secretase-mediated pro-
cessing. Prolonged expression of all of the A�PP695
constructs ultimately initiated some degree of cell
damage, so we chose 24 h post-transfection to inves-
tigate signaling changes lying downstream of A�PP
processing and upstream of overt neurotoxicity. We
adopted a deliberately biased strategy here focus-
ing on Akt/PKB and Foxo3a as molecular targets,
as we already had evidence of impaired Akt phos-
phorylation from previous A�PP transgenic mouse
studies [25] and wished to determine if similar
deficits could be detected in vitro. Processing of
A�PP-GAL4, and most notably A�PP containing
the K670N/M671L double mutation, caused loss of
pAkt at very discrete neuritic locations. The molec-
ular explanation for the reduction in pAkt was not
clear but could have resulted either from impaired
receptor input into the PI3K-Akt axis and/or upreg-
ulation of phosphatases. For example, A� binds to
and internalizes AMPA receptors (AMPAR) follow-
ing upregulation of the lipid kinase PTEN to mediate
A�-induced synaptic depression [45] which could
reduce basal AMPA and NMDA receptor signal-
ing to pAkt [46, 47] at glutamatergic synapses. The
caveat to this is that there was no obvious Akt
deficit in neighboring non-transfected cells which
could argue against a simple mechanism involving
secreted A� and as such the mechanisms under-
lying aberrant neuronal Akt signaling need further
investigation.

To determine if loss of pAkt triggered further
cellular dysregulation, we investigated the activity of
Foxo3a. Foxo3a is a transcription factor that belongs
to the O class of Forkhead Box protein [48, 49]
controlling expression of pro-apoptotic genes such
as Fas ligand [24, 50] and Bim [51] and regulating
caspase-mediated apoptosis [52]. Foxo3a has been
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implicated in the development of protein pathology
in neurodegenerative disease [26, 27] through apop-
tosis and autophagy [28, 52] and via the mediation
of microglial responses to A� [53]. Moreover, in
Drosophila and mammalian cells A�PP modulates
FoxO-mediated cell death through AICD, which
associates with FoxO in the cytoplasm then acts as
a transcriptional co-activator [17]. Foxo3a activity
is also regulated by a number of post-translational
modifications and loss of phosphorylation by the
pro-survival kinase Akt leads to its dissociation from
the negative regulator 14-3-3 protein and promotes
Foxo3a nuclear localization and transcriptional
activity [24]. Consistent with this, we observed
nuclear accumulation of Foxo3a in neurons express-
ing and processing A�PP-GAL4 which resulted in
enhanced Foxo-mediated transcription in a secretase-
sensitive manner. We could not demonstrate a strong
direct relationship between AICD and Foxo3a
translocation although it is possible that the GFP
tag on AICD prevented its translocation into the
nucleus. AICD overexpression did, however, mod-
estly enhance Foxo-driven luciferase expression
consistent with its proposed role as a transcriptional
co-activator. Thus, it would appear that amyloido-
genic A�PP processing couples to enhanced Foxo3a
activity through production of the AICD and stimu-
lates Foxo3a translocation following a loss of pAkt.
Emerging evidence places Foxo3a as a possible
molecular target in AD therapeutic development [28]
and recent meta-analysis of direct FOXO targets has
highlighted AD–presenilin pathway genes [54] so
this assay could have potential utility in identifying
inhibitors and modulators of these pathways in
neurons.

Conclusion

We have adapted an A�PP-GAL4 reporter
construct, introducing familial disease associated
mutations into the A�PP695 sequence and cou-
pling it to both luciferase and GFP reporters to
monitor A�PP processing in primary mouse corti-
cal neurons. This acts as a powerful model system
for testing physiological, pathological, genetic, and
environmental influences on A�PP processing, for
screening secretase modulators and for probing
cellular responses lying downstream of A�PP pro-
cessing. Basic utility is demonstrated by showing
upregulation of Foxo3a nuclear translocation and
activity in neurons linked to amyloidogenic A�PP
processing.
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Ortega-Molina A, Ordóñez-Gutiérrez L, Wandosell F, Viña
J, Dotti CG, Hall RA, Pulido R, Gerges NZ, Chan AM,
Spaller MR, Serrano M, Venero C, Esteban JA (2016)
PTEN recruitment controls synaptic and cognitive function
in Alzheimer’s models. Nat Neurosci 19, 443-453.

[46] Perkinton MS, Sihra TS, Williams RJ (1999) Ca(2+)-
permeable AMPA receptors induce phosphorylation of
cAMP response element-binding protein through a phos-
phatidylinositol 3-kinase-dependent stimulation of the
mitogen-activated protein kinase signaling cascade in neu-
rons. J Neurosci 19, 5861-5874.

[47] Perkinton MS, Ip JK, Wood GL, Crossthwaite AJ, Williams
RJ (2002) Phosphatidylinositol 3-kinase is a central media-
tor of NMDA receptor signalling to MAP kinase (Erk1/2),
Akt/PKB and CREB in striatal neurones. J Neurochem 80,
239-254.

[48] Kaestner KH, Knochel W, Martinez DE (2000) Unified
nomenclature for the winged helix/forkhead transcription
factors. Genes Dev 14, 142-146.

[49] Barthel A, Schmoll D, Unterman TG (2005) FoxO proteins
in insulin action and metabolism. Trends Endocrinol Metab
16, 183-189.
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