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ABSTRACT: Manganese-enhanced magnetic resonance imaging
(MEMRI) is a powerful tool for in vivo tract tracing or functional imag-
ing of the central nervous system. However Mn21 may be toxic at high
levels. In this study, we addressed the impact of Mn21 on mouse hippo-
campal neurons (HN) and neuron-like N2a cells in culture, using several
approaches. Both HN and N2a cells not exposed to exogenous MnCl2
were shown by synchrotron X-ray fluorescence to contain 5 mg/g Mn.
Concentrations of Mn21 leading to 50% lethality (LC50) after 24 h of
incubation were much higher for N2a cells (863 mM) than for HN
(90 mM). The distribution of Mn21 in both cell types exposed to Mn21

concentrations below LC50 was perinuclear whereas that in cells
exposed to concentrations above LC50 was more diffuse, suggesting an
overloading of cell storage/detoxification capacity. In addition, Mn21

had a cell-type and dose-dependent impact on the total amount of intra-
cellular P, Ca, Fe and Zn measured by synchrotron X-ray fluorescence.
For HN neurons, immunofluorescence studies revealed that concentra-
tions of Mn21 below LC50 shortened neuritic length and decreased
mitochondria velocity after 24 h of incubation. Similar concentrations
of Mn21 also facilitated the opening of the mitochondrial permeability
transition pore in isolated mitochondria from rat brains. The sensitivity
of primary HN to Mn21 demonstrated here supports their use as a rele-
vant model to study Mn21-induced neurotoxicity. VC 2014 Wiley
Periodicals, Inc.
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INTRODUCTION

Manganese (Mn21) is an essential metal ion for brain functions
(Aschner et al., 2006). For example, it is a cofactor for several critical
enzymes in the brain and is also involved in the synthesis of amino acids
and lipids as well as certain neurotransmitters, including dopamine and

serotonin (Golub et al., 2005). However, at high lev-
els, Mn21 is toxic for the central nervous system. In
humans, chronic Mn21 exposure in the workplace
results in manganism, a psychiatric and motor disor-
der characterized by Parkinsonian-like symptoms
(Stredrick et al., 2004; Josephs et al., 2005).

Mn21 has paramagnetic properties and can be used
as a contrast agent for manganese-enhanced magnetic
resonance imaging (MEMRI) (Koretsky and Silva,
2004). In addition, by way of its divalency, Mn21 can
substitute calcium by entering active neurons through
voltage-gated calcium (Ca21) channels (Narita et al.,
1990) where it is transported by microtubule-
dependent axonal transport or through synapses (Pau-
tler, 2004). Mn21 is thus a unique contrast agent to
trace neuronal connections in vivo, to perform func-
tional studies or to enhance visualization of brain
cytoarchitecture (Silva and Bock, 2008).

In MEMRI, the toxicity of focal Mn21 injections is
less severe than that of systemic injections: a focal injec-
tion does not impact the digestive and cardiac func-
tions, and focal doses are lower than systemic ones
(Silva and Bock, 2008). However, several studies
showed that an intra-cerebral injection of Mn21 may
be toxic for neurons and glial cells (Canals et al., 2008;
Ponzoni, 2012). Indeed, rats intra-cerebrally injected
with Mn21 (200 nL, 100 mM) displayed neuronal tox-
icity and clear astrogliosis (Canals et al., 2008). Mn21

has been shown to accumulate within mitochondria
and adversely affect mitochondrial function (Heron
et al., 2001; Morello et al., 2008). Clinical and experi-
mental evidence highlights Mn21 as a mitochondrial
disrupting agent that thereby impairs cerebral energy
metabolism leading to energy failure (Malecki, 2001;
Malthankar et al., 2004; Zwingmann et al., 2004). In
differentiated PC12 cells, Carmona et al. (Carmona
et al., 2010) observed that Mn21 lowers the total cellu-
lar iron (Fe) content and that the Golgi apparatus plays
an important role in the cellular detoxification of Mn.
An impact of Mn21 on the homeostasis of essential
trace elements such as divalent and trivalent iron (Fe21/

31) and divalent calcium (Ca21) has also been reported
(Drapeau and Nachshen, 1984; Kwik-Uribe et al.,
2003; Fitsanakis et al., 2010; Daoust et al., 2013).

The exact mechanism(s) of Mn21 neurotoxicity
remains unknown. Given the interest of Mn21 as a
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contrast agent to probe neuron function with MRI and in the
longitudinal study of hippocampal structure and function,
understanding its adverse effects on neurons is crucial to deter-
mine the potential toxicity of focal Mn21 injections in the brain.
To address this point, we studied the effect of Mn21 exposure on
primary hippocampal neurons (HN) using several techniques:
synchrotron X-ray fluorescence (SR-XRF) nanoprobe, immuno-
fluorescence microscopy, evaluation of mitochondrial permeabil-
ity transition pore (MPTP) opening, and analysis of
mitochondria dynamics. In addition to revealing the impact of
Mn21 at the subcellular level, our data highlight the difference in
Mn21 toxicity between a primary culture of neurons and differ-
entiated Neuro2a (N2a) neuroblastoma cells. To our knowledge,
this is the first report describing the distribution and the impact
of Mn21 at the subcellular level in HN.

METHODS

Cell Preparation

Briefly, hippocampus brain tissue from E18.5 (embryonic
day 18.5) mice was removed and digested in 0.25% trypsin in
Hepes-HBSS (5.3 mM KCl, 0.44 mM KH2PO4, 137.9 mM
NaCl, 0.34 mM NaH2PO4, 5.56 mM glucose, Invitrogen,
France) at 37�C for 15 min. After manual dissociation, HN
were plated at a concentration of 7 3 104 cells cm22 on poly-
L-lysine (1 mg mL21 poly-L-lysine hydrobromide, Sigma–
Aldrich)-coated coverslips (Fig. 1) in DMEM110% fetal
bovine serum (FBS). One hour after plating, the medium was
changed to Neurobasal containing B27 (Invitrogen, France).

