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The amyloid precursor protein (APP) has been extensively studied as the precursor of the B-amyloid (ARB)
peptide, the major component of the senile plaques found in the brain of Alzheimer’s disease (AD) patients.
However, the function of APP per se in neuronal physiology remains to be fully elucidated. APP is expressed
at high levels in the brain. It resembles a cell adhesion molecule or a membrane receptor, suggesting that its
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Significance Statement

The amyloid precursor protein (APP) is a key player in Alzheimer’s disease (AD) pathogenesis. We report the
downregulation of the activity-dependent transcription factor neuronal PAS domain protein 4 (NPAS4) in
APP-deficient neurons, along with an increase in GABAergic neuron markers and GABA release, but not in
excitatory glutamatergic markers. We identified NPAS4 as an APP target gene by a transcriptome analysis
of APP+/+ versus APP—/— primary cortical neurons at different stages of differentiation. The downregula-
tion of NPAS4 observed in APP—/— neurons was confirmed by APP silencing with a CRISPR/Cas9 ap-
proach. CRISPR/Cas9-silencing of NPAS4 mimicked APP deficiency and increased GABAergic markers.
The activity-dependent transcription factor NPAS4 is therefore a key downstream target in the synaptic
\functions regulated by APP. /

function relies on cell-cell interaction and/or activation of intracellular signaling pathways. In this respect, the APP
intracellular domain (AICD) was reported to act as a transcriptional regulator. Here, we used a transcriptome-
based approach to identify the genes transcriptionally regulated by APP in the rodent embryonic cortex and on
maturation of primary cortical neurons. Surprisingly, the overall transcriptional changes were subtle, but a more de-
tailed analysis pointed to genes clustered in neuronal-activity dependent pathways. In particular, we observed a
decreased transcription of neuronal PAS domain protein 4 (NPAS4) in APP—/— neurons. NPAS4 is an inducible
transcription factor (ITF) regulated by neuronal depolarization. The downregulation of NPAS4 co-occurs with an in-
creased production of the inhibitory neurotransmitter GABA and a reduced expression of the GABA, receptors al.
CRISPR-Cas-mediated silencing of NPAS4 in neurons led to similar observations. Patch-clamp investigation did
not reveal any functional decrease of GABA, receptors activity, but long-term potentiation (LTP) measurement sup-
ported an increased GABA component in synaptic transmission of APP—/— mice. Together, NPAS4 appears to be

a downstream target involved in APP-dependent regulation of inhibitory synaptic transmission.
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Introduction

The physiological functions of amyloid precursor pro-
tein (APP) per se have been largely overlooked in com-
parison with its role of precursor of the g-amyloid (Ag)
peptide. AB deposition is a central event in Alzheimer’s
disease (AD), but alterations of APP physiological func-
tions are likely to play a key role in the pathogenesis.

APP belongs to the APP-like protein family (with APLP1
and APLP2, referred to as APLPs), expressed in most of the
species. The APLP family results from several duplications
and contraction events during evolution. The specific func-
tions ascribed to each member are yet not clearly defined (for
review, see Shariati and De Strooper, 2013). APP—/— mice
show a subtle phenotype, with reduced body and brain
weight, reduced locomotor activity, gliosis, mild axonal
growth/white matter defects (Guo et al., 2012; Mdiller et al.,
2012; Miller and Zheng, 2012). However, a large range of
functions have been attributed to APP including neuronal
proliferation, differentiation (Freude et al., 2011; Hu et al,,
2013), and migration during embryogenesis (Young-Pearse
et al., 2007). APP promotes neurite outgrowth (Hoe et al.,
2009b), synapse formation and activity (Priller et al., 2006;
Santos et al., 2009; Lee et al., 2010; Pierrot et al., 2013;
Klevanski et al., 2015; Zou et al., 2016) in the CNS, or at the
neuromuscular junction (Stanga et al., 2016). APP modulates
the excitatory neurotransmission by interacting with AMPA
(Lee et al., 2010) or NMDA receptors (Cousins et al., 2009;
Hoe et al., 2009a). APP deficiency reduces paired pulse de-
pression (PPD) in mice (Seabrook et al., 1999) and affects the
expression of GABA receptors (Fitzjohn et al., 2000; Chen et
al., 2017). Its overexpression induces hyperexcitability due to
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failure in GABAergic neurotransmission (Born et al., 2014),
and triggers the GABA excitatory/inhibitory shift occurring
during neuronal maturation (Doshina et al., 2017).

Tuning inhibitory/excitatory neurotransmission is instru-
mental in neuronal plasticity and memory formation. This
process is regulated by a set of transcription factors
known as inducible transcription factors (ITFs). ITFs be-
long to the immediate early genes (IEGs) family, and are
sensitive to neuronal activity. They control the mecha-
nisms that “reshape” synaptic inputs on neurons (West
and Greenberg, 2011), and play a key role in neuronal
plasticity and memory formation (Alberini, 2009; Loebrich
and Nedivi, 2009; Leslie and Nedivi, 2011). Among them,
neuronal PAS domain protein 4 (NPAS4) is robustly ex-
pressed on neuronal depolarization, and is involved in a
transcriptional program that regulates neuronal firing re-
sponses to excitatory transmission by enhancing inhibi-
tion (Lin et al., 2008). Elevated activity of inhibitory
neurons also induces NPAS4, promoting increased exci-
tation onto the same neurons (Spiegel et al., 2014).

The molecular mechanisms underlying APP functions
are still elusive, but several studies reported that APP
function is mediated by the transcriptional regulation of
so-called APP target genes, which is operated by the
APP intracellular domain (AICD). An increasing list of
AICD candidate genes has emerged from various mod-
els (for review, see Pardossi-Piquard and Checler,
2012). On the other hand, APP was also reported to reg-
ulate gene transcription independently of AICD release
(Hicks et al., 2013; Pierrot et al., 2013). It is thus so far
quite impossible to clearly define (1) the precise identity
of APP target genes in neurons, (2) the related molecular
pathways underlying APP-dependent gene transcrip-
tion, and (3) how APP target genes relate to APP neuro-
nal function.

In this study, we first aimed at identifying genes that
are transcriptionally regulated by APP in primary neu-
rons. We performed a transcriptome analysis (APP+/+
vs APP—/-) in primary cortical neurons at different
stages of differentiation. Changes observed in global
gene expression in the absence of APP were subtle. A
more detailed pathway analysis indicated that expres-
sion of genes clustered in activity-dependent pathway,
and among these the ITF NPAS4, were downregulated in
the absence of APP after 7 d of culture. Strikingly, we ob-
served that the amount of the inhibitory neurotransmitter
GABA was increased in APP—/— neurons. This was sup-
ported by an increased expression of the glutamate de-
carboxylase 65 (GADG65) in the same context. Glutamate
levels were not altered in APP—/— neurons. These obser-
vations were reproduced on acute silencing of APP by
CRISPR-Cas9 editing. The knock-down of NPAS4 gave simi-
lar results. Neurophysiological investigations showed that
EPSPs consecutive to a 6-burst stimulation (TBS) decreased
in APP—/— supporting the increase release GABA, and sug-
gesting increased inhibitory synaptic inputs in APP—/— neu-
rons. Altogether, our data provide new insight into APP-
dependent neuronal activity, indicating that NPAS4 is an APP
downstream target gene, tuning the GABA-dependent activ-
ity in neuronal networks.
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Materials and Methods

Antibodies, chemicals, and reagents

All media and reagents used for cell cultures were pur-
chased from Thermo Fisher Scientific; fetal bovine serum
(FBS) was purchased from Biowest. Analytical grade sol-
vents and salts were purchased from Sigma-Aldrich.
sAPPa (S9564) and DAPI (D9542) were from Sigma-
Aldrich, Triton X-100 from Merck, and TriPure Isolation
Reagent from Roche. Microarray analysis kits were from
Affymetrix. All reagents for RNA processing or cDNA syn-
thesis were from Bio-Rad, and primers were from Sigma-
Aldrich. BCA Protein Assay kit was from Thermo Fisher
Scientific. NuPAGE reagents were from Invitrogen.
Polyvinylidene fluoride (PVDF) and nitrocellulose mem-
branes were from Merck Millipore or GE Healthcare.
Nonfat dry milk was from Merck. Western Lighting Plus-
ECL reagents were from PerkinElmer and Fluoprep
mounting medium from bioMérieux. Lentivirus were pre-
pared with Acrodisc 0.45-um filters (Pall) and LentiX
Concentrator reagent (Clontech).

The following antibodies were used: APP NT 22C11 (cat-
alog #MAB348, Merck Millipore), anti-human APP WO0-2
(catalog #MABN10, Merck Millipore), anti-APP CT Y188
(catalog #ab32136 Abcam), anti-APLP1 (catalog #171615,
Calbiochem EMD Biosciences—Merck), anti-APLP2 (cata-
log #171616, Calbiochem EMD Biosciences—Merck), anti-
GAPDH 14C10 (catalog #2118, Cell Signaling), anti-micro-
tubule associated protein 2 (MAP2; catalog #M4403,
Sigma-Aldrich), anti-GAD65 (D5G2, catalog #5843 Cell
Signaling), anti-mouse IgG, HRP whole antibody anti-rabbit
IgG HRP (catalog #NA931-1ML, GE Healthcare), whole
goat anti-mouse antibody (catalog #NA934-1ML, GE
Healthcare) Alexa Fluor 488, goat anti-mouse; Alexa Fluor
568, goat anti-rabbit; Alexa Fluor 647 and DAPI were pur-
chased from Thermo Fisher Scientific. Glutamate assay kit
was from Abcam and GABA ELISA from Cloud-Clone
Corporation; 70-um Falcon Cell Stainers were from
Thermo Fisher Scientific.

Animal models

All animal procedures were performed in accordance
with the regulations and policies of the University animal
care committee. APP+/+ and APP—/— mice were ob-
tained from The Jackson Laboratory as C57BI6/J and
backcrossed for more than six generations in CD1 genetic
background. Animals were housed on a 12/12 h light/dark
cycle in standard animal care facility with access to food
and water ad libitum. Heterozygous animals (APP+/-)
were bred and crossed to obtain embryos of either sex
from the three different genotypes (APP+/+, APP+/—,
and APP—/—) in the same litter.

Primary culture and treatments

Primary cultures of cortical neurons were prepared from
E18 mouse embryos. Cortices were dissected and disso-
ciated in HBSS without calcium and magnesium and the
mixture was centrifuged on FBS for 10 min at 1000 x g to
pellet cells. Cells were plated at 200,000 cells/cm? in cul-
ture dishes pre-treated with 10 pg/ml of poly-L-lysine in
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PBS and cultured (37°C, 5% CO,, and humidified atmos-
phere). Cells were cultured for 3-14d in vitro (DIV) in
Neurobasal medium enriched with 2% v/v B-27 supplement
medium and 1 mm L-glutamine. Half of the medium was re-
newed every 2-3d. Treatments with 20 nm of soluble APP«
(sAPP«) were performed for 16 h after 6 d of culture (DIV6).
For primary cultures of astrocytes, cortices from pups
were collected at postnatal day 2 and mechanically disso-
ciated. Astrocytes were isolated using a 30% Percoll gra-
dient and seeded into gelatin-coated tissue culture flasks.
Cells were left to proliferate for 14d at 37°C-5% CO5 in
DMEM-glutaMAX medium supplemented with 10% FBS,
50 mg/ml penicillin-streptomycin, and 50 mg/ml fungi-
zone. Medium was renewed after 7d, cells were pas-
saged after 14 d and further cultured in DMEM-glutaMAX
with 10% FBS. Two days after passage, FBS was re-
duced to 3%, and medium was supplemented with the
growth factor cocktail G5. All experiments/treatments
were performed 7d after, referred to as DIV7 for astro-
cytes. For NPAS4-induction analysis, neurons and astro-
cytes at DIV7 were depolarized with 50 mm KCI for 2-4 h.

