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Abstract

Leu-Ile, which induces neurotrophic factors, could be a novel
therapeutic agent against not only neurodegenerative
diseases such as Parkinson's disease and damage of the
spinal cord, but also drug dependence by inhibiting drug-
induced place preference and behavioral sensitization.
Moreover, we have found that Leu-lle inhibits
neurodegenerative diseases and drug dependence by
activating Akt, since Leu-lle activates Akt signaling.

Novelty and Originality

There are few efficacious medications for drug dependence.
Since we have found that Leu-Ile inhibits methamphetamine
and morphine-induced dependence, we will investigate the
effects of Leu-lle on nicotine, alcohol, and other drugs of
abuse-induced dependence in subsequent studies.

Abstract

We have identified novel molecules from the nucleus
accumbens of mice treated with methamphetamine. We have
named one of the novel molecules “shati”. The other has
been identified as a diabetes-related protein, although there is
no report of the physiclogical role it plays in the brain.

Novelty and Oviginality

We have found important molecules related o drug
d dence. These molecules red dopamine release,
whlch blocks drug dependence. We will investigate the
relationship  between  these  molecules  and
neuropsychological disorders.

Keywords

Applied Research Collaboration

Leu-Tle, a hydrophobic dipeptide, is safe, since mice show no
toxicity for receiving 1g/mouse of Leu-Tle. Leu-Ile 1s contained in
milk, salmon, red wine, ¢tc. Leu-Tle would also be useful as a
functional food as well as a medical drug, if Leu-Ile inhibits
nicotine and aleohol-induced deg

Applied Research Collaboration

We arc considering the application of diag c kits for 1
psychiatric diseases, based on the concentrations of the new
proteins in h!uod

.-‘='I 1{'

k:pn\dMETH h e ngITE ien of many b ioral efects of

the drug (b uo!’mmulmmlwlmmed
neuroplasticity in neuronal clrouits important for addiction. 11 is well established that the induction
of sensitization involves comples newromal circuitry, Repsated METH trestment for 5 days produced
locomotar sensilization. The AS treatment potentisted the development of | o
METH compared with -5C or CSF-treated mice.

Drug dependence, Leu-lle, Akt, Methamphetamine, Morphine, Nicotine, Alcohol, Dopamine, Mice

Publications

*A novel molecule ‘shati’ is involved in methamphetamine-induced hyperlocomotion, sensitization, conditioned place preference.

Journal of Neuroscience, in press.

*Tumor Necrosis Factor-alpha and Its Inducer Inhibit Morphine-Induced Rewarding Effects and Sensitization, Biological Psychiatry,

2007 Jan 9; [Epub ahead of print]
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* An inducer for glial cell line-derived neurotrophic factor and tumor necrosis factor-alpha protects against methampt ine-i ed
rewarding effects and sensitization. Biological Psychiatry, 61:890-901, 2007

*An analog of a dipeptide-like structure of FK506 increases glial cell line-derived neurotrophic factor expression through cAMP
response element-binding protein activated by heat shock protein 90/Akt signaling pathway. Journal of Neuroscience, 26:3335-3344,

2006
International Patents
*PCT/JP2006/301326 A reagent for Akt activation

*PCT/JP2006/303376 Novel genes and proteins-related to psychiatric diseases.
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=2001-2002 Douglas Hospital Research Center, Department of Psychiatry, McGill University, Verdun-Montreal, Canada

“Development new drugs for Alzheimer's disease”
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Abstract

Parkinson's disease (PD) is characterized by selective
depletion of nigral dopamine (DA) neurons containing neuro-
melanin (NM), suggesting the involvement of NM in the
pathogenasis. This study reports induction of apoptosis by NM
in SH-SY5Y cells, whereas protease-K-treated NM, synthe-
sized DA- and cysteinyl dopamine melanin showed much less
cytotoxicity. Cell death was mediated by mitochondria-medi-
ated apoptotic pathway, namely collapse of mitochondrial
membrane potential, release of cytochrome ¢, and activation
of caspase 3, bul Bcl-2 over-expression did not suppress
apoptosis. NM increased sulfhydryl content in mitochondria,
and a major part of it was identlified as GSH, whereas dopa-
mine melanin significantly reduced sulfhydryl levels, Western

Neuromelanin (NM) is a pigment localized in the catechol-
aminergic neurons in the substantia nigra, locus coeruleus,
and other brainstem nuclei, In Parkinson’s disease (PD),
dopaminergic and noradrenergic neurons are preferentially
affected (Hirsch er @/ 1988), and the presence of NM in
most of these neurons suggests that NM may be involved in
the cell vulnerability (Kastner et al. 1992). NM is known to
appear after 2-3 years of life and increase with age to a level
of 2.3-3.7 mg/g wet weight of the substantia nigra pars

blot analysis for protein-bound GSH demanstrated that only
NM reduced S-glutathionylated protsins in mitochondria and
dissociated macromolecular structure of complex |. Reactive
oxygen and nitrogen species were required lor the deglu-
tathionylation by NM, which antioxidants reduced significantly
with prevention of apoptosis. These results suggest that NM
may be related to cell death of DA neurons in PD and aging
through regulation of mitochondrial redox state and S-glu-
tathionylation, for which NM-associated protein is absolutely
required. The novel function of NM is discussed in relation to
the pathogenesis of PD.