N2a cells (mouse neuroblastoma, CCL-131, ATCC, Mana-
ssas, VA) were maintained in DMEM 1X (with GlutaMAX,
4500 mg L21

D-glucose, sodium pyruvate, Invitrogen, France)
supplemented with 10% FBS, 1% non-essential amino-acids
(NEAA) and 100 U mL21 penicillin and streptomycin (PS).

These cells were cultured at 2.4 3 104 cells cm22 and split
every 3–4 days. Differentiation of N2a cells was induced by
5 mM retinoic acid (98% powder, Sigma–Aldrich, France).
After 24 h in the differentiation medium, N2a differentiated
into neuron-like cells with regards morphological and biologi-
cal criteria (Olmsted et al., 1970).

HN and N2a cells were grown at 36.5�C in a humidified
atmosphere with 5% CO2.

Toxicity Assay

Manganese cytotoxicity was assessed by thiazolyl blue tetra-
zolium bromide (MTT M2128, Sigma–Aldrich, St Louis,
MO) assays. HN were seeded in 24-well plates at 2.2 3 105

cells per well and N2a cells were seeded in six-well plates at 6
3 104 cells per well. HN was grown for 3 days and N2a cells
were differentiated at the 4th day of culture. One day later,
MnCl2 (MnCl2-4H2O, M1787, Sigma-Aldrich, St Louis, MO)
was added at 200, 500, 800, 1,500 mM for N2a cells as previ-
ously described (Higashi et al., 2004; Chtourou et al., 2011),
and at 20, 50, 100, 150 mM for neurons according to concen-
trations found in the brain (Daoust et al., 2013).

The MnCl2 solution was filtered through 0.2-mm membranes
before administration to culture medium, giving a pH and
osmolarity of 7.3 and 300 mOsm L21, respectively. Twenty-
four hours later, the culture medium was replaced by a solution
of 10% MTT diluted in culture medium (5 mg mL21 MTT
diluted in PBS with Ca21 and Mg21) and cells were incubated
for an additional 2 h at 36.5�C. The medium was then
removed, cells were lysed in DMSO (200 mL for neurons and 1
mL for N2a cells per well), and the solution was transferred to
a 96-well plate. The absorbance was measured at 519 nm with
a microplate reader (Pherastar plus, BMG Labtech, Germany).

The concentration of MnCl2 leading to 50% lethality (LC50)
was determined by linear interpolation of the data (percentage
of viable cells as a function of Mn21 concentration).

FIGURE 1. Diagram depicting HN sample preparation for
SR-XRF imaging. The culture of primary hippocampal neurons
(HN) was prepared from neonatal mice (E 5 18.5). HN were iso-
lated, dissociated and seeded on a silicon nitride window at day 1
(D1). HN was then allowed to grow for 2 days before MnCl2
addition to the medium at day 3 (D3: 0, 20 or 100 lM). At day

4, HN was quickly cryofixed and lyophilized prior to synchrotron
imaging (D4). An X-ray fluorescence beam, generated by an elec-
tron accelerator, was focused on the sample. Photons ejected dur-
ing the interaction between the incident beam and the sample,
were detected allowing the characterization of each metal accord-
ing to its specific photon energy.
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Synchrotron X-ray Fluorescence Imaging
(SR-XRF)

Experiments were carried out at the European Synchrotron
Radiation Facility (ESRF) on beamline ID21 (low energy) and
ID22NI (high energy) X-ray microscopy end-stations (Bohic
et al., 2012).

N2a cells and HN were plated on silicon nitride windows
(Gibon et al., 2011) treated beforehand with gelatine 2% for
N2a cells or poly-L-lysine 1 mg mL21 for neurons. Cells were
then incubated for 24 h in culture medium supplemented with
MnCl2 at 0, 600, and 1,000 mM for N2a and 0, 20, and 100
mM for HN. The selected concentrations were those surround-
ing the LC50 of N2a (600 < LC50 < 1,000 mM) and HN (20
< LC50 < 100 mM; see results). The cells were then rinsed to
remove salt before being quickly cryofixed at 2160�C in isopen-
tane chilled with liquid nitrogen, vacuum freeze-dried at
265�C, and finally stored at room temperature in a desiccator
for SR-XRF imaging (Fig. 1). As already described, this protocol
preserves the integrity of the cellular morphology and the chemi-
cal element distribution in the cells (Carmona et al., 2008).

All HN cells and N2a control cells were analyzed with the
X-ray nanoprobe beamline (ID22NI) using an X-ray incident
energy of 17.5 keV, an X-ray beam focused to below 100 nm2,
and a flux of 5 3 1011 photons s21. The sample was raster-
scanned with a step size of 100 nm while the spectrum of the
emitted fluorescence was recorded with an energy dispersive sil-
icon drift diode collimated detector (SII Nanotechnology Vor-
tex 50 mm2). The integration time per scan point was 300 ms.

N2a cells exposed to Mn were analyzed with the ID21 end
station using an X-ray incident energy of 7.2 keV, an X-ray
beam focused to 300 nm 3 700 nm, and a flux of 6 3 1010

photons/s. This lower energy prevents the measurement of X-
ray fluorescences of elements above Fe. The sample was raster-
scanned with a step size of 300 nm and an integration time of
1–3 s.

