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ABSTRACT: Manganese (Mn) may foster aggregation of
alpha-synuclein (aSyn) contributing to the pathogenesis of
PD. Here, we examined the influence of aSyn overexpression
on distribution and oxidation states of Mn in frozen-hydrated
primary midbrain neurons (PMNs) by synchrotron-based X-
ray fluorescence (XRF) and X-ray absorption near edge
structure spectroscopy (XANES). Overexpression of aSyn
increased intracellular Mn levels, whereas levels of Ca, Zn, K,
P, and S were significantly decreased. Mn oxidation states were
not altered. A strong correlation between Cu-/Mn-levels as
well as Fe-/Mn-levels was observed in aSyn-overexpressing
cells. Subcellular resolution revealed a punctate or filament-like
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perinuclear and neuritic distribution of Mn, which resembled the expression of DMT1 and MnSOD. While overexpression of
aSyn did not significantly alter the expression patterns of the most-expressed Mn transport proteins (DMT1, VGCC, Fpnl), it
attenuated the Mn release from Mn-treated neurons. Thus, these data suggest that Syn may act as an intracellular Mn store. In
total, neurotoxicity in PD could be mediated via regulation of transition metal levels and the metal-binding capacity of aSyn,
which could represent a promising therapeutic target for this neurodegenerative disorder.
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Manganese (Mn) is an essential element required in trace
amounts for proper cell function. It is a cofactor of
several enzymes like pyruvate carboxylase, arginase, serine/
threonine glutamine synthase, and mitochondrial superoxide
dismutase.” Despite its vital role in enzymatic reactions,
excessive Mn exposure can induce a neurological syndrome
known as manganism, resulting in rigidity and/or dystonia.”
This syndrome is associated with loss of dopamine in the
striatum and death of neurons in the striatum and globus
pallidus,” thus sharing several features with idiopathic
Parkinson’s disease (PD).

PD is the second most frequent neurodegenerative disease
with symptoms such as rigidity, tremor and bradykinesia.”” Its
pathological characteristics include the preferential, but not
exclusive loss of dopaminergic neurons within the substantia
nigra pars compacta and the presence of intracytoplasmic
inclusions, Lewy bodies, whose primary components include
fibrillar a-synuclein (aSyn). Although aSyn in idiopathic PD
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occurs in its wild-type form, several mutations of the protein
are known, which result in familial PD.° More interestingly, not
only mutations, but also duplications and triplications of the
aSyn gene result in phenotypic PD, suggesting a dosage effect
of the protein.” A number of recent studies have shown that
aSyn interacts with transition metals, such as Mn, Fe, Cu, and
Zn and these interactions can lead to protein aggregation and
cross-linking.*” Nevertheless, questions still arise as to whether
these in vitro observations are physiologically relevant. It is also
unknown if and how increased levels of aSyn regulate
intracellular levels of transition metals.

In addition to the total amount, the valence of metal ions
plays a key role in their cellular toxicity. For example, Mn
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toxicity is conferred by oxidation of important cellular
components by Mn>".'" The amount of Mn*" in neuronal
cells can thus be indicative for the extent of oxidative damage
induced by Mn’*.

In order to better understand the interplay of aSyn and Mn,
we evaluated Mn-treated rat primary midbrain neurons
(PMNs) overexpressing aSyn as a cellular model of PD with
X-ray fluorescence (XRF) imaging methods in this study. To be
able to detect elemental changes in situ at highest sensitivity
and spatial resolution,'" we used a synchrotron-based X-ray
microscope, the Bionanoprobe (BNP) at the Advanced Photon
Source (APS, Argonne, IL), which has the ability to operate in a
cryo-environment, preserving samples at the closest-possible to
native physiological conditions, especially regarding to the
location and concentration of fast diffusible elements. This
technique also allows visualizing entire intact cells without the
need for chemical fixation or sectioning.'” After precise
elemental mapping, the X-ray absorption near edge structure
spectroscopy (XANES) was employed to determine the
oxidation states of manganese within the cells in situ at
beamline 2-ID-D at the APS. The aim of our study was to
analyze whether and how spatial distribution and concentration
of Mn and other elements depend on aSyn levels in PMNs. We
show that overexpression of aSyn is a significant modulator of
Mn as well as Ca levels and additionally alters the distribution
of other elements suggesting detrimental effects on whole
cellular metabolism.