Keywords: apoptosis, mitochondria, neuromelanin, Parkin-
son's disease, Redox status, S-glutathionylation,
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compacta at S0-90 years of age (Zecca et al, 2001). A major
NM composition is melanin, which 15 synthesized from
quinones and semiquinones, products of autooxidation of
dopamine (DA), noradrenaline, and L-DOPA, and accounts
for about 11-13% of NM (Wakamatsu er al. 2003). The
melanin composition is a mixture of two melanin classes,
eumelanin and pheomelanin in the ratio of 1-3: 1 (Odh
er al. 1994). Eumelanin is black, insoluble, and composed of
indole monomers derived from oxidized catechol deriva-
tives. Pheomelanin contains about 10% sulfur and is
brownish red, alkaline soluble, and produced from 5-S-
cysteinyl-DA and -DOPA derived by conjugation of DA
quinone with GSH or cysteine (Odh et al. 1994). Recently,
studies on the surface oxidation potential of NM suggest a
spherical architecture of the pheomelanin core with eumel-
anin surface (Bush ef al. 2006). In addition, protein, lipids,
and trace metals are detected in NM, but it has never been
clarified whether these components are integrated in a
complex structure of NM or only associated to melanin in
NM granules. NM contains protein components of about
15% of NM mass (Gerlach et al. 1995; Zecca et al. 2000).
Proteomics of NM granules identified about 70 proteins
occurring commonly in human brain tissues, mainly lyso-
somal proteins, suggesting non-selective protein binding to
DA quinone (Tribl 7 al. 2005). In parkinsonian brains, «-
synuclein, a component of Lewy body was reported to bind
to NM or NM granules, but not in control brain (Fasano
et al. 2003; Halliday er al 2005). Solid-state NMR studies
indicate the presence of glycidic and aliphatic components
attributed to lipid materials, which corresponds to 20% of
NM weight and identified as C;4~C3 fatty acids and
dolichol (Zecca et al. 2000; Fedorow et al. 2005). NM also
contains inorganic components, iron, copper, and zinc, as
being about 1.5% of NM weight (Zecca ef al. 1994). The
high iron content in NM increases vulnerability of NM-
containing DA neurons through the production of reactive
oxygen and nitrogen species (ROS and RNS) (Ben-Shachar
et al. 1991) and of cytokines and nitric oxide (NO) in
microglia (Wilms er al. 2003). Recently, NM was found to
inhibit the ubiquitin-proteasome system through increased
ROS-RNS production, suggesting the involvement of NM in
the accumulation of modified protein in the DA neurons
(Shamoto-Nagai et al. 2004, 2006). However, NM may be
also protective within dopaminergic cells by scavenging free
radical species and binding toxic compounds, Human NM,
but not synthesized melanin, scavenges hydroxyl radicals
produced by the Fenton reaction (Li ef al. 2005). NM binds
and sequesters redox-active trace metals, dopaminergic
neurotoxins, such as MPP" (D'Amato er al. 1986) and
1,2(N)-dimethyl-6,7-dihydroxy-isoquinolinium ion (Naoi
et al. 1994), and cytotoxic DA quinine (Youdim er al, 1994),

Human NM and synthetic melanin from DA (dopamine
melanin; DAM) or 1-DOPA, induced cell death in rat
pheochromocytoma PC12 cells (Offen ef al. 1997) and

© 2008 The Authors
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primary mesencephalic culture cells (Nguyen er al. 2002),
NM and DAM are phagocytosed into neuronal SK-N-SH, but
not to glial U373 cells, and melanin is localized in the
cytoplasm (Li e al. 2005). DAM-induced cell death in PC12
and SK-N-SH cells was reported to be apoptosis-like (Offen
et al 1997, Li et al 2005), but the detailed mechanism behind
the cytotoxicity remains to be elucidated. In addition, the
involvement of the NM protein and melanin species in
the cytotoxicity has been scarcely studied.

In PD, the reduction of GSH with corresponding increase
in GSSG was confirmed in the substantia nigra (Riederer
et al. 1989). GSH plays a major role in the cellular defense
against oxidative stress by direct scavenging ROS-RNS,
and GSH depletion initiates cell death by reduced compen-
sation of oxidative stress. On the contrary, depletion of
GSH protected cells against Fas-mediated cell death
(Musallam er al. 2002), and N-acetyl-t-cysteine and GSH
monoester enhanced hypoxia-induced apoptosis (Qanungo
et al. 2004). The cytotoxic effects of GSH might be
because of requirement for reducing conditions lo activate
casy 3, an apoptosis ex by caspase 8 (Hentze
et al. 2000), and to suppress nuclear factor-xB transactiva-
tion (Qanungo eral. 2004), Recently, modification of
protein thiols by ROS-RNS is gathering attention for ils
role in cellular dysfunction via reversible formation of
mixed disulfides between the protein thiol and sulfhydryl
(SH) residue of GSH (S-glutathionylated protein; PrS-SG)
(Maher 2006). This post-translational modification of pro-
tein, referred as S-glutathionylation, regulates the essential
cellular functions, such as energy synthesis, signal trans-
duction pathway, and transcriptional activation (Schafer and
Buetimer 2001). Considering that NM contains SH groups,
it should be clarified whether NM can affect S-glutathiony-
lation in mitochondria and regulate the redox status, which
might be involved in the selective death cascade of NM-
containing DA neurons.

