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Abstract
The production of man-made nanoparticles for various modern applications has increased
exponentially in recent years, but the potential health effects of most nanoparticles are not well
characterized. Unfortunately, in vitro nanoparticle toxicity studies are extremely limited by yet
unresolved problems relating to dosimetry. In the present study, we systematically characterized
manganese (Mn) nanoparticle sizes and examined the nanoparticle-induced oxidative signaling in
dopaminergic neuronal cells. Differential interference contrast (DIC) microscopy and transmission
electron microscopy (TEM) studies revealed that Mn nanoparticles range in size from single
nanoparticles (~25 nM) to larger agglomerates when in treatment media. Manganese nanoparticles
were effectively internalized in N27 dopaminergic neuronal cells, and they induced a time-
dependent upregulation of the transporter protein transferrin. Exposure to 25–400 µg/mL Mn
nanoparticles induced cell death in a time- and dose-dependent manner. Mn nanoparticles also
significantly increased ROS, accompanied by a caspase-mediated proteolytic cleavage of
proapoptotic protein kinase Cδ (PKCδ), as well as activation loop phosphorylation. Blocking Mn
nanoparticle-induced ROS failed to protect against the neurotoxic effects, suggesting the
involvement of other pathways. Further mechanistic studies revealed changes in Beclin1 and LC3,
indicating that Mn nanoparticles induce autophagy. Primary mesencephalic neuron exposure to
Mn nanoparticles induced loss of TH positive dopaminergic neurons and neuronal processes.
Collectively, our results suggest that Mn nanoparticles effectively enter dopaminergic neuronal
cells and exert neurotoxic effects by activating an apoptotic signaling pathway and autophagy,
emphasizing the need for assessing possible health risks associated with an increased use of Mn
nanoparticles in modern applications.
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Introduction
Improved synthesis and characterization of nanoscale materials provide new opportunities
for manufacture of never-before-seen materials. Particles ranging between 1 to 100 nm with
unique size-dependent properties are now available for new, improved applications in an
enormously wide range of technologies (Auffan, 2009). Over the last decade, the National
Nanotechnology Initiative (NNI) has played a pivotal role in positioning the United States as
the world leader in nanotechnology research, development and commercialization;
approximately $12 billion in federal spending has been invested over the last decade (The
President’s Council of Advisors on Science and Technology, (2010). Nanomaterials receive
attention for their use and applicability in the creation of new consumer products, and also
for their ability to advance science with novel analytical tools that are relevant to both
physical and life sciences (Cui and Gao, 2003; Wu and Bruchez, 2004; Hussain et al., 2006).
A recent estimate suggests that more than 1,000 nanoparticle-containing consumer products
are currently on the market (The Project on Emerging Nanotechnologies Consumer Products
Inventory, 2011), with over $147 billion in product sales in 2007 (Nanomaterials state of the
market Q3, (2008). The increased number of man-made nanoparticle products from large-
yield industry production settings has increased the probability of human exposure
throughout the life span. Despite the prevalence of newly engineered nanomaterials, there is
still relatively little known about their potential impacts on human and environmental health
(Marquis et al., 2009). Research efforts to assess the toxic potential of nanomaterials have
presented some serious and far-reaching challenges, which have been addressed previously
by several review papers (Balshaw et al., 2005; Holsapple et al., 2005; Thomas and Sayre,
2005; Borm et al., 2006; Thomas et al., 2006; Tsuji et al., 2006; Warheit et al., 2007).
Limited studies have attempted to assess and characterize the toxicity of man-made
nanomaterials (Lam et al., 2004; Oberdorster, 2004; Braydich-Stolle et al., 2005; Hussain et
al., 2005; Monteiro-Riviere et al., 2005; Nel et al., 2006), but there remains an urgent need
for well-designed studies that will generate data so that risk assessments for nanomaterials
can be conducted.

Manganese is used in industrial applications involving steel and non-steel alloy production,
colorants, battery manufacture, catalysts, pigments, fuel additives, ferrites, welding fluxes,
and metal coatings (Han et al., 2005). With the advent of nanoparticle development,
traditional macro-sized manganese particles will likely be replaced with Mn nanoparticles.
For example, applications of Mn nanomaterials are currently being pursued for catalysis and
battery technologies (Han et al., 2005). New industrial uses of Mn nanomaterials in both
metallurgic and chemical sectors are therefore anticipated. Thus, the potential neurotoxic
effects of these applications are not well characterized. With increasing evidence suggesting
a link between Mn and neurotoxicity in humans (Aschner et al., 2006; Guilarte, 2010),
particularly the etiopathogenesis of PD, research on emerging Mn nanoparticle technologies
is urgently needed.

Manganese (Mn) is an essential element required in low microgram quantities for proper
function. However, excessive and chronic exposure to manganese causes an irreversible
brain disease with distinct PD-like psychological and neurological disturbances known as
manganism (Aschner et al., 2006; Guilarte, 2010). Manganese exposure has been shown to
produce neurotoxicity in vitro in dopaminergic cell culture models, and ex vivo and in vivo
in animal models (Kitazawa et al., 2003; Jayakumar et al., 2004; Aschner et al., 2005;
Latchoumycandane et al., 2005; Zhang et al., 2011). These studies provide evidence that Mn
targets the dopaminergic system (Park et al., 2006; Zhang et al., 2011). Studies in humans
indicate that elevated levels of Mn may, in fact, put humans at risk of parkinsonism
(Olanow, 2004). In terms of mechanisms, Mn has been shown to cause cell death in
dopaminergic neuronal cells by promoting oxidative stress and apoptosis (Kanthasamy et
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al., 2003b; Kaul et al., 2003a; Kitazawa et al., 2003; HaMai and Bondy, 2004;
Latchoumycandane et al., 2005; Afeseh Ngwa et al., 2009). Our laboratory has reported that
increased oxidative stress and subsequent caspase-3-dependent activation of PKCδ by
proteolysis are pivotal in manganese- and vanadium-induced oxidative damage in
dopaminergic cell death (Kitazawa et al., 2002; Kitazawa et al., 2005; Latchoumycandane et
al., 2005; Afeseh Ngwa et al., 2009; Kanthasamy et al., 2010). In addition to apoptosis,
autophagy is emerging as an important mechanism underlying degenerative processes in
dopaminergic neurons (Anglade et al., 1997; Kanthasamy et al., 2006; Cheung and Ip,
2009). In view of the anticipated increased environmental exposure to Mn nanoparticles
resulting from increased nanoparticle applications, the neurotoxicological mechanisms must
be vigorously investigated. Therefore, in the present study, we have characterized the uptake
and neurotoxic mechanisms of manganese nanoparticles in cell culture models of
Parkinson’s disease.

