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INTRODUCTION

Mounting evidence indicates that iron accumulation impairs brain function. We have
reported previously that addition of sub-lethal concentrations of iron to primary hippocampal
neurons produces CaZ™ signals and promotes cytoplasmic generation of reactive oxygen
species. These Ca?* signals, which emerge within seconds after iron addition, arise
mostly from CaZ™ release through the redox-sensitive ryanodine receptor (RyR) channels
present in the endoplasmic reticulum. \We have reported also that addition of synaptotoxic
amyloid-B oligomers to primary hippocampal neurons stimulates RyR-mediated Ca?t
release, generating long-lasting Ca®™ signals that activate Ca?*-sensitive cellular effectors
and promote the disruption of the mitochondrial network. Here, we describe that
24 h incubation of primary hippocampal neurons with iron enhanced agonist-induced
RyR-mediated Ca?* release and promoted mitochondrial network fragmentation in 43%
of neurons, a response significantly prevented by RyR inhibition and by the antioxidant
agent N-acetyl-L-cysteine. Stimulation of RyR-mediated Ca?* release by a RyR agonist
promoted mitochondrial Ca2* uptake in control neurons and in iron-treated neurons that
displayed non-fragmented mitochondria, but not in neurons with fragmented mitochondria.
Yet, the global cytoplasmic Ca?* increase induced by the Ca?* ionophore ionomycin
prompted significant mitochondrial Ca2* uptake in neurons with fragmented mitochondria,
indicating that fragmentation did not prevent mitochondrial Ca2* uptake but presum-
ably decreased the functional coupling between RyR-mediated Ca2™ release and the
mitochondrial Ca2* uniporter. Taken together, our results indicate that stimulation of redox-
sensitive RyR-mediated Ca?™ release by iron causes significant neuronal mitochondrial
fragmentation, which presumably contributes to the impairment of neuronal function
produced by iron accumulation.

Keywords: endoplasmic reticulum, reactive oxygen species, mitochondrial calcium, cellular redox state, mitochon-
drial network, Drp-1

Mitochondria acting as Ca?* buffers participate in intracellular

Under physiological conditions, mitochondria undergo con-
stant structural changes, forming interconnected networks or
punctiform organelles depending on cell type (Kuznetsov etal.,
2009). Cells finely regulate changes in mitochondrial network
structure, maintaining a continuous balance between mito-
chondrial fission and fusion (Detmer and Chan, 2007; Knott
etal, 2008). In mammals, the hFisl protein and the large
GTPase Dynamin-related protein 1 (Drpl) are key molecules
for the regulation of mitochondrial fission (Smirnova etal.,
2001). The hFisl protein is anchored to the outer mitochondrial
while the Drpl protein is predominantly localized in the
cytoplasm.

Ca?* homeostasis. Due to the low Ca?* affinity of the mito-
chondrial Ca>* uniporter, effective mitochondrial Ca?* uptake
requires the proximity of mitochondria to endoplasmic retic-
ulum (ER) or plasma membrane Ca’* channels, since their
opening generates transient microdomains of high Ca’*t con-
centration, a requisite feature of mitochondrial Ca®* uptake
(Spat etal., 2008). Neurons in primary culture (Zampese etal.,
2011) and neuronal cells lines (Spat etal., 2008) exhibit a physi-
cal and functional association between the ER and mitochondria.
This association allows mitochondrial Ca>* uptake through the
uniporter following Ca?* release mediated by the ER resident
Ca?t channels, the ryanodine receptor (RyR; Szalai etal., 2000)

Frontiers in Molecular Neuroscience

www.frontiersin.org

March 2014 | Volume 7 | Article 131


http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/about
http://www.frontiersin.org/journal/10.3389/fnmol.2014.00013/abstract
http://community.frontiersin.org/people/u/124428
http://community.frontiersin.org/people/u/92469
http://community.frontiersin.org/people/u/124368
http://community.frontiersin.org/people/u/121266
http://community.frontiersin.org/people/u/39632
http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive

SanMartin etal.

Iron-induced CaZ* release and mitochondrial fission

and the inositol 1,4,5-trisphosphate (IP3) recepto (Csordas etal.,
2006).

Calcium signals influence mitochondrial dynamics. Previous
reports have described that Ca?* influx promotes mitochondrial
fission through activation of different Ca?*-sensitive down-
stream effectors, including the protein kinases PKA (Cribbs
and Strack, 2007) and CaMKla (Han etal., 2008) and the pro-
tein phosphatase calcineurin (Cereghetti etal., 2008). These
effectors activate Drpl by different mechanisms and pro-
mote its translocation to the mitochondria, where Drpl inter-
acts with hFisl forming large complexes at future scission
sites (cut sites) promoting mitochondrial fission (Frank etal.,
2001). Additionally, we have reported that activation of RyR-
mediated Ca’?™ release with a selective RyR agonist-induces
mitochondrial fragmentation in primary hippocampal neurons
(SanMartin et al., 2012).

An imbalance in mitochondrial dynamics affects mitochondrial
localization, changing their interactions with the ER, mitochon-
drial Ca®* uptake and intracellular Ca?* homeostasis (Pizzo and
Pozzan, 2007). The propagation of mitochondrial Ca?* waves in
fragmented mitochondria is two times slower than in intercon-
nected mitochondria (Frieden etal., 2004) while over-expression
of the Drp-1 protein, which enhances fission, reduces the mito-
chondrial Ca?* signals induced by RyR-mediated Ca’™ release in
skeletal myotubes (Eisner etal., 2010). Jointly, these results con-
firm the importance of the mitochondrial fusion/fission balance to
maintain Ca?>* homeostasis and indicate that an increase in mito-
chondrial fission decreases mitochondrial Ca?* uptake (Eisner
etal., 2013).

Oxidative stressors and some neurotoxic agents increase mito-
chondrial fission in vitro (Rintoul etal., 2003; Pletjushkina etal.,
2006; Han etal., 2008). Moreover, cerebellar granule neurons
treated with hydrogen peroxide exhibit mitochondrial fission as
a previous event to apoptotic cell death; DNA damage induced by
an inhibitor of topoisomerase produces similar effects (Jahani-Asl
etal., 2007). In cortical neurons, reactive nitrogen species such
as nitric oxide increase the number of mitochondria but decrease
their size, promote Bax translocation to the mitochondria and
diminish cellular ATP levels (Barsoum etal., 2006; Yuan etal.,
2007). Accordingly, a defect in mitochondrial dynamics — such
as persistent mitochondrial fission — might be one of the causes
of the mitochondrial dysfunctions reported in some neurodegen-
erative diseases characterized by an increased cellular oxidative
tone.

Increased basal Ca?™ levels and abnormal Ca?" signaling,
increased production of reactive oxygen species (ROS) and iron
accumulation are characteristic hallmarks of Alzheimer’s dis-
ease, a highly prevalent neurodegenerative disease (Orth and
Schapira, 2001). The accumulation and aggregation of amyloid-
B (AB) peptide in the brain presumably causes the memory
loss exhibited by individuals affected with Alzheimer’s disease
(Paula-Lima etal., 2013). The brain of Alzheimer’s disease
subjects contains two types of toxic AP aggregates, insoluble
AP fibrils and soluble diffusible AB oligomers, both of which
induce mitochondrial fission (Wang et al., 2009; Paula-Lima et al.,
2011). We have shown previously that RyR channel inhibition
prevents the mitochondrial network fragmentation produced

by addition of sub-lethal concentrations of AP oligomers in
primary hippocampal neurons (Paula-Lima etal., 2011), sug-
gesting that RyR-mediated Ca?* release plays an important role
in the increased mitochondrial fission observed in Alzheimer’s
disease.

A positive connection between neuronal iron levels and
Ca’*t signaling has been uncovered recently. This associ-
ation is based on finding that iron-induced ROS genera-
tion promotes RyR-mediated Ca’" release in cultured neu-
rons (Munoz etal., 2006, 2011; Hidalgo etal., 2007; Hidalgo
and Nunez, 2007). Iron-induced stimulation of RyR-mediated
Ca’* release is likely to arise from RyR oxidative modifica-
tions induced by iron-generated ROS, since hydrogen peroxide
addition to primary hippocampal neurons increases oxidative
modifications of RyR cysteine residues and promotes RyR-
mediated Ca?t release (Kemmerling etal., 2007). We reported
also (Munoz etal, 2011) that the increase in cytoplasmic
free Ca’t concentration due to iron-induced RyR stimula-
tion enhances phosphorylation and nuclear translocation of
the extracellular-signal-regulated kinases (ERK1/2), a requisite
step of long-lasting synaptic plasticity (Thomas and Huganir,
2004).