RNA extraction, transcriptome analysis, and qRT-PCR
Total RNA was extracted by TriPure Isolation reagent
according to the manufacturer’s protocol. RNA samples
were suspended in DEPC-treated water and RNA con-
centration was measured (OD 260 nm) on BioSpec-nano
spectrophotometer (Shimadzu Biotech). For microarray
analysis, RNA quality was monitored by capillary electro-
phoresis using the Agilent 2100 Bioanalyzer instrument
with the Agilent RNA 6000 Nano kit (Agilent); 250 ng of
total RNA per sample was amplified and labeled using
GeneChip WT PLUS Reagent kit (Affymetrix) before hy-
bridization over night at 45°C on GeneChip Mouse
Transcriptome 1.0 Array. The chip was washed on the
GeneChip Fluidics Station 450 followed by scanning on a
GeneChip Scanner on Affymetrix microarray platform. For
quantitative PCR, RNA samples were reversed tran-
scribed using iScript cDNA Synthesis kit and real-time
PCR was performed in an iCycler MylQ2 multicolor-real-
time PCR detection system using iQ SYBR Green super-
mix kit (Bio-Rad). A standard curve was established for
relative quantification with a fourfold dilution series (from
100 to 0.0097 ng) of a cDNA template mix. Relative quan-
tification was calculated by the 222°T method (Gapdh as
housekeeping control) and then normalized (percentage
or fold) to the control condition (Ct). Primer used (forward/
reverse) are:
Gapdh5'-ACCCAGAAGACTGTGGATGG-3'/5'- ACACA
TTGGGGGTAGGAACA-3';
Npas45'-GCTATACTCAGAAGGTCCAGAAGGC-3'/5'-
TCAGAGAATGAGGGTAGCACAGC-3/;
Egr15’-TCCTCTCCATCACATGCCTG-3'/5’-CACTCTG
ACACATGCTCCAG-3';
Egr35'-GACTCGGTAGCCCATTACAATC-3'/5'-ACTTT
CCCAAGTAGGTCACGG-3'.

Western blotting
Cells were solubilized and sonicated in lysis buffer
(20% glycerol, 4% SDS, 125 mwm Tris-HCI; pH 6.8)
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containing a cocktail of proteases and phosphatases in-
hibitors (Roche, Basel, Switzerland). When performed on
tissue extracts, mice were euthanized (ketamine/xylazine
injection) and brains were dissected after perfusion with
ice-cold sterile PBS. Cortices and hippocampi were iso-
lated and quickly frozen in liquid nitrogen. Tissues were
crushed using mortar pestle method. For brain protein ex-
traction, samples were homogenized in RIPA buffer [1%
(w/v) NP40, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS,
150 mm NaCl, 1 mm EDTA, and 50 mwm Tris; pH 7.4] con-
taining proteases and phosphatases inhibitors cocktail.
The samples were clarified by centrifugation at 20,000 x
g. Protein concentrations were determined with a BCA kit.
Samples were prepared with NUPAGE LDS sample buffer
(4x) and 50 mm DTT and then heated for 10 min at 70°C;
10-40 g of proteins or 22 ul of culture medium were
loaded per well for migration followed by transfer onto
PVDF or nitrocellulose membranes. For APP C-terminal
fragments, proteins were transferred on nitrocellulose
(0.1 um). Membranes were blocked in nonfat dry milk (5%
in PBS, 0.05% Tween 20) and immunoblotted with anti-
APP NT (22C11, 1:500), anti-APP CT (Y188, 1:500), anti-
APLP1 (1:1000), anti-APLP2 (1:1000), and anti-GAPDH
(1:25,000). Blots were revealed using ECL and signal
quantification was performed using GelQuant.NET soft-
ware (http://www.BiochemLabSolutions.com).

Immunocytofluorescence (ICF)

Neurons grown at 100,000 cells/cm? per well on poly-L-
lysine coated coverslips were fixed for 15 min in PBS/4%
paraformaldehyde and washed twice in PBS for 5min.
Permeabilization and blocking steps were done in PBS/
5% skimmed milk/0.3% Triton X-100. Antibodies were in-
cubated in PBS/5% skimmed milk/0.1% Triton X-100
(M1TPBS). Primary antibodies dilutions used were as
following: mouse anti-MAP2 (1:1000), rabbit anti-APP
(Y188, 1:100), and rabbit anti-GAD65 (D5G2, 1:100).
Secondary antibodies dilutions used were as following:
goat anti-mouse Alexa Fluor 488 (1:500), goat anti-mouse
Alexa Fluor 568 (1:500), and goat anti-rabbit Alexa Fluor
647 (1:500). Images were acquired on Evos FL Auto mi-
croscope (Invitrogen) with GFP (Alexa Fluor 488 or native
GFP), TxRed (Alexa Fluor 568), and CY5 (Alexa Fluor 647)
EVOS LED light cubes and analyzed with Imaged soft-
ware. For the quantification of signal area, 10x or 20x
magnification images were identically thresholded for
APP+/+ and APP—/—, or Ct and CRISPR-NPAS4. The
area of thresholded images was measured and normal-
ized to the number of cells counted by DAPI staining. For
the quantification of the APP expression intensity, image
acquisition was performed using 40x objective coverslip-
corrected (Thermo Fischer Scientific, AMEP4699) in GFP,
CY5 (APP) and DAPI channels. A total of 12, 19, and 19
images were acquired and processed to obtain 33, 46,
and 51 neurons in the analysis, respectively for CRISPR
control (Ct), Oligo2, and Oligo17. GFP channel images
were first eight-bit transformed and thresholded to high-
light only GFP staining. A region of interest (ROI) was de-
limited around GFP+ neurons in the GFP channel (green)
using “wand tool” in Imaged software and transposed to
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CY5 (APP) channel (blue). ROl mean intensity is measured
with the Analyze tool of ImagedJ software.

AICD and CRISPR/Cas9 lentiviral constructions,
production, and viral transduction

Lentiviruses were used to express AICD in neurons.
AICD50 tagged at the c-terminal part with hemagglutinin
(HA) was cloned into pLenti CMV/TO Puro lentiviral vector
(Addgene reference #17482). pLenti CMV/TO Puro empty
served as a control (Ct). A lentiviral vector-based ap-
proach was also used to deliver the CRISPR-Cas9 sys-
tem. sgRNAs Oligo2 and Oligo17 were designed using
on/off-target score algorithm to target the APP mouse
gene (gene ID: 11820), and sgRNA CRISPR-NPAS4 to tar-
get the NPAS4 mouse gene (gene ID: 225872). sgRNAs
were cloned in a lentiviral vector delivering sgRNA,
SpCas9 and coexpressing eGFP (Addgene #57818) ac-
cording to author instructions (Heckl et al., 2014). The
negative Ct used was the lentiviral construct without
sgRNA but expressing SpCas9 and eGFP. sgRNA used
are (sequence/PAM/specificity score):

APP 0Oligo25'-GTGGAAGATCCGCCGCGCCC-3'/TGG/
95;

APP Oligo175'-GTACCCACTGATGGCAACGC-3'/CGG/
92;

Npas45'-GACCCTTGCGAGTGTAGATGC-3/AGG/83.

All lentiviral vectors were validated by sequencing
(Beckman Coulter Genomics) before production and puri-
fication using the Plasmid Midi kit (QIAGEN). Production
was conducted by transfecting HEK293-T cells in 10-cm
dishes (2 x 106 cells/dish) with lentiviral CRISPR-Cas9
vectors, pCMV-dR8.2 (Addgene #12263), and pMD2.G
(Addgene #12259). After 48 h, the supernatant was fil-
tered and incubated with 1/3 (v/v) of LentiX Concentrator
for 90 min on ice. The collected supernatant was centri-
fuged at 1500 x g for 45 min at 4°C, the pellet was resus-
pended in 20ul per dish of Neurobasal Medium and
stored at —80°C until use.

Neurons were infected with CRISPR-Cas9 lentiviruses
1d after plating (DIV1). Typically, 20 ul of concentrated
virus were used to infect 800,000 cells per well in a 12-
well culture dish. The medium was completely changed
after 24 h, and a half-media change was performed every
2-3d thereafter. The neurons were harvested at DIV7 or
as indicated.

Toxicity assay

Cell viability on lentiviral infection was measured by lac-
tate dehydrogenase (LDH) release in the culture medium
using Cytotoxicity Detection kit (Sigma-Aldrich), accord-
ing to the manufacturer’s instructions. Relative absorb-
ance was measured at 490 nm using a VICTOR Multilabel
Plate Reader (PerkinElmer). Background LDH release was
determined in non-infected control cultures.

Flow cytometry and cell sorting

At DIV7, infected neurons were briefly rinsed with PBS
and trypsinized for 2 min. Neurons were mechanically dis-
sociated and filtered through 70-pum Falcon Cell Strainers
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in 50-ml tube containing FBS. Cells were pelleted by cen-
trifugation at 1000 x g for 5min and resuspended in PBS/
1% FBS/1 mm EDTA. TO-PRO-3 iodide (Thermo Fisher
Scientific) was used to stain dead cells and exclude them
for the sorting. Cells were sorted using a BD FACSArialll
cell sorter (BD Biosciences). The sort parameters used
were the following: nozzle 100um, sheath pressure
20 psi, drop frequency 30 kHz, and sort precision 16-32-
0. Sample and collection tubes were maintained at 4°C
throughout the procedure. GFP-negative and positive
cells were harvested in PBS/1% FBS/1 mm EDTA, centri-
fuged at 12,000 x g for 2 min and homogenized in TriPure
Isolation reagent for RNA extraction.

Glutamate and GABA measurements

Neurons were grown at 200,000 cells/cm? in 12-well
culture dish. Glutamate and GABA were measured in cells
lysates and culture media at DIV7. Media were harvested,
centrifuged to pellet and remove cellular debris, treated
with a cocktail of proteases inhibitors and frozen at —20°
C until use. Cells were scrapped in ice-cold PBS, pelleted
by centrifugation (12,000 x g for 3 min at 4°C), quickly fro-
zen in liquid nitrogen and kept at —80°C until use.
Glutamate and GABA assays were performed according
to the manufacturer’s protocol (Abcam). For both, cells
were lysed by five cycles of thawing and freezing in PBS
and centrifuged at 12,000 x g for 10min at 4°C.
Supernatants were used for the quantification and nor-
malized on protein content. Media were directly used for
quantification.

Calcium imaging

Changes in intracellular [Ca®"] were measured in single
neurons using the calcium sensitive fluorescent dye fura-
2 (Invitrogen). Neurons were grown on poly-L-lysine-
coated 15 mm diameter coverslips and were loaded with
2 um fura-2 AM for 40min in a Krebs buffer (10 mm
HEPES, 135 mm NaCl, 6 mm KCI, 2 mm CaCl,, 1.2 mm
MgCl,, and 10 mm glucose; pH 7.4) at room temperature.
Coverslips were rinsed once and then mounted on a
heated (37°C) and perfused microscope chamber (Warner
Instrument Corporation). While continuously perfused
with heated Krebs buffer, fura-2-loaded neurons were ex-
cited successively at 340 and 380 nm (excitation light was
obtained from a xenon lamp coupled to a monochroma-
tor) for 2 x 100 ms. Emitted fluorescence was monitored
at 510 nm using a charged coupled device sensor camera
coupled to an inverted Olympus IX70 microscope (TILL
photonics). Fluorescence intensities from each single
neuron was recorded separately, corrected for the back-
ground and combined (fluorescence ratio F340/F380)
using the software TILLvisION version 3.3. Calcium sig-
nals were measured on application (perfusion) of 30 um
glutamate in Krebs buffer. A total of 70-80 cells were ana-
lyzed in each experiment (coverslips) and non-neuronal
cells were excluded from analysis as previously described
by Pickering et al. (2008). Changes in intracellular [Ca®*]
were calculated from fluorescence emission intensity ra-
tios (F340/F380). These changes were expressed as
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normalized fluorescence where every measurement of
F340/F380 was divided by the basal fluorescence value
corresponding to the mean of signals measured during a
period of 25 s in basal condition (before the glutamate
stimulation). To estimate the amplitude of the response to
glutamate, the area under curve (AUC) was calculated
using GraphPad Prism (GraphPad Software).