Materials and Methods
Chemicals

We are grateful to QuantumSphere, Inc. (Santa Ana, CA) for supplying the nanoparticles
used in this study. Sytox green nucleic dye was purchased from Molecular Probes (Eugene,
OR). Z-Asp-Glu-Val-Asp-fluoromethyl ketone (Z-DEVD-FMK) and Z-VAD-FMK (Z-Val-
Ala-Asp-fluoromethyl ketone) were purchased from Alexis Biochemicals (San Diego, CA).
The Bradford protein assay kit was purchased from Bio-Rad Laboratories (Hercules, CA).
RPMI 1640, B27 supplement, fetal bovine serum, L-glutamine, penicillin, and streptomycin
were purchased from Invitrogen (Gaithersburg, MD). Protease cocktail, phosphatase
inhibitors, and anti-β-actin antibody were obtained from Sigma-Aldrich (St. Louis, MO);
mouse tyrosine hydroxylase (TH) was purchased from Millipore (Billerica, MA), rabbit
transferrin (Tf), rabbit Beclin1, and rabbit PKCδ antibody were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA); rabbit LC3 antibody was purchased from Abcam,
anti-mouse and anti-rabbit secondary antibodies (Alexa Flour 680 conjugated anti-mouse
IgG and rabbit IgG IR800 Conjugate) were purchased from Invitrogen and Rockland Inc.,
respectively.

Plasmid constructs
Dr. Isei Tanida of the National Institute of Infectious Disease, Japan, generously donated the
GFP-LC3 and GFP-LC3-ΔG constructs. GFP-LC3-ΔG is a mutant, with a deleted C-
terminal glycine essential for lipidation used as a negative control, to identify the lipidation-
independent LC3 puncta.

Characterization of Mn nanoparticles by TEM (Transmission Electron Microscopy) and DIC
(Differential Interferance Contrast) microscopy

TEM characterization was performed in the Microscopy and Nanoimaging facility at the
office of Biotechnology at Iowa State University. Mn nanoparticles were examined after
suspension in N27 cell culture treatment media. The concentration was 20 mg/mL. Mn
nanoparticle size was measured using software for the digital TEM camera after appropriate
calibration. Nanoparticle size was calculated from random field views with images that
show single and agglomerated nanoparticles with their general morphology in the RPMI
media (Fig. 1). Nanoparticle size was also estimated using a DIC method recently described
in our publication (Sun et al., 2008). Briefly, DIC microscopy works on the principle of
interferometry to gain information about the optical density of the sample. This is
accomplished by illuminating a specimen with two orthogonally polarized light beams that
are split by a Nomarski prism from a plane-polarized beam. A refractive index difference
between the sample and its surrounding medium causes a phase difference for the passing
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beams, which are recombined into a single beam by a second Nomarski prism to generate an
interference pattern, thus revealing cellular features that cannot be seen under standard white
light illumination. Particle sizes were calculated by measuring the pixels of the image and
then estimating particle sizes. For example, one of the particle agglomerates observed on the
screen was 20 pixels in diameter, 1.4 magnification, and each pixel is 45.6nm long, so the
true diameter of that particle should be 20 × 45.6 nm=912 nm. The nanoparticles observed
ranged in size from single nanoparticles (Fig. 1A) as small as ~ 25 nm to agglomerates (Fig.
1B) of up to ~ 900 nm.

Cell culture models and treatment
We used a dopaminergic neuronal cell line and mouse primary mesencephalic neuronal
cultures in this study. A rat mesencephalic dopaminergic cell line, generally referred to as
N27 dopaminergic cells, was a generous donation from Dr. Kedar N. Prasad (University of
Colorado Health Sciences Center, Denver, CO). Our lab and other research groups have
used N27 cells extensively to study the neurotoxic mechanisms related to Parkinson's
disease (Clarkson et al., 1999; Miranda et al., 2004; Kaul et al., 2005; Peng et al., 2005;
Kanthasamy et al., 2006). N27 cells were grown and exposed to appropriate concentrations
of nanoparticles in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 50 units of penicillin, and 50 µg/ml of streptomycin in a humidified
atmosphere of 5% CO2 at 37°C, as described previously (Kaul et al., 2003a; Yang et al.,
2004; Afeseh Ngwa et al., 2009). N27 cells were exposed to different concentrations of Mn
nanoparticles for the duration of the experiments. Following exposure, cells were collected
by trypsinization or scraping, spun down at 200 g for 5 min, and washed with ice-cold
phosphate-buffered saline (PBS). The lysates from the cell pellets were appropriately used
for various assays. For antioxidant studies, N27 cells were exposed to the treatments in
RPMI 1640 medium supplemented with 2% B27 supplement with or without antioxidants
instead of 10% fetal bovine serum (Afeseh et al., 2009).

Primary mesencephalic neuronal cultures were prepared from the ventral mesencephalon of
gestational 14- to 16-day-old mouse embryos, as described in our previous publications
(Yang et al., 2004; Sun et al., 2006; Afeseh Ngwa et al., 2009). Mesencephalic tissues from
E14 to 16 mouse embryos were dissected and maintained in ice-cold DMEM solution
supplemented with penicillin and L-glutamine, and then dissociated in Hanks' balanced salt
solution containing trypsin-0.25% EDTA for 20 min at 37°C. Equal densities (0.7 × 106

cells) of the dissociated cells were then plated on coverslips in 24-well plates precoated with
1 mg/ml poly-D-lysine. The cultures were maintained in neurobasal medium supplemented
with B-27 supplements, 500 µM L-glutamine, 100 IU/ml penicillin, and 100 µg/ml
streptomycin (Invitrogen, Carlsbad, CA). The cells were grown in a humidified CO2
incubator (5% CO2 and 37°C) for 24 h. Half the volume of the culture medium was replaced
every 2 days. Approximately 5- to 7-day-old cultures were used for experiments. Primary
mesencephalic dopaminergic neuronal cells were exposed to appropriate concentrations of
Mn nanoparticles, and following exposure, the cells were fixed and stained for TH.

Dosimetry
Doses of nanoparticles in an in vitro system are more difficult to meaure and more difficult
to compare across particle types than chemical doses. Nanoparticles are affected by their
solution dynamics, in that they can diffuse, settle, agglomerate, and change surface charge/
chemistry over time in solution, changing the nature of the particles and their transport to
cells depending on the exposure conditions. The solution dynamics are in turn affected by
the intrinsic properties of the particles themselves, e.g., size, density, and surface chemistry,
as well as the solution (viscosity, density, presence of proteins, etc.). Particles of different
sizes and densities, for example, settle at different rates. These differences might correspond
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to differences in transport to, access and entry into cells in culture. To date, the full extent of
these differences and their impact on the toxicity assessment, as far as particles in general
and nanoparticles in particular are concerned, are still scantily understood and widely
unappreciated (Teeguarden et al., 2007).

The volume of the desired concentration of Mn nanoparticles for experiments in this study
seeded into well plates or flasks was calculated based on the surface area relationship
between the flasks/well plate. This was done to ensure delivery of the same number of
nanoparticles per unit area across treatments in experiments. For all experiments where the
calculated volume exceeded the carrying capacity of the flask/well, the volume was reduced
and the concentration was appropriately adjusted to ensure the same numbers of particles
were delivered per unit area using the concentration in the 24-well plate initial study as
reference. We tried as much as possible to stick to 24-well plates in this study.