B RESULTS

Elemental Distribution in Untreated Control Cultures.
For an assessment of baseline elemental distribution,
cryopreserved midbrain cultures, which did not undergo
treatment with Mn, were imaged (Figure 1). Twelve
independent cells were studied in detail. Only low concen-
trations of Ca (0.051 + 0.007 ug/cm?®) and Mn (0.0014 +
0.0001 pg/cm*) were measured in control cultures. No
compartment-specific distribution of Mn was detected. The
distribution of K, S, and P was used to define the morphology
of the neurons (Figure 1).
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Figure 1. Elemental maps of control primary midbrain neurons. X-ray
fluorescence images of K, P, S, Ca, and Mn maps measured at photon
energy 6.57 keV. Image size 60 X S5 um? pixel size 250 nm, dwell
time 300 ms. Rainbow color scale corresponds to elemental
concentrations in the range given below each map. Mean elemental
concentrations for single cells in ,ug/cmz are given in the table (n=
12). Scale bar: 20 pm.
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Overall Elemental Concentrations in Midbrain Neu-
rons. In order to examine the overall elemental content of
aSyn-overexpressing and control midbrain neurons after Mn
treatment, we obtained larger overview images. These images
contained numerous aSyn-transfected and nontransfected
neurons for a quantitative analysis on a sufficiently large
number of cells permitting robust statistical evaluation (Figure
2). We quantified the X-ray fluorescence images of 18 cells
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Figure 2. Quantification of elemental concentrations in alpha-
synuclein overexpressing neurons and controls. (A) Representative
photomicrographs of the primary midbrain neuron culture treated with
500 M Mn®*. Phase contrast image (PhC), GFP fluorescence
representing neurons overexpressing aSyn (GFP) and merged image
(PhC/GFP). X-ray fluorescence maps show the same cells culture area
imaged at cryogenic conditions at photon energy of 10 keV: Zn
(green), Mn (red), K (blue), and a merged map of Zn, Mn, and K are
shown. Image size 240 X 81 um?, pixel size 1 ym, dwell time 250 ms.
Color scales correspond to elemental concentrations in the ranges
given below each map. Arrows point to GFP-positive (aSyn-
overexpressing) neurons. (B) Diagram summarizing elemental
concentrations in control neurons (n = 40; gray bars) and aSyn-
overexpressing neurons (1 = 18; black bars) in ug/cm? Values are
given as means + SE. *P < 0.05; **P < 0.01; ***P < 0.001 according
to two-sided Student’s t test.

overexpressing aSyn and 40 control cells. The elemental
concentrations for P, S, Ca, K, and Zn were significantly
decreased, while Mn concentration were significantly elevated
in neurons overexpressing aSyn in comparison to control cells
(P: 0.818 + 0.082 vs 0.919 + 0.114 ug/cm? S: 0.531 + 0.058
vs 0.585 + 0.060 pug/cm?’; Ca: 0.052 + 0.009 vs 0.066 + 0.037
pg/cm’; K: 1.06 + 0.34 vs 2.53 + 0.50 ug/cm? Zn: 0.017 +
0.002 vs 0.019 + 0.003 /,tg/cmz; and Mn: 0.053 + 0.019 vs
0.039 + 0.013 pg/cm?, respectively). The concentrations of Cl,
Cu, and Fe did not significantly differ in the two groups (Figure
2).
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Figure 3. Correlation plots of intracellular elemental concentrations. Control neurons (n = 40) show a significant correlation between concentrations
of Mn and Ca as well as Mn and Fe. Neurons overexpressing aSyn (n = 18) show strong correlation between Mn and Cu as well as Mn and Fe. The
Pearson’s correlation coefficients (R) and p-values are given for each plot.

To analyze whether relationships existed among different
element concentrations, correlation analyses were performed
(Figure 3). In control neurons, we found only a weak positive
correlation between Mn and Ca concentrations (R = 0.41; p =
0.01) and between Mn and Fe concentrations (R = 0.45; p =
0.004), (Figure 3), and a stronger correlation between Ca and
Fe (R=0.84 and p = 1 X 107", data not shown). Interestingly,
in aSyn-overexpressing cells, a strong correlation between Mn
and Fe concentrations (R = 0.75; p = 0.0003) and Mn and Cu
concentrations (R = 0.70; p = 0.001) was observed (Figure 3).
Between Cu and Fe, the Pearson’s correlation coefficient R was
0.54 (p = 0.02) (not shown).

Subcellular Elemental Quantification. After determina-
tion of the overall elemental concentration in primary midbrain
neurons, we now focused in more detail on the subcellular
distribution of selected elements. Our aim was to analyze
whether transfection with aSyn alters elements distribution and
therefore could yield additional information on the pathophy-
siological function of this protein.

Potassium and sulfur maps were used for the cellular
orientation. Sulfur as a protein marker is present in the amino
acids methionine and cysteine and is therefore distributed
throughout the cell in all cellular proteins."> The Zn signal can
be used as a proxy for the general size of the nucleus, as Zn
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content has been shown to be elevated in the nucleus."*'* In
native neuronal cells, which were not overexpressing aSyn, Mn
was distributed in a nonhomogeneous, patchy pattern,
concentrating in specific areas, projecting mostly to the
perinuclear space and less to the nucleus itself (Figure 4,
Mn). The maximum concentration of Mn in these spots, not
larger than ~1 pm in diameter, reached 215 ng/cm’. In some
areas Ca distribution was overlapping with Mn. Interestingly,
Fe was observed in the same perinuclear cytoplasmic
compartment as Mn and there was some colocalization of
both metals (marked with white arrows in Figure 4).

