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5-HIAA induces neprilysin to ameliorate
pathophysiology and symptoms in a
mouse model for Alzheimer’s disease
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Abstract

Serotoninergic activation which decreases brain Aβ peptides is considered beneficial in mouse models for Alzheimer’s
disease (AD), but the mechanisms involved remain unclear. Because growing evidence suggested that the stimulation of
proteases digesting Aβ, especially the endopeptidase neprilysin (NEP) may be effective for AD therapy/prevention, we
explored the involvement of serotonin precursors and derivatives in NEP regulation. We found that 5-hydroxyindolacetic
acid (5-HIAA), the final metabolite of serotonin, considered until now as a dead-end and inactive product of serotonin
catabolism, significantly reduces brain Aβ in the transgenic APPSWE mouse model for AD-related Aβ pathology and in
the phosphoramidon-induced cerebral NEP inhibition mouse model. 5-HIAA treatment improves memory performance in
APPSWE mice. Furthermore, 5-HIAA and its precursors increase NEP level in vivo and in neuroblastoma cells. Inhibition of
ERK 1/2 cascade by 5-HIAA or SCH772984 enhanced NEP levels, suggesting MAP-kinase pathway involvement in 5-HIAA-
induced regulation of NEP expression. Our results provide the first demonstration that 5-HIAA is an active serotonin
metabolite that increases brain Aβ degradation/clearance and improves symptoms in the APPSWE mouse model for AD.
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Introduction
Alzheimer’s disease (AD) is a multifactorial neurodegen-
erative disorder resulting from proteinopathies charac-
terized by the accumulation/ aggregation of β amyloid
peptides (Aβ) and hyperphosphorylation followed by ag-
gregation of microtubule-associated protein Tau [48, 52].
Before the symptomatic expression of the disease, a long
incubation time over decades is characterized by micro-
inflammation, vasculopathy, metabolic disturbances that
favorize the appearance of neurodegenerative processes
in aged population. Alterations of the genes encoding
amyloid precursor protein (APP), presenilin-1 or 2 (PS1
or PS2), Adamalysin 10 or Apolipoprotein E4 (APOE4)
are frequent in familial AD [12], but the large majority
of AD patients show increased brain levels of neurotoxic

Aβ without changes of the gene aforementioned. In aged
patients, it is postulated that various accumulated muta-
tions determine or favor deleterious proteinopathies, the
most frequent being an anomaly in the synthesis or
elimination of amyloid peptides [41]. This in turn initi-
ates a cascade of post-translational disturbances, includ-
ing mainly the hyperphosphorylation and accumulation
of Tau. These events produce an early symptomatology
made of significant memory and cognitive impairment,
generally accompanied by measurable brain atrophy due
to neurodegeneration [49].
Several approaches have been proposed to limit Aβ

synthesis or to increase their elimination [2]. To reach
this goal, the potentiation of some protease activities
able to disaggregate pathologic Aβ substrates has been
studied since several years. Among possible proteolytic
enzymes, the most promising seems to be neprilysin
(NEP) [39]. This enzyme belongs to the family of human
M13 zinc-dependent endopeptidases which cleave a wide
spectrum of brain regulatory peptides, including Aβ
peptides [36]. Hyper-expression of NEP gene in the
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brain of transgenic mouse models for AD decreases the
incidence of amyloid pathology, and NEP activity is age
dependently reduced in the rodent and human brain [2].
Besides the genetic manipulation of NEP expression,

pharmacological approaches used to modulate NEP activity
revealed that somatostatin and various polyphenols
up-regulate NEP activity in the brain [44]. Epigenetic
mechanisms via HDAC inhibition also seem to be a strat-
egy to potentiate brain NEP expression and to protect
against AD progression [35]. Valproic acid and gamma-
hydroxybutyrate for example have been reported to de-
crease brain Aβ concentration, ameliorating in parallel
memory performance in mouse models for AD [28, 51].
In this context, it is known that several metabolites of

tryptophan pathways through kynurenine or serotonin
metabolism are implicated in neuroprotection, regula-
tion of brain Aβ levels, excitotoxicity, cognitive and syn-
aptic maintenance [30]. Thus, several metabolites of
kynurenine and serotonin pathways are suspected to be
involved in AD-related neurodegenerative processes.
However, the balance between these two pathways seems
to be regulated by numerous factors among which neu-
roinflammation may promote the kynurenine pathway
and in parallel impact serotonin synthesis. Because sev-
eral indications favor a role of SSRI and serotonin recep-
tors in AD pathophysiology and progression in human
and animal models [24], we examined the possible inter-
ference of serotonin intermediates on brain Aβ clearance
and evidenced a specific role for 5-HIAA which is gener-
ally thought to be a dead-end and inactive product of
serotonin catabolism. To strengthen our investigations
and consolidate our findings, we have used two different
experimental models, namely the transgenic APPSWE
mouse model for AD-related Aβ pathology (Tg2576) and
the mouse model of phosphoramidon-evoked brain NEP
inhibition [17, 20–22, 54].

Materials and methods
In vitro experiments
Cell culture
Human neuroblastoma SH-SY5Y cells and human
neuroblastoma SH-SY5Y-APPwt cells stably transfected
with DNA constructs harboring human wild-type
APP695 (APPwt) were maintained in a humidified at-
mosphere of 95% air and 5% CO2 at 37 °C [28]. Cells
were seeded into plates or 100 mm dishes in Dulbecco
modified Eagle medium, supplemented with 10% (vol/
vol) fetal bovine serum, 100 U/mL penicillin, 100 μg/mL
streptomycin (Fisher Scientific, France) and for the
transfected cells with 300 μmg/mL hygromycin (Sig-
ma-Aldrich, France), a selective antibiotic. Between 70
and 90% confluency, cells were incubated during various
time periods and/or with various concentrations of com-
pounds to be tested.

RNA isolation and quantitative PCR
Total RNA was extracted from SH-SY5Y cells after 0, 30,
60 and 90min of treatment with 30 μM 5-HIAA, using
the Nucleospin RNA L protocol (Macherey-Nagel,
Düren, Germany). This protocol included a treatment of
isolated RNA by DNase I. Integrity and purity of RNA
was checked by spectrophotometry.
Reverse transcription was performed with 1 μg RNA

using Biorad iScript® cDNA synthesis kit. q-PCR was
performed in an iCycler thermal cycler (Biorad,
Hercules, CA, USA) using SYBR Green dye (iQ SYBR
green Supermix, Biorad). For each sample, the reaction
mix was a make-up of 320 nM forward primer (F), 320
nM reverse primer (R), 200 nM probe, and 4 μL cDNA
template in a total reaction volume of 20 μl [3]. Using
the iCycler iQ optical system software (version 3.1,
Bio-Rad), a standard curve based on successive cDNA
dilutions was performed and was used to calculate start-
ing quantities. To ensure a thorough calculation, starting
quantities of genes of interest were reported to those of
a housekeeping gene (U6 or Actin) in the same plate.
All samples were analyzed in triplicates, and the mean

and standard deviation were calculated. After each
q-PCR, specificity of the amplification was controlled by
a melting curve ranging from 55 to 95 °C whereby a sin-
gle peak corresponding to the amplicon was present.
The following primer pairs were used to amplify

cDNAs after reverse transcription experiments [26]:

Measurement of neprilysin protein level
SH-SY5Y cells were washed with PBS and homogenized
with lysis buffer containing a protease inhibitor cocktail
(Sigma-Aldrich). The proteins in whole cell lysates were
quantified using the BCA protein assay kit with BSA as
a standard (Pierce, Rockford, IL, USA).
NEP protein levels were measured by using a DuoSet

ELISA kit (R&D Systems Europe, Oxford, UK) according
to the manufacturer’s guidelines with minor modifica-
tions. Goat anti-human NEP (1.6 mg/mL) diluted in PBS
(pH 7.4) was coated overnight on a high-binding 96 well
plate (R&D Systems Europe) at room temperature (RT).
The plates were washed 3 times in PBS containing 0.5%

Gene Primer

Neprilysin F 5’-CCTGGAGATTCATAATGGATCTTGT-3’

R 5’-AAAGGGCCTTGCGGAAAG-3’

U6 F 5’-CTCGCTTCGGCAGCACA-3’

R 5’-AACGCTTCACGAATTTGCGT-3’

Actin F 5’-CGCAGCAGTCAGGGACATTT-3’

R 5’-TTCACATACAGCTTGGGAAGC-3’
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Tween-20 (Sigma-Aldrich) (PBS-T). Non-specific bind-
ing of antibody was blocked by addition of PBS com-
pleted with 1% Bovine serum albumin (Sigma-Aldrich)
(1% PBS-BSA) for 3 h at RT, then the plates were washed
a further 3 times. Serial dilutions of recombinant human
NEP or crude homogenates diluted in 1% PBS-BSA or
1% PBS-BSA alone as a control were incubated for 2 h
with continuous shaking at RT. After a further 3 washes,
biotinylated anti-NEP (1.6 mg/mL) was added for 2 h be-
fore another wash and incubation with streptavidin-per-
oxidase (1200) for 20 min in the dark. Substrate solution
(tetramethyl benzidine; R&D Systems, Europe) was
added for 30 min, and the optical density for each well
was read at 450 nm and 540 nm or 570 nm in a plate
reader (Elisa reader model Sigma 960, Metertech, Taipei,
Taiwan).
The NEP protein levels were interpolated from the

standard curve generated from serial dilutions of recom-
binant human NEP (R&D Systems Europe). Each meas-
urement was repeated on 3 occasions, and the average
value was calculated.

Cell treatment with precursors or inhibitors of the serotonin
pathway
Different concentrations (0 to 100 μM) of 5-HIAA,
5-HTP, Serotonin hydrochloride (5-HT, Sigma-Aldrich)
and Tryptophan (Trp, Sigma-Aldrich), were used.
Pharmacological treatments were performed with specific
inhibitors ((S)-(−)-carbidopa monohydrate (Abcam, Cam-
bridge, UK), tranylcypromine hydrochloride (2-PCPA,
Abcam), clorgyline hydrochloride (Abcam) were added to
the SH-SY5Y cells 90min or 24 h before harvest.
ERK inhibitor SCH772984 (Carbosynth, Compton Berk-

shire, UK), MEK ½ inhibitor GSK 1120212 (Targetmol,
USA) or GSK-3 inhibitor CHIR99021 (Sigma-Aldrich,
France) was added 30min before the measurement of
NEP protein.

SH-SY5Y-APP cell treatment and Western blot analysis
According to experimental design [26], the SH-SY5Y
cells were incubated either with 10mM ammonium
chloride (NH4Cl, Sigma-Aldrich) or 30 μM 5-HIAA (Sig-
ma-Aldrich) for 24 h. Non-treated cells were used as
control. After 24 h of treatment, the cells were rinsed
twice with cold PBS pH 7.4, harvested and pelleted by
centrifugation. The cell’s pellets were lysed in RIPA buf-
fer (10 mM Tris/HCl pH 8.0, 150 mM NaCl, 1% (vol/vol)
Nonidet P-40, 0.5% (wt/vol) sodium deoxycholate, 5 mM
EDTA) with complete inhibitor mix from Roche diag-
nostics (Basel, Switzerland) at 0 °C for 20 min. The ly-
sates were homogenized through 21-G needles 10 times,
and then clarified by centrifugation at 2800 x g for 10
min. Protein concentration of lysates was determined
using a BCA protein assay kit.

A total of 50 μg proteins were fractionated by 4–20%
TGX SDS polyacrylamide gels (BioRad, Hercules, CA,
USA). After electrotransfer to polyvinylidene fluoride mem-
branes (BioRad), these membranes were blocked overnight
at 4 °C in Tris-buffered saline (TBS: 50mM Tris, 150mM
NaCl) containing 0.1% (vol/vol) Tween-20 (Sigma-Aldrich)
(TBS-T) and 5% (wt/vol) skimmed milk powder. Mem-
branes were incubated 2 h at RT with primary antibodies,
Rabbit antibody against anti-APP C-terminal fragment
(APP intracellular domain, AICD, Sigma-Aldrich) and
Mouse monoclonal anti-β-actin antibody (Sigma-Aldrich)
(1: 1000 and 1: 5000, respectively). After washing 3 times
with TBS-T, the membranes were probed with correspond-
ing peroxidase conjugated secondary antibodies rabbit
anti-mouse or goat anti-rabbit (Abliance former Paris,
France) (1: 4000) at RT for 1 h. Detection was carried out
by using a chemiluminescence detection kit (Clarity West-
ern ECL substrate, Biorad). After washing steps, signals
were detected with ChemiDoc MP (Biorad).
The relative intensity of bands was densitometrically

determined by Image J software 1.46r (NIH, USA). For
statistical analysis, all data from 3 independent experi-
ments were expressed as the ratio to optical density
values of the corresponding β-actin control [53]. The
values were expressed as a percentage of the control
group arbitrarily set at 100%. The statistical analysis was
done with a Student t-test.

Fluorescence-activated cell sorting (FACS) by flow cytometry
After 24 h of treatment with 100 μM 5-HIAA, SH-SY5Y
cells were harvested, centrifuged for 10min at 1000 x g at
RT and re-suspended with 0.5% PBS-BSA before being gen-
tly fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich) in
PBS for 1 h. Thereafter, the cells were submitted to two
centrifugation steps (10min at 1000 x g) separated by a
washing step using 0.5% PBS-BSA. Cells were then incu-
bated in permeabilization buffer (0.1% Triton X-100 in
0.1% sodium citrate) for 2min on ice. An additional round
of washing and centrifugation was performed before incu-
bating the cells with anti-NEP antibody (Merck-Millipore;
1:200) in PBS for 25min at 4 °C. At the end of the incuba-
tion, the cells were washed and centrifuged again for 10
min at 1000 x g. Supernatants were removed and the pel-
lets were suspended and incubated with a secondary anti-
body for 25min at 4 °C. The cells were washed and
centrifuged a last time, the supernatants were removed, and
the pellets were suspended in PBS before being analyzed.