Mn nanoparticle characterization and uptake
N27 dopaminergic neurons (~300,000) were grown on poly-L or poly-D lysine coated cover
slips in six-well plates. They were then treated with 50 µg/ml of nanoparticles suspended in
culture growth medium for up to 6 h. Both untreated controls and treated cells were used for
live cell imaging of the uptake using DIC microscopy, as previously described (Sun et al.,
2008), or fixed and processed for TEM microscopy (Hussain et al., 2006).

N27 dopaminergic neuronal cells were grown on coverslips (~ 2.5×105) in six-well plates,
treated with Mn nanoparticles at the appropriate time points, and then fixed with 2%
glutaraldehyde (w/v) and 2% paraformaldehyde (w/v) in 0.1 M sodium cacodylate buffer,
pH 7.2, for 24 h at 4°C. The samples were washed in buffer and subsequently fixed in 1%
osmium tetroxide in 0.1 M cacodylate buffer for 1 h (room temperature). Following the
fixation, the samples were dehydrated with 70% ethanol, contrast stained with 2% uranyl
acetate in 75% ethanol for 30 min, and further dehydrated in a graded ethanol series. They
were then cleared with ultra-pure acetone, infiltrated and embedded using a modified EPON
epoxy resin (Embed 812; Electron Microscopy Sciences, Ft. Washington, PA). Resin blocks
were polymerized for 48 h at 70°C. Thick and ultrathin sections were made using a Leica
UC6 ultramicrotome (Leeds Precision Instruments, Minneapolis, MN). Ultrathin sections
were collected onto copper grids and images were captured using a JEM 2100 200kV
scanning and transmission electron microscope (Japan Electron Optic Laboratories, USA,
Peabody, MA).

Assessment of cell death by Sytox Green assay
Cytotoxicity assessment was carried out using Sytox Green, a membrane-impermeable DNA
dye that enters dead cells with compromised cell membranes as a result of altered membrane
permeability, intercalating the nucleic acid, as described previously (Song et al., 2010). An
excitation wavelength of 485 nm and an emission wavelength of 538 nm can be used to
detect the DNA-bound Sytox Green using a fluorescence microplate reader (BioTek
microplate reader, BioTek Instruments, Winooski, Vermont, USA). The fluorescence
intensity is directly proportional to the number of dead cells. This method has been reported
to be more efficient and sensitive than other cytotoxicity measurements (Kitazawa et al.,
2004). The same numbers of subconfluent N27 cells were grown in 24-well plates for 16–18
h, co-incubated with either 1 µM Sytox Green and appropriate Mn nanoparticle
concentrations or RPMI culture medium as a control. Fluorescence intensity was monitored
at appropriate time points during the experiments to quantify the resulting cell death, and
fluorescence pictures were taken using a Nikon inverted fluorescence microscope equipped
with a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI).
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Determination of mitochondrial superoxide production by MitoSOX
N27 dopaminergic cells (~ 250,000 per well) were grown in glass bottom dishes 16–18 h
prior to treatments and then exposed to 50 µg/mL Mn nanoparticles for up to 4.5 h.
Mitochondrial superoxide production in the cells was measured using MitoSOX
fluorescence probe in Hank’s Buffered Salt Solution (HBSS) containing calcium and
magnesium, according to the manufacturer’s protocol. MitoSOX was added to a final
concentration of 5 µM in HBSS. Cells were allowed to load MitoSOX for 30 min and the
cells were washed twice with HBSS (Mukhopadhyay et al., 2007). A Nikon inverted
fluorescence microscope equipped with a SPOT digital camera (Diagnostic Instruments,
Sterling Heights, MI) was used for taking fluorescent pictures. The cells were kept in a CO2
incubator at 37°C in between observations.

Determination of Mn nanoparticle-induced H2O2 production by 5-(and-6)-chloromethyl-2′,
7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Molecular Probes)

The production of ROS has been widely measured using a fluorescent probe, 5- (and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Molecular
Probes) (Gao et al., 2003; Mao et al., 2007). We measured ROS generation in Mn
nanoparticle treated N27 cells, as described in our recent publication, with a slight
modification (REF). N27 cells (~ 10,000 per well) were grown in 96-well plates 16–18 h
prior to treatments and then exposed to Mn nanoparticles. H2O2 production in the cells was
measured using CM-H2DCFDA following exposure to 50 µg/mL Mn nanoparticles for up to
3 h. CM-H2DCFDA was added to a final concentration of 10 µM in phenol red -free Hank’s
Buffered Salt Solution (HBSS) containing calcium and magnesium, according to the
manufacturer’s recommendation. Cells were allowed to load CM-H2DCFDA for 15–20 min
and the cells were washed with HBSS. The fluorescence was measured using a Synergy HT
microplate reader (BioTek Instruments, Winooski, Vermont, USA), fluorescence (excitation
488nm, emission 515 nm).

Western blotting
N27 dopaminergic neuronal cells were exposed to 50 µg/mL Mn nanoparticles with or
without either the pan-caspase inhibitor (Z-VAD-FMK) and/or caspase-3 inhibitor (Z-
DEVD-FMK) at 37°C for appropriate experimental time points. Following exposure, the
N27 cells were lysed, homogenized, sonicated, and centrifuged, as described previously
(Kaul et al., 2003b; Kitazawa et al., 2003; Afeseh Ngwa et al., 2009). Cells were lysed using
the modified RIPA buffer. The supernatants were collected as cell lysates, and protein
concentrations were normalized, after determining protein concentrations by the Bradford
assay, and used for SDS-gel electrophoresis. Whole cell lysates with equal protein amounts
were loaded in each lane and separated on a 10–15% SDS-PAGE gel, depending on the
protein size, as described previously (Kaul et al., 2003b; Kitazawa et al., 2003). The
proteins on the gels were then transferred to nitrocellulose membranes, and non-specific
binding sites were blocked by incubation in Licor buffer for 1 h. Following blocking, the
membranes were then incubated in the appropriate primary antibodies, PKCδ polyclonal
antibody (1:1000), Beclin 1 (1:500), caspase-3 (1:500), LC3(1:2000), Tf (1:1000), washed
and subsequently incubated with appropriate secondary anti-mouse or anti-rabbit antibodies.
To confirm equal protein loading in each lane, membranes were reprobed with β-actin
antibody (1:5000 dilution). Western blotting was performed using IR dye-800 conjugated
anti-rabbit dye and Alexa Fluor 680 conjugated anti-mouse IgG as secondary antibodies.
The blot images were captured and analyzed using an Odyssey IR Imaging system (LICOR
from Licor Biosciences).
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Determination of autophagy by GFP-LC3 expression
GFP-LC3 has been observed through fluorescence microscopy either as a diffuse
cytoplasmic pool in control cells or as punctate structures representative of the levels of
autophagy in the cells, as described recently (Mizushima and Yoshimori, 2007; Tanida et
al., 2008; Mizushima et al., 2010). N27 dopaminergic cells were transiently transfected with
either GFP-LC3 (wild type) or GFP-LC3-ΔG (mutant). The cells were resuspended in
transfection buffer to a final concentration of 5 million neurons/100 µl and mixed with 5 µg
of the plasmid DNA. Electroporation was performed using an Amaxa Nucleofector
instrument, according to the manufacturer’s protocol. The transfected N27 cells were then
plated at a density of 2.5 × 105 in glass bottom dishes for 24 h and then treated with 50 µg/
mL Mn nanoparticles for different time points. Fluorescent microphotographs of GFP-LC3
were taken at these time points with a SPOT digital camera and analyzed with MetaMorph
software (Universal Imaging Corporation, Downingtown, PA, USA).