In this study, the cytotoxicity of NM was examined in
human dopaminergic neuroblastoma SH-SYSY cells using
NM prepared from human substantia nigra. To examine the
roles of the protein and melanin composition in the
cytotoxicity, NM was treated with protease K (P-K NM),
and eumelanin and pheomelanin were synthesized by
oxidation of DA in the absence (DAM) or presence of L-
cysteine (cysteinyl-dopamine melanin; Cys-DAM). Wild
and transfection-enforced Bel-2 over-expressed SH-SYSY
cells (Bel-2 cells) (Akao er al. 2002) and mitochondria
prepared from them were used to clarify the apoptotic
process. The effects of NM on intracellular redox and SH
states were studied to clarify the relation of S-glutathiony-
lation to cell death process. The involvement of NM in the
pathogenesis of PD is discussed, where increased oxidative
stress, mitochondrial dysfunction and induction of apoptosis
are proposed to induce selective degeneration of DA
neurons containing NM.

¥
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Materials and methods

Materials

3,3"-Dihexyloxcarbocyanide iodide [DIOCg(3)], LIVEDEAD via-

Neuromelanin causes apoptosis by modifying SH state | 2491

cells cultured in six-well flasks, treated with melanin (5-25 pg/mL)
for 16 h at 37°C, gathered by scraping, washed with PBS, and
suspended with Hanks' balanced salt solution. The cells were
mmed with 4 yM calcein AM to d live cell

F intensity of calcein produced by esterase in live cells

bility/cytotoxicity assay kit for mammalian cells, and M ™
thiol assay kit were purchased from Molecular Probes (Eugene, OR,
USA); superoxide dismutase (SOD), deferoxamine mesylate (DFX),
and (-)-epigallocatechin gallate (EGCG) were from Sigma (St
Louis, MO, USA), A substrate for caspase 3, acetyl-L-aspartyl-
L-glutamyl-v-valyl-L-asp acid a-(4-methyl-coumaryl-7-amide),
was obtained from Peptide Institute (Osaka, Japan), Catalase from
bovine liver, Dulbecco's minimum essential medium and other
reagents were from Wako (Kyoto, Japan). SH-SYS5Y cells were
cultured in Cosmedium-001 tissue culture medium (CosmoBio,
Tokyo, Japan), supplemented by 5% fetal calf serum in 95% air and
5% CO,. Bel-2 was over-expressed in SH-SY5Y cells (Bel-2 cells)
by transfection as reported previously (Akao ef al 2002).

Preparation of lanin and dop
Brains from neurologically normal adult individuals were provided
from the Austro-German Brain Bank in Wilrzburg, Germany. The
Ethics Committee of the University Clinics of Wilrzburg (Wiirzburg,
Germany) approved the use of postmortem human brain tissue. NM
was isolated from the sut ia nigra, and a portion was treated
with P-K as described previously (Double ef al. 2000). DAM and
Cys-DAM were prepared by oxidation of DA in the absence and
presence of L-cysteine as reported (Ben-Shachar eral 1991).
Melanin was suspended in 10% dimethyl sulfoxide to be 1 mg/
mL, sonicated for 30 s, and shaken gently for 3 days for the
rehydration at 20°C under protection from light.

M t of apoptosis by morphological observation, FACS,
and with LIVE/DEAD assay kit
SH-SYSY cells were cultured in & 24-well poly-L-lysi ted

was measured at 485 nm with excitation at 530 nm in a Corona
MTP-600F microplate fluorometer (Corona Electrics, Hitachinaka,
Japan). The number of live cells were calculated by comparison of
the fluorescence intensity of samples with that of control and
etpmseﬂ a8 puceulage of the control. The protein content was

ing by Lowry method using DC Protein Assay Kit
(Bio-Rad, I'lm'uloa. CA, USA).

Measurement of mitochondrial membrane potential by
fluorescence-augmented flow cytometry
Mitochondrial membrane potential (A''m) in isolated mitochondria
was quantified by FACS using DiOCg(3). Mitochondria were
prepared from the wild and Bel-2 cells, suspended in Dulbecco's
minimum essential medium, and incubated with 10-25 ug/mL NM
at 3'.-"’C ibr 3 h. After munnd with 25 nM DiOCg(3) for 15 min, the
were pended in PBS, and subjected to
FACS. The laser mtssmn at 560-640 nm (fluorescene detector,
FL-2 channel) with excitation at 488 nm was used for the detection
of A¥m.

Western blot analysis for released cytochrome ¢
To detect cytoch ¢ released from mitochondria, the wild cells
were incubated with melanin (10 pg/mL) for 1-6 h, gathered,
washed with PBS, and treated with the extraction buffer [50 mM
piperazine- 1 4-bis(2-cthanesulfonic acid) (PIPES}-KOH buffer, pH
7.4, containing 220 mM mannitol, 68 mM sucrose, 50 mM KCI,
2 mM MgCl, S mM EGTA, and | mM dithiothreitol (DTT) and &
I pi inhibitor ktail (Roche Applied Science,
M , Germany)]. The supernatant of centrifugation at

tissue culture plate and treated with melanin for 16 h at 37°C. After
stained with S0 M Hoechst 33342 or propidium iodide (PI), the
cells were observed with a fl pe, Oly Bx60
(Tokyo, Japan) equipped with an epi-illuminator. In o'liu! experi-
ments, the cells were cultured in six-well culture flasks with melanin