Proteome profiler Phospho-MAPK array
After ½ hour of treatment with 100 μM 5-HIAA or with-
out treatment, SH-SY5Y cells were harvested, centri-
fuged for 5 min at 300 x g at RT, and then solubilized at
1 × 107 cells/ml in the Lysis Buffer provided with the kit
for ½ hour. The level of phosphorylation was determined
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by using a Proteome Profiler Antibody Kit (Human
Phospho-MAPK Array Kit, R&D Systems Europe, Ox-
ford, UK). Briefly, two nitrocellulose membranes, con-
taining 26 different capture antibodies printed in
duplicate, were blocked for 1 h under agitation at RT.
During the same time, the protein extracts were incu-
bated with a detection antibody cocktail. After one hour,
the blocking buffer was replaced by the mix protein ex-
tract - antibody cocktail and incubated overnight at 2–8
°C under agitation. Then the membranes were washed 3
times in wash buffer, and were put in a solution of
Streptavidin-HRP for ½ hour under agitation at RT.
After a further 3 washes, the membranes were covered
with a Chemi-reagent mix for 1 min before detection of
the signal with ChemiDoc MP (Biorad). The relative in-
tensity of bands was densitometrically determined by
Image J software 1.46r (NIH, USA).

Neprilysin activity assay
SH-SY5Y cells were harvested and washed with PBS
after 0, 30, 60 and 90 min of treatment with 30 μM
5-HIAA (Sigma-Aldrich). The cells were then sonicated
in iced Tris buffer (50 mM Tris-HCl, pH 7.4) and store
at − 80 °C.
Measurement of neprilysin activity was performed ac-

cording to the technical details given by the manufac-
turer for the fluorescent SensoLyte 520 kit (AnaSpec
Inc., Fremont, CA, US). Briefly, 100 μg of total protein
were placed in the wells of a non-binding 96-well plate
(Corning) before adding the substrate working solution.
The reagents were mixed by shaking the plate gently for
30 s and the fluorescence signal was immediately mea-
sured at Ex/Em = 490 nm/520 nm continuously and the
data were recorded every 5 min for 1 h.
The initial reaction velocity was determined by the

slope of the linear portion of the data plot and the re-
sults were expressed in percentage by reference to con-
trol condition.

Immunocytochemistry
Coverslips were prepared with SH-SY5Y cells treated or
not by 5-HIAA at a concentration of 100 μM. The cells
were fixed in 4% PFA for 15 min and then permeabilized
with 100% ethanol for 5 min and incubated in PBS with
5% fetal bovine serum overnight at 4 °C. A rabbit poly-
clonal anti-neprilysin antibody (Merck; 1:200) was ap-
plied for 2 h at RT then a pre-adsorbed Goat polyclonal
anti-Mouse IgG - H&L (Alexa Fluor® 647) antibody
(Abcam; 1:500) was used as secondary antibody. Cover-
slips were mounted in glycerol mounting medium with
DAPI and DABCO™ (Abcam) before microscopic ana-
lysis using a Zeiss microscope equipped for fluorescence.

In vivo experiments
Animals and treatments
Procedures involving animals and their care were con-
ducted in compliance with a European Communities
Council Directive (86/609/EEC) and under the supervi-
sion of authorized investigators. In addition, all the pro-
tocols were reviewed and approved by the Alsace Head
Office of the French Department of Veterinary and Pub-
lic Health Guide for the Care and Use of Laboratory An-
imals. Mice were individually housed per cage in a room
with 12/12-h light-dark cycle. The room was maintained
under constant temperature and humidity conditions.
Water and food were available ad libitum.

Mice models
Two mice models were used:

– Female Swiss albino mice, 3-month-old, outbreeded,
about 20 g (Janvier Labs, France),

– Male APPSWE hemizygote mice (B6, SJL-Tg
(APPSWE) 2576 Kha, tested for heterozygous RD1,
Taconic Europe, Denmark) carrying a transgene
coding for the 695-amino acid isoform of human
Alzheimer APP (Tg 2576) and the corresponding
wild type (WT), 13-month-old. All animals were 30-
35 g body weight.

Phosphoramidon model of NEP inhibition and Aβ 1–40 or
Aβ 1–42 quantification
Four groups of 5 Swiss Albino mice were treated for 5
consecutive days. Group 1 received the NEP inhibitor
Phosphoramidon (Peptide Institute, Osaka, Japan) each
day via intranasal route. Phosphoramidon was dissolved in
PBS (with 1mM ascorbic acid) at a concentration of 30
mM and was administered intranasally as previously de-
scribed [28]. Group 2 was treated with 5-HIAA via intra-
nasal route (24 μL of a 30mM solution). Group 3 received
PBS alone. Group 4 received both phosphoramidon and
5-HIAA.

Aβ 1–40 and Aβ 1–42 quantification
After 5 days of treatment, the mice were euthanized for tis-
sue collection 2 h after the last administration. The brains
were removed, the two hemispheres separated and immedi-
ately frozen in liquid nitrogen and stored at − 80 °C.
The tissues of one hemisphere were homogenized in 8

volumes of ice-cold guanidine buffer (5.0 M guanidine-
HCl/50mM Tris-HCl, pH 8.0). Homogenates were
mixed for 3–4 h at RT. The quantification of total pro-
teins was done with a BCA protein assay kit (Pierce,
Rockford, IL, USA). The lysates were then aliquoted and
stored at − 80 °C until quantification of Aβ 1–40 and 1–
42 peptides, according to the technical details given by
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the manufacturer (Fisher former Invitrogen, Carlsbad,
CA, USA).
Samples were briefly diluted with cold Reaction buffer

and centrifuged at 16,000 g for 20 min at 4 C. Super-
natant was decanted and sample was stored on ice until
use. Hundred μL of the diluted homogenates or of the
Aβ peptide standards were incubated on the pre-coated
96-well plate for 2 h at RT. The plate was washed 4
times and 100 μL of the primary antibody was added for
1 h at RT. After 4 further washes, 100 μL of the second-
ary antibody was added for 30 min at RT. After 4 new
washes, 100 μl of Stabilized Chromogen was added to
each well for 30 min at RT in the dark. Finally, the reac-
tion was stopped by 100 μL of Stop Solution to each well
and the optical density was read at 450 nm in a plate
reader (Elisa reader model Sigma 960, Metertech, Taipei,
Taiwan).
The β peptides levels were interpolated from the

standard curve generated from serial dilutions of syn-
thetic peptide. Each measurement was repeated on 3 oc-
casions, and the average value was calculated.
The results were analyzed with an analysis of variance

(ANOVA p < 0.0001) to evaluate the effects of genotype
and treatment factors. Post hoc analyses were performed
with the Bonferroni test.

Tg 2576 and WT mice treatment
Two groups of mice (12 Tg 2576 and 12 WT) were ad-
ministered daily via intra-nasal route with 4 μL of a 30
mM solution of 5-HIAA (Sigma-Aldrich, France) in PBS
[20, 21]. In parallel, 24 other animals (12 Tg 2576 and
12 WT) were treated for 5 consecutive days with 48mg/
kg 5-Hydroxy-L-tryptophan (5-HTP, Sigma-Aldrich) ad-
ministrated IP. Control groups were obtained by admin-
istration of PBS (12 Tg 2576 and 12 WT). These mice
were the used for the neprilysin activity assay or for the
spatial novelty task.

