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Abstract In previous studies, we observed that cells
treated with aminochrome obtained by oxidizing dopamine
with oxidizing agents dramatically changed cell morphol-
ogy, thus posing the question if such morphological
changes were dependent on aminochrome or the oxidizing
agents used to produce aminochrome. Therefore, to answer
this question, we have now purified aminochrome on a
CM-Sepharose 50-100 column and, using NMR studies,
we have confirmed that the resulting aminochrome was
pure and that it retained its structure. Fluorescence
microscopy with calcein-AM and transmission electron
microscopy showed that RCSN-3 cells presented an elon-
gated shape that did not change when the cells were
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incubated with 50 pM aminochrome or 100 pM dicoumarol,
an inhibitor of DT-diaphorase. However, the cell were reduced
in size and the elongated shape become spherical when the
cells where incubated with 50 pM aminochrome in the
presence of 100 uM dicoumarol. Under these conditions,
actin, alpha-, and beta-tubulin cytoskeleton filament net-
works became condensed around the cell membrane. Actin
aggregates were also observed in cells processes that con-
nected the cells in culture. These results suggest that am-
inochrome one-electron metabolism induces the disruption
of the normal morphology of actin, alpha-, and beta-tubulin
in the cytoskeleton, and that DT-diaphorase prevents these
effects.

Keywords Actin - Tubulin - Aminochrome - Dopamine -
Cytoskeleton - Cell shrinkage - DT-diaphorase

Introduction

The discovery that mutated alpha-synuclein was associ-
ated with a familiar form of Parkinson’s disease (Poly-
meropoulos et al. 1997) opened a new field of research
focused in understanding the role of alpha-synuclein in
sporadic Parkinson’s disease (Buchman and Ninkina
2008a, b; Sulzer et al. 2008; Fernandez 2008; Duka and
Sidhu 2006). Mutated alpha-synuclein induces the for-
mation of non-fibrillar alpha-synuclein oligomers, char-
acterized as spheres, chains of spheres (protofibrils), and
rings resembling circularized protofibrils (Conway et al.
2000). Formation of neurotoxic protofibrils is enhanced
and stabilized by dopamine quinones derived from the
oxidation of dopamine, thus accounting for the selective
toxicity of alpha-synuclein protofibrils in the substantia
nigra (Conway et al. 2001). However, aminochrome was
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found to be the dopamine quinone species responsible for
the induction and stabilization of neurotoxic profibrils
(Norris et al. 2005). Further, aminochrome was found to
affect the axonal transport of alpha-synuclein (Riveros
et al. 2008).

The degeneration and loss of neuromelanin-contain-
ing dopaminergic neurons in Parkinson’s disease sug-
gests that dopamine oxidation to aminochrome is an
intracellular event which probably plays a role in the
degenerative process in this disease. The oxidation of
dopamine to dopamine o-quinone at physiological pH
levels is followed by the spontaneous amino chain
cyclization in several steps to form aminochrome, a
precursor of neuromelanin (Segura-Aguilar and Lind
1989). It has been proposed that aminochrome could be
the neurotoxin involved in the neurodegeneration of
dopaminergic neurons containing neuromelanin in Par-
kinson’s disease, and therefore, aminochrome has been
proposed as a more physiological preclinical model than
6-hydroxydopamine or MPTP in the study of the neu-
rodegenerative mechanism of dopaminergic neurons in
PD (Paris et al. 2007).

In previous studies, we demonstrated the effect of
aminochrome in RCSN-3 cells using different oxidizing
agents such as manganese(Ill), copper(Il), iron(IIT) or in
the presence of the VMAT-2 inhibitor reserpine (Paris
et al. 2001, 2005a, b, 2009a; Arriagada et al. 2004;
Fuentes et al. 2007). Interestingly, in these experiments,
we observed that the cells undergo a dramatic morpho-
logical change. Therefore, the aim of this study is to
study aminochrome-induced morphological changes, this
time using a purified aminochrome, in order to clearly
assess the effect of this compound in this in vitro
dopaminergic cellular model.