Field potential recordings

Three-month-old mouse brain slices were prepared
as described in (Lepannetier et al., 2018). EPSPs were
evoked through a bipolar stimulating electrode placed in
the Schaffer collaterals (SC) and recorded by the
AxoClamp 2B (Molecular Devices) amplifier through a
glass electrode placed in the CA1 region (stratum radia-
tum). Stimuli consisted of 100 pus pulses of constant cur-
rents with intensity adjusted to produce 35% of the
maximum response every min. Responses were digi-
tized by Digidata1322A (Molecular Devices) and re-
corded to a computer using WinLTP software (Anderson
and Collingridge, 2007). Long-term potentiation (LTP)
was induced by applying a TBS consisting in four trains
of five pulses (100 Hz) separated by a 200-ms interval.
Slopes of field EPSPs (fEPSPs) responses were ex-
pressed normalized to the pretreatment baseline, de-
fined as 100%.

Electrophysiology of cultured neurons

Patch-clamp recordings of primary neurons at DIV7
were conducted at room temperature, using an EPC-9
amplifier controlled by PatchMaster software (HEKA
Elektronik). GABA was applied by pressure ejection using
a Picospritzer. The patch pipettes were pulled with a re-
sistance of 4-7 MQ using a DMZ-Universal Puller (Zeitz
Instruments). Series resistances were compensated (75—
90%) and periodically monitored. The following extracel-
lular solution was used: 140 mm NaCl, 5 mm KCI, 1 mm
CaCl,, 1 mm MgCl,, 10 mm glucose, and 10 mm HEPES;
pH 7.4. The pipette solution had the following composi-
tion: 140 mm CsCl, 10 mm EGTA, 0.3 mm Mg2ATP, 0.3 mm
CaCl,, and 10 mm HEPES; pH 7.25. To prevent network
activity, the experiments were performed in the presence
of 1 um tetrodotoxin (TTX), 10 um 6-cyano-7-nitroqui-
noxaline-2,3-dione disodium (CNQX), 20 um D-(-)-2-
amino-5-phosphonopentanoic acid (D-AP5), and 100 nm
CGP55845.

Statistical analysis

For microarray analysis, raw data were analyzed using
Bioconductor (R environment). Robust multiarray average
(RMA) was used for background correction, normaliza-
tion, probe level intensity calculation and probe set sum-
marization. Gene expression values were compared
between APP+/+ and APP—/— neurons at different stage
of development DIV3, DIV7, and E18 using the R-Limma
(Linear Models for MicroArray Data) package. Benjamini-
Hochberg procedure was used for multiple testing correc-
tions. Only transcripts with an Entrez ID were kept among
the raw data to facilitate the analysis. Gene set
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enrichment analysis was performed on differentially ex-
pressed genes sets after the ROAST (rotation gene set
tests for complex microarray experiments; Wu et al.,,
2010) procedure to identify KEGG pathways modified in
absence of APP for all conditions (E18, DIV3, and DIV7).
The data obtained have been deposited in NCBI's Gene
Expression Omnibus (Edgar et al., 2002) and are accessi-
ble through GEO Series accession number GSE112847.
Otherwise, statistical analyses were performed using
GraphPad Prism (GraphPad Software). Gaussian distribu-
tion was assessed by Kolmogorov—-Smirnov test
(GraphPad Prism). Parametric test was applied if the data
followed normal distribution. Otherwise non-parametric
tests were used. When two groups were compared, para-
metric Student’s t test or non-parametric Mann-Whitney
test were used. When more than two groups were com-
pared, parametric ANOVA with indicated post hoc tests or
non-parametric Kruskal-Wallis were used. Significance is
indicated as ns = non-significant; *p <0.05, **p <0.01,
x+%0 < 0.001. The number of samples per condition in
one experiment (n) and the number of biological replicates
(N) are indicated in figure legends.

Results

APP-dependent expression of NPAS4 in differentiated
primary neuron cultures

Transcriptome analysis were performed on primary
neurons and embryonic cortex according to the workflow
described in Extended Data Figure 1-1A. Neurons from em-
bryonic cortex (E18) were cultured for 3 or 7 DIV (DIV3 or
DIV7) and up to DIV14 when necessary. Characterization of
APP protein family expression indicated an increase in
APP, APLP1, and APLP2 on differentiation with a peak of
expression at DIV7-DIV8 (Extended Data Fig. 1-1B,C), sup-
porting an important role of APP protein family in neuronal
maturation. APLP1 and APLP2 levels were similar in APP—/
— neurons and APP+/+ at any time point of differentiation
(Extended Data Fig. 1-1D). Thus, the results obtained here
in APP—/— neurons are related to the loss of APP and not
to indirect effects resulting from upregulation or downregu-
lation of APLP1 or APLP2 in the absence of APP.

Previous studies indicated that APP-dependent gene
transcription involves the release of its intracellular do-
main or AICD. AICD is detectable in the nucleus of primary
neurons at DIV6-DIV7 (Kimberly et al., 2005), suggesting
that AICD-dependent gene transcription should be tem-
porally restricted. We monitored AICD production at DIV7
in APP+/+, APP+/—, and APP—/— cultures (Extended
Data Fig. 1-1E). AICD was only readily detectable in
APP+/+ neurons at a high exposure time, confirming (1)
that it is a transient peptide (Huysseune et al., 2007) with
a restricted temporally expression pattern in primary neu-
rons and (2) that APP-dependent transcriptional regulation
may occur at a defined time period (around DIV7). We thus
performed microarray experiments at several differentia-
tion stages (summarized in Extended Data Fig. 1-1A) to
track genome-wide expression changes in APP +/+ and
APP—/— primary cortical neurons at DIV3 (immature neuro-
nal network, no AICD), DIV7 (neuronal network with
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Figure 1. APP-dependent expression of NPAS4 in young differentiating neuronal culture. Summary of transcriptome analysis per-
formed with the GeneChip Mouse Transcriptome Array 1.0 (Affymetrix). The characterization of the model and the experimental
workflow are described in Extended Data Figure 1-1. Data were processed in triplicate (N = 3) for each experimental time point (E18,
DIV3, DIV7). Non-coding transcripts and alternative splicing products were detected by these arrays, but only transcripts of coding
transcripts have been considered here. For all the transcripts, adjusted p > 0.05 except for APP (internal control, p <0.05). A,
Number of upregulated and downregulated coding transcript in APP—/— versus APP+/+ primary neurons at E18, DIV3, and DIV7.
Linear fold changes have been set at 1.25, 1.5, and 2. B, KEGG pathway analysis (http://www.genome.jp/kegg/pathway.html) at
E18, DIV3, DIV7 (APP—/— vs APP+/+) to identify networks molecular pathways (or interaction networks) in which differentially ex-
pressed genes are clustered. The five most modified pathways are displayed for each time point, with the number of genes poten-
tially lated or downregulated. C, IEGs expression in APP—/— versus APP+/+ primary neurons at DIV7 and their respective
fold change (APP—/— vs APP+/+) in microarray analysis at DIV7. D, Neuronal PAS 4 domain (NPAS4) mRNA level was
measured by qPCR at E18, DIV3, and DIV7 (n=6, N=3). Results (mean = SEM) are expressed as percentage of controls
(APP+/+); n.s. = non-significant, *p =0.0242, Student’s t test. mMRNA levels of two other IEGs (Egr1 and Egr3) were meas-
ured in the same conditions (Extended Data Figure 1-2).

detectable AICD) and in E18 cortical tissue (embryonic tis-  DIV3, and DIV7). Few coding transcripts appear to be dif-
sue). We used Affymetrix GeneChip Mouse Transcriptome  ferentially expressed when the specific fold change (linear)
1.0 Array and performed data analysis with the R-Limma  is set at 1.25, 1.5, or 2 (Fig. 1A). The Benjamini-Hochberg
package (Ritchie et al., 2015). The chips used allowed  multiple correction test did not reveal any robust differential
profiling of the expression of coding and non-coding genes  gene expression (adjusted p < 0.05) excepted for APP
(IncRNA, miRNA, pseudogene...) as well as alternative  (positive control). To note, we did not measure significant
splicing events. Transcriptome analysis was performed in  change in the expression of genes previously identified as
triplicate (N=3 independent cultures) for each condition  AICD target genes (Pardossi-Piquard and Checler, 2012).
(E18, DIV3, and DIV7). We focused on differentially ex-  Gene enrichment analysis was further performed using the
pressed coding genes, although data were also collected = ROAST (rotation gene set test for complex microarray ex-
for non-coding RNAs. Strikingly, the overall changes ob-  periment) procedure to identify a molecular interaction/re-
served (fold changes) were moderate in all conditions (E18,  action networks diagram known as the KEGG pathway
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Figure 2. APP metabolites regulate NPAS4 expression. A, Schematic representation of APP, its fragments, the AICD-HA construct
along with and the localization of the epitopes recognized by the different antibodies used. Western blot analysis of AICD-HA ex-
pression after 3 d of lentiviral infection in cells with control or AICD-HA-expressing vectors. Total cell lysate was analyzed with anti-
HA antibody. B, Quantification by gPCR of NPAS4 mRNA in neurons APP—/— at DIV7 infected with lentiviral vector expressing
AICD-HA (n=6, N =3). Results are expressed as percentage of control (Ct; mean= SEM); #p = 0.0291, Student’s t test. C, Medium
of sAPPa-treated APP+/+ or APP—/— neurons was subjected to Western blot analysis using anti-human APP antibody (clone WO-
2) to detect the exogenous human sAPPa (h sAPPa) and an anti-mouse APP antibody (clone 22C11) to detect both endogenous
and exogenous sAPPa (h + m sAPPa). Medium was collected after 16 h of treatment. D, Quantification by gPCR of NPAS4 mRNA
level in APP+/+ (n=8, N=4) or in APP—/— neurons at DIV7 treated with 20 nm sAPPa for 16 h (n=6, N=23). Results are expressed
as percentage of control (Ct; mean = SEM); ##p = 0.0055, n.s. = non-significant, Student’s t test. Given that primary cultures of cort-
ical neurons at DIV7 also contain astrocytes, the astrocytic pattern of NPAS4 expression is described in Extended Data Figure 2-1.

(Kanehisa and Goto, 2000) altered in the absence of APP.
The first five pathways (in terms of significance), the num-
ber of genes modified as well as their direction are shown
in Figure 1B. For instance, extracellular matrix (ECM)-re-
ceptor interaction and LTP pathways appeared to be
modulated in absence of APP at DIV7. APP shares the
structure of transmembrane receptors and cell adhesion
proteins that activate cell-ECM pathways. LTP is a major
mechanism in memory formation and learning. Both of
these pathways have been associated to APP function
(Caceres and Brandan, 1997; Seabrook et al., 1999; Puzzo
et al., 2011). We kept this pathways analysis to further in-
vestigate the regulation of candidate genes relevant to
APP functions. In a set of arrays from a primary neuron at
DIV7 (APP+/+ vs APP—/-), we noticed a downregulation
of ITFs or IEGs in APP—/— neurons (Fig. 1C). Among them,
the activity-dependent transcription factor NPAS4. NPAS4
is a neuron-specific ITF, known to be regulated by neuronal
depolarization. We confirmed by gPCR that the NPAS4
mRNA level was decreased at DIV7 in APP—/— neurons,
but neither at DIV3 nor in the cortex at E18 (Fig. 1D). To
note, the expression of other IEGs (Egr1 and Egr3) previ-
ously reported to be APP downstream targets (Hendrickx
et al,, 2013, 2014) was not altered in our experiments
(Extended Data Fig. 1-2).