Although normal neuronal function requires an optimal oxida-
tive tone (Thannickal and Fanburg, 2000; Kennedy etal., 2012),
excessive ROS levels are especially deleterious. A large amount
of evidence describes the association between oxidative damage
generated by increased ROS and the pathogenesis of neurode-
generative diseases such as Parkinson’s disease and Alzheimer’s
disease (Marchesi, 2011; Schrag etal., 2013; Yan etal., 2013). Iron
accumulation is another common feature not only of Alzheimer’s
disease but also of other neurodegenerative disorders, includ-
ing Parkinson’s disease (Zecca etal., 2004; Smith etal., 20105
Nunez etal., 2012). The causes underlying iron dyshomeostasis
are unknown, and may have particular components in specific
diseases, but mitochondrial dysfunction, inflammatory stimuli,
decreased glutathione content, and oxidative damage seem to
engage jointly in a positive feedback loop that results first in loss
of neuronal function and then in neuronal death (Nunez etal.,,
2012). There is a direct relationship between iron accumulation
and increased ROS levels, because iron participates in a group of
redox reactions known collectively as the “Haber—Weiss/Fenton
reactions,” which generate superoxide anion, hydrogen peroxide,
and hydroxyl radicals. This set of reactions respond to mass-action
law and have a large negative free energy change; thus, a direct
relationship between the concentration of redox-active iron and
ROS production can be established (Kehrer, 2000; Nunez etal.,
2012).

Here, we investigated in primary hippocampal neurons the
effects of iron treatment on mitochondrial network dynamics and
function. We found that 24 h exposure of primary hippocam-
pal cultures to iron promoted significant mitochondrial network
fragmentation in a sizable fraction of neurons; this fragmenta-
tion process required functional RyR channels and was prevented
by N-acetyl-L-cysteine (NAC). We also show that RyR-mediated
Ca?™ release stimulated mitochondrial Ca?* uptake only in iron-
treated neurons that displayed a non-fragmented mitochondrial
network structure.
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MATERIALS AND METHODS

MATERIALS

Fluo4-AM, calcein-AM, MitoTracker Orange CMTMRos and
Alexa Fluor®488 anti-mouse were from Molecular Probes (Carls-
bad, CA, USA). Neurobasal medium, B27 supplement, and horse
serum were from Gibco (Carlsbad, CA, USA). Dulbeco’s mod-
ified essential medium (DMEM) and lipofectamine 2000 were
from Invitrogen (Carlsbad, CA, USA). Ryanodine was from Alexis
(Lausen, Switzerland). The mito-pericam plasmid was a kind gift
from Dr. Eisner. Protease inhibitors leupeptin and pepstatin A were
from Calbiochem (LaJolla, CA,USA), and 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) was from Sigma
Chemical (St Louis, MO, USA). Bicinchoninic acid assay kit,
horseradish peroxidase (HRP)-conjugated secondary antibodies
and m-Hsp-70 antibody were from Pierce Biotecnology (Rockford,
IL, USA), 4-cloro-methyl-cresol was from Merck (Darmstadt, Ger-
many) and polyvinylidene difluoride (PDVF) membranes from
Millipore (Bedford, MA, USA). The antibody anti-Cox IV was
from Cell Signaling (Denvers, MA, USA), anti-Drp-1 was from
Thermo Scientific (Salt Lake City, UT, USA), anti m-Hsp-70 was
from Pierce Biotecnology (Rockford, IL, USA).

PRIMARY RAT HIPPOCAMPAL CULTURES

Cultures were prepared from 18 day old embryos obtained from
pregnant Sprague—Dawley rats as previously described (Paula-
Lima etal., 2005). Briefly, after removal brains were placed in a
dish containing Hank’s-glucose solution. Hippocampi were dis-
sected and, after stripping away meninge membranes, cells were
mechanically dissociated gently in Hank’s-glucose solution, cen-
trifuged and resuspended in DMEM supplemented with 10%
horse serum. Dissociated hippocampal neurons were plated on
polylysine-treated plates. After 40 min, DMEM was replaced by
Neurobasal medium supplemented with B-27. Cells were incu-
bated for 18-21 days in vitro (DIV) at 37°C in a humidified 5%
CO; atmosphere prior to experimental manipulations. The result-
ing cultures were highly enriched in neuronal cells (Paula-Lima
etal., 2011), with a glial content <24%.

SUBCELLULAR FRACTIONATION

Mitochondrial fractions were obtained by differential centrifuga-
tion of hippocampal homogenates as previously described (Parra
etal., 2008). Cells were scraped and lysed in ice-cold buffer A (in
mM: 250 sucrose, 10 KCI, 1.5 MgCl,, 1 EDTA, 1 EGTA, 1 DTT, 20
Hepes/Na™, pH 7.4, plus protease inhibitors: 1 pg/ml leupeptin
and 8 pg/ml pepstatin A). Cells were homogenized using a homog-
enizer with a tight fitting Teflon pestle. The homogenates were
maintained on ice for 5 min and then centrifuged (500 x g 10 min)
to remove nuclei and unbroken cells. The supernatants were cen-
trifuged (10,000 x g, 25 min) to obtain a pellet enriched in mito-
chondria, which was re-suspended in buffer A supplemented with
1% Triton X-100 and centrifuged (10,000 g, 25 min). The protein
content in the resultant purified pellet, highly enriched with mito-
chondria, was determined by using the Bicinchoninic acid assay.

IMMUNOCYTOCHEMISTRY
Hippocampal cultures were fixed by adding equal volumes of
4% formaldehyde and 4% sucrose fixation solution, in phosphate

buffered saline (PBS) to the culture medium for 5 min. The fix-
ation solution was replaced by fresh solution in the absence of
culture medium, and incubation was continued for 10 min. Cells
were rinsed three times with PBS and were incubated with 0.1%
Triton X-100 in PBS (permeabilization solution) for 30 min and
blocked with 5% BSA in PBS (blocking solution) for 1 h. Cells
were immunostained with anti-Hsp-70 primary antibody (1:750,
diluted in blocking solution) at 4°C overnight. After this incu-
bation period, cells were rinsed three times with PBS and were
incubated with Alexa Fluor” 488 anti-mouse secondary antibody
(1:400, diluted in blocking solution) for 1 h at room tempera-
ture. Cells were rinsed three times with PBS, and the coverslips
were mounted in DAKO mounting medium on glass slides. To
control for the specificity of Hsp-70 as a mitochondrial label, cul-
tures were stained with 50 nM MitoTracker Orange for 20 min at
37°C.

MORPHO-TOPOLOGICAL ANALYSIS

(a) Fluorescence: Confocal image stacks were captured with a
Zeiss LSM-5, Pascal 5 Axiovert 200 microscope, using LSM 5
3.2 image capture, analysis software and a Plan-Apochromat 40x,
1.4 oil differential interference contrast objective. One-channel
Alexa Fluor 488 (Aex/tem = 488/505-530 nm) and image stacks
[intensity I(x,y,z), voxel size Ax/Ay/Az = 50/50/300 nm] were
acquired. We made sure that I(x,y,z) did not saturate and that
image background was slightly above zero by adjusting the laser
power, the detector gain, and the detector offset. Image stacks
were deconvoluted with Huygens Scripting (Scientific Volume
Imaging, Hilversum, Netherlands). All image-processing rou-
tines were developed in our laboratory based on IDL (Interactive
Data Language, ITT, Boulder, CO, USA). Mitochondria were
identified by staining fixed cultures with Hsp-70, as described
in our earlier work (Paula-Lima etal., 2011; SanMartin etal.,
2012). The specificity of Hsp-70 as a mitochondrial stain was
confirmed by staining mitochondria with MitoTracker Orange,
which yielded the same labeling pattern as Hsp-70 (see Results).
To determine mitochondrial protein Hsp-70 in neurites and
soma, segmentations were performed to define different regions
of interests (ROIs). First, the cross-section of neurons was
segmented by an intensity threshold in the green fluorescence
channel. Remaining holes inside the cells and artifacts out-
side the cells were filled or removed by morphological filters.
For all experiments, the protocols remained constant, and the
quality of the segmentation was controlled interactively by over-
laying the original fluorescent images with the segmented ROIs.
(b) Determination of mitochondrial protein Hsp-70 in soma and
neurite volumes by 3D reconstruction of the segmented objects:
3D models were reconstructed from successive xy-images along
the z-axis. Based on their volumes, we defined four different
clusters to characterize mitochondrial connectivity. First, we
determined the mean volume of single mitochondria, yielding
0.15 & 0.04 um® (mean & SE, N = 834). The mean volume
of single mitochondria was used to define connected clusters:
(i) 1-3 mitochondria (0-0.45 wm?, red objects; (ii) 4-10 mito-
chondria (0.45-1.5 wm?, green objects; (iii) 11-50 mitochondria
(1.5-7.5 um?, blue objects); (iv) over 50 mitochondria (>7.5 pm?,
yellow objects).
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QUANTIFICATION OF FRAGMENTED MITOCHONDRIA

Image deconvolution was performed with the Image J software
and z-stacks from images were projected in one image, which was
analyzed. In accordance to mitochondrial morphology, neurons
were classified as exhibiting fragmented or continuous mitochon-
drial network, by visual examination in ten optical fields for each
condition, counting 15 neurons approximately in each field. The
percentage of cells with a fragmented pattern was determined
respect to the total number of cells analyzed.

