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Abstract
Overexposure to manganese has been known to promote alpha-synuclein oligomerization

and enhance cellular toxicity. However, the exact mechanism of Mn-induced alpha-synu-

clein oligomerization is unclear. To explore whether alpha-synuclein oligomerization was

associated with the cleavage of alpha-synuclein by calpain, we made a rat brain slice model

of manganism and pretreated slices with calpain inhibitor II, a cell-permeable peptide that

restricts the activity of calpain. After slices were treated with 400 μMMn for 24 h, there were

significant increases in the percentage of apoptotic cells, lactate dehydrogenase release,

intracellular [Ca2+]i, calpain activity, and the mRNA and protein expression of calpain 1 and

alpha-synuclein. Moreover, the number of C- and N-terminal fragments of alpha-synuclein

and the amount of alpha-synuclein oligomerization also increased. These results also

showed that calpain inhibitor II pretreatment could reduce Mn-induced nerve cell injury and

alpha-synuclein oligomerization. Additionally, there was a significant decrease in the num-

ber of C- and N-terminal fragments of alpha-synuclein in calpain inhibitor II-pretreated

slices. These findings revealed that Mn induced the cleavage of alpha-synuclein protein via

overactivation of calpain and subsequent alpha-synuclein oligomerization in cultured slices.

Moreover, the cleavage of alpha-synuclein by calpain 1 is an important signaling event in

Mn-induced alpha-synuclein oligomerization.

Introduction
Manganese (Mn) is an essential element that functions as a cofactor for numerous homeostat-
ic and trophic enzymes in the central nervous system (CNS). Normal Mn concentrations in
human whole blood are � 10–12 μg/L. But at abnormally high intake levels, Mn accumulates
in the brain and causes neurotoxicity [1]. The wide use of Mn in a range of industries has led
to global health concerns. Indeed, Mn intoxication occurs from occupational exposure [2],
administration of total parenteral nutrition [3], and chronic liver failure [4]. Concern about
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Mn exposure has also focused on the use of a Mn-containing fuel additive, methylcyclopenta-
dienyl Mn tricarbonyl (MMT), as an anti-knock agent in gasoline in Canada and other West-
ern nations [5]. Exposure to high levels of Mn can cause neurotoxicity and also the
development of a form of Parkinsonism known as manganism. It has recently been hypothe-
sized that Mn exposure might also cause or accelerate the development of Parkinson disease
(PD). In China, accumulation of Mn and Fe via unknown routes might be involved in the eti-
ology of PD in the general population [6]. Therefore, understanding the exact molecular
mechanisms of Mn neurotoxicity may play a critical role in linking environmental neurotox-
ins to the pathogenesis of PD.

Although oxidative stress, energy failure, and the disturbance of neurotransmitter metabo-
lism have been actively investigated as neurotoxic mechanisms of Mn over the past two decades
[7,8], emerging evidence indicates that alpha-synuclein oligomerization is also one of the im-
portant cellular and molecular correlates of neurodegenerative diseases resulting from chronic
Mn exposure [9]. Alpha-synuclein is a small protein that plays an important role in synaptic
plasticity, regulation of vesicle transport, and dopaminergic neurotransmission. Numerous
studies now support the hypothesis that alpha-synuclein oligomerization is the key step driving
pathology, cellular damage, and subsequent neuronal dysfunction [10,11]. The evidence sug-
gests that early intermediary oligomers, rather than mature fibrils of alpha-synuclein, are the
pathogenic species [12]. Alpha-synuclein overexpression promotes apoptotic cell death in a va-
riety of cell lines and animal models [13]. We found in a previous study that manganese could
induce alpha-synuclein oligomerization, leading to neuronal injury [14]. The early oligomeric
intermediates are assumed to be very toxic to the cell and can induce leaking in vesicles [15].
Although the majority of the previous studies have focused on the aggregation of full-length
alpha-synuclein, recent studies suggest that truncated forms of alpha-synuclein are of patho-
genic significance: they promote the ability of full-length alpha-synuclein to aggregate and
enhance cellular toxicity [16]. Moreover, co-expression of both full-length human alpha-synu-
clein and C-terminally truncated human alpha-synuclein can augment the accumulation of
pathological full-length alpha-synuclein and lead to DAergic cell death [17]. The mechanisms
governing the proteolytic cleavage of alpha-synuclein are not firmly established, but a potential
candidate protease is calpain. Calpain 1 is one of a large family of intracellular calcium-depen-
dent proteases whose cleavage of specific proteins has been implicated in physiological path-
ways and in numerous pathological diseases [18]. Alpha-synuclein is a substrate for calpain
cleavage, and calpain cleaved alpha-synuclein species could promote alpha-synuclein aggrega-
tion and enhance cellular toxicity [19]. Thus, we speculated that calpain overactivation was one
of the important pathogenic mechanisms of neurodegenerative diseases resulting from chronic
Mn exposure and might play a role in alpha-synuclein oligomerization.

Although calpain overactivation contributes to neurodegeneration, calpains also serve es-
sential physiological roles including signal transduction, cell migration, membrane fusion, and
cell differentiation. Thus, the challenge is to inhibit the pathological consequences of calpain
overactivation while preserving physiologic aspects of calpain function. Calpain inhibitor II, a
cell-permeable peptide that restricts the activity of calpain, has been shown to successfully pre-
vent methylmercury from causing neuronal cell death [20], but it was still unclear whether cal-
pain inhibitor II would prevent Mn-induced alpha-synuclein oligomerization. Therefore, to
verify our hypothesis, calpain inhibitor II was used in this study. We present data showing that
cleavage of alpha-synuclein by calpain occurs in Mn-treated brain slices. Furthermore, calpain
inhibition II attenuated the alpha-synuclein oligomerization that occurred as a result of
Mn treatment.

Calpain Prevents Alpha-Synuclein Oligomerization
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Material and Methods

Ethics statement
The animal experiment was carried out according to the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of China Medical University. All efforts were made to minimize the
number of animals used and their suffering.

Chemicals
Manganese (II) chloride tetrahydrate, calpain inhibitor II, and Fura-2 pentakis (acetoxy-
methyl) ester (Fura 2-AM) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
The annexin V-FITC/PI reagent kit was from Nanjing KeyGen Biotech. Co. Ltd. (Cat No:
KGA106; China). PrimeScript RT Enzyme Mix I and SYBR Premix Ex TaqTM II kits were
from TaKaRa Biotech. Co. Ltd. Polyacrylamide gradient gel (4–20%) was obtained from
Dycent Biotech Co. Ltd. (Cat No: B1611105; China). Mouse β-actin primary antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse full-length alpha-
synuclein monoclonal antibody (LB 509) and rabbit calpain 1 polyclonal antibody were pur-
chased from Abcam (Hong Kong) Ltd. We also generated our own antibodies based on a
previously reported strategy [21]. We chose two peptides for immunization in rabbits at GL
Biochem, Ltd (Shanghai, China). KAKEGVVAA represents the neoepitope region of the frag-
ment that would be generated after cleavage of alpha-synuclein by calpain between amino
acids 9 and 10. We refer to this antibody as the N-terminal alpha-synuclein calpain cleavage
product antibody (CCP Ab). We also synthesized a site directed antibody to the C-terminus
after cleavage of alpha-synuclein between amino acids 122 and 123. A peptide corresponding
to the upstream neoepitope fragment that would be generated after cleavage of alpha-
synuclein at this site (CPVDPDN) was synthesized, conjugated to keyhole limpet hemocyanin,
and injected into rabbits. We refer to this antibody as the C-terminal alpha-synuclein CCP Ab.
Horseradish peroxidase (HRP) conjugated anti-rabbit secondary antibody and HRP conjugat-
ed anti-mouse secondary antibody were purchased from Abcam. Other analytical grade chem-
icals were obtained from local chemical suppliers.