May/June 2020, 7(3) ENEURO.0322-19.2020

Control of NPAS4 expression by APP

Since AICD, produced at DIV7, is reported to mediate
APP nuclear signaling (Belyaev et al., 2010), we analyzed
its involvement in NPAS4 expression. We transduced pri-
mary neurons with a lentiviral vector expressing the five
C-terminal amino acids of APP (AICD) fused at the C ter-
minus to the HA tag. AICD-HA is detectable in infected
cells (Fig. 2A) and AICD expression in APP—/— neurons
significantly increased NPAS4 mRNA levels (Fig. 2B), indi-
cating that AICD is involved in the transcriptional regula-
tion of NPAS4. As some of the APP functions were found
to rely on its extracellular soluble fragment (sAPP«), we
tested whether the sAPPa can regulate NPAS4 expres-
sion per se Treatment of neuronal cultures with 20 nm
human sAPPa«a (Fig. 2C) significantly increased NPAS4
mRNA levels in APP+/+ neurons, but not in APP—/— neu-
rons (Fig. 2D). Together, these data indicate that (1) AICD
is likely to be involved in APP-dependent NPAS4 tran-
scription, (2) sAPP« triggers NPAS4 expression, but only
in a context where endogenous APP is expressed.
Importantly, glial cells (~16% of total cells in primary cul-
tures) could indirectly contribute to these observations.
We found that the absence of APP did not change the as-
trocytic pattern of primary cultures, and that astrocytes
did not readily express NPAS4 in contrast to neuron
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Figure 3. Decreased NPAS4 expression in APP-silenced primary neurons. APP was knock-down by CRISPR-Cas9 approach in
primary neurons cultures. The infectivity and toxicity of lentiviral CRISPR-Cas9 vectors are detailed in Extended Data Figure 3-1.
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A, APP expression characterization in neurons by immunostaining. Cortical neurons were infected at DIV1 with lentiviruses express-
ing sgRNAs (Oligo2, Oligo17) or not (Ct). All lentiviruses harbor a GFP expression cassette. Cultures were immunostained for MAP2
(red), APP (blue) and DAPI (light blue) at DIV7. Arrowheads indicate the position of GFP-positive (infected) neurons in each condition.
Scale bar: 100 um. B, Quantification of APP signal in GFP-positive neurons by ImagedJ. At least 33 neurons were quantified in two in-
dependent experiments for each condition (n=33 N=2). Results (mean = SEM) are given as percentage of control (Ct);
###p < 0.001 (Ct vs Oligo 2) and =#*xp < 0.001 (Ct vs Oligo17); Kruskal-Wallis test and Dunn’s multiple comparison test. C, upper
panel, Representative Western blots showing APP, APLP1, APLP2, and GAPDH protein levels in cortical neurons at DIV7 infected in
the same conditions as in Figure 1A. NI = non-infected. Lower panel, Quantification of APP expression in total cell lysates measured
by Western blotting. Results (mean + SEM) are given as percentage of control (Ct); *##p < 0.001 (Ct vs Oligo17), ###p < 0.001 (Ct
vs Oligo 2), ANOVA and Bonferroni’s multiple comparison test (n=6, N=3). D, Sorting of GFP-expressing neurons (FACS). Scatter
plots (FSC vs SSC, left panels) of non-infected and GFP-expressing cells are shown. Dot plots (TOPRO-3, far red vs GFP, right pan-
els) were used to gate (green rectangle) GFP-positive/TOPRO-3 negative cells. RNA was extracted from these cells and NPAS4
mRNA level was quantified by gPCR. Results were obtained from pooled samples (four wells of 4 cm? each) for each condition (Ct,
Oligo2 and Oligo17). Quantification was conducted on two independent experiments (N =2). Results (mean = SEM) are expressed

as percentage of Ct.

(Extended Data Fig. 2-1). Moreover, NPAS4 is strongly in-
duced as expected by depolarization only in neurons (Sun
and Lin, 2016). Together, this indicated that NPAS4 is a
downstream transcriptional target that could be involved
in APP neuronal functions.

The mild APP-dependent transcriptional regulations we
observed are in line with the mild phenotype of APP
knock-out mice (Mller et al., 1994; Zheng et al., 1995).
Still, APP-dependent gene regulations that occur in the
close-up could be hidden in the long-term by functional
redundancies with other members of the APP family
(Shariati and De Strooper, 2013). In agreement, APP—/—
phenotype is better unraveled by acute downregulation of
APP in the brain (Senechal et al., 2007). We performed a
knock-down of APP expression in neurons with a lentivi-
ral-based CRISPR-Cas9 genome editing approach (Jinek
et al., 2012) to test the consequence of acute APP down-
regulation on NPAS4 expression. Nearly ~50% of the
cells were infected and no lentiviral toxicity was measured
under our conditions (Extended Data Fig. 3-1). Only neu-
ronal cells were infected, reflecting the tropism of the viral
particles for neurons. APP expression was analyzed by
ICF (Fig. 3A). Measurement of the intensity of APP signal
in infected (GFP-positive) neurons (Fig. 3B) indicated a
strong decrease in APP expression (40-50%) in neurons
infected with CRISPR-Cas9 viruses targeting APP exon1
and exon 2 (Oligo2 and 17 sgRNA, respectively). This was
confirmed by Western blotting (Fig. 3C). Importantly, ex-
pression of APLP1 and APLP2 was not altered in neurons
infected under the same conditions, indicating that off tar-
get editing of APP did not occur in our experimental
setup. To measure the expression of NPAS4 selectively in
GFP-positive (knock-down) neurons, we sorted GFP-pos-
itive neurons by flow cytometry (Fig. 3D). TO-PRO-3 stain-
ing was used as a viability marker to exclude dead cells
from the analysis. The sorting parameters were set by
using non-infected neurons (GFP negative) and neurons
expressing GFP (GFP positive) as standards. NPAS4
mRNA was readily decreased in neurons infected with
Oligo2-expressing and Oligo17-expressing lentiviruses
(GFP positive). Thus, acute APP knock-down resulted in
decreased NPAS4 mRNA levels, confirming the APP-de-
pendent NPAS4 transcriptional regulation observed in
APP—/— neurons.

May/June 2020, 7(3) ENEURO.0322-19.2020

APP deficiency increases markers associated to
GABAergic transmission

NPAS4 is an ITF induced by neuronal activity. The
downregulation of NPAS4 expression observed in the ab-
sence of APP could reflect an impairment in the establish-
ment of a functional network, leading to defects in basal
neuronal activity. APP was reported to modulate neurite
outgrowth and synapse formation (Priller et al., 2006;
Young-Pearse et al., 2007; Tyan et al., 2012; Billnitzer et
al.,, 2013). We analyzed neuronal arborization by meas-
uring the area of the neuron-specific MAP2 signal per cell
from DIV1 to DIV7 (Fig. 4). Neurite extension observed in
APP+/+ and APP—/— neurons was not significantly dif-
ferent at DIV1 and DIV3. Strikingly, the absence of APP
significantly increased MAP2 signal at DIV7, indicating the
importance of APP for in neurite arborization and forma-
tion of a functional network. This observation reinforced
the possible involvement of NPAS4 in APP physiological
function. NPAS4 activity scales the neuronal network by
controlling the balance of excitatory and inhibitory inputs
on postsynaptic neurons (Lin et al., 2008; Bloodgood et
al., 2013; Spiegel et al., 2014). We measured the amount
of two neuromediators, GABA (released at inhibitory syn-
apses) and glutamate (released at excitatory synapses) in
the medium and in the cells of primary neurons at DIV7
(Fig. 5A,B). The concentration of GABA was increased by
83% in the medium of APP—/— neurons (Fig. 5A). No sig-
nificant change in glutamate concentration (cell or me-
dium) was observed in APP—/— neuronal cultures when
compared with APP+/+ (Fig. 5B). In line with this obser-
vation, we measured only very subtle changes in gluta-
mate responses in APP—/— neurons when compared with
APP+/+ (Extended Data Fig. 5-1), pointing toward a spe-
cific impairment in GABA-dependent signaling in the ab-
sence of APP. GABA is synthetized in inhibitory neurons
by the GAD enzymes (GADgs and GADg7). GADgs is active
at nerve terminals and synapses. We observed that
GADgs signal is increased in APP—/— neurons when com-
pared with APP+/+ (Fig. 5C). This is not caused by an in-
crease in the relative number of GADgs-positive neurons
in APP—/— cultures (Extended Data Fig. 5-2), but likely to
an increase in GADG5 expression in GABAergic neurons.
To further address the effect of APP deficiency on
GABAergic synaptic markers, we first quantified the
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Figure 4. Altered neurites arborization of APP-deficient neurons during in vitro maturation. Cortical APP+/+ or APP—/— were stained
against the neuron-specific marker MAP2 and the nuclear dye DAPI at different stages of maturation (DIV1-DIV3 and DIV7). Scale bar:
400 um. Quantification by Imaged of MAP2 signal area normalized to the number of neurons at DIV1-DIV3 and DIV7. Quantifications
were from three fields of at least six coverslips from APP+/+ and APP—/— neurons, in three independent experiments (N =3). Results
(mean = SEM) are expressed as percentage of control (APP+/+); #p =0.0293, Mann-Whitney test. n.s. = non-significant.

expression of GABARa1, a GABAA receptor subunit pre-
dominantly expressed during neuronal development. We
found a slight but significant decrease in GABARa1 in
APP—/— neurons (Fig. 5D). To evaluate whether the activ-
ity of GABA receptors was defective in physiological con-
ditions, cortical neurons at DIV7 were voltage-clamped at
—-60 mV. To prevent neuronal activity, experiments were
performed in the presence of 1 um TTX, 10 um CNQX, 20
um D-AP5, and 100 nm CGP55845 to inhibit Na™ voltage-
dependent channels, AMPA, NMDA, and GABAg recep-
tors, respectively. Current-voltage (IV) curves were gener-
ated by evoking the current with a voltage ramp stimulus
from -90 to +60 mV, and the response to 100 um was
studied (Fig. 5E). Whole-cell currents evoked at -50 or
+50 mV by 100 um GABA were similar in APP+/+ as in
APP—/— neurons (Fig. 5F). This patch-clamp investigation
did thus not reveal any functional decrease in GABAA re-
ceptors, suggesting that the minor decrease in expression
of GABARa1 subunit was compensated.

Finally, we evaluated the impairment in GABAergic
markers in the brain of APP—/— mice. We quantified the
expression of GAD65 and GABARa1 in cortices and hip-
pocampi of three-month-old mice. A significant increase
in GADG5 expression was observed both in cortex (Fig.
6A) and in hippocampus (Fig. 6B) of APP—/— mice, and
decreased GABARa1 levels were measured especially in
the hippocampus. We analyzed CA3-to-CA1 synapse
plasticity by extracellular recordings on hippocampal sli-
ces from adult APP+/+ and APP—/— mice. SCs were
stimulated and fEPSP were recorded in the stratum radia-
tum of CA1 region. We observed that the relationship

May/June 2020, 7(3) ENEURO.0322-19.2020

between the stimulus intensity and the fEPSP slope was
similar in slices from both genotypes (Extended Data Fig.
6-1A). To investigate LTP, we stimulated the SC pathway
with a TBS consisting of four bursts of five pulses (given
at 100 Hz) separated by 200 ms. In slices from APP+/+
animals, TBS induced a large increase of the fEPSP re-
sponse size that decayed over the first 20 min to a plateau
level persisting up to the end of the experiment. In APP—/—
mice, LTP was significantly reduced (Fig. 6C). Typically,
60 min after the TBS, LTP was reduced by half. The re-
sponse to TBS itself was actually modified: the second,
third and fourth bursts of stimulation were globally de-
creased in APP—/— compared with APP+/+, and within
each of the four bursts of 5 pulses, the responses to the
third, fourth and fifth stimuli decreased more in slices form
APP—/— mice than in APP+/+ (Fig. 6D).

