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Abstract

Chronic exposure to manganese results in neurological
symptoms referred to asmanganismand is identified as
a risk factor for Parkinson’s disease. In vitro, manga-
nese induces cell death in the dopaminergic cells, but
the mechanisms of manganese cytotoxicity are still
unexplained. In particular, the subcellular distribution
of manganese and its interaction with other trace
elements needed to be assessed. Applying synchrotron
X-ray fluorescence nanoimaging, we found that man-
ganese was located within theGolgi apparatus of PC12
dopaminergic cells at physiologic concentrations. At
increasing concentrations,manganese accumulateswithin
the Golgi apparatus until cytotoxic concentrations
are reached resulting in a higher cytoplasmic content
probably after the Golgi apparatus storage capacity is
exceeded. Cell exposure tomanganese and brefeldin A,
a molecule known to specifically cause the collapse of
theGolgi apparatus, results in the striking intracellular
redistribution of manganese, which accumulates in
the cytoplasm and the nucleus. These results indicate
that the Golgi apparatus plays an important role in
the cellular detoxification of manganese. In addition
manganese exposure induces a decrease in total iron
content, which could contribute to the overall neuro-
toxicity.
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C
hronic exposure to manganese (Mn) is toxic to
the brain, resulting in manganism (1), a neuro-
logical disorder with similar symptoms to

Parkinson’s disease (PD). Manganism principally
occurs after occupational exposures such as in the case
of miners, smelters, and welders (2). Manganese intoxi-
cation has also been reported after long-term parenteral
nutrition (3), and after the illicit use ofmethcathinone, a
stimulant with euphoric effects, which contains manga-
nese (4). In addition, occupational exposures to man-
ganese are suspected to increase the risk of PD (5, 6), as
well as the association with high iron in dietary intakes
(7). From a neuropathological perspective, both idio-
pathic PD and manganism are characterized by altera-
tion of the basal ganglia and loss of dopamine levels (8).
However, the primary target forMn neurotoxicity is the
globus pallidus (GP),whereas inPD the degeneration of
dopaminergic neurons occurs in the substantia nigra
pars compacta (SNpc).

The mechanisms of manganese neurotoxicity on
dopaminergic cells have been studied in vitro, using
cellular models such as the rat pheochromocytoma cell
linePC12.Early studies have shown thatmanganese has
a specific toxicity toward PC12 cells and that it can alter
dopaminemetabolism (9). There are some controversial
results concerning the possible intracellular targets of
Mn (10). It is generally accepted that Mn accumulates
within the mitochondria of neuronal cells (11, 12).
However, a recent report suggests that less than 0.5%
of intracellular Mn is found in the mitochondrial
fraction and that Mn rather accumulates into the nu-
cleus and cytoplasm of PC12 cells (13).

On the other hand, the disruption of iron (Fe) home-
ostasis has also been reported to play an important role
in Mn neurotoxicity (14). The two metals compete for
the same binding protein in serum (transferrin) and
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subsequent transport systems (divalent metal transpor-
ter, DMT). But here again there are some conflicting
results. Zheng (15) observed an increase of Fe uptake
following manganese exposure in PC12 cells, whereas
Kwik and Smith (16) reported that the total Fe content
did not change in the same cells, except at high Mn
exposure with a slight decrease of iron.

The two specific aims of this study were (1) to deter-
mine the intracellular distribution of Mn into single
PC12 cells using the recently developed synchrotron
radiation X-ray fluorescence (SXRF) nanoprobe and
(2) to quantify the trace element content, particularly of
Fe and Mn, using particle-induced X-ray emission
microanalysis (PIXE) and backscattering spectro-
metry (BS). The use of direct analytical methods for
chemical element imaging offers the possibility to iden-
tify the subcellular compartments where trace ele-
ments are located and to quantify their content, without

almost any sample preparation and avoiding any pos-
sible contamination, redistribution, or loss of trace
elements (17).