Preparation of organotypic slice cultures
Organotypic slice cultures were prepared according to the methods described previously
[22,23]. Briefly, Wistar rats at postnatal days 3–4 were provided by the Laboratory Animal
Center of China Medicine University (SPF grade, production license No. SCXK2008–0005).
Neonatal rats were decapitated. After the brains were dissected and the frontal and occipital
poles (including the cerebellum) were removed, the specimens were placed into Hank’s bal-
anced salt solution (HBSS, Invitrogen) and kept at 4°C and pH 7.35. The specimens were sliced
into 300 μm thick sections on a NVSL/NVSLM1 tissue slicer (World Precision Instruments
Inc., USA). The first few slices (in most cases not more than four) were discarded until the typi-
cal cytoarchitecture of the basal ganglia was visible. Generally 4–6 slices with intact basal gan-
glia cytoarchitecture were collected, transferred to cell culture inserts (pore size 0.4 μm, Falcon,
Millipore, Bedford, MA), placed in 6-well culture dishes (Falcon) and fed with 1 ml culture me-
dium consisting of 50% minimum essential medium, 24% horse serum, 25% HBSS, and 1%
penicillin-streptomycin (all from Invitrogen) and supplemented with 36 mM glucose and
25 mMHepes (Sigma, St. Louis, MO, USA) (pH 7.2). Cultures were maintained at 37°C under
room air + 5% CO2. After 1 day in culture, the culture medium was replaced with fresh medi-
um containing no antibiotics.

Calpain Prevents Alpha-Synuclein Oligomerization
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Drug treatment
Cultured slices at days 13–15 in vitro were incubated for 24–48 h in serum-free medium, in
which minimum essential medium/Hepes was substituted for horse serum. Next, slices were
exposed to Mn (0 or 400 μM) for 24 h and Calpain inhibitor II (1, 2 or 4 μM) dissolved in
serum-free medium. For L-Canavanine supplementation experiments, cultured slices were
maintained in these media at 37°C, 5% CO2 for 12 h before treatment with Mn.

LDH release assays
After treatment, lactate dehydrogenase (LDH) release in the medium was measured using
methods previously described [24]. The absorbance values were read at 440 nm using a micro-
plate reader (Bio-Rad, USA), and the results of the absorbance from the test wells were express-
ed as a percentage of the control wells. Results from a single experiment are reported. Similar
data were obtained in six independent experiments.

Apoptosis assays
After 24 hours of treatment with Mn, brain slices were used for the preparation of dissociated
slices cells as described by villalba [25]. Briefly, the slices were washed 3–5 times with phosphate
buffered saline (PBS, pH 7.2~7.4). The slices were minced in 2 ml PBS supplemented with 0.125%
trypsin for 10–15 min with vigorous shaking at 37°C. The subsequent mechanical dissociation
with Pasteur pipettes and nylon mesh screens was described by Villalba et al. Cells were suspended
in PBS supplemented with 0.1% bovine serum albumin (BSA) until used. The cell concentration
was evaluated by viable cell count (trypan blue stained) and was diluted to 1×106 cells/ml for apo-
ptosis detection. Staining was performed according to the manufacturer’s manual. Using flow cy-
tometry (FCM), 1×106 cells per sample were analyzed. Annexin V-FITC is a sensitive probe for
identifying cells undergoing apoptosis, because phosphatidylserine (PS) exposure occurs early in
the apoptotic process. PI is a nonspecific DNA dye that is excluded from living cells with intact
plasma membranes but incorporated into nonviable cells, which might have been damaged when
the cells were dissociated from the slices. So, the population of cells that was only positive for
Annexin V (Q4 quadrant, Annexin V-FITC+/PI-) were considered to be the early apoptotic cells.
The early apoptotic cells from Q4 were reported as a percentage of the total number of cells.

Measurement of intracellular free calcium
After preparation of the dissociated cells, the [Ca2+]i assay was performed by a method de-
scribed previously [26]. Briefly, for fura-2 experiments, absolute values of [Ca2+]i in the neuro-
cyte were calibrated from the measured fluorescence signals using an F-4500 Fluorescence
Spectrophotometer (HITACHI, Japan). Results of an individual experiment are reported. Simi-
lar data were obtained in six independent experiments. The calibration equation used was:
[Ca2+]i = Kd [(R-Rmin) / (Rmax-R)]×(Sf380/Sb380). [Ca

2+]i is the concentration (nM) of intracel-
lular Ca2+; Kd is the dissociation constant of the dye; R is the ratio at excitation wavelengths
340/380 nm; Rmin is the ratio at zero [Ca

2+]i; and Rmax is the ratio at saturated [Ca
2+]i. The pro-

cedures for obtaining Rmax and Rmin caused damage to cells and were therefore performed at
the end of the experiments. Rmax was obtained first by adding Triton X-100 (0.2%), making the
cell membrane permeable to Ca2+ and allowing the extracellular and intracellular Ca2+ to equil-
ibrate. Next, Rmin was obtained by adding the chelator EGTA [ethylene glycol bis(β-aminoethyl
ether)-N, N, N0, N0-tetraacetic acid; 20 mM] to chelate all Ca2+ inside and outside the cells. The
present experiments were carried out at pH7.4 and a temperature of 37°C. A Kd value of 224
nM was used. The results are expressed as a percentage of the controls.

Calpain Prevents Alpha-Synuclein Oligomerization
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Measurement of calpain activity
Calpain activity was assayed as described by Buroker-Kilgore and Wang [27]. Briefly, after the
brain slices were homogenized in an extraction medium containing 5 mM β-mercaptoethanol,
0.1 mM EDTA, lysocephalin 5 mM, DL-Dithiothreitol 10 mM and 20 mM Tris-HCl at pH 8.6,
tissue homogenate was centrifuged at 1000 × g for 10 min to remove the protein precipitate.
Samples were incubated with the calpain substrate casein, and after removal of an aliquot, Coo-
massie brilliant blue G-250 dye reagent was added to the aliquot and was quantified using a
spectrophotometer at 595 nm. The calpain activity was calculated as the difference between
samples with and without Ca2+. The results are expressed as a percentage of the controls.