Silencing NPAS4 mimics APP deficiency in neurons
We used the CRISPR-Cas9 approach to directly silence
NPAS4 expression in neurons and analyze whether
NPAS4 deficiency could recapitulate a major trait ob-
served in APP—/— neurons, i.e., the upregulation of GABA
release and modification of GABAergic markers. The effi-
ciency of CRISPR-Cas9 editing is hard to evaluate by
quantifying the mRNA levels of the target gene, since de-
crease in mMRNA could only occur if nucleotide insertions
by non-homologous end-joining results in nonsense-
mediated RNA decay. Commercially available antibodies
poorly detect NPAS4 in basal conditions, but we could
still observe that NPAS4 protein was diminished on
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Figure 5. GABAergic markers and GABAergic transmission in APP knock-out neurons. A, Quantification of GABA in culture medium
and cell extracts of APP+/+ and APP—/— primary neurons at DIV7. Results (mean = SEM) are expressed as percentage of
APP+/+ (n=20, N=3); *xp=0.0024, n.s. = non-significant, Student’s t test. B, Quantification of glutamate in culture medium and
cell extracts of APP+/+ and APP—/— neurons at DIV7. Results (mean = SEM) are expressed as percentage of APP+/+ (n=16,
N=3); n.s. = non-significant, Student’s t test. Glutamate responses measured in APP—/— neurons are shown in Extended Data
Figure 5-1. C, Cortical APP+/+ and APP—/— neurons at DIV7 were immunostained for the neuron-specific marker MAP2 and
GADG65. Arrows indicate MAP2/GAD65-positive neurons, shown at higher magnification (insets). The expression profile of the
GAD65 GABAergic marker in APP+/+ and APP—/— neurons is detailed in Extended Data Figure 5-2. GADG5 signal (five fields per
coverslip) was normalized for quantification to the number of cells in the area (histogram on the right). At least two coverslips were
quantified for each group (APP+/+ and APP—/-) in two independent experiments (N =2). Results (mean = SEM) are given as per-
centage of control (APP+/+). Scale bar: 200 um; *p =0.0220, Mann-Whitney test. D, Neurons harvested at DIV7 and cell extracts
analyzed by Western blotting for GABAR«1 and GADPH expression. Quantification of GABARa1 was normalized to GAPDH expres-
sion. Results (mean = SEM) are expressed as percentage of Ct (=5, N=2); *p=0.0197, Student’s t test. E, Representative |-V
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continued

traces (from —90 to +60mV repeated every 0.1 s) through APP+/+ (A) and APP—/— (B) neurons, in the presence 100 um GABA
(red traces). F, Pooled data of whole-cell current (at +50 and —50 mV) evoked by 100 mm GABA, through APP WT and KO neurons.

Each column represents mean = SEM of n=8 cells.
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Figure 6. GABAergic markers and LTP in adult mice. A, left panel, Western blot analysis of GAD65, GABAR«1, and GAPDH expres-
sion in cortex of three-month-old APP+/+ and APP—/— mice (N =5). Right panel, Quantification of GAD65 and GABARa1 were nor-
malized to GAPDH expression. Results (mean = SEM) are expressed as percentage of APP+/+ (N=5); *p=0.0166, Student’s t test.
B, left panel, Western blot analysis of GAD65, GABAR«1, and GAPDH expression in hippocampus of three-month-old APP+/+ and
APP—/— mice (N=5). Right panel, Quantification of GAD65 and GABAR«1 were normalized to GAPDH expression. Results (mean +
SEM) are expressed as percentage of APP+/+ (N =5); *xp =0.0404, Student’s t test. LTP was measured in hippocampal SC-CA1 path-
way from APP+/+ (n=9) and APP—/— mice (n=8). The input-output relationship between fEPSP measured in CA1 stratum radiatum
and the intensity of SC stimulation is depicted in Extended Data Figure 6-1. C, fEPSP slopes measured during TBS (p < 0.05; two-way
repeated measurements ANOVA, Bonferroni). D, fEPSP slopes measured before and after TBS. Results expressed in proportion of the
baseline response (100%; p < 0.05; two-way repeated measurements ANOVA, Bonferroni).
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Figure 7. NPAS4 silencing by CRISPR-Cas9 mimics cell phenotype observed in APP-deficient neurons. Changes on inhibitory (GABA)
synapses was analyzed after NPAS4 silencing A, left panel, Cortical neurons infected with CRISPR-Cas9 lentivirus targeting NPAS4 gene
(CRISPR-NPAS4) show reduced NPAS4 levels as measured by Western blotting (high exposure). Same experiments were conducted
after membrane depolarization with 50 mm KCI. NPAS4 accumulations was detectable by Western blotting at low exposure. Viruses with-
out sgRNA were used as controls (Ct). Right panel, Quantification of NPAS4 protein level after 2, 3, and 4 h of KCI depolarization. Results
(mean = SEM) are expressed as percentage of non-treated controls Ct (N =2); **xp < 0.0001 Student’s t test. B, Cortical neurons in-
fected with CRISPR-NPAS4 lentiviruses at DIV1 were immunostained against MAP2 and GADG5 at DIV7. Quantification of GAD65 signal
was normalized to the number of cells (five fields per coverslip, two coverslips for each genotype in two independent experiments (N =2).
Results (mean = SEM) are given as percentage of control (Ct). Scale bar: 200 um; #%p =0.0024. Mann-Whitney test. C, Quantification of
GABA in culture medium at DIV7 of infected control neurons (Ct) and CRISPR-NPAS4-infected neurons. Results (mean = SEM) are ex-
pressed as percentage of Ct (n=5, N=2); #p=0.0146, Student’s t test. D, Neurons harvested at DIV7 and cell extracts analyzed by
Western blotting for GABARa1, GAD65, and GADPH expression. Quantification of GABARa1 and GAD65 were normalized to GAPDH
expression. Results (mean = SEM) are expressed as percentage of Ct (n=8, N=3); xp =0.049, #p =0.0247, Student’s t test.

silencing (CRISPR-NPAS4 condition; Fig. 7A). We further
decided to check the downregulation of NPAS4 gene ex-

viral transduction of primary neurons (Extended Data Fig.
3-1C). Strikingly, like APP-deficient primary neurons (Fig.

pression by measuring NPAS4 protein on depolarization
by KCI (Lin et al., 2008). In that condition, we found that
CRISPR-Cas9-induced silencing resulted in a decrease in
NPAS4 by ~50% (Fig. 7A). This is comparable to the de-
crease in NPAS4 mRNAs measured in APP—/— neurons
at DIV7 (Fig. 1D). As for CRISPR-Cas9 lentiviral vectors
targeting APP, we did not observe toxic effects related to
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5C) or brains of APP—/— mice (Fig. 6), NPAS4-deficient
neurons showed an increase in GAD65 staining (Fig. 7B,
C) and GADG5 protein expression (Fig. 7D). Accordingly, a
2.5-fold increase in GABA concentration was measured in
the medium of primary neurons infected with CRISPR-
Cas9 NPAS4 lentiviruses (Fig. 7C). The expression of
GABA receptor subunit a1 (GABARal) was decreased
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after NPAS4 knock-down (Fig. 7D), to the same extent as
the decrease observed in in APP—/— primary neurons
(Fig. 5D).

Discussion

One major function of APP is to control synaptic forma-
tion, transmission and plasticity (Muller et al., 2017). We
showed here that APP deficiency in cortical neurons im-
pairs the balance between excitatory and inhibitory syn-
aptic markers, and increases GABAergic transmission.
This process relies on the activity-dependent transcrip-
tion factor NPAS4. We initially identified the NPAS4 |IEG
as downstream APP target by a non-biased transcrip-
tome analysis. The APP-dependent transcription of
NPAS4 involves its extracellular domain (sAPPa) and is
activated by AICD. APP appears thus to exert a fine tuning
of inhibitory synapses in neuronal network. Its absence
enhances, through the downregulation of NPAS4, the
production and the release of GABA.

APP-dependent expression of NPAS4 in differentiated
neurons

The transcriptome analysis of APP+/+ versus APP—/—
neurons at embryonic day 18 (E18-DIV0) and at different
stages of primary cortical neuron differentiation (DIV3-
DIV7) indicated that the transcriptional changes in the ab-
sence of APP were moderate. This unexpected result is in
line with a comparative transcriptome study of APP family
members in the adult mouse cortex (Aydin et al., 2011).
Subtle effects of APP deficiency on the transcriptome
could be due to functional redundancies with other
APLPs that display similar functions and signaling proper-
ties (Shariati and De Strooper, 2013). We did not measure
any changes in APLP1 and APLP2 expression in our
APP—/— models, in agreement with studies done on total
brain extracts (Zheng et al., 1995) or in primary cortical
neurons (White et al., 1998). Transcriptional modifications
we measured are thus related to the absence of the APP
protein per se APP-dependent transcriptional regulations
likely act by fine-tuning the expression of classes of gene
involved in neuronal pathways rather than robustly regu-
lating single target genes. We found that the expression
of the NPAS4 ITF is downregulated in the absence of
APP. This particularly at DIV7, when primary neurons start
to form a functional network. NPAS4 downregulation was
observed it in APP—/— primary neurons and on acute
APP knock-down by a CRISPR-Cas9 approach, estab-
lishing a link between APP and NPAS4 transcription.
Regarding the possible molecular mechanisms involved
here in APP-dependent gene transcription, we found that
NPAS4 expression is activated in neurons by AICD ex-
pression. It correlates with the fact that DIV7 corresponds
to the differentiation stage where AICD is peaking in pri-
mary cortical neurons. (Kimberly et al., 2005). However,
previous studies showed the secreted ectodomain
(sAPPq) is sufficient to rescue functional defects in APP
KO mice (Ring et al., 2007; Weyer et al., 2014). We found
that treatment of APP+/+ neurons (and not APP—/— neu-
rons) with sAPP« significantly increased NPAS4 mRNAs.
This observation indicates that (1) the effects of sAPP«
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require the presence of endogenous APP, and (2) homo-
philic ectodomain interactions are likely to be involved.
sAPP was suggested to promote its physiological effects
by interaction with APP holoprotein (Milosch et al., 2014;
Deyts et al., 2016). It is tempting to suggest here that in-
teraction of sAPP with APP holoprotein present at the cell
surface could induce the release of transcriptionally active
AICD, but this hypothesis awaits further experimental
evidence.