Elemental maps were created with PyMCA software (Sole
et al., 2007) by fitting pixelwise the recorded spectrum to
determine the fluorescence signal of each element. The quanti-
tative evaluation using the fundamental parameter approach
provided elemental content i.e. elemental area densities (mg
cm22) (Chandler, 1976; Gibon et al., 2011). An average den-
sity of q 5 1.25 g cm23 and the average cell thickness meas-
ured by atomic force microscopy (Asylum MFP-3D AFM
instrument equipped with acoustic box) were used to calculate
the mass fraction (mg g21 dry weight) for each cell type. Meas-
urements of freeze-dried cells on the Si3N4 membranes were
obtained in tapping mode under ambient conditions. The aver-
age cell thickness was 1.3 60.3 mm for HN (n 5 10) and 6.6
6 0.5 mm for N2a cells (n 5 10).

The NIST standard reference material SRM1577b bovine
liver (NIST, Gaithersburg, MD) was used to calibrate experi-
mental parameters. The thin samples prepared required no
matrix corrections. Finally, sulfur was used as proxy for pro-
teins (De Jonge et al., 2010) and all elemental concentrations
normalized to that of sulfur (S) to correct for possible varia-

tions in slice thickness or in protein amount between samples.
Limit of detection of the system can be found elsewhere (De
Samber et al., 2013) and was below the elemental concentra-
tions measured in the present work.

Immunofluorescence Microscopy of
Hippocampal Neurons

HN was plated 48 h before analysis on glass coverslips
coated with poly-L-lysine for immunostaining analysis. MnCl2
was then added at different concentrations, 24 h after which
the neurons were fixed with 3.7% formaldehyde 1 0.1% glu-
taraldehyde in phosphate buffer saline (PBS) for 1 h (all prod-
ucts from Sigma–Aldrich, France). Coverslips were washed six
times in PBS and incubated in a NaBH4 solution (1 mg mL21

in PBS) for 10 min. Coverslips were washed again three times
in PBS and three times in PBS-Triton-X 0.1% before immuno-
staining in PBS-Tween 0.1% (PBST). Neuronal fibrillar actin
(F-actin) was labeled with Alexa FluorVR 546 coupled to a phal-
loidin probe (Life technologies, France) diluted at 1/200 in
PBST for 30 min at room temperature. Cells were washed
again in PBST and incubated with a mouse monoclonal anti-
tubulin a3A1 antibody (dilution 1/5,000 in PBST) for 30 min
(Erck et al., 2005). After rinses in PBST, cells were incubated
in Alexa 488-coupled anti-mouse secondary antibody (Invitro-
gen, France) diluted at 1/500 in PBST for 30 min. Neurons
were washed three times in PBST and incubated for 2 min in
a Hoechst solution (Sigma–Aldrich, France) to label nuclei
(dilution 1/2,000 in PBST). Finally, coverslips were briefly
rinsed in distilled water, air dried and mounted on glass slides
using DAKO fluorescent mounting medium (Dako, France).

Images were acquired with an Axioskop Zeiss microscope
(Carl Zeiss, 444 Le Pecq, France) using a 403 oil objective and a
Coolsnap ES photometric camera (Roper Scientific, Trenton,
NJ) controlled by Metaview software (Universal Imaging, USA).

The quantitative morphological analysis of neurites was per-
formed by scanning each coverslip (two coverslips per condi-
tion) with a Leica DMI6000 microscope (Leica, France) using
a 403 dry objective and a EMCCD Quantem camera (Roper
Scientific, Trenton, NJ) driven by the scan-slide module of
Metamorph software (Universal Imaging, USA). Two morpho-
logical characteristics of neurites were quantified: their number
and their length per neuron.

Mitochondria Dynamics

For dynamic studies of mitochondria, HN were first grown
for 3 days in glass-bottom dishes (IWAKI, Dutscher, France)
coated with poly-L-lysine 1 mg mL21 (MnCl2 was added on
the third day). Twenty-four hours after MnCl2 administration
(0, 50, and 100 mM), the culture medium was replaced by fresh
neurobasal medium containing MitoTracker Red CMXRos (20
nM; Life technologies, France). After 5 min at 37�C, the dye
was replaced by culture medium (37�C) for time lapse experi-
ments to analyze mitochondrial dynamics. HN were placed
inside a microscope stage incubator within which air tempera-
ture and carbon dioxide concentrations were accurately
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controlled in order to keep the media pH constant. Neurons
were observed with an inverted microscope Axiovert 200M
(Carl Zeiss, France) using an 1003 oil objective. During the
time-lapse experiments, one phase-contrast image followed by
one fluorescence image were acquired every 2.7 s for >5 min.

Phase contrast imaging was used to quantify the cumulated
neuritic length (sum of all neurites for every neuron in the
image) and the number of mobile objects (mitochondria and
vesicles) inside neurons. The number of mobile objects per
neuron was expressed as a function of the cumulated neuritic
length (Fig. 5).

The video from fluorescence imaging was used to quantify
the total number of mitochondria and the instant mitochon-
drial velocity. For this, the tip of moving mitochondria was
manually pointed out on every image. The mean velocity was
obtained by averaging all the instant velocities measured
between two images for �5 min (111 images, 110 instant
velocities). The percentage of mitochondrial pause was obtained
as the number of instant velocities equal to zero divided by the
total number of instant velocities. The total number of mito-
chondria was determined on the first fluorescent image of the
series and is expressed as a function of the cumulated neuritic
length (Fig. 5). All parameters were estimated using Metamorph
software.

Mitochondrial Calcium Retention Capacity
(CRC)

Mitochondria were isolated from adult rat brains in order to
obtain a large pool. Efforts were made to limit the number of
rats used and a total of ten 3-month-old Sprague-Dawley female
rats (230 6 11 g, Charles Rivers, France) were required. All
experiments were approved by the local ethics committee and
were in full compliance with European community (EUVD 86/
609/ EEC) guidelines for the care and use of laboratory ani-
mals. Rats were quickly euthanized by decapitation after a short
anesthesia (4% isoflurane, IsoFlo, Axience, France). Brains were
removed and rinsed in MSHE buffer (mannitol 225 mM,
sucrose 75 mM, Hepes 10 mM, EGTA 1 mM, pH 7.4). Fore-
brain tissue (without cerebellum) was homogenized in ice-cold

isolation buffer (MSHE 1 bovine serum albumin, 1 mg mL21)
and mitochondria were isolated according to a previously
described protocol (Rosenthal et al., 1987).