Neprilysin activity assay
To measure NEP activity in the mouse brain, the ani-
mals were treated daily for 5 consecutive days and eu-
thanized for tissue collection 2 h after the last
administration for the Tg 2576 mouse (sub-chronical
treatment) and at various times (0 to 120 min) for the
Swiss mice (acute treatment). The brains were removed,
the two hemispheres separated and immediately frozen
in liquid nitrogen and stored at − 80 °C. The tissues of
one hemisphere were homogenized in 5 volumes of
ice-cold PBS, centrifuged at 15000 x g for 5 min at 4 °C
and the supernatant was decanted and stored at − 80 °C.
The quantification of total proteins was done by a BCA
protein assay kit).
Measurement of neprilysin activity was performed ac-

cording to the technical details given by the manufacturer

for the fluorescent SensoLyte 520 kit (AnaSpec Inc., Fre-
mont, CA, US). Briefly, 100 μg of total protein were placed
in the wells of a non-binding 96-well plate (Corning) be-
fore adding the substrate working solution. The reagents
were mixed by shaking the plate gently for 30 s and the
fluorescence signal was immediately measured at Ex/Em
= 490 nm/520 nm continuously and the data were re-
corded every 5min for 1 h.
The initial reaction velocity was determined by the

slope of the linear portion of the data plot and the re-
sults were expressed in percentage by reference to con-
trol condition.

Spatial novelty task
This task is based on the spontaneous tendency of mice to
preferentially explore objects which have been displaced
within a familiar arrangement of objects. Tg 2576 mice are
deeply impaired in this task as early as 7 to 8months of
age, independently of the rd mutation [38, 57].
The spatial novelty task was performed in a square

Plexiglas open field (52 × 52 × 40 cm). For each testing
period, a specific set of 7 different objects (4 for the ha-
bituation phases and 3 for the spatial recognition task),
which differed in shape, color, and materials, were used.
Each object was available in duplicate (one for each trial
when required) and was wiped with 70% ethanol as the
whole open field between each trial. On days 1 and 2,
the mice received a habituation trial of 10 min with 2
different objects each day.
On day 3 (5th day of treatment), the mice explored

the spatial configuration of 3 new objects during a
10-min acquisition trial, returned in their home cage for
3 min, and then received a 10-min retention trial with a
new spatial configuration resulting from the shifting of
one of the 3 objects to a new location. Recognition per-
formances were calculated as the additional time spent
exploring the displaced object during the retention trial
when mice are the most involved in exploring the ob-
jects. This value was compared with the 0 value (no de-
tection of the spatial change) with a Student t-test to
measure whether spatial novelty detection occurred and
was also compared among groups with an analysis of
variance (ANOVA p < 0.0001) to evaluate the effects of
genotype and treatment factors. Post-hoc analyses were
performed with the Newman-Keuls test.

Immunocytochemistry on brain tissue slices
Tg 2576/APPSWE mice chronically treated with 5-HIAA
were perfused through the heart with cold 4% PFA. The
brains were fixed in a 4% PFA solution for 72 h at 4 °C
and afterwards were immersed in PBS containing 20%
sucrose for 48 h. The brains were cut in a vibratome
Leica VT1000M (80 μm thick) and the slices were col-
lected in a Watson medium.
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Floating sections were immunostained as follows: Tis-
sue slides were rehydrated with PBS for 1 h at RT then
blocked overnight at 4 °C with 5% (v/v) fetal bovine
serum in PBS. Sections were stirred overnight at 4 C
with the primary antibodies (mouse monoclonal Anti-β
Amyloid 1–40 antibody (Abcam) and rabbit polyclonal
anti-Neprilysin antibody (Merck Millipore) at a dilution
of 1:200. Sections were then washed 10 to 12 times for
1 h in PBS pH 7.4. Then the sections were stirred with
species-specific secondary antibodies (pre-adsorbed Goat
polyclonal anti-Mouse IgG - H&L (Alexa Fluor® 647)
antibody (Abcam) and pre-adsorbed Goat polyclonal
anti-Rabbit IgG - H&L (Alexa Fluor® 488) antibody
(Abcam), at a dilution of 1:500, overnight at 4 C in the
dark. Sections were washed again (10 to 12 times for 1
h) with PBS pH 7.4. After this second period of washing,
the sections were mounted in glycerol mounting
medium with DAPI and DABCO™ (Abcam) before
microscopic analysis using a microscope (Zeiss AxioIma-
ger Z2).

Statistical analysis
GraphPad Prism was used for all statistical analysis. For
ANOVA multiple statistical comparisons, Newman-
Keuls or Bonferroni tests were used and two-sided un-
paired Student’s t-test for single statistical comparison.
Statistical distribution for the Post-hoc analyses was: * p
< 0.05, ** p < 0.005 and *** p < 0.0001. Errors are stand-
ard error of mean (SEM).

Results
The synthesis and activity of NEP in SH-SY5Y neuronal
cells increase time-dependently in the presence of graded
concentrations of 5-HIAA
The serotonin catabolite 5-HIAA at a dose of 100 μM
increases NEP activity in SH-SY5Y cells with time. The
maximum activity culminates at 90–120 min after
addition of the compound and decrease to basal level 3
h later (Fig. 1a). Under the same conditions, the corre-
sponding NEP mRNA messenger was measured in cell
cultures until 90 min of incubation. An increase was no-
ticed starting at 30 min and was elevated by about 30
times after 90 min, which corresponds to the maximum
of NEP activity (Fig. 1b). The neo-synthesis of NEP pro-
tein, measured in cells cultured in the presence of in-
creased amounts of 5-HIAA by an ELISA method,
showed an EC50 of 8 ± 3 μM (Fig. 1c). This concentration
is within the range of 5-HIAA concentration found in
brain tissue [50].

5-HIAA or 5-HTP administration in vivo increases NEP
activity in the mouse brain
Tg 2576 mice were intranasally administered either
24 μL of a 30 mM solution of 5-HIAA or with 48mg/kg

I.P of 5-HTP consecutively for 5 days. At the end of
treatment, NEP activities were measured. Both 5-HTP
and 5-HIAA treatments increase the level of NEP activ-
ity in brain, the treatment with 5-HIAA being the more
active (Fig. 1f ). In a second series of experiments, Swiss
albino mice were treated with 5-HIAA at time zero
(24 μL of a 30 mM solution) and the NEP activity was
determined in brain every 30 min until 120 min. A rapid
increase in this activity was shown with a maximum at
90min, confirming in vivo the result obtained in cell
cultures (Fig. 1g).

Cell analysis by flow cytometry confirms the stimulatory
effect of 5-HIAA on NEP expression
The induction of NEP expression by 5-HIAA is rapid
when measured in a cell’s homogenate. However, NEP
protein targeting the cell membrane is a prolonged
process [25]. For this reason, we confirmed the induc-
tion of NEP protein in SH-SY5Y neuronal cells using
flow cytometry analysis after incubation for 24 h with
100 μM 5-HIAA. The cells were labeled with a NEP spe-
cific antibody. Figure 1d represents a qualitative analysis
of the intensity of NEP antibody-induced immunolabel-
ing in 5-HIAA-treated and control SH-SY5Y cells. A
quantitative approach has been used to count cells by
flow cytometry. Figure 1e shows the percentage of NEP
positive cells under control conditions (46%) and in the
presence of 100 μM 5-HIAA (89%).