Alteration of GABA release and GABA markers in APP-
deficient neurons
In the absence of APP, we observed an increase in neu-
ronal outgrowth and GADG65 signal, as well as increased
GABA release in the medium of primary neurons. The in-
crease in GAD65 signal was related to an increased signal
in GAD65-positive neurons, not to an increased number
of GAD65 neurons in our primary cultures. It would be
useful to further investigate as to whether an increase in
the numbers and functionality of GABAergic neurons oc-
curs in the brain of APP—/— mice. To note, APP was re-
ported to control neurogenesis in adult mice brain (Wang
et al., 2014), as process that could account for the modifica-
tion of neuronal subtypes observed in the absence of APP.
The increase-in GAD65 we observed was in line with in-
creased levels of GABA in the culture medium. In vivo
studies evidenced increased GABA levels in the brain of
APP—/— mice (Lee et al., 2010). However, this elevation of
GABA markers was concomitant to a downregulation in
the GABARa1 receptor subunit. Recent study also re-
ported that GABARa1 is particularly decreased in hippo-
campus of APP—/— mice (Chen et al., 2017), in line with
our in vivo experiments. Still, patch-clamp experiments
did not reveal any decrease in GABAA receptors function-
ality, indicating that compensation may occur to circum-
vent the decrease in a GABA, receptor subunit, and that
GABAergic transmission per se is not significantly altered.
On the other hand, our results show that LTP is reduced
in brain slices from APP—/— mice. This is in agreement
with previous studies showing that the LTP induced by
one TBS is reduced in APP—/— at the SC-CA1 synapses
(Dawson et al., 1999; Seabrook et al., 1999; Ring et al.,
2007) but not at the perforant path-granule cell (DG) syn-
apse that we did not study here (Jedlicka et al., 2012),
Such inhibition was however not observed by other inves-
tigators (Wang et al., 2017), possibly because they used a
stronger stimulation protocol (three TBS). Interestingly,
the analysis of the responses to the TBS itself is consist-
ent with increased GABAergic release in APP—/— mice.
How could APP modulate GABA release? sAPPa« is
known to enhance LTP and it is sufficient to rescue the de-
crease of LTP observed in APP—/— mice (Ring et al., 2007;
Taylor et al., 2008). Moreover, very recent studies showed
that the sAPP« directly binds the GABAg receptor subunit
1a (GABAgR1a), suppressing synaptic transmission and
triggering short-term facilitation in hippocampal neurons
(Rice et al., 2019). Such an effect of sAPP« could explain
the smaller response observed in brain slices from APP—/—
mice compared with APP+/+. Indeed, in APP—/— slices, a
larger release of GABA would occur in the absence of
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GABAgR1a stimulation by sAPPa, therefore reducing the
disinhibitory process observed between the first and the
second burst of stimuli of the TBS (Larson and Munkacsy,
2015). This supports that APP synaptic function and APP-
dependent synaptic transmission are mediated by the solu-
ble sAPP« fragment. We suggest that the NPAS4 IEG is
sensing the APP-dependent modulations of synaptic trans-
mission. Our results also indicate that NPAS4 knock-down
mimics APP deficiency on GADG5 levels and GABA meas-
urements. The finding that APP functions in neuronal net-
work might be mediated by NPAS4 is relevant to several
evidences about the reported role of NPAS4 in neuronal net-
work activity. NPAS4 possesses unique features among the
IEGs (Sun and Lin, 2016): (1) it is only expressed in neurons;
(2) it is activated selectively by neuronal activity; and (3) it
has been shown to shape glutamatergic and GABAergic
synaptic inputs. NPAS4 is implicated in a transcriptional
program that regulates neuronal firing responses to excita-
tory transmission by enhancing inhibition (Lin et al., 2008),
and is critical to keep neuronal firing in response to stimuli
within normal levels (Spiegel et al., 2014). This exciting new
field of investigation connecting APP function to ITFs sens-
ing neuronal activity awaits further investigation.

Possible relevance to the AD pathophysiology

APP plays a central role in the onset and progression of
the amyloid pathology found in AD. Apart from producing
AB, the precise contribution of the APP protein to the pa-
thology is poorly understood. The impairment of APP func-
tion, either caused by familial AD (FAD) mutations or on
neuronal aging, may contribute to neuronal dysfunctions
occurring in the disease. In the mammalian brain, APP
modulates dendritic complexity, synaptic functions, and
synaptic plasticity (Mdller et al., 2017). A reduction in den-
dritic length and branching as well as in total spine density
was reported in old APP-deficient mice (Lee et al., 2010;
Tyan et al., 2012). Aging is an important parameter related
to APP functions in the brain. The phenotype related to
APP deletion in the CNS is age dependent (Priller et al.,
2006). Upon aging, impairments in learning and memory
associated with deficits in LTP are observed in APP-defi-
cient mice as shown here and in previous studies (Ring et
al., 2007). Interestingly, the decline in memory performance
and reduction in LTP observed in old mice and APP trans-
genic mice are mediated by the ionotropic GABA, receptor
(Yoshiike et al., 2008). This imbalance in neuronal excita-
tory/inhibitory transmission was also observed in the tem-
poral cortex of AD patients, where significantly lower levels
of GABA and glutamate were measured (Gueli and Taibi,
2013). These observations unambiguously indicate that
changes in neurotransmission occur in AD (and even in
aging brain) and point toward alteration of the inhibitory
GABAergic transmission. Important points must be kept in
mind here. First, GABAergic transmission shifts from exci-
tatory to inhibitory during development (Ben-Ari, 2002), so
the consequence of altered GABAergic transmission can
be fully understood only in adult brain. Then, the molecular
mechanisms underlying changes in inhibitory transmission
in AD are complex. The GABAergic molecular actors are
differentially affected by aging (Vela et al., 2003) or in AD
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mice models (Yoshiike et al., 2008). Decrease in GABARa1
has been reported in aging rodent brain and in the hippo-
campus of aged brains with AD (Mizukami et al., 1998), but
this could be functionally compensated as shown herein.
Our findings should further be addressed in AD mice mod-
els (expressing APP mutations) to complete the results ob-
tained here in a loss-of-function model (APPKO). However,
the hypothesis of an overall impairment of GABAergic
transmission in AD is also supported by the increased risk
for unprovoked seizures observed in individuals with AD
compared with non-demented individuals of the same age
(Friedman et al., 2012).

Finally, NPAS4 expression was found to decrease along
with AD progression, particularly at Braak NFT stages (I-l)
corresponding to lesions developed in transentorhinal/ento-
rhinal cortex (Miyashita et al., 2014). We believe that our main
observation, namely that APP deficiency in neurons is inte-
grated by the activity-dependent NPAS4 IEG and affects the
balance of inhibitory and excitatory neuronal inputs, provides
new insight to understand the role of APP in synaptic activity,
but also a mechanistic frame to further explore the impair-
ments of network activity in AD.

References

Alberini CM (2009) Transcription factors in long-term memory and
synaptic plasticity. Physiol Rev 89:121-145.

Anderson WW, Collingridge GL (2007) Capabilities of the WinLTP
data acquisition program extending beyond basic LTP experimen-
tal functions. J Neurosci Methods 162:346-356.

Aydin D, Filippov MA, Tschépe JA, Gretz N, Prinz M, Eils R, Brors B,
Muller UC (2011) Comparative transcriptome profiling of amyloid
precursor protein family members in the adult cortex. BMC
Genomics 12:160.

Belyaev ND, Kellett KAB, Beckett C, Makova NZ, Revett TJ,
Nalivaeva NN, Hooper NM, Turner AJ (2010) The transcriptionally
active amyloid precursor protein (APP) intracellular domain is pref-
erentially produced from the 695 isoform of APP in a {beta}-secre-
tase-dependent pathway. J Biol Chem 285:41443-41454.

Ben-Ari Y (2002) Excitatory actions of gaba during development: the
nature of the nurture. Nat Rev Neurosci 3:728-739.

Billnitzer AJ, Barskaya |, Yin C, Perez RG (2013) APP independent
and dependent effects on neurite outgrowth are modulated by the
receptor associated protein (RAP). J Neurochem 124:123-132.

Bloodgood BL, Sharma N, Browne HA, Trepman AZ, Greenberg ME
(2013) The activity-dependent transcription factor NPAS4 regu-
lates domain-specific inhibition. Nature 503:121-125.

Born HA, Kim JY, Savjani RR, Das P, Dabaghian YA, Guo Q, Yoo JW,
Schuler DR, Cirrito JR, Zheng H, Golde TE, Noebels JL,
Jankowsky JL (2014) Genetic suppression of transgenic APP res-
cues Hypersynchronous network activity in a mouse model of
Alzheimer’s disease. J Neurosci 34:3826-3840.

Caceres J, Brandan E (1997) Interaction between Alzheimer’s dis-
ease beta A4 precursor protein (APP) and the extracellular matrix:
evidence for the participation of heparan sulfate proteoglycans. J
Cell Biochem 65:145-158.

Chen M, Wang J, Jiang J, Zheng X, Justice NJ, Wang K, Ran X, Li Y,
Huo Q, Zhang J, Li H, Lu N, Wang Y, Zheng H, Long C, Yang L
(2017) APP modulates KCC2 expression and function in hippo-
campal GABAergic inhibition. Elife 6:620142.

Cousins SL, Hoey SE, Anne Stephenson F, Perkinton MS (2009)
Amyloid precursor protein 695 associates with assembled NR2A-
and NR2B-containing NMDA receptors to result in the enhance-
ment of their cell surface delivery. J Neurochem 111:1501-1513.

Dawson GR, Seabrook GR, Zheng H, Smith DW, Graham S, O’'Dowd
G, Bowery BJ, Boyce S, Trumbauer ME, Chen HY, Van der Ploeg

eNeuro.org


http://dx.doi.org/10.1152/physrev.00017.2008
https://www.ncbi.nlm.nih.gov/pubmed/19126756
http://dx.doi.org/10.1016/j.jneumeth.2006.12.018
https://www.ncbi.nlm.nih.gov/pubmed/17306885
http://dx.doi.org/10.1186/1471-2164-12-160
https://www.ncbi.nlm.nih.gov/pubmed/21435241
http://dx.doi.org/10.1074/jbc.M110.141390
https://www.ncbi.nlm.nih.gov/pubmed/20961856
http://dx.doi.org/10.1038/nrn920
https://www.ncbi.nlm.nih.gov/pubmed/12209121
http://dx.doi.org/10.1111/jnc.12051
https://www.ncbi.nlm.nih.gov/pubmed/23061396
http://dx.doi.org/10.1038/nature12743
https://www.ncbi.nlm.nih.gov/pubmed/24201284
http://dx.doi.org/10.1523/JNEUROSCI.5171-13.2014
https://www.ncbi.nlm.nih.gov/pubmed/24623762
http://dx.doi.org/10.1002/(SICI)1097-4644(199705)65:2&hx003C;145::AID-JCB2&hx003E;3.0.CO;2-U
http://dx.doi.org/10.7554/eLife.20142
http://dx.doi.org/10.1111/j.1471-4159.2009.06424.x
https://www.ncbi.nlm.nih.gov/pubmed/19811606

eMeuro

LH, Sirinathsinghji DJ (1999) Age-related cognitive deficits, im-
paired long-term potentiation and reduction in synaptic marker
density in mice lacking the beta-amyloid precursor protein.
Neuroscience 90:1-13.

Deyts C, Thinakaran G, Parent AT (2016) APP receptor? To be or not
to be. Trends Pharmacol Sci 37:390-411.

Doshina A, Gourgue F, Onizuka M, Opsomer R, Wang P, Ando K,
Tasiaux B, Dewachter I, Kienlen-Campard P, Brion JP, Gaily P,
Octave JN, Pierrot N (2017) Cortical cells reveal APP as a new player
in the regulation of GABAergic neurotransmission. Sci Rep 7:370.

Edgar R, Domrachev M, Lash AE (2002) Gene expression omnibus:
NCBI gene expression and hybridization array data repository.
Nucleic Acids Res 30:207-210.

Fitzjohn SM, Morton RA, Kuenzi F, Davies CH, Seabrook GR,
Collingridge GL (2000) Similar levels of long-term potentiation in
amyloid precursor protein -null and wild-type mice in the CA1 re-
gion of picrotoxin treated slices. Neurosci Lett 288:9-12.

Freude KK, Penjwini M, Davis JL, LaFerla FM, Blurton-Jones M
(2011) Soluble amyloid precursor protein induces rapid neural dif-
ferentiation of human embryonic stem cells. J Biol Chem
286:24264-24274.

Friedman D, Honig LS, Scarmeas N (2012) Seizures and epilepsy in
Alzheimer’s disease. CNS Neurosci Ther 18:285-294.

Gueli MC, Taibi G (2013) Alzheimer’s disease: amino acid levels and
brain metabolic status. Neurol Sci 34:1575-1579.

Guo Q, Wang Z, Li H, Wiese M, Zheng H (2012) APP physiological
and pathophysiological functions: insights from animal models.
Cell Res 22:78-89.

Heckl D, Kowalczyk MS, Yudovich D, Belizaire R, Puram RV,
McConkey ME, Thielke A, Aster JC, Regev A, Ebert BL (2014)
Generation of mouse models of myeloid malignancy with combi-
natorial genetic lesions using CRISPR-Cas9 genome editing. Nat
Biotechnol 32:941-946.