11 000 g for 20 min was mixed with an equi-volume of the sample
buffer [10 mM Tris-HCl buffer, pH 7.5, contmining 1% Nonidet
P40 (Wako, Osaka, Japan), 0.1% sodium dodecyl cholate, 0.1%
sodium dodecyl sulfate (SDS), 150 mM NaCl, and 1 mM EDTA).
The sample (5 pg protein) was subjected to SDS—polyacrylamide
gel el h (PAGE) with a 10-20% polyacrylamide gel

(10 pg/mL of Cosmedium-001) for 16 h. After gathered and washed
with phosphate-buffered saline (PBS), the cells were stained with
Hoechst 33342 (5 pg/mL) at 37°C for 20 min, washed twice with
PBS, applied on a glass slide, and observed with the fluorescence
microscope.

Apoptosis was quantitatively d by fi d
flow cytometry (FACS) with a FACScaliber 4A and Csu.Qm-r
software (Benton Dickinson, San Jose, CA, USA). The cells cultured
in a six-well culture flask were treated with or without melanin
(10-25 pg/mL in the final concentration) for 16 h. To determine
apoptosis, the cells were stained with 75 pM PI solution in PBS
containing 1% Triton X-100 at 20°C for 5 min in the dark, washed,
suspended in PBS, and then subjected to FACS analysis (Yi et al
2006). The fluorescence intensity at 560-640 nm (fluorescene
detector #2, FL-2 channel) was measured with cxcitation at
488 nm, Cells with a lower DNA content showing P staining less
than G, peak were defined to be apoptotic (subG, peak).

The cell viability was also measured using LIVE/DEAD viability/
cytotoxicity kit according to the manufacturer’s instruction. The

© 2008 The Authors
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(Bio-Rad), and electroblotied onto polyvinylidene difluoride mem-
branes (Du Pont, Boston, MA, USA). After blocking with non-fat
milk, cytochrome ¢ was visualized by use of antibodies against
cytochrome ¢ (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The blots were treated with alkaline ph jugated goat
anti-mouse antibody (Promega, Mldusou, WI USA) and mu]md
with an enhanced chemiluminescence d ion kit (New E d
Biolabs, Beverly, MA, USA).

Assay for activities of caspase 3

The wild and Bel-2 cells were cultured in six-well tissue culture
flasks in the presence of melanin (10-25 pg/mL) for 16 h at 37°C,
The cells were gathered, washed with PBS, then lyzed in the lysis
buffer (20 mM HEPES-KOH, pH 7.0, containing 10 mM KCl,
IS mM MgCly, 1 mM EDTA 2Na, lrnM EGTA. | mM DTT,
250 mM sucrose, and the pro l kinil). The
enzymatic activity was measured in the reaction mixture (20 mM
HEPES buffer, pH 7.5, containing 10% glycerol and 2 mM DTT)

| Society for Neurochemistry, J. Newrochem. (2008) 105, 248%9-2500
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with a substrate, acetyl-L-asparntyl-L glutamyl-L.valyl-L-aspartic acid
a-{4-methyl-coumaryl-7-amide) (10 uM in the final concentration).
After incubation at 37°C for | h, the fluorescence at 460 nm was
measured with excitation at 360 nm in an MTP-600F microplate
Aluorometer. The fluorescence i ity was d with dard

Y ¥

7-amino-4-methyl-coumarin solution.

Determination of SH residue, GSH, and GSSG
Sulfbydryl contents in mitochondria and melanin were guantita-

expressed as mean + 8D and the difference was evaluated by
anova followed by Scheffe's F-test A value of p < 0.05 was
estimated to be statistically significant.

Results

Apoptasis induced by neuromelanin
After incubation of SH-SYSY cells with NM, apoptosis was

uveiy measured using Measm'e-ﬂ'm Thiol assay kit, ding the

's The f at 520 nm was
measured with excitation at 490 nm in the microplate fluorometer.
To differentiate the free and pellet-bound SH residues, mitochon-
dria were treated with melanin (2 h at 37°C), incubated with
10 mM sodium phosphate buffer, pH 7.4, in an ice bath for
30 min, centrifuged at 12 000 g for 15 min, and the sediment was
washed twice with the phosphate buffer by centrifugation at
12 000 g for 20 min. SH contents in the combined supematant
fractions and the pellets were quantified using the Thiol assay kit.
GSH and GSSG in cells and mitochondria were a]so qmdmwely
measured using the enzymatic recycling ac to
Rahman er al. (2006). The cells and mitochondria were untnﬁ.lged
at 800 g for 5 min, or 12 000 g for 20 min, respectively, and the
sediment was dissolved in the extraction medium (0.1 M potas-
sium phosphate buffer, pH 7.5, containing S mM EDTA, 0.1%
Triton X-100, and 0.6% sulfosalicylic acid). The supematant of the
centrifugation at 12 000 g for 20 min was subjected to the enzyme
recycling assay. The cytosol and mitochondria fraction were
prepared from the cells treated with 10 pg/mL NM, DAM, or
100 uM DA for 2 h, according to Musderman er al. (2004), HPLC
with electrochemical detection was used to identify and quantify
GSH in melanin-treated mitochondria, using conditions reported
previously (Naoi ef al. 1996). GSH was identified and quantified
by comparison with GSH standard.