Immunocytochemistry
Following exposure to the appropriate concentration of Mn nanoparticles, the primary
mesencephalic neurons were fixed with 4% paraformaldehyde and processed for
immunocytochemical staining. First, nonspecific sites were blocked with buffer comprising
2% bovine serum albumin (BSA), 0.05% Tween-20 and 0.5% Triton X-100 in phosphate-
buffered saline (PBS) for 1 h. Cells were subsequently washed thrice with PBS and
incubated with antibody directed against TH (1:1500 dilution) at 4°C overnight. The cells
were again washed with PBS, followed by incubation with Cy3-conjugated (red; 1:1000)
secondary antibody for 90 min at room temperature. Incubation with 10 µg/ml Hoechst
33342 nuclear stain for 5 min at room temperature followed incubation with secondary
antibody. Each batch of embryos was processed under identical conditions. The stained cells
on the coverslips were washed with PBS, mounted on a slide, and viewed under a Nikon
inverted fluorescence microscope (model TE-2000U; Nikon, Tokyo, Japan). The images
were captured with a SPOT digital camera (Diagnostic Instruments, Inc., Sterling Heights,
MI).

Quantification of TH+ cell count and neuronal processes
The number of TH+ cells was counted from at least eight different fields on each coverslip
from both the controls and the treatment groups. We first identified a threshold for the
images, before the neuronal counts were made using the Integrated Morphometry Analysis
(IMA) function in the Metamorph image analysis software (Molecular Devices,
Downingtown, PA). The MetaMorph software, version 5.0 (Molecular Devices, Sunnyvale,
CA), was used to measure the neurite length of the primary neurons of the TH+ cells from
each coverslip in the control and treatment groups. The data were pooled from at least eight
different fields from each of the 8 cover slips per treatment group. The lengths of the
processes were marked by applying the region and length measurement function in the IMA.
The data were logged to an Excel spreadsheet (Microsoft, Redmond, WA), then exported
and analyzed using Graph Pad Prism 5.0 software. TH+ neurons were counted and their
processes were measured in at least eight individual cultures for each treatment. This is a
slightly modified method from a method recently used for quantification of neuronal
processes (Yang et al., 2004; Sun et al., 2006).

Statistical analysis
Data were analyzed using Prism 5.0 software (GraphPad Software, San Diego, CA). In order
to compare differences between more than two treatment groups we used Tukey’s multiple
comparison testing. For comparison between two samples, the Student’s T-test was
performed to examine the differences. Differences with * p<0.05, **p<0.01, and
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***p<0.001 were considered significant and are indicated by asterisks. Presented data
typically represent results from at least two separate experiments with at least triplicate
samples where appropriate, and are expressed as mean ± S.E.M.

Results
Characterization of Mn nanoparticles using TEM and DIC microscopy

We first characterized the size of the Mn nanoparticles both singly and in agglomerates
before we used them for experiments. Mn nanoparticles were mixed with cell culture media
at a concentration of 20 mg/mL, the stock concentration from which the working
concentrations are derived. The mean sizes of the nanoparticles were calculated using TEM
software, as described in the methods. We also used a new DIC method to estimate the
nanoparticle sizes, as described in our recent publication (Sun et al., 2008). As depicted in
Fig.1, we observed that the nanoparticles ranged in size from single nanoparticles as small
as ~ 20 nm (Fig. 1A) to agglomerates 100~ 900 nm in size (Fig. 1B). These results show that
our Mn nanoparticle solution prepared for the cell culture experiments contained a mixture
of nanosize materials as well as agglomerates.

Uptake of Mn nanoparticles in N27 dopaminergic neuronal cells
Following the characterization of nanosized Mn particles in solution, we examined whether
Mn nanoparticles are actually taken up by N27 dopaminergic neuronal cells. Since
characterization of in vitro nanoparticle uptake and localization is directly linked to
cytotoxicity, uptake studies provide further evidence of nanoparticle-cell interaction with
intracellular machinery. Dopaminergic N27 cells were grown on polylysine-coated cover
slips, as described in the methods. They were then treated with 50 µg/mL nanoparticles
suspended in culture growth medium for up to 6 h. Both untreated controls and treated cells
were fixed and processed for TEM microscopy (Fig. 2A and 2B) or used for live cell
imaging of the uptake using DIC microscopy (Fig. 2C and 2D). Using both microscopy
methods, we showed that the nanoparticles enter the cells. The results further revealed that
the particles are engulfed in the membrane and then translocate to cytosol.

Mn nanoparticles upregulate Transferrin (Tf) levels in N27 dopaminergic cells
To determine whether the Mn nanoparticles that enter the cells evoke a biological response,
we measured the level of transferrin (Tf) in cells exposed to Mn nanomaterials. Tf is a major
metal transport protein in CNS that binds several metals including Mn, mediating their
transport (Aschner and Aschner, 1991). We observed a time-dependent increase in the levels
of Tf at the 3, 6, and 9 h time points following exposure to 50 µg/mL Mn nanoparticles, as
measured by Western blotting (Fig. 3). These results suggest that internalized Mn
nanoparticles can cause upregulation of the major metal transporter protein.

Mn nanoparticle exposure induces dose- and time-dependent increase in cytotoxicity in
N27 dopaminergic cells

In order to determine the optimal dose for a mechanistic investigation of Mn nanoparticle
neurotoxicity, we first performed a dose-response and time-dependent cytotoxicity analysis.
N27 dopaminergic cells were exposed to 25–400 µg/mL of Mn nanoparticles in 24-well
plates for 6 h, and a dose-dependent effect of Mn nanoparticles on cytotoxic cell death was
determined by Sytox assay. The Sytox Green dye labels only dead or dying cells and the
resulting green fluorescence can be measured both qualitatively and quantitatively. Mn
nanoparticles increased cell death in a dose-dependent manner and the quantitative dose-
dependent decrease in cell viability was observed by quantifying the Sytox fluorescence. As

Ngwa et al. Page 8

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shown in Fig. 4A, exposure to 25, 50, 100, 200 and 400 µg/mL of Mn nanoparticles over 6 h
resulted in a good dose response of cytotoxicity as compared to control cells.