The mitochondrial protein concentration was quantified
according to the method of Bradford (Quick start Bradford
protein assay kit, Bio Rad, France). A reference of 1 mg mL21

of bovine serum albumin was used (Bradford, 1976).
The isolated mitochondria were diluted in CRC buffer

(sucrose 250 mM, Tris-Mops 10 mM, Pi 1 mM, pH 5 7.4) to
a final concentration of 0.5 mg protein/mL and with 5 mM
succinate (sodium succinate dibasic hexahydrate, Sigma–
Aldrich, France) and 0.25 mM calcium greenVR probe (Calcium
GreenTM-5N, hexapotassium salt, Molecular Probes, France).
One minute after adding MnCl2 to the mitochondria solution,
the absorbance at 506 nm was recorded in real time with a spec-
trophotometer (Photon Technology International, PTI) until
MPTP opening, obtained by adding Ca21 (10 mM diluted in
CRC buffer; 99%, Sigma–Aldrich, France) every minute until
fluorescence dramatically increased. The same experiment was
performed for 11 concentrations of MnCl2 (0–200 mM), until
total mitochondrial death (characterized by no fluorescence
increase after Ca21 addition). In addition, the MPTP reference
inhibitor, 1 mM cyclosporine-A (CsA, Sigma–Aldrich, France),
was added to the mitochondria solution in absence or in presence
of MnCl2 (50 mM).

The Ca21 concentration (mM) required to open MPTP was
calculated and expressed as a function of Mn21 concentration
(mM) in the medium.

Statistical Analysis

Results are expressed as mean 6 standard error of the mean
(SEM). All the comparisons are parametric unpaired t tests
performed using Excel software.

To evaluate whether the sum of neuritic length is a predictor
of the number of mobile objects in the phase contrast image,
the Pearson correlation coefficient was computed. The same
test was performed to evaluate whether the neuritic length is a
predictor of the number of mitochondria.

A P value < 0.05 was considered as significant.

FIGURE 2. Survival of N2a cells and primary hippocampal neurons determined by MTT
assay 24 h after administration of various concentrations of Mn21. Survival is representative of
five separate experiments for each cell type (mean 6 SEM). The dashed line represents 50%
cell survival.
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RESULTS

Cell Dysfunction due to Mn21 in Hippocampal
Neurons and N2a Cells

The dysfunction of N2a and hippocampal neurons (HN),
assessed with MTT 24 h after exposure to Mn21, is expressed as
a fraction of the number of viable cells in the untreated control
and as a function of the administered MnCl2 concentration
(Fig. 2). This fraction decreased from 83.8% 6 9.4% (200 mM
Mn21) to 32.0% 6 1.9% (1,500 mM Mn21) for N2a cells and
from 85.0% 6 5.4% (20 mM Mn21) to 16.3% 6 3.1% (150

mM Mn21) for HN (Fig. 2). A straight line was fitted through
the data (percentage of viable cells as a function of Mn21 con-
centration) for N2a: y 5 20.04x 1 87.97, LC50 5 863 lM
and for HN: y 5 20.54x 1 98.46, LC50 5 90 mM.

Distribution of Mn in Hippocampal Neurons
and N2a Cells

In control HN (Fig. 3) and N2a cells (Supporting Informa-
tion Fig. 1), the SR-XRF signal corresponding to Mn was low.
Twenty-four hours after Mn21 treatment (20 mM for HN; 600
mM for N2a), Mn concentration increased around 14-fold
(P < 0.0001) and 12-fold (P < 0.001) in HN and N2a cells

FIGURE 3. Map of metals distribution in hippocampal neu-
rons obtained by SR-XRF. Two-dimensional elemental distribution
of phosphorus, calcium, potassium, manganese, and zinc in HN
24 h after adding different concentrations of Mn21 to the culture
medium: 0 (control), 20, and 100 mM of Mn21. Cell contours
appear as a white dotted line (manually drawn from the P map).
The color scale is in micrograms of element per g of dry weight
(see also Table 1) and varies for each element (min and max val-
ues). Red arrowheads show P and Zn located in the cell nucleus;

white arrowheads point to Ca, Fe, and Mn distributed in the peri-
nuclear area and green arrowheads show Ca and Fe redistribution
in the cytoplasm. Normalized fluorescence spectra, averaged over
the entire map, are represented in the right panel. The green line
corresponds to the baseline and the red line to the fit across the
data. An arrow points to the Mn peak for each condition. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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respectively as compared to control (Tables 1 and 2). The Mn
was found localized in perinuclear regions and appeared to
accumulate in specific organelles. Importantly, the SR-XRF
images reveal that Mn spots may also be distributed along neu-
rites in HN (Supporting Information Fig. 2).

At a higher concentration of Mn21 (100 mM for HN; 1,000
mM for N2a), the Mn concentration in HN and N2a further
increased by about 47-fold (P < 0.0001) and 34-fold (P <
0.0001), respectively, as compared to control (Tables 1 and 2).
Mn distribution then became more diffuse within the cytoplasm.