In contrast, primary neurons overexpressing aSyn showed a
more compartmentalized distribution of Mn that was clearly
localized around the signal for Zn, which is indicative of the
nucleus (Figure S). Similarly to control neurons, a prominent
colocalization of Mn with Fe was observed (Figure S). Next to
cell somata, Mn was also localized in neurites (Figure 6). Also
here, the distribution of Mn was not homogeneous, but
followed a patchy structure projecting on to the neurites
(Figure 6). Because overexpression of aSyn did not result in
formation of inclusions in our experimental paradigm
(Supporting Information Figures S1 and S3), the intracellular
Mn accumulations cannot be attributed to binding of Mn to
aSyn inclusions. Therefore, we compared the distribution of
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Figure 4. Elemental maps of control primary midbrain neurons treated
with 500 uM Mn**. Representative XRF elemental maps of P, S, K, Ca,
Fe, Mn, Zn, and a merged map of Mn/Zn/K imaged at cryogenic
conditions by using photon energy of 10 keV. Arrows point to Mn-rich
areas, partially enriched in Ca and/or Fe. Image size 29 X 17 um’,
pixel size 100 nm, dwell time 250 ms. Rainbow scale corresponds to
elemental concentrations in the ranges given below each scan. Scale
bar: 10 ym.

Mn visualized by X-ray fluorescence with the expression of two
important Mn-related proteins, MnSOD and DMT1. While
DMT1 is the main Mn importer in the cell and is located in the
membrane and in organelles, MnSOD is a major detoxifying
enzyme for reactive oxygen species and is located mainly in the
mitochondria.'® Immunocytochemistry for DMT1 revealed a
rather punctate to patchy distribution in the somatic cytoplasm
and also in the neurites, possibly representing organelles
(Figure 7A—C). In contrast, MnSOD presented both in the
cytoplasm and in neurites rather as elongated, filament-like
structure colocalizing with the mitochondrial marker TOM20
(Figure 7D—F). Both of these patterns resembled the
distribution of Mn observed by high-resolution imaging: the
punctate/patchy structure of DMT1 strongly resembled the
distribution of Mn observed by X-ray flurescence in Figures 4
and S, while the more filament-like localization of Mn in Figure
6 resembled that of TOM20 and MnSOD.

XANES. After cellular Mn mapping, a spectroscopic analysis
(XANES) was performed to determine the oxidative state of
Mn within subcellular compartments. Near edge absorption
spectra of three control cells and of two cells overexpressing
aSyn were recorded in the areas with the highest Mn
concentrations (Figure 8A). In addition, the reference
XANES spectra of Mn** and Mn*" were collected. The analysis
of the spectral shape and the edge positions of the XANES
spectra revealed that cellular accumulations of Mn correspond
to Mn** (Figure 8B) and that was the case in control cells as
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Figure S. Elemental maps of primary midbrain neurons overexpressing
aSyn treated with 500 uM Mn*'. Representative XRF elemental maps
of P, S, K, Ca, Fe, Mn, Zn, and a merged map of Mn/Zn/K imaged at
cryogenic conditions and photon energy of 10 keV. Arrows point to
Mn-rich areas, which partially are also enriched in Ca and/or Fe.
Image size 25 X 19 um?, pixel size 150 nm, dwell time 250 ms.
Rainbow scale corresponds to elemental concentrations in the ranges
given below each scan. Scale bar: 10 ym.

well as in cells overexpressing aSyn. Finally, extended X-ray
beam exposure (three times 7 min per area during acquisition
of XANES spectra) was performed in order to exclude sample
degradation or radiation damages under cryogenic conditions.
This analysis showed no changes of Mn spectra during
prolonged X-ray exposition (data not shown).

Analysis of Mn Transport Proteins and Mn Release. In
order to further explore the mechanisms of increased Mn
content in aSyn overexpressing PMNs, we analyzed the
expression of proteins involved in Mn import (VGCC and
DMT1) and export (Fpnl). Western blot analyses showed no
significant regulation of VGCC and DMT1, while there was a
distinct trend to decreased Fpnl levels at 3 days post-
transfection. Thus, aSyn does not alter Mn import proteins, but
may attenuate Mn export through Fpnl (Figure 9A). On the
other hand, aSyn contains at least one C-terminal binding site
for Mn and therefore could act as an intracellular Mn store,
hindering Mn from being exported.'” To explore this
hypothesis, PMN cultures, which were transfected to over-
express aSyn or GFP, were treated with excess Mn. Three

DOI: 10.1021/acschemneuro.5b00093
ACS Chem. Neurosci. 2015, 6, 1769—1779


http://dx.doi.org/10.1021/acschemneuro.5b00093

ACS Chemical Neuroscience

Research Article

f

0.027 - 0.152 pg/cm’

*

Zn
0.007 - 0.371 pgfem?

[

Figure 6. Elemental maps of primary midbrain neurons overexpressing
aSyn treated with 500 uM Mn*'. Representative XRF elemental maps
of P, §, K, Ca, Fe, Mn, Zn, and a merged map of Mn/Zn/K imaged at
cryogenic conditions at photon energy of 10 keV. Arrows point to Mn-
rich foci, which partially are also enriched in Ca and/or Fe, in a clearly
visualized neurite. Image size 41 X 32 pm? pixel size 150 nm, dwell
time 250 ms. Rainbow scale corresponds to elemental concentrations
in the ranges given below each scan. Asterisks (*) indicate two cells,
which overexpress aSyn. Scale bar: 10 ym.

hours after Mn treatment, the medium was completely
removed, cultures were gently washed with Mn-free medium
(to remove any excess Mn) and Mn-free medium was added to
the cultures. At 45 and 180 min after the Mn treatment,
aliquots of the medium were taken and the Mn concentration
was analyzed. Mn concentrations in the medium of aSyn-
transfected cultures were significantly lower by 16.24 + 2.74%
(at 45 min) and 15.02 + 1.57% (at 180 min) than in GFP-
transfected control cultures (Figure 9B).