A time-dependent effect of Mn nanoparticle-induced cell death was also observed using the
Sytox Green fluorescence assay. N27 cells were exposed to 50 µg/mL of Mn nanoparticles
for 3, 6, and 9 h. Fig. 4B quantitatively shows significant increases in cell death over time.
The cell death began at 3 h of Mn nanoparticle exposure and the maximal cell death was
observed at the 9 h time point (Fig. 4B). Visualization of Sytox positive cells under
fluorescence microscope further confirmed increased cell death following Mn nanoparticle
exposure in dopaminergic neuronal cells compared to untreated controls (Fig. 4C).

Mn nanoparticle exposure induces oxidative stress in dopaminergic neuronal N27 cells
Based on the cytotoxicity data, we chose an optimal dose of 50 µg/mL nanoparticles for
most of the subsequent experiments. Several other studies, including those from our lab,
have shown that dopaminergic neurotoxicants, including MPP+, Mn in its organic and
inorganic forms, vanadium, and dieldrin, induce oxidative stress, modulate mitochondrial
function and mediate the release of a number of proapoptotic factors (Kitazawa et al.,
2001b; Anantharam et al., 2002; Kaul et al., 2003b; Kanthasamy et al., 2005) to initiate the
apoptotic cell signaling cascade. We therefore examined whether Mn nanoparticle exposure
induces ROS production in dopaminergic cells. We probed both the cytoplasmic and
mitochondrial ROS generation. The production of cytoplasmic peroxide was measured using
a fluorescent probe, 5- (and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate
(CM-H2DCFDA, Molecular Probes), as described in the methods. We observed that there
was approximately a two-fold increase in ROS at the 2 h time point and about a six-fold
increase at the 3 h time point (Fig. 5A). We also qualitatively measured the induction of
mitochondrial superoxide by Mn nanoparticles using MitoSOX. We observed increased
superoxide production in the mitochondria of the Mn nanoparticle treated cells, as shown by
the increased red intensity in the pictures, compared to the untreated control (Fig. 5B). These
results collectively suggest that Mn nanoparticle exposure induces oxidative stress in
dopaminergic neuronal cells possibly by impairing mitochondrial function.

Mn nanoparticles induce an increase in caspase-3 and PKCδ activity
We have demonstrated in our laboratory that a number of neurotoxicants, including metals,
can promote an oxidative stress mediated apoptotic cell signaling cascade in dopaminergic
neuronal cells via the novel PKC isoform, PKCδ (Kanthasamy, 2003; Kanthasamy et al.,
2003a; Kanthasamy et al., 2003b; Latchoumycandane et al., 2005; Afeseh Ngwa et al.,
2009). Caspase-3 cleaves PKCδ to yield a 41 kDa catalytically active subunit and a 38 kDa
regulatory subunit, resulting in a sustained activation of the kinase. Notably, we
demonstrated that inorganic Mn induced the proteolytic cleavage of PKCδ, but not of PKCα,
β, or γ in an isoform specific and caspase-3 dependent manner (Latchoumycandane et al.,
2005). In the present study, we therefore examined whether Mn nanoparticles induce
caspase-3 dependent proteolytic activation of PKCδ. First, we observed that Mn
nanoparticle exposure results in an increase in caspase-3 activation, as shown by increased
caspase-3 cleavage by Western blot (Fig. 6). The caspase-3 activation was found to be time-
dependent. Importantly, co-treatment with 100 µM of the caspase inhibitor Z-VAD-FMK
reduced Mn nanoparticle-induced caspase-3 activation to a level nearly equal to untreated
control levels, demonstrating the specificity of caspase activation during Mn nanoparticle
exposure (Fig. 6A).

The increase in caspase-3 activation subsequently proteolytically cleaved PKCδ in Mn
nanoparticle-treated N27 dopaminergic neuronal cells in a time-dependent manner at the 3,
6, and 9 h time points (Fig. 7A). Additionally, we used the pharmacological and cell-
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permeable caspase inhibitors to confirm that PKCδ cleavage is mediated by a caspase-
dependent mechanism. Co-treatment with either 100 µM of the pan-caspase inhibitor Z-
VAD-FMK or 50 µM of the caspase-3 specific inhibitor Z-DEVD-FMK moderately reduced
Mn nanoparticle-induced PKCδ cleavage (Fig. 7B), suggesting that the cleavage is indeed
mediated by caspase-3. In addition, our experiments also revealed a time-dependent increase
in the phosphorylation of PKCδ activation loop at the Threonine 505 site following exposure
to 50 µg/mL Mn nanoparticles, indicative of PKCδ activation (Fig. 7C). The nitrocellulose
membranes were reprobed with the β-actin antibody to confirm equal protein loading.

Mn nanoparticles induce cell death independent of oxidative stress
To further explore the role of oxidative stress in Mn nanoparticle-induced dopaminergic
neuronal cell death, we tested the effect of antioxidants on cell death. We carried out
experiments using 2% B27 with an antioxidant cocktail (AO) consisting of vitamin E,
glutathione, superoxide dismutase (SOD), and catalase, as described in the methods. This
cocktail has been shown to produce a strong antioxidant effect against oxidative damage
(Toh et al., 2008; Afeseh Ngwa et al., 2009). N27 cells were exposed to 50 µg/mL Mn
nanoparticles co-treated with or without AO for 9 h, and then cytotoxicity was measured by
Sytox Green fluorescence assay. Co-treatment with AO failed to reduce or block the
neurotoxicity produced by Mn nanoparticles (Fig. 8), suggesting that Mn nanoparticles-
induced oxidative stress does not play a causal role in the nanoparticle toxicity.

Mn nanoparticles induce autophagy in dopaminergic neuronal cells
Given the recent attention that autophagy has received as an alternative cell death pathway
in neurodegenerative diseases, especially PD (Cheung and Ip, 2009), we proceeded to
measure whether autophagy might also play a role in the observed Mn nanoparticle-induced
cell death. Recently, we showed an increase in autophagy in N27 dopaminergic neuronal
cells following neurotoxic insult (Kanthasamy et al., 2006). Beclin 1 has also been found to
be a key marker of autophagy. In a recent study, Wirawan et al. (2010) reported that
cleavage of Beclin 1 may be a critical factor in modulating the cells from a protective
autophagic pathway into apoptotis. In this study, we observed a significant increase in
Beclin 1 cleavage over the 3, 6, and 9 h time points in N27 dopaminergic cells following
exposure to 50 µg/mL Mn nanoparticles (Fig. 9A).

LC 3 has been shown to be a key marker of autophagy induction. The level of cytoplasmic
LC3 (LC3 I) is gradually processed and recruited to LC3 II in the autophagosomes. LC3
Western blotting usually reveals an LC3-I (18 kDa) and LC3-II (16 kDa), with the degree of
increased levels of LC3-II correlating well with increase in autophagy (Tanida et al., 2008).
We observed an increase in LCII levels with a concomitant decrease in LCI levels over the
3, 6, and 9 h time points in N27 cells following exposure to 50 µg/mL Mn nanoparticles
(Fig. 9B). We further confirmed the induction of autophagy by visualizing GFP-LC3
accumulation in N27 dopaminergic cells transfected with either GFP-LC3 or GFP-LC3-ΔG.
As shown in Fig. 9 C, an increased accumulation of LCII puncta following exposure to the
nanoparticles, as opposed to a more diffuse and less pronounced green staining in the control
cells, was observed, indicative of an autophagic phenotype.