Detection of S—gfutnth:on\flnted protein in mitochondria
S-Glutathionylate p hondria were detected by western
blot analysis after wn-wﬂucms SDS-PAGE, according to Brennan
et al. (2004), Mitochondria were incubated with 10-25 pg/mL
melanin for 2 h at 37°C, centrifuged at 12 000 g for 10 min, and the
pellets were washed twice with PBS. Mitochondria were

in the extraction buffer for PrS-SG (50 mM Tris-HC! buffer, pH
7.5, containing 5 mM EGTA, 2 mM EDTA, 100 mM NaF, 0.05%
digitonin, and 100 mM maleimide), allowed to stand in ice bath for
10 min, then centrifuged at 12 000 g for 10 min. The extracts was
reconstituted in SDS sample buffer containing 100 mM maleimide
instead of reducing agents to block unreacted thiol group and
subjected to SDS-PAGE. PrS-SG was visualized with anti-GSH
antibody (Virogen, Watertown, MA, USA). To examine the
reversibility of glutathionylation, parts of the samples were treated
with the SDS sample buffer containing 5% p-mercaptoethanol and
subjected to SDS-PAGE. To identify PrS-SG in mitochondrial
complex [ and I, the polyclonal antibodies against plex | and
Il were used (Tanaka et al. 1988).

Statistics
Experiments were repeated at least three times, and triplicate or
quadruplicate measurements were camied out. The data were

© 2008 The Authors

d d by morphological observation. NM and DA
induced cell death in the cells, and Hoechst 33342 staining
showed apoptotic fi with condensed nuclei among
dead cells detected with Pl (Figs. 1a and 2b). DAM was
much less cytotoxic than NM and only few cells were
positively stained with Hoechst 33342 and PL. The cyto-
toxicity of NM was quantitatively analyzed by FACS and
apoptotic cells were detected as the subG, peak (Fig. 1b).
NM treatment increased the number of apoptotic cells
significantly to 37.9% of the total cells from 2.23% in
control, whereas DAM induced apoptosis in 11.6% cells.
Figure lc shows the effects of NM and DAM concentra-
tions on the vinbility of the wild and Bcl-2 cells as
measured quantitatively using FACS. NM at concentrations
higher than 10 pg/mL induced apoptosis in the wild cells in
a dose-dependent way. Transfection-enforced Bel-2 over-
expression did not prevent apoptosis caused by NM and
DAM.

Effects of melanin species and protein component of NM

on the cytotoxicity

Neuromelanin contains protein component in addition to
mixed melanin of black eumelanin and brown pheomelanin.
SH residues were detected in NM as measured with the
fluorometric Thiol assay kit, which can detect GSH, cysteine,
and related SH compounds in free and protein-bound form.
SH content in NM was determined to be 2.42 & 0.80 nmol/
mg melanin, whereas SH was not detected in DAM
(Table 1). P-K NM reduced the SH contents significantly
to 0.57 £ 0.16 nmol/mg melanin, 23% of the untreated NM.
In Cys-DAM synthesized from DA in the presence of
t-cysteine, high SH content was determined, 3.77
0.19 nmol/mg melanin.

The cytotoxicity of these melanin species was quantita-
tively measured by calcein staining for live cells (Fig. 2a).
Among four melanin classes, only NM reduced the number
of live cells, and the P-K teatment suppressed the NM
cytotoxicity. DAM and Cys-DAM were much less cytotoxic
than NM and the difference from control was not statistically
significant, The cell death was confirmed by histopatholog-
ical observation after staining with Hoechst 33342 (Fig. 2b).
NM and DA induced apoptosis with the typical condensation
and fragmentation of nucleus in most of the cells, while P-K
NM, DAM, and Cys-DAM virtually did not induce cell
death.

Joumnal Compilation @ 2008 International Society for Neurochemistry, J. Newrochem. (2008) 105, 2489-2500
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Fig. 1 Apopiosis induced by neuromelanin. (a) Morphological obser-

vation of NM cytoloxicity. SH-SY5Y cells were treated without (1,
control) or with 10 ug/mL of NM (1), DAM (lil), and 100 M dopamine
(IV) for 16 h. The cells were ob d by phase or aftar
staining with Hoachst 33342 for apoptotic cells and with PI for dead
celis. (b) FACS analyses of apoptosis. The wild ells were incubated
without (I, control) or with 25 pg/mL NM (Il) or DAM (Ili) for 16 b,
gathered, stained with Pl with 1% Triton X-100, and subjected to
FACS. The cells with a lower DNA content showing less Pl staining
than G, peak were defined to be apoptotic. (¢) Quantitative analyses
of apoptotic cell death by FACS. The wild and Bcl-2 cells were lreated
with 5, 10, or 25 ug/mL of NM or DAM for 16 h and were subjected to
FACS. The column and bar represent the mean and SD of five
axpariments. *p < 0.01 from control.