Hendrickx A, Pierrot N, Tasiaux B, Schakman O, Brion JP, Kienlen-
Campard P, De SC, Octave JN (2013) Epigenetic induction of
EGR-1 expression by the amyloid precursor protein during expo-
sure to novelty. PLoS One 8:€74305.

Hendrickx A, Pierrot N, Tasiaux B, Schakman O, Kienlen-Campard
P, De SC, Octave JN (2014) Epigenetic regulations of immediate
early genes expression involved in memory formation by the amy-
loid precursor protein of Alzheimer disease. PLoS One 9:€99467.

Hicks DA, Makova NZ, Gough M, Parkin ET, Nalivaeva NN, Turmer AJ
(2013) The amyloid precursor protein represses expression of acetyl-
cholinesterase in neuronal cell lines. J Biol Chem 288:26039-26051.

Hoe HS, Fu Z, Makarova A, Lee JY, Lu C, Feng L, Pajoohesh-Ganiji
A, Matsuoka Y, Hyman BT, Ehlers MD, Vicini S, Pak DTS, Rebeck
GW (2009a) The effects of amyloid precursor protein on postsy-
naptic composition and activity. J Biol Chem 284:8495-8506.

Hoe HS, Lee KJ, Carney RSE, Lee J, Markova A, Lee JY, Howell BW,
Hyman BT, Pak DTS, Bu G, Rebeck GW (2009b) Interaction of reel-
in with amyloid precursor protein promotes neurite outgrowth. J
Neurosci 29:7459-7473.

Hu 'Y, Hung AC, Cui H, Dawkins E, Bolés M, Foa L, Young KM, Small
DH (2013) Role of cystatin C in amyloid precursor protein-induced
proliferation of neural stem/progenitor cells. J Biol Chem
288:18853-18862.

Huysseune S, Kienlen-Campard P, Octave JN (2007) Fe65 does not
stabilize AICD during activation of transcription in a luciferase
assay. Biochem Biophys Res Commun 361:317-322.

Jedlicka P, Owen M, Vnencak M, Tschépe JA, Hick M, Muller UC,
Deller T (2012) Functional consequences of the lack of amyloid
precursor protein in the mouse dentate gyrus in vivo. Exp Brain
Res 217:441-447.

Jinek M, Chylinski K, Fonfara |, Hauer M, Doudna JA, Charpentier E
(2012) A programmable dual-RNA-guided DNA endonuclease in
adaptive bacterial immunity. Science 337:816-821.

Kanehisa M, Goto S (2000) KEGG: Kyoto encyclopedia of genes and
genomes. Nucleic Acids Res 28:27-30.

Kimberly WT, Zheng JB, Town T, Flavell RA, Selkoe DJ (2005)
Physiological regulation of the beta-amyloid precursor protein

May/June 2020, 7(3) ENEURO.0322-19.2020

Research Article: New Research 17 of 18

signaling domain by c-Jun N-terminal kinase JNK3 during neuro-
nal differentiation. J Neurosci 25:5533-5543.

Klevanski M, Herrmann U, Weyer SW, Fol R, Cartier N, Wolfer DP,
Caldwell JH, Korte M, Miller UC (2015) The APP intracellular domain
is required for normal synaptic morphology, synaptic plasticity, and
hippocampus-dependent behavior. J Neurosci 35:16018-16033.

Larson J, Munkacsy E (2015) Theta-burst LTP. Brain Res 1621:38-50.

Lee KJ, Moussa CEH, Lee Y, Sung Y, Howell BW, Turner RS, Pak
DTS, Hoe HS (2010) Beta amyloid-independent role of amyloid
precursor protein in generation and maintenance of dendritic
spines. Neuroscience 169:344-356.

Lepannetier S, Gualdani R, Tempesta S, Schakman O, Seghers F,
Kreis A, Yerna X, Slimi A, de CM, Tajeddine N, Voets T, Bon RS,
Beech DJ, Tissir F, Gailly P (2018) Activation of TRPC1 channel by
metabotropic glutamate receptor mGIuR5 modulates synaptic
plasticity and spatial working memory. Front Cell Neurosci 12:318.

Leslie JH, Nedivi E (2011) Activity-regulated genes as mediators of
neural circuit plasticity. Prog Neurobiol 94:223-237.

Lin Y, Bloodgood BL, Hauser JL, Lapan AD, Koon AC, Kim TK, Hu LS,
Malik AN, Greenberg ME (2008) Activity-dependent regulation of inhib-
itory synapse development by Npas4. Nature 455:1198-1204.

Loebrich S, Nedivi E (2009) The function of activity-regulated genes
in the nervous system. Physiol Rev 89:1079-11083.

Milosch N, Tanriéver G, Kundu A, Rami A, Francois JC, Baumkétter
F, Weyer SW, Samanta A, Jaschke A, Brod F, Buchholz CJ, Kins
S, Behl C, Miiller UC, Kbgel D (2014) Holo-APP and G-protein-
mediated signaling are required for sAPPa-induced activation of
the Akt survival pathway. Cell Death Dis 5:1391.

Miyashita A, Hatsuta H, Kikuchi M, Nakaya A, Saito Y, Tsukie T, Hara
N, Ogishima S, Kitamura N, Akazawa K, Kakita A, Takahashi H,
Murayama S, Ihara Y, Ikeuchi T, Kuwano R; Japanese Alzheimer’s
Disease Neuroimaging Initiative (2014) Genes associated with the
progression of neurofibrillary tangles in Alzheimer’s disease.
Transl Psychiatry 4:€396.

Mizukami K, Ikonomovic MD, Grayson DR, Sheffield R, Armstrong DM
(1998) Immunohistochemical study of GABAA receptor alphal subunit
in the hippocampal formation of aged brains with Alzheimer-related
neuropathologic changes. Brain Res 799:148-155.

Muller UC, Zheng H (2012) Physiological functions of APP family pro-
teins. Cold Spring Harb Perspect Med 2:a006288.

Mdiller U, Cristina N, Li ZW, Wolfer DP, Lipp HP, Riulicke T, Brandner
S, Aguzzi A, Weissmann C (1994) Behavioral and anatomical defi-
cits in mice homozygous for a modified beta-amyloid precursor
protein gene. Cell 79:755-765.

Muller UC, Pietrzik CU, Deller T (2012) The physiological functions of the
B -amyloid precursor protein APP. Exp Brain Res 217:325-329.

Muller UC, Deller T, Korte M (2017) Not just amyloid: physiological
functions of the amyloid precursor protein family. Nat Rev
Neurosci 18:281-298.

Pardossi-Piquard R, Checler F (2012) The physiology of the g-amy-
loid precursor protein intracellular domain AICD. J Neurochem 120
[Suppl 1]:109-124.

Pickering M, Pickering BW, Murphy KJ, O’Connor JJ (2008)
Discrimination of cell types in mixed cortical culture using calcium
imaging: a comparison to immunocytochemical labeling. J
Neurosci Methods 173:27-33.

Pierrot N, Tyteca D, D’auria L, Dewachter |, Gailly P, Hendrickx A,
Tasiaux B, Haylani LE, Muls N, N’kuli F, Laquerriere A, Demoulin
JB, Campion D, Brion JP, Courtoy PJ, Kienlen-Campard P,
Octave JN (2013) Amyloid precursor protein controls cholesterol
turnover needed for neuronal activity. EMBO Mol Med 5:608-625.

Priller C, Bauer T, Mitteregger G, Krebs B, Kretzschmar HA, Herms J
(2006) Synapse formation and function is modulated by the amy-
loid precursor protein. J Neurosci 26:7212-7221.

Puzzo D, Privitera L, Fa’ M, Staniszewski A, Hashimoto G, Aziz F,
Sakurai M, Ribe EM, Troy CM, Mercken M, Jung SS, Palmeri A,
Arancio O (2011) Endogenous amyloid-3 is necessary for hippo-
campal synaptic plasticity and memory. Ann Neurol 69:819-830.

Rice HC, de MD, Schreurs A, Frere S, Van MI, Volkov AN, Creemers
E, Vertkin I, Nys J, Ranaivoson FM, Comoletti D, Savas JN,

eNeuro.org


http://dx.doi.org/10.1016/S0306-4522(98)00410-2
https://www.ncbi.nlm.nih.gov/pubmed/10188929
http://dx.doi.org/10.1016/j.tips.2016.01.005
https://www.ncbi.nlm.nih.gov/pubmed/26837733
http://dx.doi.org/10.1038/s41598-017-00325-2
https://www.ncbi.nlm.nih.gov/pubmed/28337033
http://dx.doi.org/10.1093/nar/30.1.207
https://www.ncbi.nlm.nih.gov/pubmed/11752295
http://dx.doi.org/10.1016/S0304-3940(00)01204-0
https://www.ncbi.nlm.nih.gov/pubmed/10869803
http://dx.doi.org/10.1074/jbc.M111.227421
https://www.ncbi.nlm.nih.gov/pubmed/21606494
http://dx.doi.org/10.1111/j.1755-5949.2011.00251.x
https://www.ncbi.nlm.nih.gov/pubmed/22070283
http://dx.doi.org/10.1007/s10072-013-1289-9
https://www.ncbi.nlm.nih.gov/pubmed/23354600
http://dx.doi.org/10.1038/cr.2011.116
https://www.ncbi.nlm.nih.gov/pubmed/21769132
http://dx.doi.org/10.1038/nbt.2951
https://www.ncbi.nlm.nih.gov/pubmed/24952903
http://dx.doi.org/10.1371/journal.pone.0074305
https://www.ncbi.nlm.nih.gov/pubmed/24066134
http://dx.doi.org/10.1371/journal.pone.0099467
https://www.ncbi.nlm.nih.gov/pubmed/24919190
http://dx.doi.org/10.1074/jbc.M113.461269
https://www.ncbi.nlm.nih.gov/pubmed/23897820
http://dx.doi.org/10.1074/jbc.M900141200
https://www.ncbi.nlm.nih.gov/pubmed/19164281
http://dx.doi.org/10.1523/JNEUROSCI.4872-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19515914
http://dx.doi.org/10.1074/jbc.M112.443671
https://www.ncbi.nlm.nih.gov/pubmed/23671283
http://dx.doi.org/10.1016/j.bbrc.2007.06.186
https://www.ncbi.nlm.nih.gov/pubmed/17651693
http://dx.doi.org/10.1007/s00221-011-2911-9
https://www.ncbi.nlm.nih.gov/pubmed/22076403
http://dx.doi.org/10.1126/science.1225829
https://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1093/nar/28.1.27
https://www.ncbi.nlm.nih.gov/pubmed/10592173
http://dx.doi.org/10.1523/JNEUROSCI.4883-04.2005
https://www.ncbi.nlm.nih.gov/pubmed/15944381
http://dx.doi.org/10.1523/JNEUROSCI.2009-15.2015
https://www.ncbi.nlm.nih.gov/pubmed/26658856
http://dx.doi.org/10.1016/j.brainres.2014.10.034
https://www.ncbi.nlm.nih.gov/pubmed/25452022
http://dx.doi.org/10.1016/j.neuroscience.2010.04.078
https://www.ncbi.nlm.nih.gov/pubmed/20451588
http://dx.doi.org/10.3389/fncel.2018.00318
https://www.ncbi.nlm.nih.gov/pubmed/30271326
http://dx.doi.org/10.1016/j.pneurobio.2011.05.002
https://www.ncbi.nlm.nih.gov/pubmed/21601615
http://dx.doi.org/10.1038/nature07319
https://www.ncbi.nlm.nih.gov/pubmed/18815592
http://dx.doi.org/10.1152/physrev.00013.2009
https://www.ncbi.nlm.nih.gov/pubmed/19789377
http://dx.doi.org/10.1038/cddis.2014.352
https://www.ncbi.nlm.nih.gov/pubmed/25165877
http://dx.doi.org/10.1038/tp.2014.35
https://www.ncbi.nlm.nih.gov/pubmed/26126179
http://dx.doi.org/10.1016/s0006-8993(98)00437-5
https://www.ncbi.nlm.nih.gov/pubmed/9666109
http://dx.doi.org/10.1101/cshperspect.a006288
https://www.ncbi.nlm.nih.gov/pubmed/22355794
http://dx.doi.org/10.1016/0092-8674(94)90066-3
https://www.ncbi.nlm.nih.gov/pubmed/8001115
http://dx.doi.org/10.1007/s00221-012-3039-2
https://www.ncbi.nlm.nih.gov/pubmed/22349563
http://dx.doi.org/10.1038/nrn.2017.29
https://www.ncbi.nlm.nih.gov/pubmed/28360418
http://dx.doi.org/10.1111/j.1471-4159.2011.07475.x
https://www.ncbi.nlm.nih.gov/pubmed/22122663
http://dx.doi.org/10.1016/j.jneumeth.2008.05.014
http://dx.doi.org/10.1002/emmm.201202215
https://www.ncbi.nlm.nih.gov/pubmed/23554170
http://dx.doi.org/10.1523/JNEUROSCI.1450-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/16822978
http://dx.doi.org/10.1002/ana.22313
https://www.ncbi.nlm.nih.gov/pubmed/21472769

eMeuro

Remaut H, Balschun D, Wierda KD, Slutsky I, Farrow K, De SB, de
Wit J (2019) Secreted amyloid-B precursor protein functions as a
GABAgR1a ligand to modulate synaptic transmission. Science
363:€aa04827.