Mn nanoparticles induce neurotoxic responses to primary dopaminergic neurons
To further demonstrate that Mn nanoparticles are toxic to nigral dopaminergic neurons, we
exposed mouse primary mesencephalic neuronal cultures to 25 and 50 µg/mL Mn
nanoparticles for 24 h. Following exposure, we then assessed the viability of dopaminergic
neurons by counting the number of dopaminergic neurons and measuring their neurite
lengths. We observed a significantly reduced number of dopaminergic neurons (Fig. 10A
and 10C) and neurite lengths (Fig. 10B and 10C) in Mn nanoparticle treated cells relative to
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control cultures. This further indicates that manganese nanoparticles can induce a neurotoxic
effect in nigral dopaminergic neurons.

Discussion
We demonstrate for the very first time that Mn nanoparticles can enter mesencephalic
dopamine-producing neuronal cells, where they induce oxidative stress and cell death
through the activation of a previously established apoptotic cascade involving caspase-3
activation and the proteolytic cleavage of PKCδ. Our results further suggest the induction of
autophagy by Mn nanoparticles. We used the pharmacological inhibitors, pan-caspase
inhibitor Z-VAD-FMK and caspase-3 specific inhibitor Z-DEVD-FMK, to confirm that the
caspase-mediated, PKCδ signaling proapoptotic cascade plays a role during Mn
nanoparticle-induced apoptosis in dopaminergic neuronal cells. Our results also indicate that
Mn nanoparticles upregulate the metal transporter protein Transferrin in dopaminergic
neuronal cells, but the cell death appears to be mediated independent of oxidative stress. Our
observations from experiments with primary mesencephalic cultures following Mn
nanoparticle exposure further confirm that Mn nanoparticles can induce degeneration of
nigral dopaminergic neurons.

Nanoparticles are useful in many areas of science and technology, but improper use and
handling of nanomaterials might have adverse effects on human health due to their
combined effect of small size and reactive properties. Their small size and consequential
large surface area may allow them ready access and entry into cells and tissues.
Nanoparticles may enter via various routes, including inhalation, ingestion, and absorption
by skin. Once these nanoparticles enter the body, they can translocate to sites far away from
their site of entry because of their minute size (Oberdorster et al., 2005). Translocation of
nanoparticles first occurs across cell membranes and then transfer to other cells and even to
entire organ. In nervous tissue, nanomaterials can move along the axons and dendrites that
connect adjacent neurons and non-neuronal cells. After instillation or inhalation,
nanoparticles can indeed enter the brain via the nervus olfactorius, following deposition on
the olfactory mucosa of the nose (Oberdorster et al., 1995). This increases the potential for
nanoparticle entry into the central nervous system, especially the brain, causing toxicity to
sensitive neurons like dopaminergic neurons. A previous study reported that 40 nm Mn
nanoparticles and agglomerates were effectively internalized by adrenal tumor cells
commonly known as PC-12 cells, increasing oxidative stress and depleting dopamine levels
and its metabolites (Hussain et al., 2006). The doses were similar to those used in this study,
demonstrating that the 50 µg/mL dose is neurotoxic (Hussain et al., 2006). In our study, we
demonstrate that Mn nanoparticles exposures at doses up to 50 µg/ml resulted in
internalization of particles as small as 20 nm in dopaminergic neuronal cells.

Transferrin (Tf) is one of the major metal transport proteins in the CNS, and it has been
reported to bind several metals including Fe, Mn, Zn, and Cr as well as Cu, Co, Cd, V and
Al, mediating their transport in the brain (Aschner and Aschner, 1991). Similarly, Erikson et
al. have also shown that Mn and Fe can be transported in a Tf-dependent manner (Erikson et
al., 2004). In this study, we observed a time-dependent increase in the protein levels of Tf,
suggesting that Tf may play a role in the uptake of Mn nanoparticles by dopaminergic
neurons. Our results also suggest that Mn nanoparticle exposure may sensitize the cells to
metal toxicity by increasing uptake of metals via Transferrin upregulation. It is also possible
that transferrin receptors could be upregulated by Mn-dependent ROS ensuing from free
metal liberated by endosomal/lysosomal systems. Therefore, further studies are needed to
clarify the exact mechanisms of Mn nanoparticle transport in the dopaminergic system in
relation to the metal transport proteins.
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We have already shown in our laboratory that exposure to organic and inorganic forms of
Mn leads to the generation of ROS, with accompanying depolarization of the mitochondrial
membrane potential in dopaminergic neuronal cells (Anantharam et al., 2002; Kitazawa et
al., 2002). Kitazawa et al. (2002) observed that dopaminergic neuronal cells showed a
greater vulnerability to Mn-induced ROS generation and apoptotic cell death than non-
dopaminergic cells (Kitazawa et al., 2002), suggesting that dopaminergic neurons have an
increased sensitivity to metal neurotoxic insult. Based on previous studies, one of the
reasons for this increased susceptibility of dopaminergic neurons to metal-induced
neurotoxicity is that metals in a ROS-rich environment tend to augment oxidative insult
through the formation of dopamine-derived highly cytotoxic radicals (Junn and Mouradian,
2001; Kitazawa et al., 2001a; Kanthasamy, 2002). It has been reported that Mn ions can
oxidize monoamines like serotonin and dopamine (Segura-Aguilar and Lind, 1989; Lloyd,
1995). Increases in the generation of ROS offset homeostasis of the mitochondrial
environment, which is critical for oxidative phosphorylation and initiation of peroxidative
decomposition of phospholipids, hence compromising the integrity of cellular membranes
and leading to the propagation of cellular injury (Kokoszka et al., 2001). We observed in the
current study that exposure to Mn nanoparticles increased the generation of both
cytoplasmic peroxide and mitochondrial superoxide in dopaminergic cells.

We previously reported that antioxidants can attenuate apoptotic cell death induced by
neurotoxic chemicals, including heavy metals, by blocking the generation of ROS (Kitazawa
et al., 2002; Kaul et al., 2003b; Afeseh Ngwa et al., 2009). However, in the present study,
Mn nanoparticle co-treatments with an antioxidant cocktail consisting of vitamin E, catalase,
superoxide dismutase (SOD) and glutathione failed to protect the cells from Mn
nanoparticle-induced neurotoxicity. Although ROS is critical for apoptotic cell death, other
studies have found that blocking ROS failed to rescue the cells from death (Gunasekar et al.,
2001; Chen et al., 2008). Together, our results suggest that while oxidative stress might play
a role in the initiation of the neurotoxic signaling cascade during Mn nanoparticle exposure,
the oxidative stress independent pathways might contribute to execution of the
neurotoxicity.