Quantitative real-time PCR analysis
The mRNA expression levels were analyzed using a real-time reverse-transcription polymerase
chain reaction assay. Total RNA was isolated using TRIzol reagent (TaKaRa Biotech. Co. Ltd.,
China). The first strand cDNA was synthesized from 1 μg of total RNA by reverse transcriptase
using PrimeScript RT Enzyme Mix I (TaKaRa Biotech. Co. Ltd., China) and oligo (dT) primers
according to the manufacturer’s protocol. Real-time quantitative PCR (qPCR) was performed
by SYBR Premix Ex TaqTM II kit (TaKaRa Biotech. Co. Ltd., China) using an ABI 7500 Real-
Time PCR System (Applied Biosystems, USA). Two microliters of template cDNA was added
to the final volume of 20 μl of reaction mixture. Real-time PCR cycle parameters were 30 sec at
95°C followed by 40 cycles with denaturing at 95°C for 5 sec, annealing at 60°C for 34 sec and
elongating at 72°C for 20 sec. The sequences of the specific primer sets for calpain 1, alpha-
synuclein and β-actin used in this study are given in Table 1 [28,29]. Expression of selected
genes was normalized with the gene for β-actin, which was used as an internal housekeeping
control. For relative quantification of the genes tested, we used the comparative CT method
(ΔΔCT). All the real-time PCR experiments were performed in quadruplicate, and data were
expressed as the mean of at least four independent experiments.

Western blotting analysis
Protein extraction and immunoblot analyses were conducted as described previously [30].
Brain slices were rinsed with PBS and total protein was extracted from the neurons using RIPA
buffer (10 mM Na2HPO4, pH 7.2, 150 mMNaCl, 1% sodium deoxycholate, 1% Nonidet P-40,
0.1% SDS) containing protease inhibitors. Protein concentrations were determined using the
BCA reagent from Pierce. Thirty micrograms of protein per sample were loaded onto a 10%
polyacrylamide gel, separated by electrophoresis, and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Ternicula, CA). PVDF membranes were blocked overnight at
4°C in TBST containing 5% bovine serum albumin fraction V. The membranes were then
rinsed briefly in TBST and incubated with calpain 1 antibody, full-length alpha-synuclein anti-
body, C-terminal alpha-synuclein CCP Ab, N-terminal alpha-synuclein CCP Ab or β-actin pri-
mary antibody in TBST for 2 h at room temperature. Specific protein expression was then
detected by incubating the washed membranes with HRP conjugated secondary antibodies.
Protein bands were visualized using ECLWestern blotting chemiluminescent detection re-
agents (Pierce) and autoradiography. The intensity of the bands was evaluated semi-quantita-
tively by densitometry using image analyzing software (FluorChem v2.0). The changes in
intensity of protein bands after Mn treatment were normalized with the intensity obtained in
the internal control bands (β-actin). Representative results from a single experiment are
shown. Similar data were obtained from at least four independent experiments.
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Immunocytochemistry of alpha-synuclein and calpain 1 in neuronal cells
After 24 hours of treatment with Mn, cultured slices were fixed with 4% paraformaldehyde in
0.1 M phosphate buffer containing 4% sucrose for 2 h and were frozen subsequently. After the
sections were rinsed with PBS, they were permeabilized and blocked in 0.5% Triton X-100 in
PBS containing 5% donkey serum (Jackson ImmunoResearch Laboratories Inc., USA), then
they were incubated with these primary antibodies overnight at 4°C: rabbit anti-C-terminal
alpha-synuclein polyclonal antibody (1:50) and mouse anti-calpain 1 polyclonal antibody
(1:100). After being rinsed with PBS, slices were incubated with these secondary antibodies for
2 h at room temperature: Alexa Fluor 488-labeled donkey anti-rabbit IgG and Alexa Fluor
594-labeled donkey anti-mouse IgG (1:1000; Molecular Probes, Invitrogen, Carlsbad, CA). The
fluorescent signal was examined on an Olympus confocal microscope (FV 1000S- IX81, Olym-
pus, Japan), using the 40× objective lens. Confocal laser scanning microscope digital images
were collected and saved in TIFF format, using FV10-ASW software (ver. 03.00.01.15,
Olympus).

Co-immunoprecipitation (Co-IP) of alpha-synuclein with calpain 1 in
neuronal cells
A Co-IP assay was conducted as described previously [31]. After 24 hours of treatment with
Mn, brain slices were rinsed three times in ice-cold PBS buffer, followed by incubation for 30
min at 4°C with 1 ml ice-cold IP lysis buffer (Beyotime, Haimen, China) containing the serine
protease inhibitor phenylmethanesulfonyl fluoride (PMSF). Samples were pre-cleared with
Protein A+G agarose (Beyotime). Pre-cleared lysates were then incubated with mouse anti-
full-length alpha-synuclein monoclonal antibody (1:50) or rabbit anti-calpain 1 polyclonal an-
tibody (1:50) at 4°C overnight. A 25% slurry of Protein A+G agarose was added into the lysates
incubated for 2 h at 4°C and washed with ice-cold IP lysis buffer (Beyotime). The pellet was re-
suspended in SDS loading buffer, boiled for 10 min, and then centrifuged at 12,000 × g for 1
min in a Sigma 3K 30 centrifuge (Sigma, Germany). The supernatant was removed and loaded
onto a 12% SDS-PAGE gel separated by electrophoresis and transferred onto a PVDF mem-
brane. Membrane blots were probed with rabbit anti-calpain 1 polyclonal antibody or mouse
anti-full-length alpha-synuclein monoclonal antibody and visualized by chemiluminescent de-
tection reagents (Pierce).

Alpha-synuclein oligomerization assay
The intracellular alpha-synuclein oligomers were measured as described in our previous study
[14]. Briefly, after total protein was extracted, protein concentrations were determined with the
BCA reagent (Pierce). Equal amounts of protein from each fraction were mixed with 2× non-

Table 1. Primer Sequences Used for the Amplification of Each Gene in this Study.

Name Oligo Primer sequence

alpha-synuclein Sense primer 5’- CACAAGAGGGAATCCTGGAA-3’

Anti-sense primer 5’- TCATGCTGGCCGTGAGG-3’

calpain 1 Sense primer 5’- ACCACATTTTACGAGGGCAC-3’

Anti-sense primer 5’- GGATCTTGAACTGGGGGTTT-3’

β-actin Sense primer 5’- GGAGATTACTGCCCTGGCTCCTA-3’

Anti-sense primer 5’- GACTCATCGTACTCCTGCTTGCTG-3’

β-actin was used as a constitutively expressed gene, and all the data were normalized against β-actin expression.

doi:10.1371/journal.pone.0119205.t001

Calpain Prevents Alpha-Synuclein Oligomerization

PLOS ONE | DOI:10.1371/journal.pone.0119205 March 10, 2015 6 / 17



denaturing protein loading buffer [without sodium dodecyl sulfate (SDS) and DL-Dithiothrei-
tol (DTT)], without boiling, loaded onto a 4–20% nondenaturing polyacrylamide gradient gel
(Dycent Biotech Co. Ltd., China), electrophoresed and transferred to PVDF membranes
(Immobilon-PSQ, Millipore). PVDF membranes were blocked overnight at 4°C in TBST con-
taining 5% BSA. Membrane blots were probed with full-length alpha-synuclein and mouse
anti-β-actin monoclonal antibody and visualized by chemiluminescent detection reagents
(Pierce). The change in the intensity of alpha-synuclein protein after Mn treatment was nor-
malized with the intensity obtained from the internal control bands (β-actin). Representative
results of an individual experiment are shown. Similar data were obtained from at least four
independent experiments.