Phosphorus, Zinc, Calcium, and Iron
Distribution in Hippocampal Neurons and N2a
Cells

As shown in Figure 3 for HN and in Supporting Informa-
tion Figure 1 for N2a, phosphorus (P) and zinc (Zn, not
detected for N2a) were mostly found in the cell nucleus (red
arrowheads), in agreement with the literature (Ortega et al.,
2009). After adding a high concentration of Mn21 to the cul-
ture medium, the distributions of P and Zn became much

more heterogeneous. In the control condition, Ca and Fe were
barely detectable in HN and N2a cells whereas, at moderate
Mn21 concentrations (20 mM for HN; 600 mM for N2a), Ca
and Fe were found distributed in the perinuclear, Mn21 rich,
region (white arrowheads) in HN. At higher Mn21 concentra-
tions (100 mM for HN; 1,000 mM for N2a), Ca and Fe were
redistributed throughout the cytoplasm (green arrowheads).
The exposition of HN to moderate (20 mM) and high (100
mM) concentrations of Mn21, increased the concentration of P
by about 24% (P < 0.01) and 14% (P < 0.05), respectively,
as compared to the control condition. Similarly, compared to
the control condition, Ca and K increased by about 140 to
150% (P < 0.001) and 15% (P < 0.05) respectively with 100
mM Mn21, while Fe significantly decreased by 27% with 20
mM Mn21. The distribution of Zn and Cu in HN displayed
no change upon addition of Mn21 (Table 1).

In N2a cells, both moderate and high concentrations of
Mn21 (600 and 1,000 mM, respectively) increased the amounts
of Ca (by around 210 and 350%, respectively, P < 0.001) and
Fe (by around 50%, P < 0.001 and 490%, P < 0.001, respec-
tively). Finally, P and K dramatically increased (by 300 and

TABLE 1.

Element Concentration of P, K, Ca, Fe, Cu, and Mn21 in HN Cells Obtained by SR-XRF

Metals in HN Control (mg g21) (n 5 18) 20 mM of Mn (mg g21) (n 5 11) 100 mM of Mn (mg g21) (n 5 15)

P 29,895 6 5,460 37,060 6 7,829** 34,176 6 4,575*

K 23,516 6 4,667 26,313 6 5,217 27,117 6 3,325*

Ca 66 6 32 166 6 56*** 157 6 76***

Fe 131 6 35 96 6 27** 122 6 35

Cu 7.7 6 4 5.6 6 2 5.8 6 1

Zn 168 6 19 183 6 23 179 6 22

Mn 5.3 6 1.5 77 6 24*** 248 6 79***###

Concentrations of elements are expressed in micrograms of element per g of dry weight for each Mn21 concentration (0 (Control), 20, and 100 mM). n 5 num-
ber of analyzed samples per condition.
Experiments were carried out on X-ray nanoprobe beamline (ID22NI) using incident energy of 17.5 keV. 20 and 100 mM of Mn21 versus Control: *P < 0.05;
**P < 0.01; ***P < 0.001 using parametric unpaired t tests. 20 versus 100 mM of Mn21: ##P < 0.01; ###P < 0.001 (mean 6 SEM) using parametric unpaired
t tests.

TABLE 2.

Element Concentration of P, K, Ca, Fe, Cu, and Mn21 in N2a Cells Obtained by SR-XRF

Metals in N2a Control (mg g21) (n 5 8) 600 mM of Mn (mg g21) (n 5 3) 1,000 mM of Mn (mg g21) (n 5 6)

P 10,305 6 580 11,271 6 2,836 41,089 6 5,056***###

K 10,953 6 1,313 13,773 6 3,484 46,909 6 3,686***###

Ca 38 6 5 117 6 32*** 171 6 30***

Fe 12 6 2 18 6 2** 70.5 6 28***

Mn 5 6 1.1 62 6 18*** 169 6 26***##

Concentrations of elements are expressed in micrograms of element per g of dry weight for each Mn21 concentration (0 (Control), 600, and 1,000 mM). n 5

number of analyzed samples per condition.
Control N2a experiments were carried out on X-ray nanoprobe beamline (ID22NI) using incident energy of 17.5 keV. N2a treated with Mn 600 and 1,000 mM
were analyzed at ID21 end station using an X-ray incident energy of 7.2 keV. 600 and 1,000 mM of Mn21 versus Control: *P < 0.05; **P < 0.01; ***P < 0.001
using parametric unpaired t tests. 600 versus 1,000 mM of Mn21: ##P < 0.01; ###P < 0.001 (mean 6 SEM) using parametric unpaired t tests.
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330%, respectively, P < 0.001) after 24-h exposure to 1,000
mM Mn21, with respect to control (Table 2).

Mn21 Impact on Hippocampal Neuron
Morphology

Immunostaining revealed increasing alterations of the cytos-
keletal organization of neurites with increasing concentration of
Mn21 (from 50 to 100 mM; Fig. 4). The number of neurites
per neuron significantly decreased in the presence of high con-
centrations of MnCl2 (around 217%, P < 0.05 vs. control

and 221%, P < 0.001 vs. control, in the presence of 50 and
100 lM Mn21 in the medium, respectively). In addition, neu-
ritic length significantly shortened with concentrations of
Mn21 above 20 mM (around 227%, 237%, and 237% in
presence of 20, 50, and 100 lM Mn21 in the medium, respec-
tively; P < 0.001 vs. control for each), with an accumulation
of actin at the neuritic extremities.

Mn21 Impact on Mitochondria and Vesicle
Dynamics in Hippocampal Neurons

The number of mobile objects detected on phase contrast
images significantly correlated with the cumulated neuritic
length in HN (R2 5 0.66; P < 0.05; Fig. 5). In Figure 5B,
HN in control conditions can be distinguished by their higher
cumulated neuritic length from those treated with either 50 or
100 mM Mn21. The positive correlation between the number
of mobile objects and the cumulated neuritic length would
suggest that Mn21 has no major impact on the mobile object
density in HN.

Similarly, the number of mitochondria per HN detected
with a MitoTracker Red CMXRos dye also significantly corre-
lated with the cumulated neuritic length (R2 5 0.58; P <
0.0001; Fig. 5C). This suggests that the mitochondria density
was not affected by Mn21 in our experimental conditions.
Note that the trajectories of the moving mitochondria also
seemed to be qualitatively unperturbed.

