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• Serotonin aldehyde strongly oligomerizes alpha-synuclein in vitro.
• The effect is more than 10 times control.
• Serotonin aldehyde oligomerizes alpha-synuclein in PC12 cells.
• The effect is blocked by pargyline, a monoamine oxidase inhibitor.
• Serotonin aldehyde has about the same potency effect as dopamine aldehyde.
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a b s t r a c t

In Parkinson’s disease (PD) alpha-synuclein oligomers are thought to be pathogenic, and 3,4-
dihydroxyphenylacetaldehyde (DOPAL), an obligate aldehyde intermediate in neuronal dopamine
metabolism, potently oligomerizes alpha-synuclein. PD involves alpha-synuclein deposition in brain-
stem raphe nuclei; however, whether 5-hydroxyindoleacetaldehyde (5-HIAL), the aldehyde of serotonin,
oligomerizes alpha-synuclein has been unknown. In this study we tested whether 5-HIAL oligomerizes
alpha-synuclein in vitro and in PC12 cells conditionally over-expressing alpha-synuclein. Alpha-synuclein
oligomers were quantified by western blotting after incubation of alpha-synuclein with serotonin and
monoamine oxidase-A (MAO-A) to generate 5-HIAL or dopamine to generate DOPAL. Oligomerization
of alpha-synuclein in PC12 cells over-expressing the protein was compared between vehicle-treated
cells and cells incubated with levodopa to generate DOPAL or 5-hydroxytryptophan to generate 5-HIAL.
Monoamine aldehyde mediation of the oligomerization was assessed using the MAO inhibitor, pargyline.
Dopamine and serotonin incubated with MAO-A both strongly oligomerized alpha-synuclein (more than
10 times control); pargyline blocked the oligomerization. In synuclein overexpressing PC12 cells, lev-
odopa and 5-hydroxytryptophan elicited pargyline-sensitive alpha-synuclein oligomerization. 5-HIAL
oligomerizes alpha-synuclein both in vitro and in synuclein-overexpressing PC12 cells, in a manner
similar to DOPAL. The findings may help explain loss of serotonergic neurons in PD.

© 2015 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Profound depletion of dopamine (DA) in the
striatum—especially the putamen—constitutes a neurochemi-
cal hallmark of Parkinson disease (PD). Researchers have long
noted less severe but more widespread decreases of tissue
serotonin contents in PD [4,7–9]. Bases for the susceptibility
of the monoaminergic neurons in PD have been mysterious.
Lewy bodies, intra-cytoplasmic inclusions that contain abundant
precipitated alpha-synuclein, constitute a neuropathologic hall-
mark of PD. According to Braak’s schema for the sequence of
alpha-synucleinopathy in PD [1], synucleinopathy in medullary
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serotonergic raphe nuclei precedes involvement of midbrain
dopaminergic substantia nigra neurons. Bases for the tendency of
alpha-synuclein to become deposited in monoaminergic neurons
have also been mysterious.

A potential pathogenetic link between monoamine deple-
tion and alpha-synuclein deposition in PD is oligomerization
of alpha-synuclein by monoamine aldehydes. It is widely sus-
pected that alpha-synuclein oligomers, which are intermediates
between the monomer in solution and the fibrillar polymer in
Lewy bodies, constitute the main pathogenic form of the pro-
tein [11]. Meanwhile, neuronal metabolism of DA generates
the catecholaldehyde, 3,4-dihydroxyphenylacetaldehyde (DOPAL),
which potently oligomerizes alpha-synuclein [2]. Analogously,
neuronal metabolism of serotonin (5HT) generates the aldehyde,
5-hydroxyindolealdehyde (5-HIAL). Whether 5-HIAL oligomerizes
alpha-synuclein, in vitro or in cells, has been unknown. Filling this
gap in knowledge was the main purpose of the present study. In
in vitro experiments and in rat pheochromocytoma PC12 cells con-
ditionally over-expressing alpha-synuclein we compared 5-HIAL
with DOPAL in terms of the ability to oligomerize alpha-synuclein.

In the in vitro experiments, we incubated DA or 5HT with
monoamine oxidase-A (MAO-A), the MAO isoform within neurons.
In experiments involving synuclein-overexpressing PC12 cells, we
added levodopa or 5-hydroxytryptophan (5-HTP) to the medium,
because all cells express the neutral amino acid transporter and
PC12 cells contain l-aromatic-amino-acid decarboxylase, which
decarboxylates the amino acids to the monoamines. We used the
non-selective MAO inhibitor pargyline to confirm dependence of
the oligomerization on formation of the aldehydes.

2. Methods

2.1. Chemicals and reagents

Human recombinant alpha-synuclein was from Calbiochem (La
Jolla, CA, USA), 5HT, DA, and MAO-A from Sigma Chemical Company
(St. Louis, MO, USA) and mouse anti-alpha-synuclein from Invitro-
gen (Camarillo, CA, USA). All the reagents were dissolved in Type 1
water.