Materials and Methods
Chemicals

Dopamine, dicoumarol, menadione, DME/HAM-F12
nutrient mixture (1:1), Hank’s solution, were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Vector
GFP-LC3 was a kind gift from Zsolt Tallocky Ph.D.,
Columbia University Medical Center. LIVE/DEAD Via-
bility/Cytotoxicity Kit, Molecular Probes (Eugene, OR,
USA). Antibody mouse monoclonal anti-¢-Tubulin and
goat polyclonal anti-a actin were purchased from Santa
Cruz Biotechnology, CA, USA. Biotinylated anti-mouse
and Biotinylated anti-goat were purchased from Vector
Laboratories, Burlingame, CA, USA. CyTM-3-conjugated
streptavidin were purchased from Jackson Inmunoresearch
Laboratories, West Grove, PA, USA.

Aminochrome Synthesis and Purification

Aminochrome synthesis was performed by oxidizing 5 mM
dopamine with 10 ng tyrosinase in buffer 20 mM MES at
pH 6.0 for 15 min at room temperature. Aminochrome was
separated from unreacted dopamine and tyrosinase with a
CM-Sephadex C50-100 column (18 x 0.7 cm) equili-
brated with 20 mM MES at pH 6.0. The elution of the
column was monitored by recording the absorbance at
280 nm, as tyrosinase, unreacted dopamine, and amino-
chrome have a maximal absorption at this wavelength, and
at 475 nm, where aminochrome alone has a maximal
absorption maximum at this wavelength. Aminochrome
was eluted by adding 7 ml 20 mM MES at pH 6.0, with a
yield of approximately 220 pM pure aminochrome in 1.5
ml buffer. Aminochrome was then analyzed using NMR
and absorption spectra between 200 and 800 nm. Not
reacted dopamine was eluted with a pulse of 300 mM NaCl
in 20 mM MES at pH 6.0. The concentration of amino-
chrome was determined using the molar extinction coeffi-
cient 3058 M~ cm™' (Segura-Aguilar and Lind 1989).

NMR Spectroscopy

For the structural analysis of aminochrome in deuterium
oxide, the 1H-NMR spectrum was recorded using a z-gra-
dient Bruker Avance 400 instrument, operating at 400 MHz
with suppression of the water signal. The pulse program was
zg-30 and the duration of the experiment was 300 min.

Cell Culture

The RCSN-3 cell line grows in monolayers, with a
doubling time of 52 h, a plating efficiency of 21% and a
saturation density of 56,000 cells/fecm? in normal growth
media composed of DME/HAM-F12 (1:1), 10% bovine
serum, 2.5% fetal bovine serum, 40 mg/l gentamicin sulfate
(Paris et al. 2008a). The cultures were kept in an incubator
at 37°C with 100% humidity, and the cells were grown in
atmospheres of both 5 or 10% CO, (Paris et al. 2008a, b,
2009a, b). The cell morphology was determined by staining
the cells with 0.5 pM Calcein AM for 45 min at room
temperature in the dark (Molecular Probes). The cell
morphology was determined by using a phase contrast
microscope equipped with fluorescence using the following
filters: 450-490 nm (excitation) and 515-565 nm
(emission).

Incubations

In all experiments performed in this study, we incubated
RCSN-3 cells with 50 uM aminochrome in the absence or
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presence of 100 M dicoumarol. For control conditions, the
cells were incubated with 100 M dicoumarol or the solely
with culture medium.