Statistical analysis
Statistical analyses were performed using SPSS 11.0 and the results were expressed as the mean
±S.D. Differences between the means were determined by one-way ANOVA followed by a Stu-
dent—Newman—Keuls test for multiple comparisons. Differences at either P<0.05 or P<0.01
were considered statistically significant.

Results

Mn-induced nerve cell injury in brain slices could be ameliorated by
calpain inhibitor II
To estimate the nerve cell injury in a brain slice, we measured the LDH released into the culture
medium and the percentage of early apoptotic cells from brain slices, after the brain slices had
been treated with Mn for 24 hours. LDH release is an indicator of the integrity of the cell mem-
brane because LDH is released from cells after the cells are injured. Slices treated with 400 μM
Mn released significantly more LDH into the culture medium (2.97-fold of control, P<0.01)
indicative of overt cytotoxicity. Interestingly, the levels of LDH released from the slices pre-
treated with calpain inhibitor II (2 and 4 μM) were significantly decreased compared with the
levels from the slices only treated with 400 μMMn (20.86% and 26.45%, respectively, P<0.05,
Fig. 1A), but the levels of LDH released were still higher than those in the absolute controls.
The percentage of early apoptotic cells was determined by flow cytometry using double staining
with Annexin-V-FITC/PI, after the slices had been treated with 400 μMMn. Treatment of the
slices with 400 μMMn resulted in a significant increase in the percentage of early apoptotic
cells (7.85-fold of control, P<0.01). However, pretreatment with calpain inhibitor II (2 and 4
μM) reduced Mn-induced cell apoptosis, which were still higher than those in the absolute con-
trols (Fig. 1B). These data suggest that calpain inhibitor II pretreatment could reduce Mn-
induced nerve cell injury, and there were no obvious differences in neurotoxicity of the slices
treated with 4 μM calpain inhibitor II alone compared with controls.

Calpain inhibitor II abated the Mn-induced overactivation of calpain
Calpains are intracellular calcium-dependent proteases. To examine whether Mn affects cal-
pain activity, we first measured the change of intracellular [Ca2+] using the Ca2+ indicator
Fura-2 AM. Treatment of brain slices in vitro with Mn for 24 hours resulted in a significant in-
crease in [Ca2+]i (2.81-fold of control, P<0.01, Fig. 2A). [Ca2+]i was not significantly different
in slices pretreated with calpain inhibitor II compared with 400 μMMn-treated slices, which
were still higher than those in the absolute controls (Fig. 2A). Similar to the increase in [Ca2+]i
produced by treatment with Mn, treatment with Mn also caused a significant increase in cal-
pain activity compared with controls (4.56-fold of control, P<0.01, Fig. 2B). However, calpain
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activity decreased 60.66% in slices treated with 4 μM calpain inhibitor II alone compared with
the controls (P<0.05). Pretreatment with calpain inhibitor II caused a dose-dependent de-
crease in calpain activity, with the maximum decrease in the slices pretreated with 4 μM calpain
inhibitor II (60.10%, P<0.01, Fig. 2B), but calpain activity was still higher than those in the ab-
solute controls. These data suggested that calpain inhibitor II could inhibit the activity of cal-
pains. However, there was no effect on [Ca2+]i.

Fig 1. Mn-induced nerve cell injury in brain slices could be ameliorated by calpain inhibitor II. (A) After 24 hours of treatment with Mn, the increase in
LDH release in culture medium, as measured using a microplate reader at 440 nm, was prevented by calpain inhibitor II. (B) Dissociated cells were analyzed
using flow cytometry. Q4 quadrant positive cells (FITC+/PI-), which are shown in S1 Fig., were considered to be the early apoptotic cells. Data are expressed
as a percentage of controls, with the mean±S.D. from six different experiments. ** P<0.01 compared with control slices; # P<0.05 and # # P<0.01, compared
with 400 μMMn-treated slices.

doi:10.1371/journal.pone.0119205.g001

Fig 2. Effects of Mn and calpain inhibitor II pretreatment on intracellular Ca2+ and calpain activity in cultured slices. (A) [Ca2+]i in the dissociated cells
was calibrated from the measured fluorescence signals by the use of an F-4500 Fluorescence Spectrophotometer. (B) After brain slices were homogenized,
calpain activity was measured using a spectrophotometer at 595 nm. Data are expressed as a percentage of controls, with the mean±S.D. from six different
experiments. * P<0.05 and ** P<0.01 compared with control slices; # # P<0.01, compared with 400 μMMn-treated slices.

doi:10.1371/journal.pone.0119205.g002
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Mn promoted mRNA and protein expression of calpain 1 and alpha-
synuclein
We also examined the effect of Mn on the mRNA and protein expression of calpain 1 in cul-
tured slices. As shown in Fig. 3, we found that the mRNA and protein expression of calpain 1
significantly increased in 400 μMMn-treated slices (3.26 and 6.01-fold of control, respectively,
P<0.01), and pretreatment with calpain inhibitor II had no effect on the mRNA and protein
expression of calpain 1 when compared to 400 μMMn-treated slices. Pretreatment with cal-
pain inhibitor II also caused a significant increase in the mRNA and protein expression of cal-
pain 1 when compared to the absolute controls.

Statistical comparisons revealed that there was a significant increase in the relative expres-
sion of alpha-synuclein mRNA after application of 400 μMMn, compared with the controls
(2.53-fold of control, P<0.01, Fig. 4), and pretreatment with calpain inhibitor II had no effect
on the mRNA expression of alpha-synuclein compared with 400 μMMn-treated slices. Similar
to the increase in mRNA expression of alpha-synuclein produced by treatment with Mn, treat-
ment with Mn also caused a significant increase in the protein expression of full-length alpha-
synuclein compared with controls (4.10-fold of control, P<0.01, Fig. 5B). Strikingly, there was
a significant increase in the protein expression of full-length alpha-synuclein in 4 μM calpain
inhibitor II-pretreated slices compared with 400 μMMn-treated slices (P<0.05). Pretreatment
with calpain inhibitor II also caused a significant increase in the mRNA and protein expression
of full-length alpha-synuclein when compared to the absolute controls.

Cleavage of alpha-synuclein by calpain occurs in Mn-treated slices
To determine whether calpain cleaves alpha-synuclein in Mn-treated slices, we designed site-
directed calpain-cleavage antibodies that specifically detect cleaved but not full-length alpha-
synuclein using a method described previously [21]. Treatment with Mn also caused a signifi-
cant increase in the number of C- and N-terminal fragments of alpha-synuclein compared
with controls (6.38 and 3.99-fold of control, P<0.01, Fig. 5C, D). However, pretreatment with
calpain inhibitor II caused a dose-dependent decrease in C- and N-terminal fragments of
alpha-synuclein, with the maximum decrease in slices pretreated with 4 μM calpain inhibitor II
(60.57% and 75.12%, respectively, P<0.01). These data suggested that calpain inhibitor II
could inhibit the cleavage of alpha-synuclein.