Apoptosis pathway activated by neuromelanin
Mitochondria were prepared from the wild and Bel-2 cells,
treated with NM, and then subjected to FACS analyses after
stained with DiOCg(3). Figure 3a shows that NM reduced
AWm of the wild cells in a dose-dependent way, which GSH
did not prevent. In mitochondria prepared from Bel-2 cells,
the reduction of A'¥m by NM was also observed (Fig. 3b).
After treated with NM, cytochrome ¢ was released from
mitochondria into cytosol in wild SH-SY5Y cells in a time-
dependent way (Fig. 3c). The cells were treated with NM,

© 2008 The Authors
Journal Compil © 2008 1
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Fig. 2 Effects of protein component and malanin classes on cell via-
bility. SH-SYSY cells were cultured in a sie-well tissue culture flask and
treated without (1) or with 10 pag/mL NM (If), P-K NM (1I), DAM (IV), or
Cys-DAM (V) for 16 h at 37°C. (a) The number of live cells. The cells
were gathered, washed with PBS, and the Iive cells were quantitatively
measured after staining with calcaln. The number of live celis was
sxpressed as percent of control, and the column and bar represent the
mean and SD of quadruplicate measurements of three experiments,
*Differance from control, p < 0.01. (b) Morphological observation of
cells. The calls were observed by fluoromicroscopy after staining with
Hoechst 33342 The cells were also treated with 100 pM dopamine
(Dopamina).

Table 1 SH contents in NM, P-K-treated NM, DAM, and cysteinyl-
DAM

SH contant
Melanin (nmol/img melanin)
NM 242 £ 0.80
P-K-treated NM 0.57 £ 0.16
Dopamine melanin Not detected
Cysteinyl dopamine melanin 377019

SH contants in three NM and two P-K NM samples from differant
brains were measured fluorometrically by use of Measure-iT™ assay
kit. The values are mean + SD of quadruplicate measurements of
each sample. NM, neuromelanin; SH, sulthydryl; P-K NM, protease-K-
treated neuromelanin; DAM, dopamine melanin,

DAM, and DA for 16 h, and the activity of caspase 3 was
measured fluorometrically. Figure 3d shows the significant
increase in caspase 3 activity in the wild cells treated with
NM and DA. On the other hand, DAM treatment did not
affect the activity. In Bcl-2 cells, increase in caspase 3
activities was much less than in the wild cells, but NM still
increased the activity markedly. Bcl-2 over-expression
completely prevented the increase in caspase 3 activity by
DA.

| Society for Neurochemistry, J. Neurochem. (2008) 105, 2489-2500
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Fig. 3 Activation of apoptotic cascade by NM. (a and b) Reduction of
AY'm by NM in mitochondria isolated from the wild (a} and Bdl-2 cells
(b). 1 and II, NM (25 and 10 ug/mL) was incubated with mitochondna
without or with 1 mM GSH (Il and IV), respectively, at 37°C for 3 h,
A%m was measured by FACS alter staining with DIOCg(3). (c) Re-
loase of cytochrome ¢ into cytosol. After treated with NM (25 ug/mL)
for 6 h, cytosol fraction was prepared from SH-SYSY cells and sub-
jected to biot analysis for cy ¢{Cy. c). |, Control and
11, 10, IV, and V, calls were Ireated with NM for 1, 2, 4, and 6 h. fi-Actin
was used as control. (d) Caspase 3 activity in the wild and Bel-2 cells
after treated for 16 h at 37°C. |, Control and 11, Ill, and IV, cells treated
with 10 pg/mL NM and DAM, and 100 uM dopamine, respectively.
Caspase 3 activity was measured fluorometrically using acetyl-L-as-
partyl-.glutamyt-Lvalyl-L-aspartic acid a-{4-methyl-coumaryl-7-amide)
as a substrate, The column and bar represent the mean and SD of

iplicat its of 4 expa . Dt from control,

p <001.

Effects of neuromelanin and dopamine melanin on SH state
in mitochondria
Effects of NM and DAM on mitochondrial SH levels were
examined. Mitochondria prepared from the wild and Bel-2
cells were incubated with NM (25 pg/mL) and SH contents
were measured for 3 h, and NM significantly increased SH
levels in mitochondna from 30 min to 2 h and reached to a
plateau (Fig. 4a). On the other hand, DAM (25 pg/mL) and
DA (100 uM) significantly reduced SH contents in a time-
dependent way (Fig. 4b). The effects of four melanin species
on mitochondrial SH levels are shown in Fig, 4c. P-K NM
did not increase SH, while DAM reduced SH after 2 h
incubation. The increased SH residues were identified to be
GSH by use of HPLC, as shown in Fig. 4d. NM significantly
increased GSH levels in mitochondria, whercas P-K NM did
not affect and DAM reduced GSH levels, as in the case of the
total SH contents measured by the fluorescent assay.

To confirm the localization of NM-increased SH com-
pounds in submitochondrial fractions, mitochondria were
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Fig. 4 Effects ol malanin on SH levels in mitochondria. (a) Effects of
NM on the mitochondrial SH contents. Mitochondrla prepared from
the wild (filled circle) and Bel-2 cells (hollow circle) were incubated
with NM (25 pg/mL) at 37°C, for 0.5, 1, 2, and 3 h. Mitochondria
were treated without NM aiso in a similar way (filled and hollow
square lor mitochondria from wild and Bcl-2 cells, respectively). SH
levels were guantified fluorometrically with the Thiol Assay Kit. The
values were represented as percentage of SH lavels at 0 time. The
point and bar represent the mean and SO of quadruplicate mea-
suremants, (b) Effects of DAM and dopamine on SH levels in mito-
chondria prepared from the wild cells. Mi dria were Incubated
with DAM (25 pg/mL) (triangle) and dop (100 uM) (square)
Control, circle. (c) Effects of melanin species on mitochondrial SH
levels. Mitochondria were treated without (I, control) or with 25 ug/mL
NM (1I), P-K NM (i), and DAM (IV) for 2 h at 37°C. SH residues
were quantified by the fluorometric assay with Thiol Assay Kit. The
column and bar represent the mean and SD of guadruplicate mea-