Results

Cytotoxicity
Cytotoxicity measurements using MTT assays on

PC12 cells revealed cell death occurring after 24 h ex-
posure tomanganese chloride.Cell viabilitywas expressed
as the percentage versus the untreated control (Figure 1).
The cytotoxicity measurements show that manganese
chloride becomes slightly toxic at 150 μM. At 300 μM,
MnCl2 cell viability is 75%. This result is in good agree-
ment with other studies of manganese cytotoxicity on
PC12 cells as determined by MTT assay (18, 19).

Golgi Apparatus and Endoplasmic Reticulum
Localization

Golgi apparatus (GA) was labeled with the GFP-
Golgi Organelle Lights probe, and we could observe
that this organelle lay near one side of the nucleus in
PC12 cells (Figure 2B,D). A different distribution was
obtained for the GFP-endoplasmic reticulum labeling
that extended almost through all the cytoplasm with a
marked fluorescence all around the nucleus (Figure 2F,
H). These results are in good agreement with the pre-
viously observed localization of Golgi apparatus in
PC12 cells, localized near one side of the nucleus, and
of endoplasmic reticulum found in the cytoplasmandall
around the nucleus, either by electron microscopy (20)
or by immunocytostaining (21, 22).

X-ray Fluorescence Nanoimaging
X-ray fluorescence images reveal that in unexposed

PC12 cells (control), Mn is located in a perinuclear
region, always on one side of nucleus, identified as the
Golgi apparatus (Figure 3). When cells are exposed to a
subcytotoxic dose of Mn (100 μM), the same distribu-
tion is found (Figure 4). At higher Mn concentration

Figure 2. Golgi apparatus and endoplasmic reticulum localization in PC12 cells: (A, C, E, G) optical images of PC12 cells in culture medium;
(B, D) green fluorescence ofGolgi apparatus (the same fields of view asA andC); (F,H) green fluorescence of endoplasmic reticulum (the same
fields of view as E and G).

Figure 1. Dose dependent cytoxicity of MnCl2 in PC12 cells
determined by MTT assay. Results are shown as mean ( the
standard error from three separate experiments. The / indicates
P < 0.001 vs control group (Student’s t test).
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(300 μM), Mn is also localized in the perinuclear region
although the distribution is more diffuse than that
shown in Figures 3 and 4 with Mn evidenced in the
cytoplasm, as also confirmed by quantitative analysis
(see below) (Figure 5).

The distribution of Mn is specific to this organelle
because other elements like K or Zn are distributed
differently in the cells. Potassium and zinc are quite
homogeneously distributed, proportionally to the cell
thickness, which explains the higher signal in the nuc-
leus, as expected from the ubiquitous distribution of
these elements in cells. The specificity of Mn accumula-
tion in the GA is also evidenced by the action of
brefeldin A, a lactone antibiotic known to cause the
specific disintegration of the GA (23). After cell expo-
sure to Mn and brefeldin A, manganese is redistributed
within the cell showing a homogeneous distribution
similar to those of K and Zn (Figure 6).

As explained in the Methods section, using PyMCA
software,wehave calculated theproportionofmanganese

in GA, nucleus, and cytoplasm (excluding GA) com-
pared with the whole cell. For control cells and cells
exposed to 100 μMofMn (nontoxic concentration), we
found on average 60%ofmanganese in theGA, 20% in
the nucleus, and 20% in the rest of the cytoplasm. For
cells exposed to 300 μMofMn (toxic concentration), we
obtained on average 40%ofmanganese in theGA, 20%
in the nucleus, and 40% in the rest of the cytoplasm.
When cells are exposed to 300 μM ofMn and brefeldin
A, 45% of Mn accumulates in the nucleus and 55% in
the cytoplasm.