The average mitochondrial instant velocity determined by
video-microscopy (data not shown) significantly decreased
(around 242%, P < 0.05 vs. control) in the presence of 50
mM but not 100 lM Mn21 (Fig. 5D). However, the percent-
age of mitochondrial pauses (see Methods section) significantly
increased in the presence of 100 mM Mn21 (around 57%, P <
0.05 vs. control).

Mn21 Impact on Mitochondrial Calcium
Retention Capacity (CRC)

The Ca concentration required for MPTP opening decreased
as Mn21 concentration increased (R2 5 0.903; P < 0.001;
Fig. 6). For example, in the presence of 50 mM Mn21, the
CRC decreased by around 22% (P < 0.001) as compared to
control. Note that the CRC became null at 200 mM Mn21.
The MPTP reference inhibitor, CsA, significantly increased the
CRC for 0 and 50 mM of Mn21 (by around 30%, P < 0.001
vs. control for both conditions).

DISCUSSION

In this study, we have characterized the impact of Mn21

on HN and differentiated N2a cells at the subcellular level
and have demonstrated the differences in their response to
Mn21 exposure at concentrations above and below that
inducing 50% lethality (LC50). Addition of Mn21 at a

FIGURE 4. Impact of Mn21 on the morphology of hippocam-
pal neurons. After 48 h in culture, HN were exposed to Mn21 for
24 h. Four concentrations of Mn21 were used: 0 (control), 20, 50,
and 100 mM. A. Immunofluorescence labeling. Neuronal fibrillar
actin (red), tubulin (green) and nucleus (blue). The reduction in
neuritic length as Mn21 concentration increases is readily visible.
B. Cumulated neuritic length. n 5 60 per condition, *P < 0.05;
***P < 0.001 (mean 6 SEM) using parametric unpaired t tests. C.
Number of neurites per neuron. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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concentration below LC50 (20 mM for HN and 600 mM for
N2a) led to a perinuclear distribution of Mn with mean Mn
amounts of 77 and 62 mg g21 in HN and N2a cells, respec-
tively. In contrast, addition of Mn21 at a concentration above
LC50 (100 mM for HN and 1,000 mM for N2a) led to a
more diffuse distribution of Mn within the cytoplasm. SR-
XRF also revealed that Mn occasionally accumulated in dis-
crete, 200-nm large spots along HN neurites. In addition, we
observed a decrease in mitochondrial motion at 50 mM
Mn21 with concomitant altered number of neurites per HN
cell. Furthermore, Mn21 induced a dose-dependent decrease
in the calcium retention capacity (CRC) of isolated rat brain

mitochondria and induced mitochondrial death at a concen-
tration of 200 mM.

Intracellular Mn Concentrations

The physiological concentration of Mn in the central nerv-
ous system is low (Aschner and Dorman, 2006) and using
SR-XRF imaging, we previously reported a concentration of
2.5 6 1.6 mg g21 in hippocampal tissue (Daoust et al., 2013)
consistent with estimates obtained using particle-induced X-ray
emission spectroscopy (Kemp and Danscher, 1979) and induc-
tively coupled plasma mass spectrometry (Tarohda et al., 2004;

FIGURE 5. Impact of Mn21 on the dynamics of mitochon-
dria. After 48 h in culture, HN was exposed to Mn21 for 24 h.
Three concentrations of Mn21 were used: 0 (control), 50, and 100
mM. A. Images of in vitro control HN. Left (phase contrast) and
right (fluorescence; mitochondria appear in red) images were
acquired using an 3100 oil objective. B. Number of mobile
objects (mitochondria and vesicles) as a function of neuritic
length. Each point corresponds to the analysis of one image. The
line represents a linear fit of the data. The three gray circles con-
tour the points obtained for the three Mn21 concentrations. C.

Number of mitochondria as a function of the cumulated neuritic
length. Each point represents the analysis of one neurite. The line
represents the linear fit to the data. D. Mean instant velocity of
mitochondria (mm s21) and percentage of pauses (%) in the pres-
ence of 0, 50, or 100 mM Mn21. Control: n 5 20; 50 mM of
Mn21: n 5 16; 100 mM of Mn21: n 5 5, *P < 0.05 vs. control;
(mean 6 SEM) using parametric unpaired t tests. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Bock et al., 2008). In this study, the physiological Mn concen-
tration was measured to be around 5 mg g21 for both cell
types, slightly higher than that reported in PC12 cells (below 3
mg g21, Carmona et al., 2010). However, Mn would seem to
accumulate more in HN than in PC12 cells; addition of 100
mM Mn21 for 24 h increased the intracellular concentration of
Mn21 in HN to 248 6 79 mg g21 while 300 mM Mn21

added for 24 h to PC12 cells increased Mn intracellular con-
centration to only 75 6 45 mg g21 (Carmona et al., 2010).
These differences in Mn21 handling between neuron-like cells
and primary neurons could arise from differences in the expres-
sion of metal transporters at the plasma membrane or intracel-
lular membranes surrounding organelles (Yokel, 2009). For
example, the expression of Mn-SOD differs between cell types:
the concentration of Mn-SOD protein in N2a cells is fourfold
that in HN (Cheng and Mattson, 1995; Chtourou et al., 2011).
The results obtained in primary neurons may also depend on
the age and on the origin of the neurons (cortex, mesencepha-
lon, and hippocampus). Hern�andez et al. showed that the LC50
of Mn21 increases with cell maturity from 27 mM in primary
granular neurons to 180 mM in primary cortical neurons from
mice fetuses after 120-h exposure (Hern�andez et al., 2011). The
LC50 was demonstrated to have increased to above 400 mM for

primary cortical neurons obtained from rat neonates and for a
24-h exposure (Xu et al., 2009). Collectively, these results dem-
onstrate that the sensitivity of neurons to Mn21 depends on the
neuronal type, their maturity, and on the duration of Mn21