We next investigated whether calpain 1 was involved in the cleavage of alpha-synuclein in
situ using confocal laser scanning microscopy. Moreover, we also investigated the interaction
of calpain 1 with full-length alpha-synuclein as well as the effect of calpain inhibitor II on the
interaction of calpain 1 with full-length alpha-synuclein in Mn-treated slices. First, confocal
microscopy was used to visualize the colocalization of calpain 1 and C-terminal fragments of
alpha-synuclein in the nerve cell. For this purpose, brain slices were stained immunochemically
with mouse anti-calpain 1 monoclonal antibody conjugated with Alexa Fluor 594. To detect
C-terminal fragments of alpha-synuclein, the same slices were also incubated with rabbit anti-
C-terminal fragments of alpha-synuclein polyclonal antibody conjugated with Alexa Fluor 488.
Fig. 6 panels A, B, and C showed that both proteins were present in the cytoplasm of nerve
cells, and as shown in the overlay images. Moreover, treatment with Mn also caused increase in
the number of C-terminal fragments of alpha-synuclein compared with controls. However,
pretreatment with calpain inhibitor II caused decrease in the number of C-terminal fragments
of alpha-synuclein compared with only the Mn-treated slices. We next turned to co-immuno-
precipitation experiments to detect a direct association of these proteins in nerve cells. To iden-
tify the interaction of calpain 1 and full-length alpha-synuclein, the brain slice lysates were
incubated with either monoclonal alpha-synuclein antibody or polyclonal calpain 1 antibody.
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Immunoprecipitates were then isolated using a 50% slurry of protein A/G—agarose overnight
at 4°C. Specifically bound proteins were solubilized in 40 μl of Laemmli sample buffer and sep-
arated by SDS/PAGE under reducing conditions using a 10% running gel. Both proteins were
identified by immunoblotting of immunoprecipitates using specific antibodies (Fig. 6D, E).
Thus, the interaction of calpain 1 and full-length alpha-synuclein was evidenced by: (a) blotting
with anti-full-length alpha-synuclein, when the immunoprecipitate had been pulled down with
antibody to calpain 1; (b) blotting with antibodies to calpain 1, when the immunoprecipitate
had been pulled down with antibody to full-length alpha-synuclein (Fig. 6D). Semi-quantita-
tive analysis showed that the interaction of calpain 1 and full-length alpha-synuclein decreased
significantly and dose-dependently in response to calpain inhibitor II (1–4 μM), with the maxi-
mum decrease in slices pretreated with 4 μM calpain inhibitor II (P<0.01, Fig. 6E). Strikingly,
Calpain inhibitor II pretreatment caused their affinity to decrease significantly in a dose-

Fig 3. Mn promoted calpain 1 mRNA and protein expression. After brain slices were treated with calpain inhibitor II and Mn, mRNA and protein
expression of calpain 1 were measured from brain homogenates. (A) The mRNA expression levels were analyzed using a real-time qPCR assay. Expression
of the calpain 1 gene was normalized with β-actin gene expression, using the comparative CT method (ΔΔCT). (B) Western blotting for calpain 1 and β-actin
in the calpain inhibitor II and Mn-treated slices. (C) Semi-quantitative analysis of the protein expression of calpain 1. Expression of calpain 1 protein was
normalized with β-actin protein. ** P<0.01 compared with control slices.

doi:10.1371/journal.pone.0119205.g003
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dependent manner, with the maximum decrease in slices pretreated with 4 μM calpain inhibi-
tor II-pretreated slices (P<0.01, Fig. 6E), which was consistent with the notion that calpain in-
hibitor II disturbed the interaction between calpain 1 and full-length alpha-synuclein that
results in the cleavage reduction of alpha-synuclein, but the interaction was still higher than
those in the absolute controls.

Calpain inhibitor II ameliorated Mn-induced alpha-synuclein
oligomerization
To verify that the alpha-synuclein oligomerization is associated with the cleavage of alpha-
synuclein, we analyzed oligomeric alpha-synuclein of calpain inhibitor II- and Mn-treated
slices using 4–20% nondenaturing polyacrylamide gradient gel electrophoresis and immuno-
blotting (Fig. 7A). Treatment with Mn resulted in a significant increase in alpha-synuclein olig-
omers (P<0.01, Fig. 7B). Strikingly, alpha-synuclein oligomers were reduced by pretreatment
with calpain inhibitor II because of its inhibition of calpain activity, but the alpha-synuclein
oligomers in 1 and 2μM calpain inhibitor II-pretreated slices were still higher than those in the
absolute controls(P<0.01, Fig. 7B). Semi-quantitative analyses of the expression of oligomeric
alpha-synuclein found that their changes in expression were consistent with the changes in

Fig 4. Mn promoted alpha-synuclein mRNA expression. After brain slices were treated with calpain inhibitor II and Mn, mRNA expression of alpha-
synuclein was measured from brain homogenates. The mRNA expression levels were analyzed using a real-time qPCR assay. Expression of alpha-
synuclein gene was normalized with β-actin gene expression, using the comparative CT method (ΔΔCT). ** P<0.01 compared with control slices.

doi:10.1371/journal.pone.0119205.g004
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cleavage fragments of alpha-synuclein. These results suggested that the cleavage of alpha-synu-
clein by calpain was an important signaling event in the Mn-induced alpha-
synuclein oligomerization.

Discussion
Neurodegenerative diseases are increasingly prevalent in our communities recently due to sev-
eral causes such as aging, heritage and heavy metals exposures. Mn is one of the heavy metals
causing neurodegenerative dysfunction that is similar to but somewhat different from PD [32].
The mechanism of cell death induced by Mn toxicity has not been understood clearly
yet although several hypotheses have been suggested. We used an in vitro brain slice culture
model to study Mn neurotoxicity as the brain slices offer distinct advantages and bypass

Fig 5. Cleavage of alpha-synuclein occurs in Mn-treated slices. After brain slices were treated with calpain inhibitor II and Mn, protein expression of full-
length, C- and N-terminal fragments of alpha-synuclein were measured from brain homogenates. (A) Western blotting for full-length, C- and N-terminal
fragments of alpha-synuclein and β-actin in the calpain inhibitor II and Mn-treated slices. (B) Semi-quantitative analysis of the protein expression of full-length
alpha-synuclein. (C) Semi-quantitative analysis of the protein expression of C-terminal fragments of alpha-synuclein (C-terminal alpha-synuclein CCP Ab).
(D) Semi-quantitative analysis of the protein expression of N-terminal fragments of alpha-synuclein (N-terminal alpha-synuclein CCP Ab). Expression of full-
length, C- and N-terminal fragments of alpha-synuclein protein was normalized with β-actin protein. ** P<0.01 compared with control slices; # P<0.05 and # #

P<0.01, compared with 400 μMMn-treated slices.

doi:10.1371/journal.pone.0119205.g005
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Fig 6. Calpain inhibitor II disturbed the interaction between alpha-synuclein and calpain 1. Colocalization fluorescence signals of alpha-synuclein and
calpain 1 on brain slices were examined with an Olympus confocal microscope using the 40× objective lens. (A) Confocal microscopy images of
immunofluorescence staining for C-terminal fragments of alpha-synuclein (green) and calpain 1 (red) on the non-treated slices. (B) Confocal microscopy
images of immunofluorescence staining for C-terminal fragments of alpha-synuclein (green) and calpain 1 (red) on the 400 μMMn-treated slices. (C)
Confocal microscopy images of immunofluorescence staining for C-terminal fragments of alpha-synuclein (green) and calpain 1 (red) on the 4 μM calpain
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complications arising from the presence of the blood—brain barrier, peripheral metabolism,
and other peripheral effects known to occur in vivo. In the current study, we made two impor-
tant observations, the first of which was that cleavage of alpha-synuclein by calpain occurs in
Mn-treated slices. The second was that calpain-cleaved alpha-synuclein fragments could pro-
mote alpha-synuclein oligomerization and enhance cellular toxicity.