Elemental Quantification
Using the same samples analyzed by SXRF, we

quantified the elemental concentration in the cells by
combination of two ion beam analysis methods, PIXE
and BS. Quantitative data reveal that manganese accu-
mulation is not proportional to the exposed dose and
that iron decreases in PC12 cells exposed to manganese
(Table 1). On the other hand, using BS, we measured
that the areal mass of a single cell is about 100 μg/cm2

Figure 3. X-ray fluorescence images of intracellular elements in control PC12 cells. Panels A and B show optical images of PC12 cells after
cryofixation and freeze-drying. The black squares indicate the analyzed zones by SXRF. At the right of optical images, the X-ray fluorescence
images of intracellular elements K, Mn, and Zn are shown. Color scale bar indicates the intensity of X-rays, which increases from blue to red.
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and the surface of a PC12 cell being on average 400 μm2

the drymass of a single PC12 cell is about 0.4 ng. Taking
into account this single cellmass, the quantitative values
of total intracellular manganese obtained by PIXE/BS,
and the percentage of Mn in each cell compartment

obtained by SXRF, we were able to calculate the total
content of manganese in GA, cytoplasm, and nucleus
(Table 2). As an example to illustrate this calculation at
100 μM Mn exposure, when the total concentration of
Mn is 10μg/g, itmeans that in total there is 4�10-15 g of

Figure 4. X-ray fluorescence images of intracellular elements in PC12 cells exposed to 100 μMmanganese during 24 h. Panels A and B show
optical images of PC12 cells after cryofixation and freeze-drying. The black squares indicate the analyzed zones by SXRF. At the right of each
optical image, the X-ray fluorescence images of intracellular elements K, Mn, and Zn are shown. Color scale bars indicate the intensity of
X-rays, which increases from blue to red.

Figure 5. X-ray fluorescence images of intracellular elements in PC12 cells exposed to 300 μMmanganese during 24 h. Panels A and B show
optical images of PC12 cells after cryofixation and freeze-drying. The black squares indicate the analyzed zones by SXRF. At the right of each
optical image, the X-ray fluorescence images of intracellular elements K, Mn, and Zn are shown. Color scale bars indicate the intensity of
X-rays, which increases from blue to red.
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Mn in a single PC12 cell. Knowing that at 100 μMMn
exposure, 60% of total Mn is located in the GA, we
obtain that the absolute amount of Mn into the GA is
2.4� 10-15 g.

Discussion

Manganese Subcellular Localization and Toxi-
city

Manganese is an essential trace element for develop-
ment and functioning of the brain, and chronic exposure
to excess levels of Mn leads to neurotoxic symptoms;
however, its subcellular distribution at physiological
and toxicological concentrations remained to be eluci-
dated. Up to now, there was no report of the subcellular
distribution of manganese at physiological concentra-
tion, due to the lack of appropriate analytical techni-
ques. Several studies have pointed out that the
intramitochondrial accumulation of manganese in neu-
ronal cells (12, 24) is thought to play a critical role in
neurotoxic effects by disruption of mitochondrial activ-
ity (10, 11, 25). But according to a recent report,
manganese accumulation within other cell compart-
ments, such as the cytoplasm and nucleus, seems also

Figure 6. X-ray fluorescence images of intracellular elements in PC12 cells exposed to 300 μM manganese during 24 h and 30 μg/mL of
brefeldin A during 4 h. Panels A and B show optical images of PC12 cells after cryofixation and freeze-drying. The black squares indicate the
analyzed zones by SXRF. At the right of each optical image, the X-ray fluorescence images of intracellular elements K,Mn, and Zn are shown.
Color scale bars indicate the intensity of X-rays, which increases from blue to red.