Transmission Electron Microscopy

Cells incubated as described above were pelleted and fixed
with 3% glutaraldehyde in 0.1-M cacodylate buffer pH 7.4
for 120 min, washed three times, and post-fixed in osmium
tetroxide 1% for 60 min. The cells were dehydrated in an
ascending ethanol battery ranging from 20 to 100%, and
were later placed in 3:1, 2:1, 1:1, 1:2, 1:3 ratios of pro-
pylene oxide or epom-812 resin for 1 h at room tempera-
ture, respectively. Ultrathin sections of 70 nm were made
and impregnated with 2% uranyl acetate and Reynold’s
lead citrate. The sections were visualized in a Zeiss EM-
900 transmission electron microscope at 50 kV and pho-
tographed. The negatives were scanned at 600 x 600 dpi
resolution, and the images obtained were later analyzed
with a PC-compatible computer using customized
software.

Immunofluorescence Analysis with Confocal
Microscopy

Coverslips containing control RCSN-3 cells grown to
50% confluence were washed twice with Dulbecco’s
PBS, pH 7.4. They were then fixed for 30 min with
methanol at —20°C. The cells were rinsed twice with
TBS and blocked with 1% bovine serum albumin diluted
(BSA) in TBS for 60 min. The blocking solution was
then aspirated and the cells were rinsed with TBS. The
coverslips were incubated with the primary antibody
(mousse monoclonal anti-z-Tubulin, 1:250; goat poly-
clonal anti-a actin, 1:100) in 1% BSA during overnight.
The primary antibody was aspirated, and the cells were
washed 10 times with TBS. After washing, the cells
were incubated for 2 h with secondary antibody (Bio-
tinylated anti-mouse; Biotinylated anti-goat; Vector
Laboratories, Burlingame, CA, USA) diluted 1:250 in
TBS. The secondary antibody was removed and the cells
were washed 10 times with TBS. The cells were incu-
bated with Cy ™-3-conjugated streptavidin 1.5 pg/ml
(Jackson Inmunoresearch Laboratories, West Grove, PA,
USA) for 1 h to room temperature. The streptavidin
solution was removed and cells were washed 10 times
with TBS. Coverslips were mounted onto slides with
fluorescent mounting medium (Dako, Carpinteria, CA,
USA) and kept in the dark at 4°C. Confocal microscopy
(Zeiss, Gottingen, Germany; model LSM-410 Axiovert-
100) was used to study the cells. Sample illumination
was carried out via a He—Ne laser with 543 nm excita-
tion filter and emission filter over 560 nm.

@ Springer

Determination of Aminochrome Ky,

The Michaelis constant (Ky;) was determined in Tris/HCl1
buffer at pH 7.5 containing 0.08% Triton X-100, 500 uM
NADH, 38-ng DT-diaphorase and 0-100 M aminochrome
at 37°C. The aminochrome Ky was calculated by a
Lineweaver—Burk plot.

Determination of Quinone Reductase Activity

The quinone reductase activity in RCSN-3 cells was
determined in Tris/HCI buffer at pH 7.5 containing 0.08%
Triton X-100 by using 500 pM NADH or 500 uM NADPH
as electron donor, 77 uM cytochrome c¢ and 10 M men-
adione as electron acceptor. The reaction was measured
spectrophotometrically by following the reduction of
cytochrome c¢, which continuously reoxidize the reduced
menadione, at 550 nm and employing an extinction coef-
ficient of 18.5 mM~' cm™'. DT-diaphorase activity was
calculated by inhibiting the quinone reductase activity with
dicoumarol.