In this study, brain slice injury was assessed by the release of LDH and apoptosis assays,
which are reliable and reproducible parameters to assess the extent of neurocyte damage by
Mn-treatment. LDH that is normally retained within the cell was released into the medium
from damaged neurocytes. LDH release is an indicator of the integrity of the cell membrane.
Treatment with Mn resulted in a significant increase in levels of LDH in the culture medium.
Moreover, to further confirm irreversible neurodegeneration and facilitate quantification fol-
lowing manganism, neurocyte apoptosis was assessed by flow cytometry. The percentage of ap-
optotic cells from the control slices might be an outcome of spontaneous and rapid apoptosis
of dissociated slice cells. Furthermore, our findings demonstrated that exposure to 400 μMMn
caused the apoptotic percentage to increase up to 29.6%. These results indicated that Mn treat-
ment caused appreciable neurotoxicity. As previously reported [9], we consider the mechanism
of Mn-induced neurotoxicity to be related to alpha-synuclein oligomerization, which was sup-
ported by our data.

Ca2+ homeostasis is critical for regulation of cellular function. Ca2+ homeostasis dysregula-
tion will ultimately lead to neuronal degeneration through massive activation of cellular prote-
ases such as calpains [33]. Under physiological conditions, calpains exist as inactive
proenzymes in the cytosol. Once they are activated by increased cytosolic Ca2+ load, calpains

inhibitor II-pretreated slices. (D) The immunoprecipitation products of full-length alpha-synuclein and calpain 1 in the calpain inhibitor II and Mn-treated slices
using co-immunoprecipitation. E) Semi-quantitative analysis of calpain 1 or alpha-synuclein. Expression of protein was normalized with β-actin protein. *
P<0.05 and ** P<0.01 compared with control slices; # # P<0.01 compared with 400 μMMn-treated slices.

doi:10.1371/journal.pone.0119205.g006

Fig 7. Calpain inhibitor II ameliorated Mn-induced the alpha-synuclein oligomerization in brain slice. After treatment with calpain inhibitor II and Mn for
24 hours, brain slices were homogenized. Total proteins were extracted and separated using 4–20% nondenaturing polyacrylamide gradient gel
electrophoresis and analyzed using immunoblotting. (A) Western blotting for oligomeric/monomeric alpha-synuclein (full-length alpha-synuclein antibody)
and β-actin in the calpain inhibitor II and Mn-treated slices. (B) Semi-quantitative analyses of the expression of oligomeric alpha-synuclein using image
analyzing software (FluorChem v2.0) after western blotting experiments. Expression of protein was normalized with β-actin protein. ** P<0.01 compared
with control slices; # # P<0.01 compared with 400 μMMn-treated slices.

doi:10.1371/journal.pone.0119205.g007
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degrade a large number of cellular proteins, including cytoskeletal proteins and alpha-synu-
clein protein ultimately leading to neurodegeneration and neurological dysfunction. Our previ-
ous studies have found that overactivation of N-methyl-D-aspartate receptors (NMDARs), a
phenomenon known as excitotoxicity, by Mn could result in an influx of extracellular Ca2+,
which triggers a series of toxic events, ultimately leading to cell death [24]. In this study, in
vitro treatment of brain slices with Mn for 24 hours resulted in a significant increase in [Ca2+]i
and the activity, mRNA expression, and protein expression of calpain. The results showed that
calpain activity was excessively activated by [Ca2+]i. However, it has also been demonstrated
that calpain inhibitor II could inhibit the activity of calpain and reduce Mn-induced nerve cell
injury. Our finding was consistent with previous research concerning the protective effect of
calpain inhibitor II on nerve cell injury [20]. To confirm that calpain inhibitor II is non-toxic
in low doses, we designed the present study to include a calpain inhibitor II alone group. The
results demonstrated that there were no statistically significant differences in brain slices that
were treated with calpain inhibitor II alone compared with controls. Based on these results, we
concluded that low doses of calpain inhibitor II not only could inhibit the pathological conse-
quences of calpain overactivation but also preserve physiologic aspects of calpain function.

Mishizen-Eberz et al. [19] found that the conspicuous presence of lower molecular mass
alpha-synuclein species in alpha-synuclein aggregates and the enhanced in vitro fibril assembly
of recombinant C-terminally truncated alpha-synuclein suggests that the low-molecular mass
alpha-synuclein species may be of pathogenic significance. The cleavage of alpha-synuclein at
either the N- or C-terminal end of alpha-synuclein could be detected in Mn-treated slices using
two site-directed calpain cleavage antibodies. In the present study, treatment with Mn caused a
significant increase in the number of C- and N-terminal fragments of alpha-synuclein. Strik-
ingly, there was a significant increase in the protein expression of full-length alpha-synuclein
and decrease in C- and N-terminal fragments of alpha-synuclein in 4 μM calpain inhibitor II-
pretreated slices, which could be explained by inhibited calpain activity. To further confirm the
cleavage of alpha-synuclein associated with calpains, we employed confocal laser scanning mi-
croscopy and co-immunoprecipitation assays. The data provided direct evidence for the inter-
action between alpha-synuclein and calpain 1 in neuronal cells. We demonstrated that calpain
1 interacted and colocalized with alpha-synuclein in the cytoplasm of neuronal cells. Therefore,
calpain 1 formed a complex with alpha-synuclein protein and promoted the cleavage of alpha-
synuclein under pathological conditions. Our results also showed that treatment with Mn re-
sulted in a significant increase in alpha-synuclein oligomers, and alpha-synuclein oligomers
were reduced by pretreatment of calpain inhibitor II, which were consistent with the changes
of cleavage of alpha-synuclein. Based on these results, we concluded that the overactivation of
calpains was one of the important reasons leading to alpha-synuclein oligomerization.

Conclusions
Taken together, the results of this study showed that Mn induced the cleavage of alpha-synu-
clein protein via overactivation of calpain 1 and subsequent alpha-synuclein oligomerization in
cultured slices. Moreover, inhibition of calpain could partially inhibit Mn-induced nerve cell
injury. Our results give insight into the neurochemical alterations that take place in nerve cells
during elevated Mn exposure, and inhibition of calpain may represent a novel therapeutic tar-
get to ameliorate neuronal damage in manganism.