Ring S, Weyer SW, Kilian SB, Waldron E, Pietrzik CU, Filippov MA,
Herms J, Buchholz C, Eckman CB, Korte M, Wolfer DP, Muller UC
(2007) The secreted beta-amyloid precursor protein ectodomain
APPs alpha is sufficient to rescue the anatomical, behavioral, and
electrophysiological abnormalities of APP-deficient mice. J
Neurosci 27:7817-7826.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK
(2015) limma powers differential expression analyses for RNA-se-
quencing and microarray studies. Nucleic Acids Res 43:e47.

Santos SF, Pierrot N, Morel N, Gailly P, Sindic C, Octave JN (2009)
Expression of human amyloid precursor protein in rat cortical neu-
rons inhibits calcium oscillations. J Neurosci 29:4708-4718.

Seabrook GR, Smith DW, Bowery BJ, Easter A, Reynolds T, Fitzjohn
SM, Morton RA, Zheng H, Dawson GR, Sirinathsinghji DJ, Davies
CH, Collingridge GL, Hill RG (1999) Mechanisms contributing to
the deficits in hippocampal synaptic plasticity in mice lacking amy-
loid precursor protein. Neuropharmacology 38:349-359.

Senechal Y, Kelly PH, Cryan JF, Natt F, Dev KK (2007) Amyloid pre-
cursor protein knockdown by siRNA impairs spontaneous alterna-
tion in adult mice. J Neurochem 102:1928-1940.

Shariati SA, De Strooper B (2013) Redundancy and divergence in the
amyloid precursor protein family. FEBS Lett 587:2036-2045.

Spiegel |, Mardinly AR, Gabel HW, Bazinet JE, Couch CH, Tzeng CP,
Harmin DA, Greenberg ME (2014) Npas4 regulates excitatory-in-
hibitory balance within neural circuits through cell-type-specific
gene programs. Cell 157:1216-1229.

Stanga S, Zanou N, Audouard E, Tasiaux B, Contino S,
Vandermeulen G, René F, Loeffler J-P, Clotman F, Gailly P,
Dewachter |, Octave JN, Kienlen-Campard P (2016) APP-depend-
ent glial cell line-derived neurotrophic factor gene expression
drives neuromuscular junction formation. FASEB J 30:1696-1711.

Sun X, Lin Y (2016) Npas4: linking neuronal activity to memory.
Trends Neurosci 39:264-275.

Taylor CJ, Ireland DR, Ballagh I, Bourne K, Marechal NM, Turner PR,
Bilkey DK, Tate WP, Abraham WC (2008) Endogenous secreted
amyloid precursor protein-alpha regulates hippocampal NMDA re-
ceptor function, long-term potentiation and spatial memory.
Neurobiol Dis 31:250-260.

Tyan SH, Shih AYJ, Walsh JJ, Maruyama H, Sarsoza F, Ku L, Eggert S,
Hof PR, Koo EH, Dickstein DL (2012) Amyloid precursor protein (APP)
regulates synaptic structure and function. Mol Cell Neurosci 51:43-52.

May/June 2020, 7(3) ENEURO.0322-19.2020

Research Article: New Research 18 of 18

Vela J, Gutierrez A, Vitorica J, Ruano D (2003) Rat hippocampal
GABAergic molecular markers are differentially affected by ageing.
J Neurochem 85:368-377.

Wang B, Wang Z, Sun L, Yang L, Li H, Cole AL, Rodriguez-Rivera J,
Lu HC, Zheng H (2014) The amyloid precursor protein controls
adult hippocampal neurogenesis through GABAergic interneur-
ons. J Neurosci 34:13314-13325.

Wang Z, Jackson RJ, Hong W, Taylor WM, Corbett GT, Moreno A,
Liu W, Li S, Frosch MP, Slutsky I, Young-Pearse TL, Spires-Jones
TL, Walsh DM (2017) Human brain-derived AB oligomers bind to
synapses and disrupt synaptic activity in a manner that requires
APP. J Neurosci 37:11947-11966.

West AE, Greenberg ME (2011) Neuronal activity-regulated gene
transcription in synapse development and cognitive function. Cold
Spring Harb Perspect Biol 3:a005744.

Weyer SW, Zagrebelsky M, Herrmann U, Hick M, Ganss L, Gobbert
J, Gruber M, Altmann C, Korte M, Deller T, Muller UC (2014)
Comparative analysis of single and combined APP/APLP knock-
outs reveals reduced spine density in APP-KO mice that is pre-
vented by APPsa expression. Acta Neuropathol Commun 2:36.

White AR, Zheng H, Galatis D, Maher F, Hesse L, Multhaup G,
Beyreuther K, Masters CL, Cappai R (1998) Survival of cultured
neurons from amyloid precursor protein knock-out mice against
Alzheimer’s amyloid-beta toxicity and oxidative stress. J Neurosci
18:6207-6217.

Wu D, Lim E, Vaillant F, Asselin-Labat ML, Visvader JE, Smyth GK
(2010) ROAST: rotation gene set tests for complex microarray ex-
periments. Bioinformatics 26:2176-2182.

Yoshiike Y, Kimura T, Yamashita S, Furudate H, Mizoroki T, Murayama
M, Takashima A (2008) GABA(A) receptor-mediated acceleration of
aging-associated memory decline in APP/PS1 mice and its pharmaco-
logical treatment by picrotoxin. PLoS One 3:e3029.

Young-Pearse TL, Bai J, Chang R, Zheng JB, LoTurco JJ, Selkoe DJ
(2007) A critical function for beta-amyloid precursor protein in neu-
ronal migration revealed by in utero RNA interference. J Neurosci
27:14459-14469.

Zheng H, Jiang M, Trumbauer ME, Sirinathsinghji DJ, Hopkins R,
Smith DW, Heavens RP, Dawson GR, Boyce S, Conner MW,
Stevens KA, Slunt HH, Sisoda SS, Chen HY, Van der Ploeg LH
(1995) beta-Amyloid precursor protein-deficient mice show reac-
tive gliosis and decreased locomotor activity. Cell 81:525-531.

Zou C, Crux S, Marinesco S, Montagna E, Sgobio C, Shi Y, Shi S,
Zhu K, Dorostkar MM, Muiller UC, Herms J (2016) Amyloid precur-
sor protein maintains constitutive and adaptive plasticity of dendri-
tic spines in adult brain by regulating D-serine homeostasis.
EMBO J 35:2213-2222.

eNeuro.org


http://dx.doi.org/10.1126/science.aao4827
http://dx.doi.org/10.1523/JNEUROSCI.1026-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17634375
http://dx.doi.org/10.1093/nar/gkv007
https://www.ncbi.nlm.nih.gov/pubmed/25605792
http://dx.doi.org/10.1523/JNEUROSCI.4917-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19369541
http://dx.doi.org/10.1016/S0028-3908(98)00204-4
https://www.ncbi.nlm.nih.gov/pubmed/10219973
http://dx.doi.org/10.1111/j.1471-4159.2007.04672.x
https://www.ncbi.nlm.nih.gov/pubmed/17540010
http://dx.doi.org/10.1016/j.febslet.2013.05.026
https://www.ncbi.nlm.nih.gov/pubmed/23707420
http://dx.doi.org/10.1016/j.cell.2014.03.058
https://www.ncbi.nlm.nih.gov/pubmed/24855953
http://dx.doi.org/10.1096/fj.15-278739
https://www.ncbi.nlm.nih.gov/pubmed/26718890
http://dx.doi.org/10.1016/j.tins.2016.02.003
https://www.ncbi.nlm.nih.gov/pubmed/26987258
http://dx.doi.org/10.1016/j.nbd.2008.04.011
https://www.ncbi.nlm.nih.gov/pubmed/18585048
http://dx.doi.org/10.1016/j.mcn.2012.07.009
https://www.ncbi.nlm.nih.gov/pubmed/22884903
http://dx.doi.org/10.1046/j.1471-4159.2003.01681.x
https://www.ncbi.nlm.nih.gov/pubmed/12675913
http://dx.doi.org/10.1523/JNEUROSCI.2848-14.2014
https://www.ncbi.nlm.nih.gov/pubmed/25274811
http://dx.doi.org/10.1523/JNEUROSCI.2009-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/29101243
http://dx.doi.org/10.1186/2051-5960-2-36
https://www.ncbi.nlm.nih.gov/pubmed/24684730
http://dx.doi.org/10.1523/JNEUROSCI.18-16-06207.1998
https://www.ncbi.nlm.nih.gov/pubmed/9698314
http://dx.doi.org/10.1093/bioinformatics/btq401
https://www.ncbi.nlm.nih.gov/pubmed/20610611
http://dx.doi.org/10.1371/journal.pone.0003029
https://www.ncbi.nlm.nih.gov/pubmed/18716656
http://dx.doi.org/10.1523/JNEUROSCI.4701-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/18160654
http://dx.doi.org/10.1016/0092-8674(95)90073-X
https://www.ncbi.nlm.nih.gov/pubmed/7758106
http://dx.doi.org/10.15252/embj.201694085
https://www.ncbi.nlm.nih.gov/pubmed/27572463

	Amyloid Precursor Protein (APP) Controls the Expression of the Transcriptional Activator Neuronal PAS Domain Protein 4 (NPAS4) and Synaptic GABA Release
	Introduction
	Materials and Methods
	Antibodies, chemicals, and reagents
	Animal models
	Primary culture and treatments
	RNA extraction, transcriptome analysis, and qRT-PCR
	Western blotting
	Immunocytofluorescence (ICF)
	AICD and CRISPR/Cas9 lentiviral constructions, production, and viral transduction
	Toxicity assay
	Flow cytometry and cell sorting
	Glutamate and GABA measurements
	Calcium imaging
	Field potential recordings
	Electrophysiology of cultured neurons
	Statistical analysis

	Results
	APP-dependent expression of NPAS4 in differentiated primary neuron cultures
	Control of NPAS4 expression by APP
	APP deficiency increases markers associated to GABAergic transmission
	Silencing NPAS4 mimics APP deficiency in neurons

	Discussion
	APP-dependent expression of NPAS4 in differentiated neurons
	Alteration of GABA release and GABA markers in APP-deficient neurons
	Possible relevance to the AD pathophysiology

	References