WESTERN BLOT ANALYSIS

Fractions enriched in mitochondrial proteins were resolved by
12% SDS-PAGE and then transferred to PDVF membranes. Blots
were blocked for 1 h at room temperature in Tris-buffered saline
(TBS) containing 0.2% Tween-20 and 5% fat-free milk. Overnight
incubation with primary antibody against Drp-1 (1:1000) was per-
formed at 4°C. After incubation for 1.5 h with HRP-conjugated
secondary antibodies, membranes were developed by enhanced
chemiluminescence (Amersham Biosciences, Bath, UK). To cor-
rect for loading, membranes were stripped and blotted against
Cox-IV (1:1000) or mHsp-70 (1:1000). The films were scanned
and the Image J program was employed for densitometric analysis
of the bands.

DETERMINATION OF CYTOPLASMIC Ca®* SIGNALS

Cultures treated for 24 h with 30 uM Fe-NTA [FeCl3- sodium
nitrilotriacetate complex (2.2:1 molar ratio)] or vehicle in Neu-
robasal medium supplemented with B-27 were placed in modified
Tyrode solution (in mM: 129 NaCl, 5 KCI, 2 CaCl,, 1 MgCl,,
30 glucose, 25 HEPES/Tris, pH 7.3) prior to fluorescence mea-
surements. This medium change was performed in order to avoid
color interference from the Neurobasal medium. Cultures were
loaded next with 5 WM Fluo4-AM for 30 min at 37°C. After
washing three times with modified Tyrode solution, cultures were
maintained in this solution during the experiment. Neurons were
stimulated with 4-cloro-methyl-cresol (4-CMC) at the microscope
stage (which was not removed from the medium). Fluorescence
images of intracellular Ca?* signals in primary hippocampal neu-
rons were recorded every 5 s in a Carl Zeiss LSM Pascal 5 confocal
microscope system using 63x Oil DIC objective, excitation 488 nm,
argon laser beam. Frame scans were averaged using the equipment
data acquisition program. Ca?™ signals are presented as F/F, val-
ues, where F corresponds to the experimental fluorescence and F,
to the basal fluorescence.

DETERMINATION OF MITOCHONDRIAL Ca* SIGNALS

Cultures grown in 25 mm glass plates were transiently transfected
with the mito-pericam plasmid at 14 or 15 DIV using a proportion
of 1:3 DNA:lipofectamine 2000. 1 day post-transfection, cultures
incubated in Neurobasal medium supplemented with B-27 were
treated with 30 WM Fe-NTA for 24 h, rinsed three times with mod-
ified Tyrode solution, and were maintained in this solution during
the experiment. At the microscope stage, cultures were stimulated
with 4-CMC (which was not removed from the medium) and
mitochondrial Ca?* signals from neuronal cells were recorded
every 3 s in an Olympus Disk Scanning Unit (DSU) confo-
cal microscope (Olympus, Hamburg, Germany). We identified

neuronal cells by morphology: neuronal cells are smaller than
glial cells and have a well-defined soma, with a volume larger than
of the flatter glial cells. Changes in mitochondrial Ca?™ levels are
presented as F/F, values, where F corresponds to the experimental
fluorescence and F, to the basal fluorescence.

STATISTICS

Results are expressed as mean = SEM. All data (with n > 9)
complied with the normality distribution, determined by
the Shapiro-Wilk test. Unless indicated otherwise, the sig-
nificance of differences was evaluated using Student’s #-test
for paired data, and with one-way ANOVA or two-way
ANOVA followed by Bonferroni’s post hoc test for multiple
determinations.

RESULTS

IRON ENHANCES AGONIST-INDUCED RyR-MEDIATED Ca?* RELEASE IN
HIPPOCAMPAL NEURONS

We have shown previously that iron addition to primary hip-
pocampal neurons increases intracellular ROS levels, and gener-
ates cytoplasmic Ca®* signals within seconds through stimulation
of RyR-mediated Cat? release from the ER (Munoz etal., 2011).
Here, we evaluated if prolonged exposure (24 h) of cultured hip-
pocampal neurons to 30 wM Fe-NTA affected agonist-induced
RyR-mediated Ca?t release. To this aim, cultures treated with
Fe-NTA were loaded with the Ca?* indicator Fluo4-AM and stim-
ulated with the RyR channel agonist 4-CMC (0.5 mM). Within a
few min after 4-CMC addition, which remained in the medium,
iron-treated neurons displayed a significantly higher fluorescence
increase in the soma relative to the controls (Figure 1A). Following
4-CMC addition, fluorescence kept increasing since RyR chan-
nels remain open in the constant presence of 4-CMC, releasing
Ca’* and prompting as well Ca’t entry from the extracellu-
lar solution via store-operated Ca?* channels. These combined
effects promote a sustained increase in calcium with time, which
is much faster in cells pre-incubated with Fe-NTA. Fluorescence
images taken from a control culture before 4-CMC addition
(Figure 1B), and at the time of peak fluorescence induced by
4-CMC (Figure 1C), show that this RyR agonist increased flu-
orescence both in neuronal soma and neurites. Neurons from a
culture pre-incubated with Fe-NTA had similar basal fluorescence
as control neurons (Figure 1D), but displayed a much larger max-
imal fluorescence increase both in soma and neurites after 4-CMC
addition (Figure 1E). On average, addition of 4-CMC increased
1.6-fold the maximal fluorescence recorded in the soma of control
neurons and 3.2-fold in the soma of neurons treated with Fe-NTA
(Figure 1F). These results indicate that prolonged exposure to
Fe-NTA favored agonist-induced RyR-mediated Ca?™ release, pre-
sumably via RyR redox modifications produced by iron-generated
ROS.

IRON INDUCES MITOCHONDRIAL FISSION IN PRIMARY HIPPOCAMPAL
NEURONS, DETERMINED BY MORPHO-TOPOLOGICAL ANALYSIS OF
THEIR MITOCHONDRIAL NETWORK

We evaluated next if prolonged exposure of cultured hippocampal
neurons to iron affected the structure of the mitochondrial
network, determined by immunofluorescence analysis of the
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FIGURE 1 | Iron treatment increases agonist-induced RyR-mediated Ca2*
release in primary hippocampal neurons. (A) Representative time course
of Fluo4 fluorescence changes recorded before and after addition of 0.5 mM
4-CMC to control neurons (black symbols) or to neurons treated with 30 mM
Fe-NTA for 24 h (orange symbols). Pseudo color images of confocal sections
obtained from control neurons loaded with Fluo4-AM recorded before (B) and
after (C) addition of 0.5 mM 4-CMC, or from neurons treated with Fe-NTA for

Fe-NTA

24 h taken before (D) and after (E) addition of 0.5 mM 4-CMC. In (C) and (E),
images correspond to the maximal fluorescence increase. Calibration

bar = 20 um. (F) Maximum fluorescence increase, recorded in the neuronal
soma, elicited by addition of 0.5 mM 4-CMC to control cultures or to
iron-treated cultures. Values represent Mean + SE (n = 4-5 independent
cultures, 4-7 cells analyzed per culture). Statistical significance was analyzed
by Student's paired t-test; ***p < 0.0001.

mitochondrial protein Hsp-70. In control conditions, the
mitochondrial network of primary hippocampal neurons was
highly interconnected with elongated mitochondria that extended
across the cell body and neuronal projections (Figure 2A).
Immunofluorescence images were subjected to segmentation stud-
ies (Figure 2B) and subsequent 3D reconstruction followed by
morpho-topological analysis of these images (Figure 2C). The
morpho-topological analysis defined four mitochondrial clusters
according to their volume. The mean volume of single mitochon-
dria (0.15 4 0.04 um?) was used to define all clusters (see materials
and methods and Figure 2C). The largest mitochondrial cluster,
with volumes >7.5 pm?, was the most dominant group in cell bod-
ies (Figure 2D, images i—v), while neuronal projections contained
a larger number of the smaller mitochondrial clusters (Figure 2E,
images i—v). Nevertheless, the largest mitochondrial cluster accu-
mulates the largest proportion of the total mitochondrial volume
within neuronal projections. Results from 3 independent cultures
(Figure 2F) illustrate that mature hippocampal neurons (18-21
DIV) display a characteristic organization of the mitochondrial
network that may reflect specific cellular demands (Knott etal.,
2008). Staining mitochondria with MitoTracker Orange yielded
the same labeling pattern as Hsp-70 (Figure 2G).