Supporting Information
S1 Fig. Dissociated basal ganglia cells were analyzed using flow cytometry. The Q4 quadrant
was considered to contain the early apoptotic cells (FITC+/PI-); a: control slices, b: 4 μM
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calpain inhibitor II, c: 400 μMMn slices, d: 400 μMMn +1 μM calpain inhibitor II, e: 400 μM
Mn + 2 μM calpain inhibitor II, f: 400 μMMn + 4 μM calpain inhibitor II.
(TIF)

Author Contributions
Conceived and designed the experiments: BX. Performed the experiments: BXWL YD TYY
SF. Analyzed the data: TYY SF. Contributed reagents/materials/analysis tools: BX ZFX. Wrote
the paper: BX.

References
1. Tuschl K, Mills PB, Clayton PT. Manganese and the brain. Int Rev Neurobiol. 2013; 110: 277–312. doi:

10.1016/B978-0-12-410502-7.00013-2 PMID: 24209443

2. Criswell SR, Perlmutter JS, Huang JL, Golchin N, Flores HP, Hobson A, et al. Basal ganglia intensity in-
dices and diffusion weighted imaging in manganese-exposed welders. Occup Environ Med. 2012; 69:
437–443. doi: 10.1136/oemed-2011-100119 PMID: 22447645

3. Hardy IJ, Gillanders L, Hardy G. Is manganese an essential supplement for parenteral nutrition? Curr
Opin Clin Nutr Metab Care. 2008; 11: 289–296. doi: 10.1097/MCO.0b013e3282f9e889 PMID:
18403926

4. Fabiani G, Rogacheski E, Wiederkehr JC, Khouri J, Cianfarano A. Liver transplantation in a patient with
rapid onset parkinsonism-dementia complex induced by manganism secondary to liver failure. Arq
Neuropsiquiatr. 2007; 65: 685–688. PMID: 17876415

5. Boudia N, Halley R, Kennedy G, Lambert J, Gareau L, Zayed J. Manganese concentrations in the air of
the Montreal (Canada) subway in relation to surface automobile traffic density. Sci Total Environ. 2006;
366: 143–147. PMID: 16297437

6. Fukushima T, Tan X, Luo Y, Kanda H. Relationship between blood levels of heavy metals and Parkin-
son’s disease in China. Neuroepidemiology. 2010; 34: 18–24. doi: 10.1159/000255462 PMID:
19893325

7. Sidoryk-Wegrzynowicz M, Aschner M. Role of astrocytes in manganese mediated neurotoxicity. BMC
Pharmacol Toxicol. 2013; 14: 23. doi: 10.1186/2050-6511-14-23 PMID: 23594835

8. Martinez-Finley EJ, Gavin CE, Aschner M, Gunter TE. Manganese neurotoxicity and the role of reactive
oxygen species. Free Radic Biol Med. 2013; 62: 65–75. doi: 10.1016/j.freeradbiomed.2013.01.032
PMID: 23395780

9. Verina T, Schneider JS, Guilarte TR. Manganese exposure induces alpha-synuclein aggregation in the
frontal cortex of non-human primates. Toxicol Lett. 2013; 217: 177–183. doi: 10.1016/j.toxlet.2012.12.
006 PMID: 23262390

10. Singh PK, Kotia V, Ghosh D, Mohite GM, Kumar A, Maji SK. Curcumin modulates alpha-synuclein ag-
gregation and toxicity. ACS ChemNeurosci. 2013; 4: 393–407. doi: 10.1021/cn3001203 PMID:
23509976

11. Ryan BJ, Lourenco-Venda LL, Crabtree MJ, Hale AB, Channon KM, Wade-Martins R. alpha-Synuclein
and mitochondrial bioenergetics regulate tetrahydrobiopterin levels in a human dopaminergic model of
Parkinson disease. Free Radic Biol Med. 2013; 67c: 58–68. doi: 10.1016/j.freeradbiomed.2013.10.008
PMID: 24148766

12. Park MJ, Cheon SM, Bae HR, Kim SH, Kim JW. Elevated levels of alpha-synuclein oligomer in the cere-
brospinal fluid of drug-naive patients with Parkinson’s disease. J Clin Neurol. 2011; 7: 215–222. doi:
10.3988/jcn.2011.7.4.215 PMID: 22259618

13. Dawson TM, Dawson VL. Molecular pathways of neurodegeneration in Parkinson’s disease. Science.
2003; 302: 819–822. PMID: 14593166

14. Xu B, Wu SW, Lu CW, Deng Y, Liu W, Wei YG, et al. Oxidative stress involvement in manganese-
induced alpha-synuclein oligomerization in organotypic brain slice cultures. Toxicology. 2013; 305:
71–78. doi: 10.1016/j.tox.2013.01.006 PMID: 23353026

15. WanOW, Chung KK. The role of alpha-synuclein oligomerization and aggregation in cellular and ani-
mal models of Parkinson’s disease. PLoS One. 2012; 7: e38545. doi: 10.1371/journal.pone.0038545
PMID: 22701661

16. Prasad K, Beach TG, Hedreen J, Richfield EK. Critical role of truncated alpha-synuclein and aggre-
gates in Parkinson’s disease and incidental Lewy body disease. Brain Pathol. 2012; 22: 811–825. doi:
10.1111/j.1750-3639.2012.00597.x PMID: 22452578

Calpain Prevents Alpha-Synuclein Oligomerization

PLOS ONE | DOI:10.1371/journal.pone.0119205 March 10, 2015 16 / 17

http://dx.doi.org/10.1016/B978-0-12-410502-7.00013-2
http://www.ncbi.nlm.nih.gov/pubmed/24209443
http://dx.doi.org/10.1136/oemed-2011-100119
http://www.ncbi.nlm.nih.gov/pubmed/22447645
http://dx.doi.org/10.1097/MCO.0b013e3282f9e889
http://www.ncbi.nlm.nih.gov/pubmed/18403926
http://www.ncbi.nlm.nih.gov/pubmed/17876415
http://www.ncbi.nlm.nih.gov/pubmed/16297437
http://dx.doi.org/10.1159/000255462
http://www.ncbi.nlm.nih.gov/pubmed/19893325
http://dx.doi.org/10.1186/2050-6511-14-23
http://www.ncbi.nlm.nih.gov/pubmed/23594835
http://dx.doi.org/10.1016/j.freeradbiomed.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23395780
http://dx.doi.org/10.1016/j.toxlet.2012.12.006
http://dx.doi.org/10.1016/j.toxlet.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23262390
http://dx.doi.org/10.1021/cn3001203
http://www.ncbi.nlm.nih.gov/pubmed/23509976
http://dx.doi.org/10.1016/j.freeradbiomed.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24148766
http://dx.doi.org/10.3988/jcn.2011.7.4.215
http://www.ncbi.nlm.nih.gov/pubmed/22259618
http://www.ncbi.nlm.nih.gov/pubmed/14593166
http://dx.doi.org/10.1016/j.tox.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23353026
http://dx.doi.org/10.1371/journal.pone.0038545
http://www.ncbi.nlm.nih.gov/pubmed/22701661
http://dx.doi.org/10.1111/j.1750-3639.2012.00597.x
http://www.ncbi.nlm.nih.gov/pubmed/22452578