B DISCUSSION

Transition metals are attributed an important role in the
pathogenesis of neurodegenerative disorders. For example,
accumulation of iron is well-known to occur in the substantia
nigra in PD and exposure to Mn combined with other genetic
and environmental factors can contribute to the development
of Parkinsonism (reviewed in ref 18). aSyn is a natively
unfolded protein, which aggregates and contributes to the
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formation of Lewy bodies in PD and in addition is known to
interact with transition metals, such as Fe and Mn."” However,
it remains an open question whether aSyn regulates the levels
of transition metals in neuronal cells and if this regulation
contributes to pathology observed in aggregopathies, such as
PD. In this study, we therefore used synchrotron X-ray
fluorescence to determine the spatial and quantitative
distribution of Mn in rat primary midbrain neurons over-
expressing aSyn. These analyses take advantage of the novel
Bioprobe installed at the APS, which allows visualizing
elemental maps of cryo-preserved specimens at an unprece-
dented resolution.”” This permitted us to study the subcellular
accumulation of Mn with higher spatial and chemical resolution
than reported previously.”'

Since the concentration of Mn in the culture medium is
negligible, we supplemented the cell culture with Mn** to
mimic environmental exposure to Mn. Control cultures without
Mn supplementation showed only a very low intracellular Mn
concentration (Figure 1), as was previously shown by our
study.”’ In cells which were not treated with Mn, it was not
possible to identify local cellular areas of higher concentrations.
Several previous reports demonstrate localization of Mn inside
of Mn-treated cells mainly focusing on mitochondria, the
nucleus, or the Golgi apparatus,””*® respectively. In our
experiment, in PMN cells cultures, which were supplemented
with Mn, we observed a similar distribution in untransfected
cells, where Mn was localized mainly in the cytoplasm in the
perinuclear area. Interestingly, transfection with aSyn increased
overall levels of Mn and its localization in the perinuclear area
was even more pronounced (Figures S and 6). Previous reports
showed that Mn treatment resulted in increased expression of
aSyn.”**> Mn also increases the rate of aSyn fibrillation in
vitro”® and increased aSyn-aggregation was recently observed
in the brain of Cynomolgus macaques after exposure to Mn.”’
Overexpression of aSyn in human cells seems to facilitate Mn-
induced neurotoxicity through activation of the transcription
factor NF-kB, the p38 MAPK kinase, and apoptotic signaling
cascades, thus possibly playing a role in dopaminergic cell
death.”® Our results show a similar increase of cytotoxicity,
when PMNs were both overexpressing aSyn and treated with
excess Mn (Supporting Information Figure S2). Interestingly,
overexpression of the PARK9 gene encoding for ATP13A2
protected from toxicity derived from aSyn-overexpression as
well as from Mn exposure, thus suggesting a pathophysiological
interaction of both factors.”” Here we show, for the first time to
our knowledge, a direct in situ visualization of increased Mn
levels by overexpression of aSyn, suggesting that aSyn acts
either as manganese store by binding and retaining the
intracellular Mn or that it influences the transport of Mn into
the cell. Consequently, we have shown that although
overexpression of aSyn is not accompanied by a significant
change in the expression of the most expressed proteins
involved in Mn import (DMT1 and VGCC), there is a strong
trend to less expression of Fpnl. Over time, this could result in
increased intracellular Mn levels. Furthermore, Mn release was
significantly attenuated by ~20% in aSyn-overexpressing
cultures. Since aSyn directly interacts and binds to Mn, we
propose that it can act as an intracellular store for Mn.

High-resolution XRF imaging also permitted us to study the
subcellular spatial distribution of all elements. In general,
midbrain neurons showed mostly cytoplasmic localization of
Mn, often in the perinuclear region with a polarized pattern: in
neurons with a clearly identifiable neuritic process Mn was
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Figure 7. Subcellular distribution of DMT1 and MnSOD in primary midbrain neurons. Representative confocal microscopy image of a primary
midbrain culture (immuno)stained for DAPI (A), DMT1 (B), and merge (C). Inset in (C) shows a magnification of DMT1 distribution in a neurite.
Representative confocal microscopy image of a primary midbrain culture (immuno)stained for TOM20 (D), MnSOD (E), and merge of both with
DAPI (F). Insets show a magnification of DMT1 (C) and TOM20/MnSOD (F) in a neurite. Scale bar: S ym.