We investigated whether neurons treated with Fe-NTA for
24 h presented alterations in their mitochondrial network.
Compared to a representative control neuron, which showed

an interconnected mitochondrial network in soma and neurites
(Figures 3A,B), a neuron incubated for 24 h with 30 uM Fe-NTA
exhibited a significant loss in the continuity of their mitochondrial
network, with an increased proportion of small mitochondria in
soma and neurites (Figures 3C,D). As detailed below, a sizable
fraction of neurons exhibited this behavior. Morpho-topological
analysis of neurons with fragmented mitochondria from three
independent cultures revealed that neurons in response to iron
treatment exhibited a decreased fraction of the largest mito-
chondria cluster (>7.5 wm?) and an increased fraction of the
intermediate cluster (1.5-7.5 wm?), both in the cell body and in
the neuronal projections (Figures 3E,F).

As illustrated in Figures 4A—C, treatment with 30 uM Fe-NTA
for 24 h did not induce cytochrome c release from the mitochon-
dria to the cytoplasm, evaluated by immunofluorescence, whereas
treatment with staurosporine produced massive cytochrome c
release. Treatment with iron did not affect ATP production when
compared to controls (Figure 4D). These combined results indi-
cate that iron treatment did not induce apoptosis and did not alter
significantly mitochondrial function.

IRON-INDUCED MITOCHONDRIAL FISSION REQUIRES RyR-MEDIATED
Ca?* RELEASE

As determined by immunofluorescence against the mitochon-
drial protein Hsp-70 (SanMartin etal., 2012), most control
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Volume intervals (um?)

FIGURE 2 | Clustering of the mitochondrial network in primary
hippocampal neurons. (A) Representative image of Hsp-70 immuno-
fluorescence (green), shown as a marker of the mitochondrial network in a
control neuron. (B) Segmentation of mitochondria. (C) Clustering analysis by
volume intervals after 3-D reconstruction. Colors represent volume intervals:
red <0.45 um3; green from 0.45 to 1.5 pm3; blue from 1.5 to 75 pm3, and
yellow >75 um3. Dotted circles separate neurites from soma. Images illus-
trated in (Di-v) were taken in the soma. (Di) All mitochondrial clusters; (Dii)
elements with volumes corresponding to 1-3 fused individual mitochondria
(<0.45 umS); (Diii) elements with 4—10 mitochondria (0.45-1.5 meS); (Div)
11-50 mitochondria (1.5-7.5 um3); and (Dv) >50 mitochondria (>75 |Lm3).The
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images illustrated in (Ei-v) were taken in neurites. (Ei) Mitochondrial
clusters in neurites. (Eii) 1-3 mitochondria (<0.45 pum3), (Eiii) 4-10
mitochondria (0.45-1.5 um3), (Eiv) 11-50 mitochondria (1.5-7.5 um3), and
(Ev) >50 mitochondria (=75 um?3). (F) Relative volume of mitochondrial
clusters in soma (solid bars) and neurites (hatched bars). Values represent
Mean + SE (n = 3 independent cultures; in each culture, three cells were
analyzed by condition). Statistical significance was analyzed by one-way
ANOVA followed by Bonferroni's post hoc test. **p < 0.005, ***p < 0.0005.
(G) Representative images of Hsp-70 immunofluorescence (green) and
MitoTracker Orange staining (red) in a control neuron. The scale bars in (A,G)
represent 10 pm.

neurons presented a continuous mitochondrial network in soma
and dendrites (Figure 5A). Treatment with Fe-NTA induced
mitochondrial fission in neuronal cells (Figure 5B). Previous
studies indicate that sustained increases in cytoplasmic [Ca®™]
favor mitochondrial fission (Hom etal., 2007). Inhibition of RyR-
mediated Ca’>* release with ryanodine prevents caffeine-induced
responses in primary hippocampal neurons (Uneyama etal,
1993). To investigate if RyR-mediated Ca™ release contributes
to the increased mitochondrial fission induced by Fe-NTA, prior
to treatment with Fe-NTA for 24 h RyR activity was inhibited by
pre-incubating cultures for 4 h with 50 uM ryanodine (Uneyama
etal., 1993; Adasme etal., 2011). Treatment with Fe-NTA was
less effective in causing neuronal mitochondrial fission in cultures

pre-incubated with ryanodine (Figure 5C), whereas cultures pre-
incubated only with ryanodine displayed scarce mitochondrial
fission (Figure 5D). Average results from 4 independent cultures
indicate that only 3% of controls neurons exhibited fragmented
mitochondria whereas treatment with Fe-NTA induced mitochon-
drial fission in 43% of the neuronal population (Figure 5E). In
ryanodine treated cultures, on average 11% of neuronal cells incu-
bated with Fe-NTA for 24 h displayed mitochondrial fission, while
in cultures treated only with ryanodine 6% of neurons, on average,
displayed fragmented mitochondria (Figure 5E).

In neuronal cells, RyR-mediated Ca?" release is highly sen-
sitive to cellular redox state and does not occur under reducing
conditions (Hidalgo and Donoso, 2008). The general antioxidant
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FIGURE 3 | Iron induces fragmentation of the mitochondrial network.
(A) Representative image of Hsp-70 immunofluorescence (green) used as a
marker of the mitochondrial network in a control neuron. (B) Amplification of
the white box in (A). (C) Representative image of Hsp-70 immunofluore-
scence (green) in a neuron from a culture treated with 30 wM Fe-NTA for

24 h. (D) Amplification of the white box in (C). Analysis of the mitochondrial
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clusters in soma (E) and neurites (F): empty bars correspond to controls and
black bars, after treatment with Fe-NTA. Calibration bars in (A,C) correspond
to 10 pm; in (B,D), to 5 um. Values represent Mean + SE (n = 3 independent
cultures; >3 cells analyzed per condition). Statistical significance was
analyzed by one-way ANOVA followed by Bonferroni's post hoc test.

**p < 0.005; ***p < 0.0001.

agent NAC is a cellular precursor of glutathione. We have shown
previously that pre-incubation of primary hippocampal neu-
rons with NAC abolishes the stimulation of RyR-mediated Ca?*
release induced by 4-CMC (Paula-Lima etal., 2011); NAC also
prevents the mitochondrial fragmentation induced by 4-CMC
(SanMartin etal., 2012). These combined results strongly suggest
that NAC, by changing the cellular redox balance toward more
reducing conditions, prevents RyR-mediated Ca®" release and
the mitochondrial fragmentation caused by the ensuing intra-
cellular [Ca?*] increase. Accordingly, we tested next the effects
of NAC on iron-induced mitochondrial fragmentation. As illus-
trated in Figure 5F, NAC treatment reduced by 70%, on average,
iron-induced mitochondrial fragmentation.

To evaluate the participation of the molecular machinery
involved in the fission process in the change in mitochon-
drial structure induced by Fe-NTA, changes in the sub-cellular
location of Drp-1 were evaluated by Western blot analysis of
fractions enriched in mitochondrial proteins. Control mitochon-
drial fractions had a low basal level of Drp-1 in mitochondrial
fractions, while cultures incubated with 30 wM Fe-NTA for
24 h displayed a significant increase in the Drp-1 mitochon-
drial content relative to the levels of the mitochondrial marker
protein Cox-IV (Figures 5G,H). These results indicate that treat-
ment with Fe-NTA induced the translocation of Drp-1 from
the cytoplasm to the mitochondria. Cultures pre-incubated with
50 wM ryanodine prior to treatment with Fe-NTA for 24 h dis-
played significantly decreased mitochondrial Drp-1 levels, while
ryanodine by itself did not affect the distribution of Drp-1
(Figures 5G,H).

Taken together, these results indicate that treatment with
Fe-NTA promoted mitochondrial fission by inducing the
translocation of Drp-1 to the mitochondria, via ROS-dependent
RyR-mediated Ca’™ release from the ER.