Results

We purified aminochrome to avoid the possible interfer-
ence of oxidizing agents present during aminochrome
synthesis, in the present studies on aminochrome effects on
cell morphology. Aminochrome was generated by oxidiz-
ing 5 mM dopamine with 10 ng tyrosinase in buffer 20 mM
MES at pH 6.0 during 15 min. This solution was loaded
on a CM-Sephadex C50-100 column and the elution was
initiated with 20 mM MES at pH 6.0, whereas the absor-
bance was monitored at 280 and 475 nm. Tyrosinase pas-
sed through the column without any interaction with the
column, but aminochrome was delayed and eluted at 7 ml
with the same buffer. This peak (I) was completely sepa-
rated from tyrosinase, exhibiting absorbance both at 280
and at 475 nm and the yield of aminochrome was 500 pM.
Not reacted dopamine was bound to the column and it was
not eluted until we applied 300 mM NaCl in 20 mM MES
at pH 6.0. This peak (II), which eluted at 15 ml, exhibited
absorbance at 280 nm (Fig. 1a). The peak II was identified
as dopamine by comparing its absorption spectrum with the
spectrum of pure dopamine and in addition, this pool could
be oxidized to aminochrome by tyrosinase, as determined
by spectrophotometry. The absorption spectrum of pure
aminochrome exhibited three peaks at 220, 287, and
477 nm (Fig. 1b). Aminochrome stability was pH-depen-
dent since at pH 6.0 and 7.4 the 50% decay was at 112
and 183 min, respectively. The 1H-NMR spectrum of the
aminochrome showed clear differences between the aro-
matic proton resonance pattern of dopamine and that of its
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Fig. 1 Aminochrome purification. a A solution of 500 pl containing
aminochrome, tyrosinase, and unreacted dopamine was applied to
CM-Sepharose C50-100 column equilibrated with 20 mM MES at pH
6.0. The elution of the column was monitored at 280 and 475 nm, as
described under Experimental Procedures. The elution of dopamine
was performed by adding 20 mM MES at pH 6.0 containing 100 pM
(arrow a), 200 uM (arrow b), and 300 mM NaCl (arrow c). b The
spectrum of pure aminochrome was done with 20 mM MES at pH 6.0

oxidative metabolite aminochrome. Dopamine showed
three aromatic protons with a characteristic ABM coupling
pattern, while aminochrome showed only two protons in
the aromatic proton resonance range. Both signals in the
aminochrome spectrum and the lack of one aromatic proton
signal are in agreement with the structure proposed for the
cyclic aminochrome metabolite. Two protons resonating at
6.41 (H-4) and 5.57 (H-7) ppm could be observed for the o-
quinone moiety and, if we compare the aromatic protons in
the dopamine spectrum, those are evident at 6.41 (1H) and
6.51 (2H) ppm The upfield for H-7 (5.57 ppm) in the
aminochrome could be correlated with the cyclic dopamine
o-quinone. The H-4 proton has an unusual long-range
coupling (J4 = 2.57 Hz) with the H-3 methylene protons
of the pyrrolidine ring, which could be explained by the

loss of flexibility on dopamine ethylene amino moiety. The
pyrrolidine ring gave two different methylene group reso-
nances: H-2 (3.81 ppm; J3 = 5.18 Hz), which exhibited a
typical vicinal triplet coupling pattern with the H-3 meth-
ylene. However, the H-3 (3.02 ppm) methylene protons
gave rise to a multiplet with two different coupling systems
with J3 = 5.19 Hz and J4 = 2.55 Hz, where one corre-
sponds to the long-range couplings with H-4 in the o-qui-
none ring (Fig. 2). 2,3-dihydro-1H-indole-5,6-dione
(aminochrome) 1H-NMR (D,0) ¢ 3.02 (dd, 2H, J3 = 5.19,
J4 =2.55 Hz), 3.81 (t, 2H, J3 = 5.18 Hz), 5.57 (s, 1H),
6.41 (t, 1H, J4 = 2.57 Hz). 2-(3,4-dihydroxyphenyl)ethyla-
mine (dopamine) 1H-NMR (D,0O) ¢ 2.81 (t, 2H, J3 =
4.78 Hz), 2.98 (t, 2H, J3 = 4.67 Hz), 6.42 (s, 1H), 6.51
(s, 2H). The Ky; of pure aminochrome for DT-diaphorase
calculated by a Lineweaver—Burk plot was 170 nM.