especially prominent in the part of cytoplasm, which was
oriented to the neurite. This distribution was previously
described, and the Golgi apparatus was proposed as the site
of principal Mn accumulation.””*>*° High levels of Mn were
recently shown to exert neurotoxic effects in neurons through
inhibition of the secretory pathway Ca**/Mn**-ATPase
(SPCA) in the Golgi.31 Our present examination resolves this
distribution in significantly greater detail and also permitted us
to clearly visualize Mn-rich foci in neuritic processes. These
were of similar size as the Mn-rich areas of the cytoplasm and
varied between a punctate/patchy and a filamentous appear-
ance. Although a direct overlay of immunocytochemistry and
X-ray fluorescence technically is not feasible, the comparison of
Mn distribution and divalent metal transporter (DMT)1/
MnSOD expression revealed a remarkable match. Since we did
not detect much Mn outside of these structures, it is likely that
a majority of the intracellular Mn is localized to cytoplasmic or
neuritic DMT1 in organelles as well as in mitochondrial
MnSOD. Previous reports demonstrated that Mn** is
sequestered by brain mitochondria via the mitochondrial Ca**
uniporter and is able to interfere there with F1ATPase and
complex I-dependent oxidative phosphorylation.”” This could
result in a reduction of cellular viability and it is striking that in
our measurements we find a significant and marked reduction
of K in cells transfected with aSyn, which is an established
finding in cells undergoing apoptosis.””**

The levels of calcium in the cell are pivotal and tightly
regulated since excess calcium may result in excitotoxicity and
the induction of cell death. Our measurements show significant
lower calcium levels in neurons transfected with aSyn (Figure
2). It has recently been shown that exposure to Mn** inhibits
ATP-induced Ca entry into the cell by inhibition of the
receptor-operated cation channel TRPC3.** Since aSyn
increases intracellular levels of Mn, this effect could be more
pronounced, resulting in lower Ca concentrations. On the other
hand, Mn and Ca compete for the same channels, for example,
voltage-gated Ca-channels (VGCC),* and an increased Mn
influx could thus attenuate Ca entry by competition at these
channels. As we previously showed, the expression of VGCC is
higher in dopaminergic neurons of the midbrain, which could
contribute to their selective vulnerability induced by Mn.”!
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Correlative studies of elemental levels can yield information
on similarities in metabolism of specific elements. Because Mn,
Ca, Mg, Fe, Cu, and Zn have similar ionic radii and valence
states, they are known to mutually interact with each other’s
metabolic pathways.”’ " Strikingly, we observed a strong
correlation between Mn and Fe as well as Mn and Cu in aSyn-
overexpressing neurons, that is, neurons with high concen-
trations of Mn also contained higher concentrations of Cu and
Fe than neurons with lower Mn concentrations (Figure 3).
Since an increase in intracellular Cu and Fe can be toxic,*
increased levels of aSyn can by these means contribute to
additional toxicity. In fact, the effect of Mn on Fe homeostasis
has been previously implicated as one possible mechanism of
Mn induced neurotoxicity.’ Our data also supports the idea,
that Mn, Cu and Fe employ similar entry mechanisms into the
cell: one candidate could be the DMT1, which mediates the
entry of a number of different divalent ions, that is, Mn, Fe, Cu,
Zn, Pb, and Co. In dopaminergic neurons, DMT1 mediates Fe
uptake and rats deficient for DMT1 are protected against iron-
mediated neurotoxicity.”” Interestingly, overexpression of
DMT]1 leads to increased dopaminergic cell death that is
further aggravated by mutant aSyn,"* which is supported by our
data of increased Mn levels in aSyn overexpressing neurons.
Based on the fact that aSyn has multiple binding sites for
transition metals (reviewed in ref 44), our correlation analysis
as well as the results from the Mn uptake and release studies
suggest that aSyn acts as a molecular store for metals in the cell.
Opverexpression of aSyn did not seem to affect the levels of Cu,
Cl, and Fe, and this stability underlines the differential
regulation of Mn and Ca as specific effect induced by aSyn
overexpression.

Our XANES results confirm that Mn is present in Mn**
oxidation state and that this does not depend on aSyn
expression. Since Mn>* is unstable in aqueous solutions at pH >
~2 (unless stabilized by formation of stable complexes) and
Mn*" is usually encountered in insoluble complexes and
particulate matter, Mn is likely to be present in this oxidation
state (reviewed in ref 45). Overexpression of aSyn does not
alter the redox state of Mn. Previous studies using XANES to
determine the oxidation state of Mn complexes in brain
mitochondria and neuron-like cells detected did not provide
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Figure 8. Determination of Mn oxidation states by XANES analysis.
(A) Representative XRF maps of three typical primary midbrain
neurons treated with 500 #M Mn?*. Cells marked with an asterisk (*)
overexpress aSyn. XRF maps of Mn (red), K (green), P (blue), and a
merged map at 6.57 keV are shown. Image size 33 X 33 um?, pixel size
250 nm, dwell time 500 ms. The color scales correspond to elemental
concentrations in the ranges given below each scan. (B) XANES
analysis of Mn accumulates in neurons overexpressing aSyn (n = 2;
green lines spectra) and control neurons (n = 3; black lines spectra).
Spectra were acquired around the Mn edge at 6.545 keV in a typical
Mn-rich area as shown in (A). Scans were performed with 0.5 eV steps
with 3 s per point. Absorption spectra are shown as normalized
absorption in arbitrary units. Reference spectra for Mn** (red line
spectrum) and Mn** (blue line spectrum) are shown.

evidence for accumulation of any Mn** complex derived from
oxidation of Mn*". However, the authors estimated that only
small amounts of Mn®" likely corresponding to spectra from
Mn3 s&geroxide dismutase known to contain both Mn** and
Mn’*.
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In conclusion, our analyses demonstrate the distribution of
Mn and other elements in primary midbrain neurons at a high
spatial and chemical resolution. We also show that aSyn acts
like an intracellular Mn store and alters the levels of
intracellular Mn, Ca and other elements. On a longer time
scale, similar alterations may contribute to chronic neuro-
degeneration in vivo. Therefore, therapeutic strategies targeting
Mn import and regulating its homeostasis could represent an
interesting therapeutic approach for future treatments of
neurodegenerative disorders.