MITOCHONDRIA TAKE UP Ca®* RELEASED VIA RyR CHANNELS
Mitochondria play a significant role in maintaining Ca?* home-
ostasis, acting as an important intracellular Ca?* buffer. In turn,
mitochondrial Ca?* signals control fundamental cellular func-
tions, including energy metabolism and apoptotic cell death
(Pacher etal., 2002). Changes in network structure may affect
mitochondrial localization, modifying mitochondrial connections
with the ER, mitochondrial Ca?* uptake and intracellular Ca®*
homeostasis.

To investigate if mitochondria take up Ca?* released through
RyR channels, we transfected neurons with mito-pericam, a
plasmid expressing a protein sensitive to Ca’* conjugated to a
mitochondrial destination signal and a GFP derivative. Mitochon-
drial Ca®T uptake decreases mito-pericam fluorescence due to a
chromophore structural change (Rizzuto etal., 1992). Hippocam-
pal neurons transfected with mito-pericam (Figure 6A) were
stimulated with the RyR agonist 4-CMC to induce RyR-mediated
Ca?* release; fluorescence changes were recorded in a neuronal
projection (inset, Figure 6A). Addition of 4-CMC produced a
significant decrease in mito-pericam fluorescence (Figure 6B),
which decayed linearly in the time recorded (Figure 6C). The
results of this experiment show that RyR-mediated Ca?* release
effectively promoted mitochondrial Ca?*+ uptake (Figures 6A—C).
Average changes in mito-pericam fluorescence (n = 3)
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FIGURE 4 | Top panels: cytochrome c release. (A) Representative
images of cytochrome ¢ immunofluorescence taken from a control
neuron; (B) a neuron treated with 1 wM staurosporine (STS) for 5 h;
(C) a neuron treated with 30 wM Fe-NTA for 24 h. (D) intracellular
ATP content expressed relative to the control. Control cultures
produced on average 0.65 £ 0.21 pmol ATP per well (containing
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90,000 cells); this value was taken as 100%. Cultures were treated
with 30 pM Fe-NTA for 24 h, with 1 uM staurosporine (STS) for 5 h,
or with 10 uM CCCP for 30 min. Values represent Mean + SE (n = 3
independent cultures, five wells analyzed per culture). Statistical signifi-
cance was analyzed by one-way ANOVA followed by Bonferroni's post
hoc test. ***p < 0.0001.

following 4-CMC addition are illustrated in Figure 6D (black
circles).

To corroborate that RyR-mediated Ca?* release stimulated by
4-CMC promoted mitochondrial Ca?* uptake, cultures were pre-
incubated for 1 h with inhibitory concentrations of ryanodine
(50 WM) to prevent RyR-mediated Ca?* release. Neurons in cul-
tures pre-incubated with inhibitory ryanodine did not exhibit
changes in mito-pericam fluorescence following 4-CMC addition
(Figure 6D, gray circles). These results confirm that agonist-
stimulated RyR channels generate the Ca?* signals that induce
mitochondrial Ca?* uptake in primary hippocampal neurons,
which as described in other studies (Csordas and Hajnoczky, 2009)
requires proximity between these two organelles.

MITOCHONDRIAL UPTAKE OF Ca2* RELEASED BY RyR DOES NOT

OCCUR IN MITOCHONDRIA FRAGMENTED BY IRON TREATMENT

We evaluated next if changes in mitochondrial network structure
affected mitochondrial Ca?* uptake induced by RyR-mediated
Ca?* release. We confirmed that mitochondria of control neurons,
which have an elongated and interconnected structure, exhibit a
decrease in mito-pericam fluorescence after addition of 4-CMC,
indicating uptake by mitochondria of Ca?* released from the
ER via RyR channels (Figure 7A). Addition of 4-CMC to neu-
rons that retained an intact mitochondrial network after Fe-NTA

treatment caused a significantly higher mito-pericam fluorescence
decrease with time (Figure 7A), indicating higher Ca?* uptake
rates. These findings agree with the larger RyR-mediated Ca®*
signals produced by 4-CMC in neurons treated with Fe-NTA
(Figure 1F). In contrast, 4-CMC addition to neurons displaying
fragmented mitochondrial networks after Fe-NTA treatment did
not produce a change in mito-pericam fluorescence (Figure 7B).
Yet, these mitochondria readily incorporated Ca®* that enters the
cell from the extracellular medium after addition of the Ca’*
ionophore ionomycin (Figure 7C). Jointly, these results suggest
that RyR-mediated Ca®>* signals stimulate mitochondrial Ca®*
uptake and that this process requires an intact mitochondrial
network.

DISCUSSION

The number, distribution and morphology of mitochondria are
characteristic of each cellular type and have a direct relationship
with the function and energetic demands of the cell (Kuznetsov
etal., 2009). In this context, due to the polarized structure of neu-
rons the physical and temporal distribution of mitochondria has
to meet the high-energy demands of ATP-dependent processes in
soma, axon and neurites (Knott et al., 2008). The present morpho-
topological analysis of hippocampal neurons in culture revealed
different mitochondrial network structures in soma and neurites
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FIGURE 5 | Iron-induced fragmentation of the mitochondrial network
requires RyR-mediated Ca2* release. Representative Hsp-70 immuno-
fluorescence used as a marker of the neuronal mitochondrial network.
(A) controls; (B) after treatment with 30 uM Fe-NTA; (C) after treat-
ment with 30 wuM Fe-NTA in the present of 50 uwM ryanodine, and (D)
treated with 50 wM ryanodine. Calibration bar = 20 um. (E) Quantifi-
cation of the percentage of neurons with fragmented mitochondria. (F)
Addition to the culture medium of 10 mM NAC 30 min before treat-
ment with Fe-NTA for 24 h protects against the mitochondrial fragmen-
tation produced by Fe-NTA. (G) Representative Western blot and (H)
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quantification of Drp-1 and COX IV protein levels in sub-cellular fractions
enriched in mitochondrial proteins; COX IV was used as loading control.
Values in (E) represent Mean + SE (n = 4 independent cultures, 35-40
cells analyzed per culture); values in (F) represent Mean + SE (n = 3
independent cultures, 15 cells analyzed per culture Statistical signifi-
cance was analyzed by one-way ANOVA followed by Bonferroni's post
hoc test. In (H), the results from 3 independent Western blots (from 3
independent cultures) represent Mean + SE. In this case, we analyzed
statistical significance by repeated measured ANOVa followed by
Newman-Keuls post hoc test. *p < 0.05; **p < 0.005; ***p < 0.0005.

of control neurons. In the soma, mitochondria form a highly
connected network characterized by large elongated structures.
In neurites, however, we observed different structures and sizes
of mitochondria, with a predominant mitochondrial population
with volumes <7.5 pm?. These results indicate that the mito-
chondrial network is more heterogeneous and discontinuous in
neurites, which contain more homogeneously distributed and
smaller mitochondria. The presence of mitochondria with lower
volumes in neurites than in the soma adds to previous stud-
ies showing that a fraction of small mitochondria moves to the
dendritic protrusions and spines after electrical stimulation to
promote synaptic plasticity (Li et al., 2004), highlighting the rela-
tionship between mitochondrial distribution, size, location and
function in neurons.

IRON-INDUCED MITOCHONDRIAL FRAGMENTATION REQUIRES
RyR-MEDIATED Ca®* RELEASE

The current results indicate that prolonged exposure (24 h of
cultured hippocampal neurons) to iron promoted mitochondrial
fission in soma and neurites in a significant fraction (43%) of the
total neuronal population. Increasing cytoplasmic [Ca®t], either
by increasing extracellular [Ca?*] in cells derived from the liver
or the cardiovascular system (Yu etal., 2011) or by emptying the
ER with thapsigargin in a rat liver cell line (Hom etal., 2007),
promotes mitochondrial fission. We have reported previously

that stimulation of RyR-mediated Ca’* release with 4-CMC
(SanMartin etal., 2012) or with the synaptotoxic AP oligomers
(Paula-Lima etal., 2011) promotes mitochondrial fission in pri-
mary hippocampal neurons. Here, we show that RyR channels
generate the Ca’™ signals underlying iron-induced mitochon-
drial fission, since inhibitory ryanodine concentrations decreased
iron-induced mitochondrial fission and suppressed Drp-1 translo-
cation to the mitochondria. These combined results confirm RyR
involvement in neuronal mitochondrial dynamics and add to
the previously reported roles of RyR channels in several cen-
tral neuronal functions (Adasme etal., 2011; Paula Lima etal.,
2014).