Effect of 5-HIAA in a pharmacological model of brain Aβ
accumulation
Adult Swiss albino mice treated for 5 days by intranasal
administrations of the NEP inhibitor phosphoramidon
(Ki of about 2 nM) showed increased brain concentra-
tions of both 1–40 Aβ (+ 39%) and 1–42 Aβ (+ 144%)
compared to control mice treated with saline. Adminis-
tration of 5-HIAA alone to healthy mice reduced brain
basal levels of 1–40 and 1–42 Aβ about 14 and 32%, re-
spectively. The co-treatment of phosphoramidon-receiv-
ing mice with 5-HIAA decreased the brain 1–40 Aβ (−
15%) and 1–42 Aβ (− 45%) concentrations. These results
reveal that 5-HIAA is capable of counteracting Aβ accu-
mulation in the brain under physiological or
pharmacologically-evoked (phosphoramidon-induced
NEP inhibition) conditions (Fig. 2a and b and Table 1).

5-HIAA treatment reduces brain Aβ concentration in
APPSWE mice
Tg 2576 APPSWE mice are well characterized as a
model for AD-related Aβ pathology expressing brain 1–
40 and 1–42 Aβ accumulations [17, 22, 54]. We mea-
sured the concentration of 1–40 and 1–42 Aβ peptides
in cerebral hemispheres of 14 months aged APPSWE
mice treated (5 consecutive days) or not by intranasal
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Fig. 1 (See legend on next page.)
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5-HIAA or by 5-HTP (48 mg/kg) injected IP. This last
compound is a precursor of 5-HIAA in the brain, but
also of serotonin (Fig. 3a). Six hours after the last admin-
istration of each compound, the animals were killed and
brain Aβ concentrations were determined.
In the wild type counterparts of Tg 2576 mice,

5-HIAA treatment reduces brain 1–40 and 1–42 Aβ
concentrations by 19 and 39%, respectively. In APPSWE
mice, the decrease of brain 1–40 Aβ level was − 39%
and − 69% after 5-HIAA or 5-HTP administration while
the reduction of cerebral 1–42 Aβ level was − 14% and
− 45% after 5-HIAA or 5-HTP treatment, respectively
(Fig. 2c and Table 2).

5-HIAA or 5-HTP treatments ameliorate memory task
performance in both WT and Tg 2576 APPSWE mice
Tg 2576 APPSWE mice and their WT counterparts were
treated for five consecutive days with 5-HIAA (intrana-
sal administration) or by 5-HTP (48 mg/kg I.P). Six
hours after the last administration, the mice were tested
for spatial recognition test. WT mice treated with
5-HTP or 5-HIAA exhibited an improved performance
than control animals treated with saline; 5-HIAA-treated
animals showed the best performance. Non-treated Tg
2576 APPSWE mice performed very poorly compared to
transgenic animals treated with 5-HTP or 5-HIAA under
the same conditions. Retention performances of the
non-treated APPSWE groups were lower than those of
treated APPSWE, treated WT and non-treated WT
groups respectively (Newman-Keuls: p < 0.001, APPSWE
control groups compared to each other group) (Fig. 2e).

A role for 5-HIAA precursors in NEP induction?
Tryptophan, 5-HTP and serotonin (5-HT) are the main
precursors of 5-HIAA in the brain. We examined in a

series of experiments the potential role of these com-
pounds to induce NEP via the production of 5-HIAA.
Tryptophan is both the precursor of kynurenic acid
through the kynurenic pathway and of 5-HIAA through
serotonin catabolism (Fig. 3a). Kynurenic acid has been
found to be a NEP inducer and its neuroprotective prop-
erties are well documented [29]. In the presence of
IMAO (A + B), the induction of NEP by tryptophan is
reduced by about 50%, so the remaining activity of tryp-
tophan could be due to the formation of kynurenic acid.
In the absence of inhibitor, L-tryptophan possesses an
EC50 of 19 ± 2 μM for the induction of NEP in SH-SY5Y
cell cultures (Fig. 3b and c).
5-HTP is a well-known precursor of serotonin and of

5-HIAA in the brain. In the presence of either carbi-
dopa, which inhibits its decarboxylation into serotonin
or of tranylcypromine which blocks its transformation
into 5-HIAA, the inductive capacity of 5-HTP on NEP
expression is significantly reduced compared to 5-HTP
tested without inhibitors (Fig. 3c). In the presence of car-
bidopa, 5-HTP possesses an intrinsic activity on NEP in-
duction with an EC50 of 5 ± 1 μM (Fig. 3b), but the
maximum activity reaches a plateau at 20%.
Finally, increasing doses of serotonin incubated in the

presence of tranylcypromine showed no effect on NEP
induction (Fig. 3b, green). Also, serotonin at 100 μM
exerted no significant effect on NEP expression in the
presence of IMAO (Fig. 3c). Serotonin incubated alone
exhibited some effect, probably because of its role as a
precursor of 5-HIAA.

5-HIAA induces NEP neo-expression via a MAP-kinase
driven mechanism
The level of phosphorylation of the principal intermedi-
ates of MAP-kinase pathway was determined by using

(See figure on previous page.)
Fig. 1 Effects of 5-HIAA on NEP expression and activity in SH-SY5Y neuronal cells and mouse brain. a, b, c: Experiments in SH-SY5Y neuroblastoma
cells. a Kinetic of NEP activity as a function of incubation time (0 to 180min) in cells treated by 100 μM 5-HIAA. NEP activity was determined with a
fluorescent SensoLyte 520 kit (AnaSpec Inc., Fremont, CA, US). NEP activity culminates at 90–120min after addition of the compound, with quantitative
values corresponding to 20 +/− 1 and 19 +/ 2 103 DO/mg of total proteins, respectively. These maximal values decrease to basal level after 3 h. b q-
PCR assessment of NEP mRNA increase as a function of incubation time (0 to 90min) in SH-SY5Y cells treated by 100 μM 5-HIAA. The increase of NEP
mRNA level already detectable at 30min, reached a value 30 times higher at 90min which represents the time point corresponding to NEP maximal
activity. c ELISA test determination of the dose-response effect of 24 h 5-HIAA treatment on NEP activity. Evaluation of the effects of increasing doses
of 5-HIAA showed an EC50 of 8 ± 3 μM, a concentration within the range of 5-HIAA concentration found in brain tissue. The statistical analysis of
triplicate samples was done by an ANOVA completed with a Bonferroni’s Multiple Comparison Test. ** p < 0.005, *** p < 0.0001. d
Immunocytochemistry with anti-NEP antibody of SH-SY5Y cells treated with 100 μM 5-HIAA for 24 h versus non-treated controls. Scale bars: 20 μm. e
Fluorescence-activated cell sorting (FACS) by flow cytometry on SHSY-5Y cells treated with 5-HIAA (100 μM) for 24 h versus controls. 46% of cells were
neprilysin-positive in control cells while 89% were positively labeled in treated cells. Black curve: no secondary antibody; Red curve: cells treated with
NEP secondary antibody. f, g: Experiments on mouse brain in vivo. f Effects of 5-HTP (48mg/kg, I.P.) or 5-HIAA (24 μL of a 30mM solution, intra-nasal)
on NEP activity in 14months APPSWE mice brain (n = 5 for each treatment). Drugs were administered each day during five consecutive days. Both 5-
HTP and 5-HIAA treatments increase the level of NEP activity in brain (142 +/− 7 and 192 +/− 18 Relative Fluorescence Units (RFU)/min, respectively).
However, 5-HIAA treatment was the most effective. g Kinetics of NEP enzymatic activity in 3months Swiss Albinos mice (n = 5 at each time point)
treated by an intra-nasal administration of 24 μL of a 30mM solution of 5-HIAA at time zero. The brain NEP activity was determined every 30min until
120min. A rapid increase of NEP activity was detected at 90min with a maximum value of 2040 +/− 50 RFU/min. The statistical analysis was done by
an ANOVA completed with a Bonferroni’s Multiple Comparison Test. * p < 0.05; ** p < 0.005; *** p < 0.0001 by reference to NT or time zero