It has been established that the caspases, especially effector caspase-3, have an important
function in the execution of apoptosis in dopaminergic neuronal cells (Cassarino and
Bennett, 1999; Dodel et al., 1999; Anantharam et al., 2002; Kanthasamy et al., 2003a; Kaul
et al., 2003a). We observed that Mn nanoparticle exposure increased caspase-3 cleavage
over time. This critical role of caspase-3 activation as a key player in the apoptotic cascade
in dying dopaminergic neurons has also been demonstrated in human PD patients as well as
in animal models of the disease (Hartmann et al., 2000). We have demonstrated that the
proteolytic activation of PKCδ by caspase-3 is an important event in the apoptotic cell death
of dopaminergic cells after neurotoxic insults (Kanthasamy et al., 2003a; Kaul et al., 2005).
In previous studies, we showed that the organic form of Mn, MMT (Methylcyclopentadienyl
manganese tricarbonyl), or inorganic Mn can induce caspase-3-dependent proteolytic
cleavage of PKCδ following exposure in an isoform-specific manner (Anantharam et al.,
2002; Latchoumycandane et al., 2005). Importantly, the proteolytic activation of PKCδ
contributes to Mn-induced cell death (Anantharam et al., 2002; Latchoumycandane et al.,
2005). In this study, we showed that exposure to Mn nanoparticles resulted in a time-
dependent PKCδ proteolytic cleavage. Co-treatment with the pan-caspase inhibitor Z-VAD-
FMK and caspase-3-specific inhibitor Z-DEVD-FMK moderately blocked Mn nanoparticle-
induced PKCδ proteolytic cleavage, suggesting that PKCδ activation is caspase-3 dependent
during Mn nanoparticle exposure in N27 dopaminergic neuronal cells. In addition to
proteolytic activation, PKCδ phosphorylation at Thr-505 was also observed during Mn
nanoparticle exposure, suggesting the additional activation of the kinase. Oxidative insult by
H2O2 has been shown to enhance phosphorylation of PKCδ at Thr-505, resulting in
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increased PKCδ enzymatic activity (Konishi et al., 1997). Collectively, we demonstrate for
the first time Mn nanoparticle exposure can activate a key proapoptotic kinase in
dopaminergic neuronal cells. The signaling events, which are downstream of PKCδ
activation and finalize the apoptotic cell death cascade, are yet to be clarified.

Autophagy has gained considerable interest in recent years for its role in neurodegenerative
disorders because autophagy serves as a complimentary cell death pathway to apoptosis
(Anglade et al., 1997; Oztap and Topal, 2003). We sought to carry out some experiments to
determine if Mn nanoparticle exposure might also activate an alternative autophagic cell
death pathway in dopaminergic neurons. We observed a decrease in the native form of
Beclin1 and an increase in cleavage, together with increases in LC3II, which are typically
associated with the formation of autophagosomes. Recently, gold nanoparticles were shown
to cause autophagy (Li et al., 2010). Different types of stressors can up-regulate LC3 and
promote the conjugation of its cytosolic form, LC3 I, to phosphatidylethanolamine,
constituting the autophagosome-specific LC3 II, which serves as the most reliable marker of
autophagy (Kabeya et al., 2000; Klionsky et al., 2008). In addition to LC3 II, Beclin-1 is
recognized as an important regulator of autophagy (Pattingre et al., 2005; Wirawan et al.,
2010). The binding of Beclin-1 to Bcl-2 or Bcl-xL inhibits the autophagic function of
Beclin-1 (Pattingre et al., 2005; Maiuri et al., 2007a; Maiuri et al., 2007b), suggesting that
Beclin-1 might play a role in the convergence between autophagy and apoptotic cell death.
Wirawan et al. (2010) demonstrated the interplay between autophagy and apoptosis
mediated by caspase-mediated cleavage of Beclin-1 into a smaller Beclin-1-C fragment,
which further enhanced the apoptotic pathway (Wirawan et al., 2010). Together, our results
suggest that autophagy might also play a role in Mn nanoparticle-induced cell death.

As summarized in Fig. 11, we demonstrate that Mn nanoparticle exposure can in fact be
neurotoxic to dopaminergic neurons by activating more than one cell death pathway
involving both apoptosis and autophagy. Our results further demonstrate that Mn
nanoparticles induce oxidative stress, but the oxidative stress does not seem to be a major
mediator of the neurotoxicity. Further investigation of the possible interaction of autophagy
and apoptosis in nigral dopaminergic neurons using both cell culture and animal models of
Mn nanoparticle toxicity will provide greater mechanistic insights into nano-
neurotoxicology. Future studies in animal models should enhance understanding of the
health effects of manganese nanoparticles and may guide the risk assessment of metal
nanoparticles by regulatory agencies.

Research Highlights

• Mn nanoparticles effectively enter dopaminergic neuronal cells and activate the
mitochondrial-apoptotic signaling pathway.

• Mn nanoparticles activate caspase-mediated proteolytic cleavage of a
proapoptotic PKCδ cascade.

• Mn nanoparticles induce autophagy in dopaminergic neuronal cells

• Exposure to Mn nanoparticles to primary mesencephalic neurons induces loss of
TH+ dopaminergic neurons.