2.2. Experimental procedures

5-HIAL was prepared by complete conversion of 5HT (100 �M)
with MAO-A at 37 ◦C in 50 mM phosphate buffer (pH 7.4). DOPAL
was prepared by complete conversion of DA (100 �M) under the
same conditions.

To assess effects of the aldehydes on alpha-synuclein oligome-
rization, alpha-synuclein (1.6 �M) was incubated with 5-HIAL or
DOPAL (100 �M) in 50 mM phosphate buffer (pH 7.4) at 37 ◦C for
60 min. The reaction was stopped by heating the sample in sample
buffer with 20 mM DDT at 70 ◦C for 5 min.

PC12 cells conditionally over-expressing alpha-synuclein were
provided by Drs. Ito and Nakaso, of Tottori University, Japan.
Cells were cultured in 5% fetal calf serum containing DMEM/F12
media with doxycycline. Over-expression of alpha-synuclein was
achieved by removing doxycycline. Alpha-synuclein expression
was confirmed by western blotting. To produce 5-HIAL and DOPAL
intracellularly, PC12 cells were incubated with l-DOPA (500 �M)
and 5-HTP (500 �M). Cells with no doxycycline for 7–10 days
were exposed to l-DOPA or 5HTP for 6 h in medium without FCS,
with or without pargyline (10 �M) to block MAO. Cell lysis was
achieved using a lysis buffer of 20 mM Tris at pH 7.4, 25 mM
KCl, 5 mM MgCl2, 0.25 mM sucrose, 1% Triton X-100, and protease
inhibitors.

Oligomerization of alpha-synuclein was analyzed by western
blotting. Each reaction mixture was electrophoresed on NuPAGE
4–12% of Bis–Tris gels and transferred to a nitrocellulose membrane
using an iBlot Dry Blotting system (Invitrogen, Carlsbad, CA, USA).
Protein detection was performed with mouse anti-alpha-synuclein
(1:200) antibody and the secondary antibody goat anti-mouse
IRDye 800CW (1:10,000). The detector was an Odyssey Infrared
Imaging System (LI-COR, Lincoln, NE, USA). Band intensity was
quantified using LI-COR Odyssey software.

For catechol assays, PC12 cells were collected in 400 �L of 20:80
(0.04 M H2PO4:0.2 M acetic acid) and disrupted by freezing and
thawing. The catechols were extracted by alumina adsorption and
quantified by HPLC with electrochemical detection [5]. Cellular cat-
echol concentrations were expressed per mL of assayed sample.

2.3. Data analysis and statistics

The in vitro and cell studies were done at least in quadruplicate.
Statistical analyses of western blot bands and catechol contents
were analyzed by one-way analyses of variance using GraphPad
Prism Software 5.0. A p value less than 0.05 defined statistical sig-
nificance.

3. Results

Incubation of 5HT with MAO-A rapidly generated 5-HIAL in the
reaction mixture (Fig. 1). After 1 h of incubation, 100% of 5-HTP was
metabolized, and a broad chromatographic peak characteristic of
aldehydes appeared. After 1 h of incubation of DA with MAO-A, 96%
of the DA was metabolized, and a chromatographic peak was seen
that had the same retention time as DOPAL standard. Incubation of
5HT or DA alone did not produce the additional chromatographic
peaks (Fig. 1A and B), and pargyline prevented the appearance of
both peaks (data not shown).

Incubation of the 5HT/MAO-A and DA/MAO-A reaction mixtures
with 1.6 �M alpha-synuclein for 1 h at 37 ◦C resulted in similar
extents of alpha-synuclein oligomerization by the two reaction
mixtures. Pargyline prevented the oligomerization (Fig. 1C). 5-
Hydroxytryptamine (5HT) and DA alone did not produce any AS
aggregation (data not shown).

When PC12 cells conditionally over-expressing alpha-synuclein
were incubated with l-DOPA or 5-HTP (500 �M) for 6 h, assays
of the cell contents confirmed intracellular synthesis of DOPAL
from l-DOPA and 5-HIAL from 5-HTP (Fig. 2A and B). West-
ern blotting revealed alpha-synuclein dimers in both the 5-HTP-
and l-DOPA-treated cells, with pargyline attenuating this effect
(Fig. 2C).

4. Discussion

This study shows that 5-HIAL, the aldehyde produced upon
enzymatic oxidative deamination of 5HT, oligomerizes alpha-
synuclein, in both in vitro experiments and in PC12 cells. Whereas
incubation of alpha-synuclein with 5HT or DA alone exerted no
effects, incubation of alpha-synuclein with the monoamines in
the setting of MAO-A resulted in oligomerization of the alpha-
synuclein. Prevention of the oligomerization by pargyline to block
MAO confirmed that the monoamine aldehydes evoked the oligo-
merization. Enzymatic deamination of the monoamines by MAO
also generates hydrogen peroxide (equimolar with the monoamine
aldehydes), but hydrogen peroxide oligomerizes alpha-synuclein
only at far higher concentrations than does 5-HIAL [6].

The aldehyde of DA, DOPAL, potently oligomerizes alpha-
synuclein [2,6]; however, until this study the ability of 5-HIAL
to oligomerize alpha-synuclein had not been examined, and the
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