Table 1. Elemental Concentration in PC12 Cells Determined by Ion Beam Analyses Combining PIXE and BSa

element control (n = 15)
manganese,

100 μM (n = 9)
manganese,

300 μM (n = 9)
manganese,

300 μM þ brefeldin A 30 μg/mL (n = 12)

K 27600( 5000 21400( 4400 20300( 7700 22900( 3900

Ca 440( 170 310( 180 490( 190 540( 190

Mn <3 10( 3 75( 45 202( 63

Fe 81( 16 63( 13b 45( 5b 64( 13b

Cu 19( 5 14( 7 10( 9 9( 2

Zn 141( 22 116( 12 111( 22 116( 21

aMean concentration and standard deviation, expressed in μg of element per g of drymass, for each element at different exposure conditions.We can
observe that followingMn exposure, iron content diminishes in the cell andMn increases but not proportionally to the exposed dose. Iron detriment is
statistically different when manganese exposure occurs compared with the control case (p < 0.01) using Wilcoxon test. For the other elements, the
differences between exposures are not significant (p > 0.05). n = number of analyses. b p < 0.01.

Table 2. Absolute Mn Content in Different Compart-
ments of PC12 Cells after Different Mn Exposures. a

Mn content

Mn exposure
whole cell
(�10-15 g)

Golgi
(�10-15 g)

cytoplasm
(�10-15 g)

nucleus
(�10-15 g)

Control <1.2 <0.72 <0.24 <0.24

100 μM MnCl2 4 2.4 0.8 0.8

300 μM MnCl2 30 12 12 6

300 μM MnCl2 þ
30 μg/mL brefeldin A

80 44 36

aMncontent in each cell compartmentwas calculated bymultiplying
theMn concentration (measured by PIXE/BS and expressed in μg/g) by
the mean dry cell mass (measured by BS and expressed in ng) and by the
averageMn percentage in each cell compartment (measured by SXRF).
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to occur (13). Using the direct chemical imaging nano-
SXRFmethod, we evidenced that Mn is located princi-
pally within the Golgi apparatus of PC12 cells cultured
in normal conditions, without addingMn to the culture
medium (Figure 3). The Mn concentration in RPMI
medium supplemented with sera is below 0.2 μM (26).
At higher concentrations of Mn in the culture medium,
100 and 300 μM, Mn also accumulates in the GA
(Figures 4 and 5). In addition when GA is specifically
altered by brefeldin A, manganese distribution is totally
different anddisplays a homogeneousdistribution in the
cytoplasm and nucleus (Figure 6). In the study of
Morello (12), the Golgi apparatus could not be identi-
fied because contrast in the electron microscope images
was too low and only a partial observation of intracel-
lular Mn could be performed because the sample pre-
paration used for electronmicroscopy resulted in about
50% loss of intracellular manganese. In the same way,
Gavin (24) separated mitochondria, and not other
organelles such as the GA, by centrifugation. Therefore
the direct chemical imaging by nano-SXRF is an im-
portant achievement because it enables the detection of
manganese in whole PC12 cells, avoiding any partial
determination due to limitation in sample preparation,
and clearly revealed that manganese accumulates pri-
marily in the Golgi apparatus.

The quantitative intracellular distribution of manga-
nese, as determined inwhole PC12 cells not exposed and
exposed to 100 μMMnCl2, indicates that themajor part
of manganese partitions in the GA at physiologic and
subcytotoxic concentrations (Table 2), suggesting an
unexpected role for the GA in Mn homeostasis. At
cytotoxic concentration, the picture is slightly different;
Mn is still preferentially located in the GA but a higher
proportion is found in the cytoplasm and the nucleus
(Table 2). These data suggest that Mn toxicity could
occur when the storage capacity of the GA is exceeded,
resulting in a net increase of Mn content in the cyto-
plasm and the nucleus, where it can reach critical targets
such as the mitochondria or the genomic DNA.

In addition, when GA integrity is altered using
brefeldin A, Mn is redistributed within the whole cell,
reaching a relatively high amount in the cytoplasm and
nucleus (Table 2).The effect ofbrefeldinAalso results in
the higher Mn cellular accumulation for the same Mn
exposure (Table 1). It is interesting to note that from100
to 300 μMMn, total Mn content increases a factor 7.5,
from 4�10-15 to 30�10-15 g, whereas the extracellular
concentration is only increased by a factor 3. And this
difference is more accentuated, from 4�10-15 g to 80�
10-15 g, when the GA is disrupted. This late result
suggests that the GA plays a role in the efflux of Mn
outside the cell, preventing cytotoxic effects.