of two its. *Difference from control, p < 0.05. (d)
BGSH was quantitatively measured by HPLC. Mitochondria were
treated without (I, control) or with 25 pg/mL NM (11), P-K NM (ill), and
DAM (IV) for 2 h at 37°C. The column and bar represent the mean
and SD of triplicate measurements of two experiments. "Difference
from control, p < 0.05,

treated with these melanins, and differentiated into the
soluble fraction and the precipitate. After NM-treatment, the
SH contents increased significantly in both the fractions,
whereas DAM and especially DA reduced SH contents
(Fig. 5a). Cys-DAM markedly increased SH in the soluble
fraction and pellets.
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Fig. 5 Effects of NM and DAM on SH levels in mitochandria and
subceliular fractions. (a) Effects of melanin species on SH leveis in the
soluble and precipitate fraction ol mitochondria. Mitochondria pre-
pared from SH-SYBY cells were incubated without (1) or with 25 ug/mL
NM (1), P-K NM (111), DAM (IV), Cys-DAM (V), and 250 iM dopamine
(V1) for 2 h at 37°C, then d to f jon into the suf
tant fraction and the sediment. SH levels were measured with Thiol
Assay Kit and exp d as nmol/ The and bar rep-
resant the mean and SD of the quadruplicate of two
experimants, *Differance from control, pc001 (b) Effects of melanin
on SH levels in cytosol and mitochondria fractions, The wild cells were
lmmmzswmumammmuarcmzhwm
1o far jon. Mitochondrial and cyu '!rucllmm
prepared for GSH analysis by GSH d yeh
mathod. |, Control. Il and Il mhhmtadwﬂhNMme Th.
column and bar represenl the mean and SD of the quadruplicate

of two exp its, *Diference from control, p < 0.01
from control.

Neuromelanin- and DAM-treated cells were fractionated
into mitochondria and cytosol fraction, and GSH contents
were quantified by the enzyme recycling method (Fig. 5b).
NM significantly increased GSH in mitochondrial and
cytosol fraction, but DAM did not affect GSH levels.

Table 2 summarizes the total SH, GSH, and GSSG
contents, and the GSSG/GSH ratio in the wild cells, the
subcellular fractions and the isolated mitochondria after NM-
and DAM-treatment. NM increased the total SH and GSH
contents in the cells, the mitochondria fraction and the
isolated mitochondria, significantly (p < 0.05), but not in the
cytosol. GSSG levels were also increased in these samples
after treated with NM. DAM reduced the total SH and GSH
contents and increased GSSG levels in the mitochondrial
fraction and the isolated mitochondria. NM increased
significantly the GSSG/GSH ratio in the cell lysate,
mitochondrial fraction and isolated mitochondria and DAM
increased the ratio more markedly.
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Effects of antioxidant on the cytotoxicity and SH reduction
by NM
The involvement of ROS-RNS in NM-induced cell death
and increase of mitochondrial SH levels was cxamined. After
incubated with NM in the presence of antioxidants, the cell
viability was quantitatively measured by calcein staining.
Iron-chelating DFX, SOD, and NO-scavenging EGCG
protect cells from cell death induced by NM, but catalase
did not (Fig. 6a). At the same time, DFX, SOD, and EGCG
prevented the NM-induced increase in mitochondrial SH
contents, but catalase further increased SH levels (Fig. 6b).
The effects of NADPH-dependent recycling system on the
NM-increased SH levels were examined in mitochondria.
NADPH enhanced NM-induced increase in SH levels, but
did not affect the levels in control and DAM-treated
mitochondria.

Effects of NM on S-glutathionylated protein in
mitochondria

To find the origin of GSH increased in mitochondria by NM,
mitochondria prepared from the wild cells were treated with
NM and other melanin (10 pg/mL), and the protein was
subjected to westemn blot analysis for PrS-8G. Under non-
reducing conditions, PrS-SG was detected in mitochondria
without NM treatment (Fig. 7a). NM reduced PrS-5G
especially with high molecular mass, while other melanin
increased PrS-SG. Under reducing conditions, reduction of
PrS-SG was confirmed again in NM-treated mitochondria,
where PrS-SG proteins with molecular mass higher than
50 kDa were reduced significantly (Fig. 7b). Mitochondrial
complex | proteins were visualized with anti-complex 1
antibody. Under non-reducing conditions, NM treatment
disaggregated the macromolecular structure of complex L
Complex | proteins with 100-150 kDa disappeared, and
complex 1 subunits with less than 75 kDa increased signif-
icantly. On the other hand, other melanin did not affect the
high structure of complex L Under reducing condition the
amount and electrophoresis-pattern of complex I subunits did
not change by NM-treatment, as shown by western blot
analyses, indicating the reversibility of NM-induced disso-
ciation of complex | subunits, Under non-reducing condi-
tions, the reactivity against anti-complex 11l antibody was
slightly reduced by NM treatment, but other melanin did not
affect the amounts and pattern of complex III subunits. In
mitochondria prepared from Bcl-2 cells, the same results
were obtained.