B METHODS

Primary Midbrain Neuron (PMN) Culture, Transfection, and
Mn Treatment. The mesencephalon floor of embryonic day 14
Wistar rats (bred in the central animal facility of the University of
Gottingen) was dissected and dissociated for a primary cell culture as
previously described.*”*® Briefly, the brainstem was isolated and the
meninges were removed. A medial incision was made at the ventricular
opening of the tectum. The rostral parts of the ventral brainstem and
of the tectum were cut away. The dissected tissue pieces were collected
in ice-cold calcium—magnesium-free medium and centrifuged at 1.5¢
for 4 min. Trypsin (750 uL, 0.25%, Sigma, Taufkirchen, Germany) was
added to the tissue pellet, and after 15 min of incubation at 37 °C was
inactivated with 750 uL cold fetal calf serum. Dissociation of tissue
fragments was achieved by gentle trituration using a fire-polished
Pasteur pipet. The cell suspension was centrifuged at 73¢ for 4 min
and resuspended in culture medium.

The cell suspension was then cotransfected with two plasmids,
p.EGFP and p.aSyn-WT, which were previously described,*”*° using
nucleofection (Nucleofector II Device and Basic Primary Neurons
Nucleofector Kit (VPI-1003), Lonza). For each experimental
condition, a 90 L cell suspension containing ~4.0 X 10° neurons
was nucleofected with S pg of plasmid DNA using the program O-0S.
Cells were then resuspended in culture medium containing DMEM-
F12 (Invitrogen, Darmstadt, Germany) supplemented with 2.5 mg/
mL BSA (35%), 0.9% p-(+)-glucose solution (45%), 2 mM L-
glutamine (PAA Laboratories, Pasching, Austria), S pg/mL insulin,
1:100 N1 medium supplement, and 1:100 PSN antibiotic mixture
(Invitrogen, Scotland, UK) and then plated at a density of 400 000/
well on silicon nitride membranes (1.5 X 1.5 X 2 - 10™* mm, Silson,
U.K.) coated with poly-L-ornithine and laminin. Membranes were then
transferred to 24-well plates (Saarstedt), and cells were kept in 500 uL
of culture medium per well at 37 °C and 5% CO, in a humidified
atmosphere. At 3 h after nucleofection, 2/3 of the medium was
exchanged to discard toxic substances from the nucleofection
procedure and 1/2 of the medium was exchanged again 48 h after
plating. This midbrain culture contained ~5—10% dopaminergic
neurons and ~90—95% GABAergic neurons with only single glial
fibrillary acidic protein-positive cells being detectable.”’

On day 3 in vitro, cultures were treated with Mn>" (by
supplementation with S00 4uM MnCl,; Sigma-Aldrich) for 2h in cell
culture medium.

Fluorescence Light Microscopy in Vivo. All cultures were
completely imaged using visible light microscopy (Axiovert; Zeiss), to
create a localization map of the cells on the silicon nitride membrane
and to identify GFP-positive DAergic neurons for subsequent X-ray
imaging. Photomicrographs were taken using an inverted fluorescence
microscope while the culture was kept in a heated (37 °C) imaging
chamber under controlled atmosphere (5% CO,). For each visual field,
images at 10X magnification were taken using phase contrast and
EGEFP filter.

Sample Preparation for X-ray Microscopy. The sample
preparation included preservation of the primary neurons by plunge
freezing in liquid ethane. Samples were kept under cryogenic
conditions and used for performing XRF and XANES measurements
without freeze-drying. Previous experiments” have shown (i) best
reproducibility and sensitivity of XRF, (ii) best preservation of
elemental oxidation state by XANES, and (jii) minimal beam damage
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Figure 9. Analysis of Mn transport and Mn release. (A) Western blot analysis and quantification of the most expressed proteins for cellular
trafficking of Mn (DMT1 and VGCC as Mn importers and Fpnl as Mn exporter). One-way ANOVA did not reveal any significant differences
between the different groups, but there was a clear trend for less Fpnl expression in aSyn-treated cultures. (B) Left: Setup of Mn release experiment.
Right: percentage of change in the release of Mn between cells transfected with aSyn and GFP (control). In aSyn-overexpressing cultures, the
release of Mn into the culture medium was reduced as compared to GFP control transfected cells. **P < 0.01 according to a one-sample t test.

when cells were analyzed in a frozen hydrated state. Imaging of frozen-
hydrated cells under cryogenic conditions is a reliable way to preserve
the structure of the cell and minimize rearrangement or loss of
diffusible ions>> as well as to minimize radiation damage.