In yeast, there is evidence that the main system for
preventingMn toxicity is its removal from the cytoplasm

via accumulation in theGA and an efflux via exocytosis
(27). A similar observation is made in plants such as
Arabidopsis thaliana, Golgi-based manganese accumu-
lation resulting in manganese tolerance through vesicu-
lar trafficking and exocytosis (28). In a different field of
research, it has been shown that anticancer drugs accu-
mulate in the trans-Golgi resulting in the prevention of
drug accumulation in other compartments of human
cells and decreasing in this way the cytotoxicity (29).
Our results suggest that a similar mechanism of manga-
nese detoxification could exist in PC12 cells.

Manganese was already known to induce oxidative
stress in endoplasmic reticulum (30, 31) and to disrupt
normal membrane trafficking along the secretory path-
way (32). The interaction of Mn with the Golgi appa-
ratus and secretory pathway is especially interesting
regarding the possible involvement of Mn in the altera-
tion of dopaminemetabolism and in the etiology of PD.
It has been evidenced that parkin, a protein mutated in
the familial cases of PD, protects against Mn toxicity in
dopaminergic cells but not in nondopaminergic cells
(33). Treatment with manganese resulted in accumula-
tion of parkin protein in SH-SY5Y dopaminergic cells
and its redistribution to the perinuclear region, espe-
cially aggregated Golgi complex, while in nondopami-
nergic Neuro-2a cells neither expression nor redistribu-
tion of parkin was noted. Our data could explain why
the parkin protein is redistributed to the Golgi appara-
tus in dopaminergic cells. A recent report also revealed
that yeast PARK9helps toprotect cells frommanganese
toxicity (34). Therefore proteins involved in the preven-
tion of PD, such as parkin and PARK9, could have a
direct role in Mn neuroprotection by preventing the
alteration of Golgi apparatus. There is increasing evi-
dence that the alteration of the Golgi apparatus by
fragmentationandaggregation ofmisfoldedor aberrant
proteins could contribute to the pathogeneses of neuro-
degeneration (35).

Alteration of Iron Homeostasis
Among the possible mechanisms of manganese neu-

rotoxicity, one hypothesis currently under investigation
is thatmanganese exposure could causedysregulationof
cellular ironmetabolism. In PC12 cells exposed to 300μM
MnCl2 for 24 h,we noticed a statistically significant dec-
rease of total iron content, from81 to 45 μg/g.At 100 μM
MnCl2, the iron decrease was less pronounced but still
statistically significant, from 81 to 63 μg/g. Kwik-Uribe
et al. (16, 36) noticed a slight decrease of iron in Mn
exposure conditions similar toours (200μMduring 24h),
although the difference was not statistically significant.
In aprevious study,ZhengandZhao (15) noticed an inc-
rease of iron net uptake inPC12 cells exposed to 200 μM
MnCl2 for 3 days. However, in this study an excess
of nonradioactive Fe and transferrin was added to the
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culture medium together with radiolabeled iron. There-
fore in the light of our results, the observed increase in
Fe net uptake could be consecutive to the Fe intracellu-
lar depletion due to 3 days of Mn exposure and the
addition of Fe.

The transferrin receptor and the divalentmetal trans-
porter protein (DMT), two iron transporters, have been
implicated as putative Mn transporters; both proteins
are expressed in PC12 cells (37). The competition ofMn
and Fe for both of these transporters explains the well
demonstrated increase in brain Mn in case of Fe defi-
ciency (14). However, the effect of Mn exposure on Fe
concentration has been less investigated. Chronic Mn
exposure in adult rats led to a 32% decrease in plasma
Fe (38). In developing rats, a high Mn diet resulted in
changes in hematological parameters similar to those
seen with iron deficiency: decreased plasma Fe and
increased plasma transferrin (39). We noticed, at the
cellular level, a decrease in total iron content when
manganese exposure occurs, suggesting that Mn can
compete with Fe for intracellular binding sites.