Translocation of the Drp-1 protein from the cytoplasm to
the mitochondria is a requisite step of mitochondrial fission.
Several post-translational modifications, which include Drp-1
phosphorylation (Cribbs and Strack, 2007), dephosphorylation
(Cereghetti etal., 2008), ubiquitination (Karbowski etal., 2007),
sumoylation (Harder etal., 2004) and S-nitrosylation (Cho etal.,
2009), promote the translocation of Drp-1 to the mitochondria.
We observed that prolonged exposure (24 h) of primary hip-
pocampal cultures to iron-induced Drp-1 translocation to the
mitochondria, which presumably caused the observed increase
in mitochondrial fission displayed by neuronal soma and neurites.
Iron promotes ROS production via the Haber—Weiss/Fenton reac-
tions, which could contribute to trigger mitochondrial fission. In
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FIGURE 6 | Mitochondrial Ca2* levels increase in response to RyR-
mediated Ca2* release. (A) Representative fluorescence image of a
hippocampal neuron expressing the mitochondrial Ca2™ sensor mito-pericam.
(B) Amplification of the neuronal segment defined by the inset highlighted in
(A), taken at various times after addition of 0.5 mM 4-CMC. Calibration bars in
(A,B) correspond to 10 um and 0.5 um respectively. (C) Representative time
course of mito-pericam fluorescence changes in response to addition of
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0.5 mM 4-CMC to a control neuron. (D) Time course of the average
mito-pericam fluorescence changes induced by addition of 0.5 mM 4-CMC
to control neurons (black symbols) or to neurons pre-incubated for 1 h with
50 nM ryanodine (gray symbols). Values represent Mean + SE (n = 3
independent cultures, 4-5 cells analyzed per culture). Statistical significance
was analyzed by two-way ANOVA followed by Bonferroni's post hoc test.
*p < 0.01.

fact, other reports indicate that ROS stimulate mitochondrial frag-
mentation (Jahani-Asl etal., 2007; Yu etal., 2011). Treatment of
primary hippocampal neurons with the antioxidant agent NAC
prevents the mitochondrial fragmentation induced by the RyR
agonist 4-CMC (Paula-Lima etal., 2011) or by iron (Figure 5F),
indicating that mitochondrial fragmentation requires ROS. Yet,
information on direct ROS-dependent Drp-1 modifications is
not available, raising the possibility that iron-mediated ROS
generation modifies other proteins, which might affect neu-
ronal mitochondrial dynamics. The present results indicate that
iron-induced Drp-1 translocation to the mitochondria requires
ROS-responsive RyR-mediated Ca’T release. Previous reports
indicate that Ca?* signals promote Drp-1 dephosphorylation by
calcineurin (Cereghetti etal., 2008; Han etal., 2008), enhanc-
ing Drp-1 translocation to the mitochondria and mitochondrial
fission. We propose that the increase in intracellular [Ca™],
resulting from the enhanced RyR-mediated Ca’* release pro-
duced by iron-induced ROS generation, promotes calcineurin
activation leading to Drp-1 dephosphorylation and transloca-
tion to the mitochondria. Albeit superoxide anion inhibits cal-
cineurin activity (Rusnak and Mertz, 2000), in our conditions
generation of superoxide anion by iron is thermodynamically
unfavorable.

RyR channels possess cysteine residues that are highly reac-
tive under physiological conditions, a property that makes them

likely to act as intracellular redox sensors (Hidalgo etal., 2005).
Controlled RyR oxidation stimulates RyR activity in hippocampal
(Kemmerling etal., 2007) and cortical neurons (Bull etal., 2007,
2008), and underlies RyR-mediated Ca?*-induced Ca®* release
from the ER in electrically stimulated hippocampal neurons
(Riquelme etal., 2011). We have reported previously that iron,
by promoting ROS generation, stimulates RyR-mediated Ca**
release in primary hippocampal neurons (Munoz etal., 2011),
leading to the activation of signaling pathways required for synap-
tic plasticity. Consequently, we propose that the intracellular
[Ca?*] increase due to RyR stimulation via iron-generated ROS
causes the augmented mitochondrial fission displayed by iron-
treated neurons. Our observation that increasing the iron load
causes mitochondria fission connects with previous observations
showing that treatment of Chang cells with the highly selective
iron chelator desferrioxamine results in significantly elongated
mitochondria (Yoon etal., 2006).

It is important to note that the changes in mitochondrial net-
work structure induced by iron did not affect ATP production
nor induced apoptosis. These results show that in our experi-
mental model, iron did not promote mitochondrial damage since
fragmented mitochondria remained metabolically active. Mito-
chondrial fission induced by iron may increase the number of
mitochondria available for axonal transport or toward spots of
high-energetic demand like the synapse, close to functional Ca?*
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FIGURE 7 | The uptake of calcium released by RyR does not occur in
fragmented mitochondria, which take up Ca2* after ionomycin treat-
ment. Hippocampal neurons were transfected with mito-pericam. (A) Time
course of changes in mito-pericam fluorescence before and after 4-CMC
addition to control neurons (black symbols), or to neurons that displayed
non-fragmented mitochondria after treatment for 24 h with 30 mM Fe-NTA
(gray symbols). (B) Time course of changes in mito-pericam fluorescence
before and after addition of 0.5 mM 4-CMC to control neurons (black sym-
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bols), or to neurons that displayed fragmented mitochondria after treatment

for 24 h with 30 mM Fe-NTA (gray symbols). (C) Mito-pericam fluorescence
changes recorded before and after addition at the arrow of 0.5 mM 4-CMC
(black symbols) or of 100 mg/ml ionomycin (open symbols) to neurons with
fragmented mitochondria after 24 h treatment with 30 mM Fe-NTA. Calibra-
tion bars correspond to 10 im. Values represent Mean + SE (n = 3 independent
cultures, 4-5 cells analyzed per culture). Statistical significance was analyzed
by two-way ANOVA followed by Bonferroni's post hoc test. ***p < 0.01.

stores that provide Ca?* for activation of oxidative metabolism
(Kann etal., 2003). We cannot exclude, however, that longer
times of incubation with iron might produce deleterious effects
on mitochondrial function.

STIMULATION OF RyR-MEDIATED Ca%* RELEASE PROMOTES CaZ*
UPTAKE ONLY IN NON-FRAGMENTED MITOCHONDRIA

Previous reports indicate that RyR stimulation promotes the emer-
gence of rapid and simultaneous Ca’™ signals in cytoplasm and
mitochondria in cardiac muscle cells (Szalai et al., 2000; Garcia-
Perez etal.,, 2008). Our results show that RyR activation by
the agonist 4-CMC promoted fast mitochondrial Ca>* uptake
in control neurons bearing elongated and interconnected mito-
chondria. Moreover, compared to control neurons, neurons that
possessed non-fragmented mitochondria after iron treatment dis-
played enhanced mitochondrial Ca?* uptake in response to the
RyR agonist 4-CMC. This finding may reflect an increased oxida-
tive tone in iron-treated neurons, which would facilitate the
redox-sensitive Ca’>™ release induced by the RyR agonist 4-CMC

(Paula-Lima etal., 2011). In contrast, RyR activation by 4-CMC
did not promote mitochondrial Ca?* uptake in neurons exhibit-
ing fragmented mitochondria after iron treatment, albeit the Ca®™
uniporter activity of mitochondria fragmented by iron remained
functional since the global increase in cytoplasmic Ca?* caused
by the Ca?* ionophore ionomycin prompted fast mitochon-
drial Ca®* uptake. Skeletal myotubes also display less effective
mitochondrial Ca?t uptake after fission; electrical stimulation
of myotubes promotes the emergence of RyR-dependent mito-
chondrial Ca?* signals, and over-expression of Drp-1 induces
mitochondrial fission and decreases mitochondrial Ca?* uptake
in response stimulation (Eisner etal., 2010). These previous
results indicate that RyR-mediated mitochondrial transfer of Ca®*
is relevant for the control of oxidative metabolism and likely
allows local feedback regulation of cytoplasmic Ca’>* signaling
through mitochondria, both in cardiac and skeletal muscle (Eisner
etal., 2013). All combined, these results support the hypoth-
esis that mitochondrial fission directly affects the interaction
between ER and mitochondria, decreasing the transmission of
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Ca’* signals generated by RyR-mediated Ca?* release to the
mitochondria.

We propose that fragmented mitochondria loose their phys-
ical interactions with the ER, resulting in decreased functional
coupling between RyR channels and the mitochondrial Ca?*
uniporter since if both organelles are not close enough the gen-
eration of Ca’?* microdomains caused by RyR-mediated Ca’™"
release might not be sufficient to activate the mitochondrial Ca?*
uniporter. Consequently, fragmented mitochondria are likely to
lose their intracellular Ca?>* buffering function in response to
RyR-mediated Ca?™ signals. This issue might have important con-
sequences for intracellular Ca?* homeostasis in neurons since an
imbalance toward mitochondrial fission, which occurs in neu-
rodegenerative diseases (Itoh etal., 2013), would promote the
loss of the Ca’>* buffering function of mitochondria resulting
in increased cytoplasmic Ca®*signals. In fact, neurons from
transgenic rodents that develop Alzheimer’s disease (3xTg-AD)
exhibit increased intracellular resting [Ca?*] (Lopez etal., 2008),
which may arise at least in part from increased mitochondrial
fragmentation.