exposure.
The behavior of Mn21 in cultured HN differs from that

observed in rat brains. In vivo, 24 h after intracerebral injection
of 10 mL of a 50 mM Mn21 solution, Mn21 concentration
increases to 25 mg g21 in hippocampal neurons (Daoust et al.,
2013). In vitro, 24 h after addition of 20 mM Mn21 to the
culture medium, Mn concentration increased to 77 mg g21.
This suggests that neurons in vivo are exposed to Mn21 con-
centrations lower than 20 mM and/or for shorter periods of
time: a 24-h exposure to 10 mM would be sufficient to obtain
a Mn concentration of 25 mg g21. In vivo exposure of neurons
to a Mn21 concentration lower than the one injected could be
ascribed to accumulation of Mn21 in astrocytes. Indeed, 24 h
after intracerebral injection of 10 mL of the 50 mM Mn21

solution, we observed a Mn concentration of 105 mg g21

(about 1,900 mM) in the hippocampal fissure, mainly com-
posed of astrocytes (Daoust et al., 2013). Surprisingly, this is
above the LC50 of Mn21 for astrocytes measured by Giordano
et al. (�1,000 mM) (Giordano et al., 2009). Further

FIGURE 6. Impact of Mn21 on calcium retention capacity
(CRC) of isolated mitochondria. A. Calcium fluorescence curve as
a function of time, for mitochondria in presence of 0 (control)
and 50 mM of Mn21. The number of peaks decreases as the Mn21

concentration increases. B. CRC as a function of Mn21 concentra-

tion. The CRC decreases as the Mn21 concentration increases in
the culture medium (P 5 0.0004). C. CRC in presence of
cyclosporine-A (CsA, 1 mM), an inhibitor of the MPTP, with and
without Mn21. n 5 10 rats; ***P < 0.001 significantly different to
control (unpaired t tests).
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experiments on cocultures of neurons and astrocytes will be
required to measure the temporal accumulation of Mn21 in
these two cell types.

Intracellular Distribution of Mn

SR-XRF imaging showed that Mn is mainly located in peri-
nuclear areas in both N2a and HN exposed to moderate con-
centrations of Mn21. Addition of high concentrations of
Mn21 led to a more diffuse cytoplasmic distribution for both
cell types, in agreement with the literature (Carmona et al.,
2010; Sep�ulveda et al., 2012; Dučić et al., 2013). In PC12
cells, Carmona et al. observed that Mn was preferentially local-
ized in the Golgi apparatus after exposure to a moderate con-
centration of Mn21. Similarly, Dučić et al. showed Mn
accumulation in the perinuclear area after a brief exposure of
primary midbrain neurons to Mn21 (500 mM, 3 h; Dučić
et al., 2013). In addition, SR-XRF imaging revealed, for the
first time, discrete Mn spots along neurites in HN exposed to
a moderate concentration of Mn21. This result supports previ-
ous assumptions of microtubular transport along microtubules
within discrete subcellular compartments such as vesicles or
mitochondria (Takeda et al., 1998; Culotta et al., 2005; Smith
et al., 2007), the identification of which is, however, beyond
the scope of this work.

To explain the cytoplasmic distribution of Mn, Carmona
et al. proposed that the storage capacity of the Golgi apparatus,
normally implicated in the cellular detoxification of Mn21,
becomes overloaded in the presence of such toxic concentrations
(Carmona et al., 2010). Sepulveda et al. showed that a high con-
centration of Mn21 inhibits the activity of secretory pathway
Ca-ATPase (SPCA1), a Golgi pump regulating Ca21 and Mn21

homeostasis, and causes Golgi fragmentation in neurons and glia
primary cultures (Sep�ulveda et al., 2012). Such fragmentation
could account for the more diffuse distribution of Mn observed
in the cytoplasm after exposure to Mn21 concentrations above
the LC50. Mn21 is also known to induce oxidative stress in the
endoplasmic reticulum (Chun et al., 2001; Tjalkens et al., 2006;
Seo et al., 2013). Indeed, Chun et al. described that a Mn21

concentration above the LC50 in the SN4741 cell line (dopami-
nergic neuron-like), induces an endoplasmic reticulum stress
response characterized by the activation of caspase-12 during
apoptotic cell death. Mn21 can also induce an alteration of
endoplasmic reticulum calcium dynamics (Tjalkens et al., 2006).
Overall, the observed Mn-rich perinuclear region could be
assigned to the Golgi apparatus, to the endoplasmic reticulum,
or to a combination of both.

This change in Mn distribution pattern, which may be used
as a biomarker of Mn21 toxicity on cells, may also affect the
MR signal. Indeed, Mn21 compartmentalization can modify
the relaxivity (R1 and R2) of Mn21 and thereby the MEMRI
contrast (both qualitative and quantitative). According to
Striijkers et al., a compartmentalization of Mn21 inside the cell
(cytoplasm and axon) could mask Mn21 to water molecules
and thus decrease its longitudinal relaxation rate constant R1
(Strijkers et al., 2009). In vivo, a concentration up to 5 mg g21

of Mn in the tissue is detectable by MRI (Daoust et al., 2013)
implying that MRI is able to detect physiological Mn in cells.