Discussion

This study presents a novel role of NM in the pathogen-
esis of PD. NM induces apoptosis in SH-SYSY cells
through activation of death cascade, which depends on
the protein component, SH content and melanin species.
In PD NM contents in the substantia nigra reduced to
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Table 2 Total SH, GSH, and GS5G contents, and GSSG/G5H ratio in the cells, subcellular fractions, and isolated milochondria after traated with
NM and DAM

Fraction Total SH (nmolimg protein) GSH (nmalimg protein) GSSG (nmol/mg protein) GSSG/GSH = 100
Celis
Control 11.8=02 6.90 + 0.54 0.36 = 0.02 5.22
Treated with NM 14207 9.61 + 0.36* 0.88 = 0.02° 9.18
Treated with DAM 102+04 677 £ 0.21 0.98 = 0.02* 14.62
Cytosol
Control 138+16 10215 0.018 £ 0.003 0.8
Treated with NM 1512186 128919 0.019 + 0.001 0.18
Treated with DAM 134217 120+£11 0.015 = 0,006 0.13
Mitochandria
Control 9.1 +0.1 11602 055+ 0.19 4.74
Treated with NM 11203 199 £1.2° 1.66 = 0.18* B34
Treated with DAM 79«05 133 = 0.54 1.54 £ 0.11° 11.58
Isolated mitochondria
Control 1M7+£13 6.13+£ 032 0.36 = 0.13 5.87
Treated with NM 174217 B8.54 £ 0.19" 0.88 = 0.07" 10.30
Treated with DAM 6.9+ 02 5.78 £ 0.59 099 +0.12° 17.13

The total SH contents were measured flucrometrically by use of Measure-IT™ Thiol Assay kit. GSH and GSSG were quantified using the
anzymatic recycling method. The values are mean and SD of quadrupli s of three experiments. *Difference from contral,
p < 0.05. SH- S‘(ﬁ'fmﬂswalmataﬂwﬂhmduvdhﬂmfml.ﬂh! nrDAM for 2 h at 37°C, then subjected to subcellular fractionation according to
Musderman et &l (2004). The precip fraction was treated with the extraction medium for GSH/GSSG and analyzed for GSH
and GSSG. Isolated mitochondria ware treated with 10 g/mL NM or DAM for 2 h at 37°C, and the total SH was measured fluoromatrically, then
the rest was precipitated by centrifugation at 12 000 g for 20 min, treated as above for GSH-GSSG assay. NM, neuromelanin; SH, sulfhydryl; DAM,

dopamine melanin,

1.2-1.5 mg/g wet weight from 2.3 to 3.5 mg/g wet weight
(Zecea et al. 2001), as indicated by loss of dark brown
color in this region. However, it remains unclear whether
the protein, lipid, and inorganic components of NM
change the nature in PD. Protein associated with NM
granules from normal brains was subjected 1o the prote-
omic studies and about 70 kinds of protein were detected,
but the accumulation of specified proteins was not
confirmed (Tribl et al, 2005), In PD brain, a-synuclein is
associated with NM (Fasano ef al, 2003), and NM isolated
from PD brains is composed mainly of highly cross-linked,
protease resistant protein-like materials (Aime et al. 2000).
Considering the increase of oxidative stress in parkinso-
nian brains, proteins in NM granules might be highly
modified with ROS-RNS and tend to be more aggregated,
which may be accelerated further by dysfunction of the
ubiquitin-proteasome  system (McNaught ef al. 2001).
However, the cytotoxicity of NM-associated protein itself’
has never been reported in NM prepared from either
normal or parkinsonian brains, In A9 neurons of PD
brains, the loss of cholesterol and the aggregation of o-
synuclein to lipid in NM were reported by histopatholog-
ical observation (Halliday et al. 2005). However, the lipid
components may not be involved in the toxicity of NM
observed in this study, as lipid is washed out during the
purification procedure (Double er al. 2000).
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The role of protein component in the NM toxicity was
clearly demonstrated in this study. P-K treatment totally
reduced NM cytotoxicity, and synthesized DAM and Cys-
DAM did not induce the cell death in SH-SY5Y cells under
used conditions. In NM, SH residues were detected as
cxposed on the surface, which P-K-treatment reduced to
one fourth, suggesting that a major part of SH groups is
derived from the protein and the rest from the pheomelanin
component. This result may be comparable with the
previous result that P-K-reatmeni reduced amino aid
contents from 165 to 57 pg/mg melanin (Double ef al.
2000). According to the reported amino acid composition,
the cysteine content of NM is 10.6 + 3.7 nmol/mg melanin
(Double ef al. 2000). SH level in NM is quantified to be
242 + 0,80 nmol/mg melanin, suggesting that most of
cysteine is sequenced in protein as intra- or inter-disulfide
bond, or occurs as the mixed disulfide bond between
protein SH and GSH, cysteing, or related SH derivatives. In
pheomelanin produced from 5-S-cysteinyl-DA a conjugate
of cysteine with o-quinone, free SH residues were detected,
even though pheomelanin has been considered to polymer-
ize into a benzothiazine structure.

Neuromelanin and DAM affected SH state in mitochon-
dria in quite opposite ways. NM and Cys-DAM increased SH
contents in mitochondria, whereas DAM and DA reduced
them markedly. These results might be comparable to the
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