We determined the quinone reductase activity in RCSN-
3 cells to study aminochrome effect on RCSN-3 cells.
DT-diaphorase activity in RCSN-3 cells was 1.42 and
1.18 pmol/min/mg protein using NADPH and NADH as
electron donors, while the quinone reductase activity cat-
alyzed by flavoenzymes that use NADPH or NADH as
electron donors was 10 and 14 nmol/min/mg protein total
quinone reductase, respectively. The incubation of RCSN-3
cells with 50 uM aminochrome and 100 uM dicoumarol for
24 h induced a dramatic change in cell morphology. The
elongated cell shape observed in control cells incubated
with cell culture medium alone (Fig. 3-I a) did not change
when the cells were treated with 100 pM dicoumarol
(Fig. 3b) or 50 pM aminochrome alone (Fig 3-1 c¢). How-
ever, in the presence of 50 pM aminochrome and 100 uM
dicoumarol, the elongated cell shape underwent a dramatic
change, expressed in the reduction of cell size, and the
onset of a spherical shape (Fig. 3-1 d).

Transmission electron microscopy confirmed that
RCSN-3 cells incubated with 50 pM aminochrome and
100 M dicoumarol were reduced in size, lose their elon-
gated shape to become spherical (Fig. 3-1 d), contrasting
with the elongated shape of control cells incubated with cell
culture medium or cells incubated with 50 uM amino-
chrome or 100 uM dicoumarol during 24 h (Fig. 3-II a—c).

The dramatic change in cell morphology induced by
aminochrome in the presence of dicoumarol opened the
question about the possibility that aminochrome could be
affecting the cytoskeleton. Therefore, we decided to study
the possible effect of aminochrome on actin, alpha-, and
beta-tubulin filaments using immunostaining techniques in
cells incubated with the treatment detailed above for 24 h.
No changes in actin filaments was observed in cells treated
with 50 pM aminochrome or 100 pum dicoumarol when
compared to control cells incubated solely with cell culture
medium. However, the change in cell shape was accom-
panied by a disruption of the actin filament network when
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Fig. 2 Aminochrome 'H-NMR
spectrum (400 MHz) in D,0. a
Aromatic proton region
showing H-4 and H-7 protons
and b methylene proton region
showing H-2 and H-3 protons.
The conditions are described
under Experimental Procedures

{1

H-3

ppm (1)

the cells were incubated with 50 pM aminochrome and
100 pm dicoumarol. The actin filaments seemed to form
aggregates that surrounded the cell membrane (Fig. 4d, f).
Interestingly, RCSN-3 cell processes that connect the cells
in the cell culture medium, presented actin aggregates
when the cells were incubated with 50 pM aminochrome
and 100 uM dicoumarol (Fig. 4e). Immunostaining using
specific antibodies against alpha-tubulin confirmed the
disruption of the alpha-tubulin filament network and the
formation of aggregates around the cell membrane when
the cells were incubated with 50 pM aminochrome and
100 uM dicoumarol (Fig. 5d).

Finally, beta-tubulin also aggregated around the cell
membrane in cells incubated with 50 pM aminochrome
and 100 pM dicoumarol. However, no changes were
observed when the cells were incubated with cell culture
medium, 50 uM aminochrome or 100 pM dicoumarol
(not shown).