Klein et al. Acta Neuropathologica Communications           (2018) 6:136 Page 8 of 15



the Proteome Profiler Antibody Kit (R&D Systems). This
system detects the phosphorylation of 26 human kinases
simultaneously. SH-SY5Y cells were treated during 30
min with 100 μM 5-HIAA and then were analyzed ac-
cording to the recommended protocol. Figure 4a repre-
sents the integrated spots that were significantly
different from the non-treated cells. From these results,
we decided to explore particularly the ERK pathway,
which appears to be down-regulated by 5-HIAA. The

modification of GSK-3 α/β, a strategic factor for tau
phosphorylation, was also significantly affected by the
treatment, together with the transcription factor CREB.
The phosphorylation of all these intermediates and tran-
scription factor are decreased by the cell’s treatment
with 5-HIAA.
SCH772984 is a specific inhibitor of ERK1/2 with IC50

values of 4 nM and 1 nM in cell-free assays [8]. We incu-
bated this compound alone or in combination with

Fig. 2 Effects of 5-HIAA on brain amyloid peptide accumulation and memory performance. a, b: Inhibitory action of 5-HIAA against phosphoramidon-
induced brain Aβ accumulation in 3-month-old Swiss albino mice (n = 7 for each group). a Phosphoramidon induces an increase in Aβ 1–42 peptide
which is counteracted by 5-HIAA treatment. The effect of 5-HIAA can be seen also in control mice non-treated with Phosphoramidon (see also Table
1). Statistical analysis by an ANOVA completed with a Bonferroni’s Multiple Comparison Test. * p < 0.05, ** p < 0.005, *** p < 0.0001. b: Same results
than in A with the Aβ 1–40 peptide. c 5-HIAA- or 5-HTP-induced decrease of brain Aβ peptide level in 14-month-old Tg 2576/APPSWE mice (Tg). The
mice (n = 7 for each group) were treated daily during 5 consecutive days with 5-HTP (48mg/kg, I.P.) or 5-HIAA (24 μL of a 30mM, intra-nasal). 5-HIAA
treatment reduces brain 1–40 and 1–42 Aβ concentrations in wild type (WT) and APPSWE mice. 5-HTP treatment is also active in APPSWE mice (see
also Table 2). The statistical analysis was done by an ANOVA completed with a Bonferroni’s Multiple Comparison Test of NT (non-treated) WT (wild-
type) or Tg (Tg 2576/APPSWE) mice. d Photomicrographs showing the co-localization of NEP and 1–40 Aβ peptide in the cortex of Tg 2576/APPSWE
mice brain. Scale bars: 50 μm. This image is an illustration of the distribution of NEP and amyloid deposits co-localization. e Effects of 5 consecutive
days intra-nasal 5-HIAA (24 μl of a 30mM solution) or I.P. 5-HTP (48mg/kg) treatments on the spatial novelty performances of 14-month-old wild-type
(WT) and Tg 2576/APPSWE (Tg) mice (n = 7 for each group). Results are shown as the mean additional time (SEM) spent in exploring the displaced
object versus the non-displaced objects during the retention trial. This value was compared to the 0 value (no detection of the spatial change) with a
Student t-test (** p < 0.01) to determine whether spatial novelty detection occurred. Treated WT mice exhibited an improved performance compared
to control animals; 5-HIAA-treated mice showed the best performance. Non-treated (NT) Tg 2576/APPSWE mice performed very poorly compared to
treated transgenic animals. The various groups were compared with an ANOVA (P < 0.0001) completed with a Newman-Keuls Multiple Comparison
Test to evaluate the effects of treatments. Retention performances of the non-treated (NT) APPSWE groups were lower than those of treated APPSWE,
treated WT and non-treated WT groups, respectively
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Table 1 Variations of brain amyloid peptide level in phosphoramidon-treated and control mice after 5-HIAA or vehicle treatment

Vehicle 5-HIAA Phosphoramidon 5-HIAA + Phosphoramidon

Aβ42 1.2 0.8 2.9 2.4 Mean (pg/total proteins)

100 68 244 199 Mean compared with vehicle (%)

0 −32 144 99 % of variation compared to Vehicle

−144 − 176 0 −45 % of variation compared to Phosphoramidon

Aβ40 8.4 7.2 11.7 10.5 Mean (pg/total proteins)

100 86 140 125 Mean compared with vehicle (%)

0 −14 40 25 % of variation compared to Vehicle

−39 −54 0 −15 % of variation compared to phosphoramidon

Fig. 3 Role of 5-HIAA precursors on NEP protein expression. a Tryptophan is the precursor of both serotonin and kynurenine pathways. IDO (indolamine
dioxygenase 2,3 dioxygenase) induction by inflammatory cytokines favorizes the production of kynurenine pathway intermediates, including kynurenic acid.
Tryptophan, 5-hydroxytryptophan (5-HTP) and serotonin (5-HT) are precursors of 5-HIAA. 5-HTP degradation is prevented by carbidopa while serotonin
catabolism is blocked by IMAO (tranylcypromine + clorgyline). b Dose-response curves for the induction of NEP protein in SH-SY5Y cells. Effect of tryptophan,
5-HIAA, 5HTP+ carbidopa (100 μM), Serotonin + tranylcypromine (30 μM) and clorgyline (20μM) on NEP protein level in SH-SY5Y cells after 30-min treatment.
In the absence of inhibitor, 5-HIAA and L-tryptophan exhibit an EC50 of 8 ± 3μM and 19± 2μM for NEP induction, respectively. In the presence of carbidopa,
5-HTP shows an intrinsic activity on NEP induction with an EC50 of 5 ± 1μM but the maximum activity is 20%. Incubation of SH-SY5Y cells with increasing
doses of serotonin in the presence of tranylcypromine showed no effect on NEP induction. c Effects of 24-h pharmacological inhibition of 5-HIAA synthesis
from precursors (Tryptophan, 5-HTP, or 5-HT) on NEP protein expression in SH-SY5Y cells. In the presence of Tranylcypromine, NEP induction by tryptophan is
reduced from 87 +/− 9 to 30 +/− 1%. In the presence of either carbidopa (inhibitor of 5-HTP decarboxylation into 5-HT), or tranylcypromine (blocker of 5-HTP
conversion into 5-HIAA), NEP induction by 5-HTP was significantly reduced compared to 5-HTP tested without inhibitors (respectively 35 +/− 1 and 36 +/− 1%
vs 57 +/− 3%). 5-HT at 100μM exhibited some effect on NEP (51 +/− 7%) because of its role as a precursor of 5-HIAA. Consistently, the effect of 5-HT was
inhibited by tranylcypromine (13 +/− 1%). The statistical analysis of triplicatesamples was done by an ANOVA completed with a Bonferroni’s Multiple
Comparison Test. ## p<0.005, ### or *** p<0.0001. * by reference to non-treated (NT) cells, or # by reference to treatments with specific enzyme’s inhibitor
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5-HIAA in SH-SY5Y incubation medium to confirm the
role of ERK pathway inhibition in the neo-expression of
NEP. As shown in Fig. 4b, NEP protein expression is
strongly stimulated by the presence of SCH772984 after
90 min of incubation and the addition of 100 μM
5-HIAA increases this stimulation significantly. Simi-
larly, the MEK inhibitor (GSK 1120212, Trametinib)
which plays a role as a MEK/MAPK/ERK kinase inhibi-
tor, induces NEP with an EC50 in the nanomolar range.
These results constitute additional evidence for a role of
MAP-kinase cascade in NEP expression mediated by
5-HIAA. However, as several reports described a role for
AICD peptide (intra-cellular domain of APP) in the con-
trol of NEP expression [18], this possibility was tested in
the same experimental model. While NH4Cl strongly in-
duced AICD, this peptide was down-regulated by
5-HIAA, suggesting that the mechanism activated by
5-HIAA to induce NEP expression does not involve or
depend on AICD stimulation (Fig. 4c).