17. Ulusoy A, Febbraro F, Jensen PH, Kirik D, Romero-Ramos M. Co-expression of C-terminal truncated
alpha-synuclein enhances full-length alpha-synuclein-induced pathology. Eur J Neurosci. 2010; 32:
409–422. doi: 10.1111/j.1460-9568.2010.07284.x PMID: 20704592

18. Arnandis T, Ferrer-Vicens I, Torres L, Garcia C, Garcia-Trevijano ER, Zaragoza R, et al. Differential
functions of calpain 1 during epithelial cell death and adipocyte differentiation in mammary gland involu-
tion. Biochem J. 2014; 459: 355–368. doi: 10.1042/BJ20130847 PMID: 24467364

19. Mishizen-Eberz AJ, Guttmann RP, Giasson BI, Day GA 3rd, Hodara R, Ischiropoulos H, et al. Distinct
cleavage patterns of normal and pathologic forms of alpha-synuclein by calpain I in vitro. J Neurochem.
2003; 86: 836–847. PMID: 12887682

20. Sakaue M, Okazaki M, Hara S. Very low levels of methylmercury induce cell death of cultured rat cere-
bellar neurons via calpain activation. Toxicology. 2005; 213: 97–106. PMID: 15982794

21. Dufty BM,Warner LR, Hou ST, Jiang SX, Gomez-Isla T, Leenhouts KM, et al. Calpain-cleavage of
alpha-synuclein: connecting proteolytic processing to disease-linked aggregation. Am J Pathol. 2007;
170: 1725–1738. PMID: 17456777

22. Ohnishi M, Katsuki H, Unemura K, Izumi Y, Kume T, Takada-Takatori Y, et al. Heme oxygenase-1 con-
tributes to pathology associated with thrombin-induced striatal and cortical injury in organotypic slice
culture. Brain Res. 2010; 1347: 170–178. doi: 10.1016/j.brainres.2010.05.077 PMID: 20515663

23. Stoppini L, Buchs PA, Muller D. A simple method for organotypic cultures of nervous tissue. J Neurosci
Methods. 1991; 37: 173–182. PMID: 1715499

24. Xu B, Xu ZF, Deng Y. Effect of manganese exposure on intracellular Ca2+ homeostasis and expres-
sion of NMDA receptor subunits in primary cultured neurons. Neurotoxicology. 2009; 30: 941–949. doi:
10.1016/j.neuro.2009.07.011 PMID: 19643132

25. Villalba M, Pereira R, Martinez-Serrano A, Satrustegui J. Altered cell calcium regulation in synapto-
somes and brain cells of the 30-month-old rat: prominent effects in hippocampus. Neurobiol Aging.
1995; 16: 809–816. PMID: 8532115

26. He Y, Cui J, Lee JC, Ding S, Chalimoniuk M, Simonyi A, et al. Prolonged exposure of cortical neurons
to oligomeric amyloid-beta impairs NMDA receptor function via NADPH oxidase-mediated ROS pro-
duction: protective effect of green tea (-)-epigallocatechin-3-gallate. ASN Neuro. 2011; 3: e00050. doi:
10.1042/AN20100025 PMID: 21434871

27. Buroker-Kilgore M, Wang KK. A Coomassie brilliant blue G-250-based colorimetric assay for measur-
ing activity of calpain and other proteases. Anal Biochem. 1993; 208: 387–392. PMID: 8452237

28. Paillusson S, Tasselli M, Lebouvier T, Mahe MM, Chevalier J, Biraud M, et al. alpha-Synuclein expres-
sion is induced by depolarization and cyclic AMP in enteric neurons. J Neurochem. 2010; 115:
694–706. doi: 10.1111/j.1471-4159.2010.06962.x PMID: 20731759

29. DeMaria A, Shi Y, Kumar NM, Bassnett S. Calpain expression and activity during lens fiber cell differ-
entiation. J Biol Chem. 2009; 284: 13542–13550. doi: 10.1074/jbc.M900561200 PMID: 19269960

30. Xu B, Wang F, Wu SW, Deng Y, Liu W, Feng S, et al. Alpha-Synuclein is Involved in Manganese-In-
duced ER Stress via PERK Signal Pathway in Organotypic Brain Slice Cultures. Mol Neurobiol. 2014;
49: 399–412. doi: 10.1007/s12035-013-8527-2 PMID: 23934647

31. Xu LR, Liu XL, Chen J, Liang Y. Protein disulfide isomerase interacts with tau protein and inhibits its
fibrillization. PLoS One. 2013; 8: e76657. doi: 10.1371/journal.pone.0076657 PMID: 24098548

32. Mortimer JA, Borenstein AR, Nelson LM. Associations of welding and manganese exposure with Par-
kinson disease: review and meta-analysis. Neurology. 2012; 79: 1174–1180. doi: 10.1212/WNL.
0b013e3182698ced PMID: 22965675

33. Silverman-Gavrila LB, Praver M, Mykles DL, Charlton MP. Calcium, calpain, and calcineurin in low-fre-
quency depression of transmitter release. J Neurosci. 2013; 33: 1975–1990. doi: 10.1523/
JNEUROSCI.3092-12.2013 PMID: 23365236

Calpain Prevents Alpha-Synuclein Oligomerization

PLOS ONE | DOI:10.1371/journal.pone.0119205 March 10, 2015 17 / 17

http://dx.doi.org/10.1111/j.1460-9568.2010.07284.x
http://www.ncbi.nlm.nih.gov/pubmed/20704592
http://dx.doi.org/10.1042/BJ20130847
http://www.ncbi.nlm.nih.gov/pubmed/24467364
http://www.ncbi.nlm.nih.gov/pubmed/12887682
http://www.ncbi.nlm.nih.gov/pubmed/15982794
http://www.ncbi.nlm.nih.gov/pubmed/17456777
http://dx.doi.org/10.1016/j.brainres.2010.05.077
http://www.ncbi.nlm.nih.gov/pubmed/20515663
http://www.ncbi.nlm.nih.gov/pubmed/1715499
http://dx.doi.org/10.1016/j.neuro.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19643132
http://www.ncbi.nlm.nih.gov/pubmed/8532115
http://dx.doi.org/10.1042/AN20100025
http://www.ncbi.nlm.nih.gov/pubmed/21434871
http://www.ncbi.nlm.nih.gov/pubmed/8452237
http://dx.doi.org/10.1111/j.1471-4159.2010.06962.x
http://www.ncbi.nlm.nih.gov/pubmed/20731759
http://dx.doi.org/10.1074/jbc.M900561200
http://www.ncbi.nlm.nih.gov/pubmed/19269960
http://dx.doi.org/10.1007/s12035-013-8527-2
http://www.ncbi.nlm.nih.gov/pubmed/23934647
http://dx.doi.org/10.1371/journal.pone.0076657
http://www.ncbi.nlm.nih.gov/pubmed/24098548
http://dx.doi.org/10.1212/WNL.0b013e3182698ced
http://dx.doi.org/10.1212/WNL.0b013e3182698ced
http://www.ncbi.nlm.nih.gov/pubmed/22965675
http://dx.doi.org/10.1523/JNEUROSCI.3092-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3092-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23365236