Discussion

Neuromelanin-containing neurons are lost during the neu-
rodegenerative process underlying Parkinson’s disease.
Aminochrome is the precursor of neuromelanin, and it is
formed during dopamine oxidation. Oxygen catalyzes
dopamine oxidation to dopamine o-quinone, which auto-
matically cyclizes in several steps to form aminochrome at
physiological pH level. Oxidation of dopamine to amino-
chrome is also catalyzed by enzymes (prostaglandin H
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synthase, cytochrome P450 forms, xanthine oxidase, tyros-
inase, and dopamine b-monooxygenase or transition metals;
Paris et al. 2001, 2005a; Hastings 1995; Segura-Aguilar and
Lind 1989; Gauthier et al. 2008). Further, aminochrome can
participate in several reactions. (i) The first reaction is the
polymerization to form neuromelanin that accumulates with
age in the human substantia nigra (Zecca et al. 2002, 2008).
(i1) The second reaction undergone by aminochrome is the
formation of protein adducts such as alpha-synuclein.
Aminochrome inhibits alpha-synuclein fibrillization and
enhances and stabilizes the formation of neurotoxic pro-
tofibrils (Norris et al. 2005; Conway et al. 2001). (iii)
Aminochrome can also be reduced by one electron to form
the neurotoxic leukoaminochrome-o-semiquinone radical,
which is extremely reactive with oxygen. This reaction can
be catalyzed by flavoenzymes that reduce quinones with
one-electron (Baez et al. 1995; Segura-Aguilar et al. 1998).
(iv) Aminochrome can be reduced by two electrons to
form leukoaminochrome, a process which is catalyzed by
DT-diaphorase. This process prevents aminochrome from
participating in two neurotoxic reactions to form leukoa-
minochrome o-semiquinone radicals through the one-elec-
tron reduction of aminochrome and prevents the formation
of neurotoxic protofibrils during the formation of amino-
chrome adducts with alpha-synuclein (Paris et al. 2001,
2005a, b, 2008b, 2009a; Arriagada et al. 2004; Segura-
Aguilar et al. 2006; Cardenas et al. 2008a, b).
Aminochrome is able to tautomerize to indole-5,6-qui-
none and therefore, the question is whether indole-5,6-
quinone or aminochrome is the specie relevant during
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Fig. 3 RCSN-3 cells
morphology in the presence of
aminochrome. The cells were
treated with cell culture medium
(a); 100 pM dicoumarol (b); 50
UM aminochrome (c¢); and 50
UM aminochrome and 100 M
dicoumarol (d) during 48 h and
the morphology was determined
by using a phase contrast
microscope equipped with
fluorescence (I) and
transmission electron
microscopy (II)
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Fig. 4 The effect of aminochrome on actin in RCSN-3 cells. The
effect of aminochrome on actin in RCSN-3 cells were determined by
using confocal microscopy. The cells were treated with cell culture

dopamine oxidation at physiological conditions in dopa-
minergic neurons. According to other studies, amino-
chrome was 100% converted to 5,6-dihydroxyindole
(precursor of indole-5,6-quinone) after 20 min incubation
when aminochrome was formed by oxidizing dopamine
with NalO, (1-4 mM), (Bisaglia et al. 2007). However,
purified aminochrome is more stable at physiological pH
7.4 since the 50% decay was observed at 112 min.
Therefore, purified aminochrome under intracellular con-
ditions is more than enough stable to be metabolized by
flavoenzymes where the transfer of electrons are extremely
rapid supporting the idea that aminochrome is the specie
relevant al physiological pH. Another result supporting this
idea was that aminochrome conjugation with GSH cata-
lyzed by glutathione transferase M2-2 resulted in the for-
mation of 4-S-glutathionyl-5,6-dihydroxyindoline and not
the conjugated form of indole-5,6-quinone (4-S-glutathio-
nyl-5,6-dihydroxyindole) (Segura-Aguilar et al. 1997).

In the present study, we present a methodology to pro-
duce pure aminochrome from dopamine and the oxidizing
agents used to oxidize dopamine. The comparison of am-
inochrome with the corresponding O,O-diacetylcyclodopa
spectrum (Biichi and Kamikawa 1977) showed that the H-7
proton (6.55 ppm) in the cyclodopa appears downfield
to the corresponding proton in aminochrome. In the
0,O-diacetylcyclodopa, the H-7 proton is closer to the