Discussion and conclusions
In its early stage of clinical expression, sporadic AD is het-
erogeneous with cognitive, behavioral or psychological
symptoms of many kinds, including alterations of mood,
emotive disorders, confusion, agitation and anxiety or
modifications in the sleep-wake cycle [46]. Serotonin and
its brain innervations are known to modulate these alter-
ations and pharmacological manipulations of the seroto-
nergic system have long been used as therapeutic
approach for these symptoms [11]. This therapeutic strat-
egy includes the potentiation of serotonin synthesis by
tryptophan or 5-HTP administration, the inhibition of
serotonin transport by SSRI’s or degradation by IMAO.
Among the large family of serotonergic receptors (5-HT1
to 5-HT7, each of them containing several isoforms), sev-
eral classes appear to be implicated in AD related mecha-
nisms. 5-HT2 receptors (2A, 2B, 2C) which activate
phospholipase C pathway and 5-HT4, 5-HT6 that are
coupled to Gs, have been reported to regulate the proteo-
lytic cleavage of APP, neuroinflammation and cognitive
deficits. The mechanisms involved in these processes are
unknown, and serotonin is supposed to activate the

complete set of its receptors with a global effect to be de-
fined regarding AD [24]. This disease is characterized by
diffuse brain atrophy due to neuronal degeneration and
synaptic loss affecting multiple regions in the brain. The
neurodegeneration results from Aβ accumulation and
hyperphosphorylation of Tau which affect neuron survival
[9]. Interestingly, it has been shown that the dorsal raphe
nucleus exhibits cytoskeletal lesions at early stages of the
disease, suggesting a possible role for the ascending sero-
tonergic pathway in early manifestations of AD [5, 19, 43].
Amyloid protein accumulation in the brain is a prolonged
process induced by chronic inflammation, reduction of
energy metabolism and promotion of apoptotic mecha-
nisms which precede the development of microtubule-as-
sociated protein Tau hyperphosphorylation and loss of
functions [13]. Several mutations and gene variants are in
favor of a closed link between Aβ proteinopathy and pro-
gressive occurrence of dementia in AD [1, 42]. The accu-
mulation of amyloid oligomers is tightly regulated in the
normal brain, in part by a fine control of their clearance.
The cellular proteolysis of many brain proteins involves
the proteasome and the lysosome, but also many proteo-
lytic activities including Insulin-degrading enzyme,
Endothelin or angiotensin converting enzyme and matrix
metalloproteinases among others [33, 56]. However, a piv-
otal role is assigned to NEP, a cell-surface ectoenzyme de-
grading several key neuropeptides (enkephalins, substance
P), which has been identified as a major Aβ degrading en-
zyme in the brain. Over-expression of NEP in Drosophila
or in transgenic mice could suppress amyloid plaques for-
mation or reduce brain Aβ levels. By contrast, a reduction
of NEP expression has been evidenced in the brain of aged
or AD patients [23, 33]. However, NEP activity seems to
be stimulated in brain cells in contact with amyloid de-
posits in human brain. It appears that NEP up-regulation
could be an adaptive mechanism counteracting brain Aβ
accumulation and protecting thus neuron survival during
the disease incubation [40]. Since several years, a pharma-
cological approach has been suggested to increase NEP
activity in the brain and several compounds were identi-
fied as NEP expression modulators, some of them being
potential actors regulating NEP homeostasis in vivo [28,

Table 2 Variations of brain amyloid peptide level in APPSWE and WT mice after 5-HIAA or 5-HTP treatment

WT NT WT 5HIAA Tg NT Tg 5HIAA Tg 5HTP

Aβ40 109.2 88.6 3285 1996 1031 Mean (pg/total proteins)

100 81 100 61 31 Mean compared with NT (%)

0 −19 0 −39 −69 % of variation compared to
corresponding NT

Aβ42 25.2 15.3 2544 2192 1408 Mean (pg/total proteins)

100 61 100 86 55 Mean compared with NT (%)

0 −39 0 −14 −45 % of variation compared to
corresponding NT
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Fig. 4 (See legend on next page.)
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29, 34, 51]. The fundamental interest of these studies is to
try to slow-down the occurrence of AD clinical symptoms
and beneficial effects against memory deficits have been
reported in animal models following NEP up-regulation.
The present work describes the role of 5-HIAA, the final

product of serotonin metabolism, as an inducer of NEP
expression in the brain. This compound is not a ligand for
serotonin receptors and was until now considered only as
a dead-end product, with no functional role. However,
5-HIAA was implicated recently in the negative control of
RAS/MAPK signaling pathway in C. elegans [45]. Interest-
ingly, NT-3 treatment significantly increased Aβ in pri-
mary neuron cultures, an effect which was abolished by
the MEK 1/2 inhibitor UO126 [25]. The Ras/MAP-kinases
pathway was reported to be elevated in initial stages of
AD, before the accumulation and pathology driven by Aβ
[15, 16]. A pathological link between Aβ generation and
altered MAP/phospho-ERK signaling seems to exist.
Phospho-ERK contributes to tau phosphorylation but
GSK-3 is also involved in this process, together with sev-
eral other kinases [27]. GSK-3 promotes every major
pathological process in AD, including apoptosis and
GSK-3 inhibitors improve several cognitive functions in
transgenic mice models for AD [4]. We demonstrate that
in SH-SY5Y cell cultures, 5-HIAA-induced neo-expression
of NEP protein and this effect is partially reproduced by
the inhibition of ERK 1/2 pathway. 5-HIAA reduces also
the expression of GSK-3 and this action may additionally
ameliorate AD symptoms in APPSWE transgenic mice.
Moreover, P-CREB decrease observed after 5-HIAA ad-
ministration may probably result from the down-regula-
tion of MAP-kinase/GSK-3 pathways but it is difficult to
estimate the direct impact of this effect on the behavior of
APPSWE mice owing to the involvement of P-CREB in
various events related to brain plasticity [7].
Independently from the effect of 5-HIAA on NEP gene