Prior to plunge freezing, live-cells were thoroughly washed with
fresh PBS buffer pH7.4 in order to remove excess extracellular metal
ions. Subsequently, just prior to blotting, they were washed for 1 s in
demineralized water to eliminate the PBS buffer. This method was
chosen to remove the traces of inorganic ions. The cells prepared in
this way were checked again under a visible light microscope to ensure
that the morphology did not change after rinsing. Samples were
quickly blotted for 1s with fine filter paper and immediately rapidly
plunged in liquid ethane cooled with liquid nitrogen and subsequently
stored under liquid nitrogen until imaging.

Prior to XRF imaging, frozen samples were examined under
cryogenic conditions by using an optical fluorescence microscope
(Nikon S0i) at the APS. The cryo-stage CLM77K (Instec, Inc.)
mounted on the optical microscope allowed us to work at temperature
of liquid nitrogen and to choose only those cells that are of highest
interest for imaging with the X-ray microprobe. Detection of GFP-
expressing cells helps to orient samples and later to identify the same
transfected cells in the X-ray microscope for XRF and XANES
measurements.

X-ray Microscopy. X-ray microscopy was performed at two
instruments at the Advanced Photon Source (APS) at the Argonne
National Laboratory. The X-ray fluorescence microscope at 2-ID-D is
an instrument that allows cryogenic XANES and XRM studies at the
K-absorption edge of Mn at 6539 eV combined with spatial resolution
better than 200 nm and energy resolution of 0.5 eV. In addition, the 2-
ID-D beamline allows imaging and spectroscopy measurements on
frozen hydrated samples cooled by a cryo-jet (Oxford Instruments,
UK), which preserves the physiological sample environment.

Furthermore, to determine the distribution of Mn within cells with
the best possible sensitivity, we used the recently installed Bionanop-
robe instrument located at APS-ANL at the Life Sciences-
Collaborative Access Team sector 21-ID-D. The Bionanoprobe
(BNP) is the first and only XFM instrument that allows imaging of

1776

frozen-hydrated biological samples up to 10—20 pm thickness, with an
X-ray beam that can be focused to 30 nm.”>>* The BNP is equipped
with cryogenic capabilities and a robotic sample loading mechanism,
which enables frozen-hydrated biological samples and other organic
samples to be studied at ~77 K. In this experiment, we used the
nanofluorescence imaging to obtain distribution of trace metals with
high spatial and chemical resolution at 10 keV, as well as to determine
the colocalization of Mn with other trace elements such as Fe, Cu, and
Zn. Usually the step size was 100 nm during the scanning, and dwell
time 250 ms, with the focused beam flux of 3.5 X 10° photons/s.
Spectra were collected on a pixel by pixel basis at 10 keV incident
energy at the BNP, and 6.57 keV at 2-ID-D. The MAPS program was
used for fitting and elements concentration analysis.”* Thin film
standards (NBS-1832/33) (The National Institute of Standards and
Technology) and RF8-200-S2453 (AXO DRESDEN GmbH,
Germany) were used at the 2-ID-D and the BNP, respectively,
allowed for elemental quantification.

Immunohistochemistry for Confocal and Epifluorescence
Microscopy. Coverslips with PMNs were fixed using 4% PFA for 10
min at 37 °C on DIV3. Permeabilization was performed using a
solution of 0.3% Triton X-100 in PBS for 5 min followed by blocking
with antibody diluent (Dako) for 20 min. For DMTI staining, the
coverslips were incubated with a primary DMT1 antibody
(#NRAMP21-A, ADI) using a dilution of 1:100 in antibody diluent
at 4 °C overnight. The secondary antibody, donkey anti-rabbit IgG
conjugated with Alexa fluor 546 (#A10040, Invitrogen) diluted 1:1000
in antibody diluent, was applied for 15 min at 37 °C. For manganese
superoxide dismutase (MnSOD) staining, a primary antibody against
MnSOD (#06-984, Millipore) was applied at 4 °C overnight, the
secondary antibody was a donkey anti-rabbit conjugated with Alexa
fluor 680 (#A10043, Invitrogen) applied for 1S min at 37 °C. Then
the primary antibody was saturated with fab fragment donkey anti-
rabbit IgG (H+L) diluted 1:50 for 2 h (#711-007-003, Jackson lab).
Subsequently, a primary antibody against TOM20 (#ab78547, abcam)
diluted 1:50 was applied overnight at 4 °C, and the secondary antibody
was donkey anti-rabbit IgG conjugated with Alexa fluor 546 (#A10040,
Invitrogen) diluted 1:1000 in antibody diluent. Nuclei were stained
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using 4’,6-diamidine-2-phenylindole (DAPI; Sigma-Aldrich) for S—10
min with a concentration of 1 pg/mL in PBS. Coverslips were
mounted in Mowiol (Sigma-Aldrich), and confocal images were taken
on a Leica TCS SPS.

For confirmation of aSyn-overexpression, we used a primary a-
synuclein antibody (#610786, BD bioscience) at a dilution of 1:200 in
antibody diluent at 4 °C overnight. The secondary antibody was a fab
fragment goat-antimouse conjugated with Cy3 (#115165006,
Dianova) using a dilution of 1:1000 in antibody diluent for 2 h.
DAPI was then added for S min.