@ Springer

medium (a); 100 pM dicoumarol (b); 50 uM aminochrome (c¢); and
50 uM aminochrome and 100 pM dicoumarol (d—f) during 48 h. The
arrows show actin aggregation

dopamine aromatic proton than that of H-7 in amino-
chrome. The upfield exhibited by H-7 could be associated
with an aminochrome o-quinone moiety, which is charac-
teristic for non-aromatic protons in o-quinones. Similar
comparisons have been made for urushiol (a catecholic
compound) and its o-quinone tautomer, where the hydro-
gen resonance for the carbonyl neighboring proton suffers
an upfield displacement (6.3 ppm) in contrast with the
hydrogen in the catecholic tautomers (6.7 ppm) (Liberato
et al. 1981) Indeed, analysis of the urushiols suggests that
our aminochrome metabolite corresponds with the o-qui-
none structure. In light of these results, we can state that the
aminochrome structure was confirmed by the 'H-NMR
spectrum (Fig. 2). In addition, our NMR results with
purified aminochrome are in agreement with studies with
aminochrome formed by oxidizing dopamine with NalO,
(Bisaglia et al. 2007).

Eukaryotic cells contain a 3-dimensional cytoskeleton
network formed by microfilaments, microtubules, and
intermediate filaments. Microfilaments are composed of
actin polymers which are in dynamic equilibrium with
globular actin monomers. Actin is an important component
of the cellular cytoskeleton, which is essential for sculpting
and maintaining cell shape (Cingolani and Goda 2008).
Actin is present at the synaptic terminals and therefore, it
has been proposed that actin is involved in maintaining and
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Fig. 5 The effect of
aminochrome on alpha-tubulin
in RCSN-3 cells. The effect of
aminochrome on alpha-tubulin
in RCSN-3 cells were
determined by confocal
microscopy. The cells were
treated with cell culture medium
(a); (b) 100 uM dicoumarol; (c)
50 uM aminochrome; and (d)
50 pM aminochrome and 100
UM dicoumarol during 48 h.
The arrows show alpha-tubulin
aggregation

regulating vesicle pools by acting as a scaffold to restrict
vesicle mobility (Dillon and Goda 2005). Actin is associ-
ated with short filaments of synapsin, which are in turn
associated to the vesicles (Hirokawa et al. 1989). The actin
cytoskeleton regulates the activity of ion channels and
transporters involved in maintaining cellular homeostasis
and cell volume (Papakonstanti et al. 2000). The reduction
in cell volume decrease and loss of the elongated cell shape
observed in RCSN-3 cells treated with aminochrome and
dicoumarol is probably related to the disruption of the actin
filament network.

In mature axons, a network of actin filaments provides
stability for membrane integrity, and constitutes a scaffold
for short distance transport of molecules. Axonal shape,
collateral branching, branch retraction, and axonal regener-
ation, also depend on actin filament dynamics (Letourneau
2009). Actin filaments also play a role in myosin-dependent
mitochondrial movement in axons (Morris and Hollenbeck
1995; Ligon and Steward 2000). A remarkable finding in this
study is the morphological change in RCSN-3 cells pro-
cesses, which communicates these cells, where we could
observe a strong immunostaining for action, probably as a

consequence of aggregation of this protein. According to our
results, we cannot state that these processes in RCSN-3 cells
correspond to axons or dendrites. However, these results
suggest that aminochrome in the presence of dicoumarol can
also affect actin-related transport.