Mn21 Impact on Ca, Fe, P, and K Homeostasis

Mn21 is known to have a high affinity for Ca channels and
Fe transporters (Aschner and Dorman, 2006). After exposure
to Mn21, we observed that the Ca concentration increased in
HN and N2a cells, in agreement with previous observations in
primary cultured neurons (Xu et al., 2009). Such an increase
in Ca was not observed in NGF-induced neuronal differenti-
ated PC12 cells (Carmona et al., 2010). Considering the chem-
ical similarity between Fe and Mn, Mn21 was hypothesized to
similarly alter the Fe homeostasis (Aschner, 2000; Carmona
et al., 2010; Daoust et al., 2013). We indeed observed a
decrease in Fe concentration in HN after Mn21 exposure, in
agreement with our observations in the rat hippocampus
(Daoust et al., 2013). Conversely, in N2a cells, we observed an
increase in Fe concentration after exposure to Mn21, in agree-
ment with Abreo et al. (Abreo et al., 1999). Surprisingly, we
observed a dramatic increase in P and K after exposure to
Mn21 that was not observed in PC12 cells or in hippocampal
rat tissue (Carmona et al., 2010; Daoust et al., 2013). To our
knowledge, these are the first results concerning the impact of
Mn21 on K and P homeostasis. An increase in extracellular K
is described in hypoxia, ischemia and traumatic brain injury, in
association with many different side effects such as widespread
depolarization and disturbances in membrane-associated trans-
port as well as in metabolic and synaptic neuronal function
(Sugaya et al., 1975; Takahashi et al., 1980; Astrup et al.,
1980). P is an important component of ATP that contributes
towards the synthesis of proteins such as phosphocholine by
phosphorylation. This increase in P and K concentrations
could be the result of Mn toxicity on cell metabolism as shown
by Zwingmann et al., 2004. This Mn21 interaction with metal
homeostasis can impact a number of cellular functions and
thus could play a role in cellular death.

Mn21 Impact on Hippocampal Neuron
Morphology

We observed a dose-dependent decrease in the number and in
the length of neurites after Mn21 exposure. This effect has pre-
viously been reported and was ascribed to cellular stress (Vimard
et al., 2011; Tiago et al., 2011). Similar results were obtained in
primary neurons and astrocytes (Giordano et al. 2009; Sep�ulveda
et al., 2009) but not in PC12 cells (Lein et al., 2000). Overall,
these results suggest that Mn21 could alter neuronal connec-
tions. Mn does induce oxidative stress by liberation of reactive
oxygen species (Graham, 1984) and lipid peroxidation which in
turn prevents proper neuritic outgrowth. In PC12 cells, ascor-
bate was recently shown to reduce lipid peroxidation but not
cell loss. Interestingly, ascorbate also reduces the oxidative-stress-
mediated decrease of neuritic outgrowth in these cells (Slotkin
and Seidler, 2010). However, in contrast to the situation in vitro,
neuronal cell bodies and neurites are not entirely surrounded by
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Mn21 in vivo. Indeed, excess of Mn21 in the brain primarily
affects glial cell functions (Aschner et al., 1992).

Mn21 Impact on Mitochondria Velocity and
Calcium Retention Capacity

Several studies have suggested that intra-mitochondrial accu-
mulation of Mn21 in neurons plays a critical role in Mn21 tox-
icity (Galvani et al., 1995; Zhang et al., 2003; Zwingmann
et al., 2004). Here, we observed a decrease in the mean instant
velocity of mitochondria in the presence of Mn21. Note that
the absence of a significant effect mediated by 100 lM Mn21 is
probably due to a bias in the analysis toward moving mitochon-
dria. The fact that they display a significantly higher percentage
of pauses in the presence of 100 lM than in the control condi-
tion reinforces this hypothesis. In any case, the shortening of
neurites combined with a decreased velocity of mitochondria
could be the result of a direct or indirect effect of Mn21 on the
interaction between mitochondria and microtubules.

The impact of Mn21 on the respiratory chain is well docu-
mented (Husain et al., 1976; Galvani et al., 1995) and can
lead to cell death (apoptosis). The opening of the MPTP is a
critical stage of apoptosis in response to increased intracellular
Ca21 concentration (Halestrap et al., 2002; Morello et al.,
2008). Our results suggest that Mn21 facilitates this MPTP
opening. Indeed, this effect was suppressed in the presence of
CsA, an inhibitor of MPTP opening. All mitochondria died at
concentrations up to 200 mM, which suggests a mitochondrial
LC50 of about 100 mM, a value close to the measured LC50
of HN (90 mM).

Impact on in vivo MEMRI Experiments

In our attempt to emulate the concentrations of 50-100
mM used for intracerebral injections (Canals et al., 2008), we
exposed cultured HN to Mn21 concentrations ranging from
20 to 100 mM. Our results show that Mn21 decreased mito-
chondrial velocity, length of neurites and facilitated MPTP
opening. However, at a given Mn21 concentration, the amount
of Mn21 measured was higher in cultured HN than in vivo,
suggesting that our results may not be directly transposable in
vivo. This discrepancy could be ascribed to astrocytes, which
have the ability to accumulate Mn21 and detoxify the brain
after injection of Mn21 (Vez�er et al., 2007; Daoust et al.,
2013; Sidoryk-Wegrzynowicz and Ashner, 2013). Nevertheless,
our results do support the need to use the lowest possible
Mn21 concentrations in MEMRI experiments and optimize
the MRI sequences to improve the sensitivity required to detect
small concentrations of Mn21.

CONCLUSION

In this study we have reported a number of new observa-
tions on the impact of Mn21 on cultured hippocampal neu-
rons. When cells are exposed to a concentration of Mn21

below the LC50, Mn is preferentially localized around the
nucleus, likely in the Golgi apparatus or in the endoplasmic
reticulum, and in discrete spots in neurites. When neurons are
exposed to a concentration of Mn21 above the LC50, resulting
in Mn21 overload, the distribution of Mn becomes more dif-
fuse within the cell, suggesting a mechanism of cell detoxifica-
tion. Exposure of cultured HN to Mn21 also induced a
shortening of neurites, a decrease in the velocity of the mito-
chondria, and facilitated the MPTP opening. Altogether, these
data support the use of primary neuronal cultures as a model
to study Mn21-induced toxicity on the brain. Future experi-
ments should be performed on co-cultures of astrocytes and
neurons to best mimic brain anatomical conditions.
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