Conclusion

Our results revealed that the Golgi apparatus plays
an unexpected role in the subcellular storage of Mn at
physiologic and toxic concentrations of Mn. The accu-
mulation of Mn in the Golgi apparatus could have a
preventing effect on Mn cytotoxicity, but as a conse-
quence, high doses of Mn could disturb the vesicular
trafficking of the dopamine cell.Wehave also evidenced
that if the GA is altered, Mn reaches the nucleus and
cytoplasm in higher proportion. In this case, critical
targets such as the mitochondria or the genomic DNA
could be damaged, leading to neuronal cell death. We
also found that total iron content diminishes in cells
exposed to manganese, which could indicate a competi-
tion between iron andmanganese for intracellular bind-
ing sites and transport mechanisms.

Methods

Cell Culture
Rat pheochromocytomaPC12 cells were used as an in vitro

model of dopaminergic cells (40). PC12 cells were routinely
maintained in RPMI 1640 medium (2.0 g/L glucose, 2 mM
glutamine) supplemented with 10% horse serum, 5% fetal
bovine serum (Sigma), and100U/mLpenicillin-streptomycin
at 37 �C in awater-saturated atmosphere containing 5%CO2.
For chemical nanoimaging, cells were cultured directly on
sample holders specially adapted for X-ray fluorescence ana-
lysis as recently described (41). Briefly, about 2� 104 PC12
cells were split directly onto a 2 μm thin polycarbonate foil
treated with gelatin gel mounted on a ESRF-ID22 sample
holder with a 5 mm hole. PC12 cells were treated with NGF
(nerve growth factor) at 100 ng/mL every 2 days during 8 days
in order to obtain neuronal-like differentiated chromaffin

cells. Exposure to manganese was carried out after NGF
treatment.

Cytotoxicity
Manganese cytotoxicity in PC12 cells was measured by

MTT assay (Sigma). PC12 cells were seeded in 96-well plates
at 5�103 cells per well. After 72 h incubation, manganese was
given at various concentrations (50 μM, 150 μM, 300 μM,
1mM, 2mM) for 24 h, and cells were further cultured for 24 h
without manganese. After treatment and following the Sigma
protocol, 100 μL of medium at 10% MTT was added, and
cells were incubated for 4 h at 37 �C. The medium was
removed, and cells were lysed in 100 μL of MTT solvent.
The absorbance at 570 nm was measured with a microplate
reader (Bio-Rad).

Sample Preparation for Microanalysis
Cells were exposed to 100 and 300 μM of MnCl2 for 24 h,

medium was replaced with fresh medium, and cells rested for
24 h under normal conditions. After this time, cells were
cryofixed in liquid isopentane cooled by liquid nitrogen
(-160 �C) and freeze-dried at -35 �C. This protocol allows
preservation of the integrity of cellular morphology and
chemical element distribution in the cells, so sample prepara-
tion does not induce any morphological or chemical modifi-
cation (26, 41).

Brefeldin A Treatment
Cells were exposed to 300 μM MnCl2 for 24 h. After that

time, medium was removed, and cells were incubated with
fresh medium at 30 μg/mL brefeldin A for 4 h as described by
other authors also using PC12 cells (42). Cells were then
cryofixed and freeze-dried as previously explained.

GolgiApparatus andEndoplasmicReticulumMarked
by Fluorescence Proteins

PC12 cells were transduced with Organelle Lights reagent
(Invitrogen). The reagent contains a baculovirus (BacMam
technology) that introduces into mammalian cells the expres-
sion of autofluorescent proteins that are localized to specific
subcellular compartments and organelles. In this experiment
green fluorescent protein (GFP) was used to mark separately
the Golgi apparatus and the endoplasmic reticulum (Organelle
Lights O36215 and O36212, respectively). The targeting seq-
uences are, respectively, the Golgi-resident N-acetylgalacto-
saminyltransferase-2 and ER signal sequence of calreticulin
and KDEL. PC12 cells were transduced according to the
manufacturer’s instructions of Invitrogen. Three days after
transduction, organelle fluorescence was observed in living
cells using an epifluorescence microscope (BX51, Olympus,
Tokyo, Japan) and an U-MNIB2 filter.