In conclusion, we found that iron treatment promoted mito-
chondrial fission through a process that required functional RyR
channels, and that fragmented mitochondria did not take up Ca®*+
in response to RyR-mediated Ca®* release. The loss of mitochon-
drial Ca?* uptake exhibited by fragmented mitochondria, which
is likely to disrupt cellular Ca>* homeostasis, presumably con-
tributes to the increased fragility observed in neurons subjected
to a high iron oxidative load, as observed in Parkinson’s and
Alzheimer’s disease. The present results add to previous reports
showing significant contributions of RyR-mediated Ca®* release
from the ER to neuronal function, including synaptic plasticity
(Bardo etal., 2006) and hippocampal-dependent spatial mem-
ory processes, as discussed at length in two recent comprehensive
reviews (Baker etal., 2013; Paula Lima etal., 2014).

ACKNOWLEDGMENTS

Financial Support: FONDECYT (11110322; 1100052; 1100599;
1130068; 1120579), ConicyT (79090021), FONDECYT-FONDAP
(1501006), FONDEF D1111096, MILLENNIUM BNI (P-09-
015F), and PIA-CONICYT ACT1114.

REFERENCES

Adasme, T., Haeger, P,, Paula-Lima, A. C., Espinoza, I., Casas-Alarcon, M. M., Car-
rasco, M. A, etal. (2011). Involvement of ryanodine receptors in neurotrophin-
induced hippocampal synaptic plasticity and spatial memory formation. Proc.
Natl. Acad. Sci. U.S.A. 108, 3029-3034. doi: 10.1073/pnas.1013580108

Baker, K. D., Edwards, T. M., and Rickard, N. S. (2013). The role of intracellular cal-
cium stores in synaptic plasticity and memory consolidation. Neurosci. Biobehav.
Rev. 37,1211-1239. doi: 10.1016/j.neubiorev.2013.04.011

Bardo, S., Cavazzini, M. G., and Emptage, N. (2006). The role of the endoplasmic
reticulum Ca store in the plasticity of central neurons. Trends Pharmacol. Sci. 27,
78-84. doi: 10.1016/j.tips.2005.12.008

Barsoum, M. J., Yuan, H., Gerencser, A. A. Liot, G., Kushnareva, Y,
Graber, S., etal. (2006). Nitric oxide-induced mitochondrial fission is regu-
lated by dynamin-related GTPases in neurons. EMBO J. 25, 3900-3911. doi:
10.1038/sj.emboj.7601253

Bull, R., Finkelstein, J. P, Galvez, J., Sanchez, G., Donoso, P., Behrens, M. 1.,
etal. (2008). Ischemia enhances activation by Ca?* and redox modification of
ryanodine receptor channels from rat brain cortex. J. Neurosci. 28, 9463-9472.
doi: 10.1523/JNEUROSCI.2286-08.2008

Bull, R., Finkelstein, J. P., Humeres, A., Behrens, M. 1., and Hidalgo, C. (2007).
Effects of ATP, Mg2+, and redox agents on the CaZt dependence of RyR chan-
nels from rat brain cortex. Am. J. Physiol. Cell Physiol. 293, C162-C171. doi:
10.1152/ajpcell.00518.2006

Cereghetti, G. M., Stangherlin, A., Martins De Brito, O., Chang, C. R., Blackstone,
C., Bernardi, P, etal. (2008). Dephosphorylation by calcineurin regulates translo-
cation of Drp1 to mitochondria. Proc. Natl. Acad. Sci. U.S.A. 105, 15803-15808.
doi: 10.1073/pnas.0808249105

Cribbs, J. T, and Strack, S. (2007). Reversible phosphorylation of Drpl by
cyclic AMP-dependent protein kinase and calcineurin regulates mitochon-
drial fission and cell death. EMBO Rep. 8, 939-944. doi: 10.1038/sj.embor.
7401062

Csordas, G., and Hajnoczky, G. (2009). SR/ER-mitochondrial local commu-
nication: calcium and ROS. Biochim. Biophys. Acta 1787, 1352-1362. doi:
10.1016/j.bbabio.2009.06.004

Csordas, G., Renken, C., Varnai, P, Walter, L., Weaver, D., Buttle, K. E, etal.
(2006). Structural and functional features and significance of the physical link-
age between ER and mitochondria. J. Cell Biol. 174, 915-921. doi: 10.1083/jcb.
200604016

Cho, D. H., Nakamura, T., Fang, J., Cieplak, P.,, Godzik, A., Gu, Z., etal. (2009).
S-nitrosylation of Drp1 mediates beta-amyloid-related mitochondrial fission and
neuronal injury. Science 324, 102—105. doi: 10.1126/science.1171091

Detmer, S. A., and Chan, D. C. (2007). Functions and dysfunctions of mitochondrial
dynamics. Nat. Rev. Mol. Cell Biol. 8,870-879. doi: 10.1038/nrm2275

Eisner, V., Csordas, G., and Hajn6czky, G. (2013). Interactions between sarco-
endoplasmic reticulum and mitochondria in cardiac and skeletal muscle — pivotal
roles in Ca2+ and reactive oxygen species signaling. J. Cell Sci. 126, 2965-2978.
doi: 10.1242/jcs.093609

Eisner, V., Parra, V., Lavandero, S., Hidalgo, C., and Jaimovich, E. (2010).
Mitochondria fine-tune the slow Ca(2+) transients induced by electrical stimu-
lation of skeletal myotubes. Cell Calcium 48, 358-370. doi: 10.1016/j.ceca.2010.
11.001

Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W,, Robert, E. G., Catez,
F, etal. (2001). The role of dynamin-related protein 1, a mediator of mitochon-
drial fission, in apoptosis. Dev. Cell 1, 515-525. doi: 10.1016/S1534-5807(01)
00055-7

Frieden, M., James, D., Castelbou, C., Danckaert, A., Martinou, J. C., and Demau-
rex, N. (2004). Ca(2+) homeostasis during mitochondrial fragmentation and
perinuclear clustering induced by hFisl. J. Biol. Chem. 279, 22704-22714. doi:
10.1074/jbc.M312366200M 312366200

Garcia-Perez, C., Hajnoczky, G., and Csordas, G. (2008). Physical coupling sup-
ports the local Ca?* transfer between sarcoplasmic reticulum subdomains and
the mitochondria in heart muscle. J. Biol. Chem. 283, 32771-32780. doi:
10.1074/jbc.M803385200

Han, X. J., Lu, Y. E, Li, S. A, Kaitsuka, T., Sato, Y., Tomizawa, K., etal. (2008).
CaM kinase I alpha-induced phosphorylation of Drp1 regulates mitochondrial
morphology. J. Cell Biol. 182, 573-585. doi: 10.1083/jcb.200802164

Harder, Z., Zunino, R., and Mcbride, H. (2004). Sumol conjugates mitochondrial
substrates and participates in mitochondrial fission. Curr. Biol. 14, 340-345. doi:
10.1016/j.cub.2004.02.004

Hidalgo, C., Carrasco, M. A., Munoz, P., and Nunez, M. T. (2007). A role for reactive
oxygen/nitrogen species and iron on neuronal synaptic plasticity. Antioxid. Redox
Signal. 9, 245-255. doi: 10.1089/ars.2007.9.£t-9

Hidalgo, C., and Donoso, P. (2008). Crosstalk between calcium and redox signaling:
from molecular mechanisms to health implications. Antioxid. Redox Signal. 10,
1275-1312. doi: 10.1089/ars.2007.1886

Hidalgo, C., Donoso, P., and Carrasco, M. A. (2005). The ryanodine receptors
Ca2+ release channels: cellular redox sensors? IUBMB Life 57, 315-322. doi:
10.1080/15216540500092328

Hidalgo, C., and Nunez, M. T. (2007). Calcium, iron and neuronal function. [UBMB
Life 59, 280-285. doi: 10.1080/15216540701222906

Hom, J. R., Gewandter, J. S., Michael, L., Sheu, S. S., and Yoon, Y. (2007).
Thapsigargin induces biphasic fragmentation of mitochondria through calcium-
mediated mitochondrial fission and apoptosis. J. Cell. Physiol. 212, 498-508. doi:
10.1002/jcp.21051

Itoh, K., Nakamura, K., lijima, M., and Sesaki, H. (2013). Mitochondrial dynamics
in neurodegeneration. Trends Cell Biol. 23, 64—71. doi: 10.1016/j.tcb.2012.10.006

Jahani-Asl, A., Cheung, E. C., Neuspiel, M., Maclaurin, J. G., Fortin, A.,
Park, D. S., etal. (2007). Mitofusin 2 protects cerebellar granule neurons

Frontiers in Molecular Neuroscience

www.frontiersin.org

March 2014 | Volume 7 | Article 13 ] 12


http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive

SanMartin etal.