Another important component of the cytoskeleton are
microtubule, which are composed of similar but not iden-
tical subunits of alpha- and beta-tubulin that normally exist
in the dimeric form. The dimer is in dynamic equilibrium
with microtubules which are, in turn, regulated by GTP,
temperature, calcium ion, accessory proteins, and a large
number of drugs that modify the state of polymerization
and dynamic stability (Wolff 2009). Actin filaments and
microtubules polymerize and depolymerize by adding and
removing subunits at polymer endings, and these dynamics
drive cytoplasmic organization, cell division, and cell
motility (Kueh and Mitchison 2009). The cyanobacterial
toxin Microcystin-LR induces apoptotic shrinkage associ-
ated with the shortening and loss of actin filaments, asso-
ciated with a concentration-dependent depolymerization of
microtubules (Gécsi et al. 2009). Dopamine depletion
induced by 6-hydroxydopamine affects transcripts involved
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in control of cytoskeletal formation (Krasnova et al. 2007).
Also, dopamine induces supernumerary centrosomes and
subsequent cell death (Diaz-Corrales et al. 2008). Our
results showed that aminochrome, in the presence of dic-
oumarol, disrupted the alpha- and also the beta-tubulin
network observed in control RCSN-3 cells, thus inducing
aggregation around the cell membrane. It has been shown
that both alpha-synuclein and DAT co-immunoprecipitated
with both alpha- and beta-tubulins in the presence of col-
chicine, vinblastine, or nocodazole, each of which disrupts
microtubules or affects microtubule dynamics (Wersinger
and Sidhu 2005).

Our results suggest that one of the actions of amino-
chrome when DT-diaphorase is inhibited is to disrupt the
cytoskeleton filament network since actin, alpha-, and beta-
tubulin filaments seem to aggregate around the cell mem-
brane when RCSN-3 cells. Proteomic analysis of rat brain
mitochondria and SH-SY5Y cell proteins exposed to C'*-
dopamine o-quinone revealed that this compound form
adducts with beta-tubulin and actin, respectively (Van Laar
et al. 2009). Dopamine o-quinone is the precursor of am-
inochrome that undergoes spontaneous cyclization to form
aminochrome at physiological pH (Segura-Aguilar and
Lind 1989). Therefore, it seems to be plausible that these
results obtained with proteomic analysis using dopamine
o-quinone can be interpreted as the ability of aminochrome
to form adducts with actin and beta-tubulin since dopamine
o-quinone is only stable at pH lower than 2 (Segura-Aguilar
and Lind 1989).

The present results support the proposed neuroprotective
role for DT-diaphorase against aminochrome neurotoxicity
(Paris et al. 2007, 2008a, b, 2009b; Segura-Aguilar et al.
2002) in dopaminergic neurons (Schultzberg et al. 1988).
DT-diaphorase reduces aminochrome very effectively,
preventing aminochrome participation in neurotoxic path-
ways (one-electron reduction to form the leukoamino-
chrome o-semiquinone radical and adduct formation with
alpha-synuclein). DT-diaphorase prevents (i) cell shrink-
age, (ii) lost of cell shape, and (iii) disruption of actin,
alpha-, and beta-tubulin cytoskeleton networks. The pro-
tective effect of DT-diaphorase on actin, alpha-, and beta-
tubulin cytoskeleton networks has been studied using the
inhibitor dicoumarol which is also able to inhibit complex
II, III, and IV of mitochondrial respiration (Gonzalez-Ar-
agon et al. 2007). However, the incubation of RCSN-3 cells
with dicoumarol alone does not induce disruption of actin,
alpha-, and beta-tubulin cytoskeleton networks (Figs. 4c,
5b). DT-diaphorase constitutes the 99% of the total qui-
none reductase activity present in RCSN-3 cells using
NADH or NADPH as electron donor. This means that other
flavoenzymes that catalyze one-electron reduction of qui-
nones, including NADH/ubiquinone oxidoreductase also
called complex I (Zoccarato et al. 2005), are able to reduce

@ Springer

aminochrome to leukoaminochrome o-semiquinone radical
when DT-diaphorase is inhibited.

In conclusion, our results suggest that aminochrome
one-electron reduction metabolism disrupts actin, alpha-,
and beta-tubulin filament networks, which are essential for
generating and maintaining the elongated cell shape. Actin,
alpha-, and beta-tubulin seem to aggregate around the cell
membrane, in turn inducing a cell shrinkage that results in
a change from an elongated to a spherical shape. In sum-
mary, DT-diaphorase protects against aminochrome-
induced disruption of cytoskeleton network composed of
actin, alpha-, and beta-tubulin.
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