Synchrotron X-ray Fluorescence Nanoimaging
The experiments were conducted at ESRF (European

Synchrotron Radiation Facility) on the nanoimaging facility
ID22NI. The experimental station is located at a distance of
64 m from the undulator source and at 37 m from the high
power slits used as secondary source in the horizontal direc-
tion. The synchrotron radiation is focused by anX-ray optical
device consisting of two elliptically shaped mirrors acting in
two orthogonal planes using the so-called Kirkpatrick-Baez
geometry (43). The first mirror, coated with a graded multi-
layer, plays the role of both vertical focusing device and
monochromator, resulting in a very high and unique X-ray
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flux (up to 1012 photons/s) at energies between 15 and 29 keV.
In this case, the energy of the pink photon beamwas 16.4 keV,
the flux was 3.4� 1011 photons/s, and the spatial resolution
was 220 nm� 90 nm (V � H).

The sample, mounted in air on a piezo nanopositioner
stage, is scanned through the focal planewhile the spectrumof
the emitted fluorescence is recorded with an energy-dispersive
detector. The latter consists of a collimated silicon drift
diode detector (SII Nanotechnology 50 mm2 Vortex) placed
in the horizontal plane at 90� from the incident beam and 45�
to the sample surface normal. A dwell time of 1 or 0.5 s was
chosen per point, and 5 pixels/μm was chosen as a compro-
mise between a good spatial resolution (200 nm) and reason-
able acquisition times to preserve the sample from radiation
damage. Spectra for each pixel were recorded in list mode so
that data treatment could be performed off-line. The recorded
spectra are fitted to obtain maps of the element content using
PyMCA software (44). PyMCA allows element imaging
reconstruction from recorded original spectra and also per-
mits one to obtain the spectrum corresponding to a selected
zone of the original image. By selecting zones corresponding
to the Golgi apparatus, nucleus, and cytoplasm of cells the
corresponding spectra can be obtained and the proportion of
Mn in each compartment calculated.

Micro-PIXE/BS Analyses of Trace Elements
Micro-PIXE and micro-BS analyses were performed simul-

taneously using the AIFIRA facility (Applications Interdisci-
plinaires des Faisceaux d’Ions enRegionAquitaine) to enable
quantitative chemical analysis of trace elements in cells (41).
The energy of the incident proton beam produced by the
Cockcroft-Walton accelerator was 3.0 MeV. The beam was
focused onto the sample surface to a spot of 5 μm in diameter,
resulting in a protonbeam current of 250 pAasmeasuredwith
a Faraday cup below the sample. X-ray fluorescencemeasure-
ments were made with a Si(Li) energy-dispersive detector
placed at 45� from the incident beam direction. The BS mea-
surements were performed using a PIPS detector (passivated
implanted planar silicon) placed at 135�.

The analyzed samples were the same as those used for
nanoimaging of single cells with SXRF. For quantification,
groups of several cells were analyzed; in general the scan
dimensions was 100 μm � 100 μm. X-ray fluorescence data
were treated with Gupixwin software (45, http://pixe.physics.
uoguelph.ca/gupix/main/), to quantify the trace element con-
tent. BS data were analyzed with SIMNRA code (46) and
were used formass normalizationofX-ray emission leading to
quantitative results expressed in terms of microgram of
element per gram of sample (μg/g). The detailed procedure
for quantitative determination of trace element in PC12 cells
using micro-PIXE/BS and its validation using appropriate
reference material were recently published (41). The BS
method allows measurement of the dry mass of a single cell,
expressed as areal mass (μg/cm2), which in turn enables
calculation of the mass of a single cell, knowing its surface.
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