• The study emphasizes potential neurotoxic health risks of Mn nanoparticles to
the nigral dopaminergic system.
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Fig. 1.
Transmission electron microscopy (TEM) of Mn nanoparticles. Mn nanoparticles were a
black powder that tended to agglomerate in solution. Mn nanoparticle dispersion in RPMI
was observed with advanced high-illuminating TEM microscopy. Dispersed nanoparticles
(20 mg/mL) suspended in 10% supplemented RPMI cell culture media occur as: (A) Single
Mn nanoparticles and (B) Agglomerated Mn nanoparticles.
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Fig. 2.
Uptake of Mn nanoparticles viewed with TEM and DIC microscopy. Mn nanoparticle
uptake was visualized after N27 dopaminergic cells were exposed to 50 µg/mL Mn
nanoparticles for up to 6 h. When visualized with TEM, nanoparticles (~50 nm) can be seen
on the cell membrane (A) in the early phases of internalization and inside the cytoplasm (B)
following internalization. The internalization of Mn nanoparticles was also evident when
viewed with a DIC microscope, as shown in (C) Mn nanoparticle on the cell surface of N27
cell, and (D) one of the imaged layers below the cell surface. Data represent results from at
least four individual measurements.
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Fig. 3.
Mn nanoparticles induce a dose- and time-dependent neurotoxic effect on N27 dopaminergic
neuronal cells. The effect of Mn nanoparticles on cell viability in N27 dopaminergic
neuronal cells. (A) Quantitative analysis of dose-dependent Mn nanoparticle-induced
neurotoxicity was measured by the Sytox green cytotoxicity fluorescence assay. The cells
were exposed to 0–400 µg/mL Mn nanoparticles for 6 h and then neurotoxicity was
measured using the Sytox green fluorescence assay. (B) Quantitative analysis of time-
dependent Mn nanoparticle-induced neurotoxicity was measured by the Sytox green
cytotoxicity fluorescence assay. The cells were exposed to 50 µg/mL Mn nanoparticles for
3, 6 and 9 h and then neurotoxicity was measured using the Sytox green fluorescence assay.
The Sytox fluorescence was measured using a BioTek fluorescence microplate reader. Data
represent results from at least eight individual measurements and are expressed as mean ±
S.E.M. P< 0.01 **, P< 0.001***, P< 0.001 # between control and treatment at the same time
point. (C) Visualization of Mn nanoparticle-induced neurotoxicity by Sytox green
fluorescence assay. N27 dopaminergic neuronal cells were exposed to 50 µg/mL Mn
nanoparticles for 9 h and then cells were loaded with Sytox green and observed under a
Nikon inverted fluorescence microscope and pictures were captured with a SPOT digital
camera (Diagnostic Instruments, Sterling Heights, MI).
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Fig. 4.
Time-dependent upregulation of Transferrin (Tf). N27 cells were treated with 50 µg/mL Mn
nanoparticles for 3, 6 and 9 h and then a Tf immunoblot was performed, as described in the
methods. To confirm equal protein loading in each lane, the membranes were reprobed with
β-actin antibody. Data represent results from at least three separate experiments.
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Fig. 5.
Mn nanoparticle-induced ROS generation in N27 dopaminergic neuronal cells. (A) Mn
nanoparticles induced a time-dependent cytoplasmic H2O2 generation in N27 cells. The
measurements were conducted in a 96 well plate containing the cells exposed to 50 µg/mL
Mn nanoparticles for up to 3 h. Reactive oxygen species (ROS) generation/production was
measured after washing the treated cells with HBSS, followed by a 15–20 minute incubation
in 10 µM H2DCF-DA. DCF-DA fluorescence was measured using a Bio-Tek fluorescence
microplate reader at excitation wavelength of 485 nm and emission wavelength of 535 nm.
Data represent results from at least eight individual measurements and are expressed as
mean ± S.E.M. P< 0.001*** between control and treatment. (B) and (C) Manganese
nanoparticles increase mitochondrial superoxide formation in N27 dopaminergic neurons.
Representative images (C) of N27 cells and their quantitation (B) showing increases in
mitochondrial MitoSOX fluorescence following treatment with 50 µg/mL Mn nanoparticles
for 4.5 h. Data represent results from at least two individual measurements.
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Fig. 6.
Manganese nanoparticles activate caspase-3 in N27 dopaminergic neurons by inducing
caspase-3 cleavage. Caspase-3 was immunoblotted after 50 µg/mL Mn nanoparticle
treatment in N27 dopaminergic neuronal cells for 3, 6 and 9 h in the presence or absence of
100 µM Z-VAD-FMK for the 9 h time point. Proteins were separated from lysates by 15%
SDS-PAGE and the immunoblot was probed with caspase-3 antibody to observe both native
(32 kDa) and cleaved (17 kDa) caspase-3 bands. To confirm equal protein loading in each
lane, the membranes were reprobed with β-actin antibody. Data represent results from at
least three individual measurements.
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Fig. 7.
Manganese nanoparticles activate PKCδ in dopaminergic neuronal cells. N27 dopaminergic
cells were treated with 50 µg/mL Mn nanoparticles for 3–9 hr. (A) Manganese nanoparticle-
induced PKCδ cleavage and (C) phosphorylation of PKCδ at the Threonine 505 site were
determined by Western blot. Also, 50 µg/mL Mn nanoparticle treatment for 9 h with or
without a 30 min pretreatment with pan caspase inhibitor (100 µM Z-VAD-FMK) or
caspase-3 specific inhibitor (100 µM Z-DEVD-FMK). (B) PKCδ cleavage was measured by
Western blot. To confirm equal protein loading in each lane, the membranes were reprobed
with β-actin antibody. Data represent results from at least three individual measurements.
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Fig. 8.
Effect of antioxidants on Mn nanoparticle-induced neurotoxicity. N27 dopaminergic
neuronal cells were co-treated with 50 µg/mL Mn nanoparticles and an antioxidant solution
cocktail (AO) of vitamin E, glutathione, superoxide dismutase, and catalase. A quantitative
analysis showing no effect of AO on Mn nanoparticle-induced neurotoxicity was measured
by the Sytox green cytotoxicity fluorescence assay. Data represent results from eight
individual measurements and are expressed as mean ± S.E.M.
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Fig. 9.
Activation of autophagy markers LC3 and Beclin-1 in Mn nanoparticle-induced
neurotoxicity. (A) Mn nanoparticles decreased native Beclin-1 levels and induced Beclin-1
cleavage. Beclin-1 was immunoblotted after 50 µg/mL Mn nanoparticle treatment in N27
dopaminergic neuronal cells for 3, 6 and 9 h. A 10–12% SDS-PAGE was used to separate
the proteins and the immunoblot was probed with Beclin-1 antibody to observe both native
(60 kDa) and cleaved (37kDa) Beclin-1 bands. To confirm equal protein loading in each
lane, the membranes were reprobed with β-actin antibody. Data represent results from at
least three individual measurements. (B) Levels of autophagy marker LC3 are altered during
Mn nanoparticle neurotoxicity in N27 cells. N27 cells were treated with 50 µg/mL Mn
nanoparticles for 3, 6 and 9 h and then an LC3 immunoblot was performed, as described in
the methods. LC3I levels decreased while LC3II levels increased. To confirm equal protein
loading in each lane, the membranes were reprobed with β-actin antibody. Data represent
results from at least three separate experiments. (C) N27 cells transfected with wild type
GFP-LC3 form punctate as a measure of autophagy following exposure to Mn nanoparticles.
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N27 cells were transiently transfected with either GFP-LC3 or GFP-LC3-ΔG, as described
in the methods. Puncta was formed in cells transfected with GFP-LC3 cDNA and treated
with Mn nanoparticles for 3 and 6 h. GFP-LC3 dots were not observed when cells were
transfected with GFP-LC3-ΔG cDNA.
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Fig. 10.
Mn nanoparticles are neurotoxic to primary nigral dopaminergic neurons. A. Mouse
mesencephalic primary neurons were cultured and grown on poly-d-lysine-coated
coverslips. The culture cells were exposed to 25 µg/mL Mn nanoparticles and 50 µg/mL Mn
nanoparticles for 24 h, and the viability of dopaminergic neurons was measured by tyrosine
hydroxylase (TH) immunohistochemistry. After treatment, the primary neurons were fixed,
immunostained for TH and viewed under a Nikon TE2000 fluorescence microscope, as
described in the methods. (A) TH cell count and (B) length of neuronal processes were
quantified using MetaMorph image analysis software, as described in the methods. Asterisks
(*, p < 0.05 and ***, p < 0.001; n = 8) indicate significant difference compared with control
neurons. (C) Immunostained TH primary neurons showing number of TH neurons and their
lengths following different treatments. The scale bar on the pictures is representative of 200
microns. The data are representative of at least 8 coverslips per treatment group.
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Fig. 11.
Schematic of the possible mechanisms involved in the neurotoxicity of manganese
nanoparticles to dopaminergic neuronal cells.
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