Western Blot and Solubility Assay. Western blots: Briefly,
PMNs were lysed in ice-cold lysis buffer (10 mM HEPES, 142 mM
KC], 5 mM MgC], 2.1 mM EGTA, IGEPAL, protease and phosphatase
inhibitor and dithiothreitol) on DIV 3. Then samples were sonicated
(Biorad) at 40% power for 1S s for 3 cycles on ice. Protein
quantification was performed using a commercial BCA assay (Biorad)
on a 96-well plate. Protein lysates were resolved on a 10% SDS-page
and subsequently blotted on a polyvinylidene difluoride membrane.
Aspecific binding was saturated by a solution of 5% nonfat powdered
milk (Sigma-Aldrich) in TBS-Tween (50 mM Tris.HCl, pH 7.4, 150
mM NaCl, 0.1% Tween 20) at room temperature for 1 h. Incubations
with primary anti-a-synuclein antibody (#610786, BD bioscience)
dilution of 1:500, anti-DMT1 antibody (#NRAMP24-A, ADI) dilution
of 1:100, anti-VGCC antibody (#C1103, Sigma) dilution of 1:200, and
anti-Fpnl antibody (#MTP11-S, ADI) dilution of 1:500 were
performed overnight in 2.5% nonfat powdered milk. Incubation with
primary anti-f-tubulin antibody (T4026, Sigma) and primary anti-
GAPDH (#G954S, Sigma) both diluted 1:5000 were performed in
2.5% nonfat powdered milk for 1 h. The secondary antibody was a
horseradish peroxidase-coupled IgG (Dianova, Hamburg, Germany)
for both in a dilution of 1:5000 in 2.5% nonfat powdered milk and was
applied for 1 h. For visualization, enhanced chemiluminescence (ECL-
solution: 250 mM luminol, 90 mM p-coumaric acid, 1 M Tris/HCI,
30% hydrogen peroxide) was used. Blots were analyzed with Image]
software (open freeware provided by the NIH, Bethesda, MD; http://
imagej.nih.gov/ij/ ).

Solubility Assay. aSyn solubility was assessed as previously
described.*® For our experiments, H4 cells transfected with Synph-1/
SynT were used as a positive control for aggregation. In short: cells
were lysed in a lysis buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1 mM
EDTA and cocktail of protease inhibitors) and sonicated three times
for 30 s on ice. Subsequently, 300 pug of total cell extracts was
incubated with Triton X-100 (final concentration 1%) for 30 min.
Then the soluble fraction was separated from the insoluble fraction by
centrifuging for 1 h at 15000g at 4 °C. The insoluble fraction was
resuspended in the resuspension buffer (75 mM Tris, pH 6.8, 3% SDS,
15% glycerin, 3.75 mM EDTA pH 7.4, and a cocktail of protease
inhibitors) and sonicated again for 15 s. Finally. Western blots were
performed as described above.

Viability Assay. A commercial kit (ToxiLight BioAssay Kit by
Lonza) was used for measuring the release of adenylate kinase from
dead cells. At DIV3 after 3 h of Mn®" incubation, an aliquot of cell
medium for each condition was collected. Then the substrate was
added to the 96-well plate and read with a Wallac 1450 MicroBeta
TriLux instrument (PerkinElmer, Waltham, MA).

Manganese Determination by ICP-sf-MS Measurement. An
ELEMENT 2, ICP-sectorfield-mass spectrometer (Thermo Scientific,
Bremen, Germany) was employed for SSMn determination in medium
resolution mode. 103Rh was administered to each sample at a
concentration of 1 ug/L as internal standard. Sample introduction was
carried out using an ESI-Fast-system (Elemental Scientific, Mainz,
Germany) connected to a Micromist nebulizer with a cyclon spray
chamber. The RF power was set to 1200 W, the plasma gas was 15 L
Ar/min, whereas the nebulizer gas was approximately 0.9 L Ar/min
after daily optimization. Quality control for Mn determination: The
determination methods had been validated previously by successful
regular laboratory intercomparison studies, specifically as a reference
laboratory for Mn determination in serum and urine of the GEQUAS
quality control scheme and by regular analysis of adequate certified
reference materials.

1777

Statistical Analysis. For image and spectra analysis, we used
MAPS, a freely available software for X-ray fluorescence analysis
developed at the APS.>* The algorithms employed are described in
detail elsewhere.*® Average of cellular element concentration was used
after definition of single cell region of interest (ROIs) by using
potassium map in the MAPS software. Data of elements concentration
per cell are presented as means (+SE) of 18 transfected and 40 control
cells, respectively. Statistical analyses of the data were performed using
multivariate analysis of variance (ANOVA) and Pearson’s correlative
analysis in OriginLab 8-6 Pro software (Northampton, MA).
Differences were considered significant with P < 0.0S. For Western
blot analyses, solubility assays and viability tests, at least three
independent replicates were performed. One-way ANOVA followed
by a Tukey posthoc test was then used to determine significances. For
Mn release experiment analysis, we used a one-sample t test, assuming
Mn-release of GFP-transfected cells as 100%.
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