expression, its possible inhibitory action at the hamster
prion promoter controlling the mutated human APP

isoform expression in APPSWE mice is worthy of atten-
tion. 5-HIAA may act via this mechanism to reduce mu-
tated APP expression and decrease Aβ accumulation in
APPSWE mice. However, the probability of such action
appears extremely low since the removal of PrPc prion
from human APP-transgenic mice did not modify APP
proteolysis, Aβ levels or pathologic phenotype [55].
Consistently, we observed that 5-HIAA increased NEP

expression and decreased brain Aβ in the mouse model of
intranasal phosphoramidon-induced NEP inhibition and
cerebral accumulation of amyloid oligomers [21]. How-
ever, besides NEP inhibition, phosphoramidon may also
reduce the activity of other Aβ degrading enzymes includ-
ing the endothelin-converting enzyme [14]. Therefore, the
possibility that in addition to NEP induction, 5-HIAA may
also promote the activity of other Aβ degrading enzymes
cannot be ruled out. Moreover, it has been reported that
intracerebroventricular injection of the protease inhibitor
phosphoramidon into wild type mice increased brain Aβ
deposits and concomitantly induced neurodegeneration of
hippocampal neurons and neuroinflammation [37]. Inter-
estingly, we found that in the transgenic mouse model of
AD expressing a human-mutated APP (APP Swedish) and
accumulating brain Aβ, in vivo administration of 5-HIAA
treatment during 5 consecutive days significantly reduced
brain Aβ concentration and counteracted memory deficits
in a spatial recognition task. The possibility exists that a
longer period of treatment could induce a deeper elimin-
ation of Aβ, since there is no obvious toxicity of 5-HIAA.
However, as the intra-nasal route was used to circumvent
the blood brain barrier, this mode of administration may
have some limitations for very long-term therapies. There-
fore, a possibility could be the use of precursors of
5-HIAA such as tryptophan or 5-HTP that can be
absorbed per os. Serotonin is also degraded into 5-HIAA
in vitro and the global activity of the serotonergic system
influences 5-HIAA levels in vivo. Thus, we explored a
possible effect of these three substances using

(See figure on previous page.)
Fig. 4 5-HIAA induces NEP expression via the MAP-kinase/ERK ½ pathway. a Down-regulatory effect of 5-HIAA on ERK ½, MEK ½ and GSK-3
expression in SH-SY5Y cells after 30 min treatment. The ERK pathway was down-regulated by 5-HIAA (mean decrease of ERK1–17% and ERK2–
21%). GSK-3 α/β, a strategic factor for tau phosphorylation, was also significantly affected by the treatment (mean decrease of GSK-3α/β and GSK-
3β − 15%), together with the transcription factor CREB (mean decrease − 40%). The statistical analysis of triplicate samples was done with a
Student t-test. * p < 0.05, ** p < 0.005 by reference to non-treated cells (NT). b Effects of separated or combined treatments with the ERK ½
inhibitor SCH772984 and/or 5-HIAA on NEP expression in SH-SY5Y cells after 90 min treatment. NEP protein expression was stimulated by
SCH772984 (26 +/− 4%) or 100 μM 5-HIAA (49 +/− 2%) tested separately. The combined treatment containing 100 μM 5-HIAA and SCH772984
showed a higher increase percentage of NEP expression (63 +/− 2%) compared to the separate treatments. The statistical analysis of triplicate
samples was done by an ANOVA completed with a Bonferroni’s Multiple Comparison Test. ## p < 0.005, ### or *** p < 0.0001. * by reference to
non-treated cells (NT), or # by reference to treatments with 5-HIAA. c Inhibitory action of 5-HIAA on AICD expression in SH-SY5Y cells. NH4Cl as
positive control. The statistical analysis (n = 5 in each group) was performed by an ANOVA completed with a Bonferroni’s Multiple Comparison
Test. *** p < 0.0001 by reference to non-treated cells (NT). d Dose-response effect and EC50 of SCH772984 and Trametinib on NEP expression in
SH-SY5Y cells. Both MEK inhibitor (GSK 1120212, Trametinib) and ERK kinase inhibitor (SCH772984) induce NEP with an EC50 of 14 +/− 4 and 27
+/− 3 nM, respectively. e Graphical summary of potential mechanisms involved in 5-HIAA-induced NEP expression. The MAP-kinase pathway is
involved in NEP expression in SH-SY5Y cells: inhibition of MEK/ERK ½ phosphorylation increased NEP protein levels. Phosphorylation of GSK-3 is
also down-regulated by 5-HIAA treatment. These effects may explain 5-HIAA-induced increase in Aβ peptide clearance
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pharmacological treatment of SH-SY5Y neuronal cultures.
We found that tryptophan, 5-HTP and serotonin induce
NEP and these effects were strongly reduced by the pres-
ence of carbidopa or pargyline which inhibits
dopa-decarboxylase or MAO, respectively. Thus, these
three substances appear to act on NEP protein levels via
the synthesis of 5-HIAA. For tryptophan, whose dietary in-
crease reduces intraneuronal Aβ density in transgenic ani-
mals [32], the blockade of its degradation into 5-HIAA by
MAO inhibition strongly reduced its ability to induce NEP
synthesis. But tryptophan is the precursor of both kynure-
nine and serotonin pathways, and chronic inflammation is
thought to drive tryptophan metabolism into the kynure-
nine pathway after induction of indolamine 2,3-dioxygen-
ase, in detriment of serotonin metabolism [30]. A role of
some intermediates of kynurenine pathway has been de-
scribed in the pathophysiology of neurodegenerative dis-
eases, including AD [6, 31]. Concerning 5-HTP, a direct
precursor of both serotonin and 5-HIAA, the inhibition of
dopa-decarboxylase decreases its effect on NEP induction,
but this compound has also a direct role on NEP protein
levels in cell cultures with an EC50 of about 5 μM.
The role of serotonin appears more complex. The synthe-

sis of serotonin is associated with lower Aβ levels in animals
and humans [10]. In the presence of a MAO inhibitor, the
stimulatory effect of serotonin on NEP protein in cell cul-
tures disappeared, indicating that the reported beneficial ef-
fect of serotonin on Aβ levels is partly due to its catabolism
into 5-HIAA. Serotonin itself has no effect on NEP but this
neurotransmitter has been reported to exert several benefi-
cial effects on AD via other mechanisms, as demonstrated
by the pharmacological action of some SSRI and agonists/an-
tagonists at 5-HT receptors [47]. Moreover, it is well demon-
strated that the raphe nuclei are affected by neurofibrillary
tangles very early in AD pathogenesis, suggesting the occur-
rence of early serotoninergic alterations that may facilitate
AD progression [5, 19, 43]. Therefore, our results showing a
beneficial role and mechanisms of action of serotonin metab-
olite 5-HIAA (until now considered only as a dead-end in-
active product) in a mouse model of AD, may contribute to
improve the efficacy of serotoninergic derivatives-based strat-
egies against AD.
In conclusion, the present report, which provides the

first demonstration that 5-HIAA sub-chronic therapy ac-
tively increases brain Aβ degradation/clearance and
ameliorates symptoms in the APPSWE mouse model for
AD, also contributes to elucidate the role of tryptophan/
kynurenine/serotonin interrelated pathways in AD
pathophysiology and progression.
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