Iron-induced Ca2+ release and mitochondrial fission

against injury-induced cell death. J. Biol. Chem. 282, 23788-23798. doi:
10.1074/jbc.M703812200

Kann, O., Kovacs, R., and Heinemann, U. (2003). Metabotropic receptor-
mediated Ca2+ signaling elevates mitochondrial Ca>*+ and stimulates oxidative
metabolism in hippocampal slice cultures. J. Neurophysiol. 90, 613-621. doi:
10.1152/jn.00042.200300042.2003

Karbowski, M., Neutzner, A., and Youle, R.J. (2007). The mitochondrial E3 ubiquitin
ligase MARCHS is required for Drpl dependent mitochondrial division. J. Cell
Biol. 178, 71-84. doi: 10.1083/jcb.200611064

Kehrer, J. P. (2000). The Haber-Weiss reaction and mechanisms of toxicity.
Toxicology 149, 43-50. doi: 10.1016/S0300-483X(00)00231-6

Kemmerling, U., Munoz, P., Muller, M., Sanchez, G., Aylwin, M. L., Klann,
E., etal. (2007). Calcium release by ryanodine receptors mediates hydrogen
peroxide-induced activation of ERK and CREB phosphorylation in N2a cells and
hippocampal neurons. Cell Calcium 41,491-502. doi: 10.1016/j.ceca.2006.10.001

Kennedy, K. A., Sandiford, S. D., Skerjanc, I. S., and Li, S. S. (2012). Reactive oxygen
species and the neuronal fate. Cell. Mol. Life Sci. 69,215-221. doi: 10.1007/s00018-
011-0807-2

Knott, A. B., Perkins, G., Schwarzenbacher, R., and Bossy-Wetzel, E. (2008). Mito-
chondrial fragmentation in neurodegeneration. Nat. Rev. Neurosci. 9, 505-518.
doi: 10.1038/nrn2417

Kuznetsov, A. V., Hermann, M., Saks, V., Hengster, P., and Margreiter, R. (2009).
The cell-type specificity of mitochondrial dynamics. Int. J. Biochem. Cell Biol. 41,
1928-1939. doi: 10.1016/j.biocel.2009.03.007

Li, Z., Okamoto, K., Hayashi, Y., and Sheng, M. (2004). The importance of dendritic
mitochondria in the morphogenesis and plasticity of spines and synapses. Cell
119, 873-887. doi: 10.1016/j.cell.2004.11.003

Lopez, J. R, Lyckman, A., Oddo, S., Laferla, F. M., Querfurth, H. W., and Shtifman,
A. (2008). Increased intraneuronal resting [Ca2+] in adult Alzheimer’s disease
mice. J. Neurochem. 105, 262-271. doi: 10.1111/j.1471-4159.2007.05135.x

Marchesi, V. T. (2011). Alzheimer’s dementia begins as a disease of small blood
vessels, damaged by oxidative-induced inflammation and dysregulated amyloid
metabolism: implications for early detection and therapy. FASEB J. 25, 5-13. doi:
10.1096/1.11-0102ufm

Munoz, P,, Humeres, A., Elgueta, C., Kirkwood, A., Hidalgo, C., and Nunez, M.
T. (2011). Iron mediates N-methyl-D-aspartate receptor-dependent stimulation
of calcium-induced pathways and hippocampal synaptic plasticity. J. Biol. Chem.
286, 13382-13392. doi: 10.1074/jbc.M110.213785

Munoz, P., Zavala, G., Castillo, K., Aguirre, P., Hidalgo, C., and Nunez, M. T. (2006).
Effect of iron on the activation of the MAPK/ERK pathway in PC12 neuroblas-
toma cells. Biol. Res. 39, 189-190. doi: 10.4067/50716-97602006000100021

Nunez, M. T,, Urrutia, P.,, Mena, N., Aguirre, P., Tapia, V., and Salazar, J. (2012). Iron
toxicity in neurodegeneration. Biometals 25, 761-776. doi: 10.1007/s10534-012-
9523-0

Orth, M., and Schapira, A. H. (2001). Mitochondria and degenerative disorders.
Am. ]. Med. Genet. 106, 27-36. doi: 10.1002/ajmg.142510.1002/ajmg.1425

Pacher, P, Thomas, A. P, and Hajnoczky, G. (2002). Ca?* marks: miniature calcium
signals in single mitochondria driven by ryanodine receptors. Proc. Natl. Acad.
Sci. U.S.A. 99, 2380-2385. doi: 10.1073/pnas.03242369999/4/2380

Parra, V., Eisner, V., Chiong, M., Criollo, A., Moraga, E, Garcia, A., etal. (2008).
Changes in mitochondrial dynamics during ceramide-induced cardiomyocyte
early apoptosis. Cardiovasc. Res. 77, 387-397. doi: 10.1093/cvr/cvm029

Paula-Lima, A. C., Brito-Moreira, J., and Ferreira, S. T. (2013). Deregulation of
excitatory neurotransmission underlying synapse failure in Alzheimer’s disease.
J. Neurochem. 126, 191-202. doi: 10.1111/jnc.12304

Paula-Lima, A. C., Adasme, T., SanMartin, C., Sebollela, A., Hetz, C., Carrasco,
M. A, etal. (2011). Amyloid beta-peptide oligomers stimulate RyR-mediated
Ca?* release inducing mitochondrial fragmentation in hippocampal neurons and
prevent RyR-mediated dendritic spine remodeling produced by BDNE. Antioxid.
Redox Signal. 14, 1209-1223. doi: 10.1089/ars.2010.3287

Paula-Lima, A. C., De Felice, E. G., Brito-Moreira, J., and Ferreira, S. T. (2005). Acti-
vation of GABA(A) receptors by taurine and muscimol blocks the neurotoxicity
of beta-amyloid in rat hippocampal and cortical neurons. Neuropharmacology
49, 1140-1148. doi: 10.1016/j.neuropharm.2005.06.015

Paula Lima, A. C., Adasme, T., and Hidalgo, C. (2014). Contribution of Ca?* release
channels to hippocampal synaptic plasticity and spatial memory. Potential redox
modulation. Antioxid. Redox Signal. doi: 10.1089/ars.2013.5796 [Epub ahead of
print].

Pizzo, P, and Pozzan, T. (2007). Mitochondria-endoplasmic reticulum choreog-
raphy: structure and signaling dynamics. Trends Cell Biol. 17, 511-517. doi:
10.1016/j.tcb.2007.07.011

Pletjushkina, O. Y., Lyamzaev, K. G., Popova, E. N., Nepryakhina, O. K., Ivanova,
O. Y, Domnina, L. V., etal. (2006). Effect of oxidative stress on dynam-
ics of mitochondrial reticulum. Biochim. Biophys. Acta 1757, 518-524. doi:
10.1016/j.bbabio.2006.03.018

Rintoul, G. L., Filiano, A. J., Brocard, J. B., Kress, G. J., and Reynolds, 1. J. (2003).
Glutamate decreases mitochondrial size and movement in primary forebrain
neurons. J. Neurosci. 23, 7881-7888.

Riquelme, D., Alvarez, A., Leal, N., Adasme, T., Espinoza, L., Valdes, J. A., etal.
(2011). High-frequency field stimulation of primary neurons enhances ryan-
odine receptor-mediated Ca?* release and generates hydrogen peroxide, which
jointly stimulate NF-kappaB activity. Antioxid. Redox Signal. 14, 1245-1259. doi:
10.1089/ars.2010.3238

Rizzuto, R., Simpson, A. W,, Brini, M., and Pozzan, T. (1992). Rapid changes
of mitochondrial Ca2+ revealed by specifically targeted recombinant aequorin.
Nature 358, 325-327. doi: 10.1038/358325a0

Rusnak, F, and Mertz, P. (2000). Calcineurin: form and function. Physiol. Rev. 80,
1483-1521.

SanMartin, C. D., Adasme, T., Hidalgo, C., and Paula-Lima, A. C. (2012). The
antioxidant N-acetylcysteine prevents the mitochondrial fragmentation induced
by soluble amyloid-beta peptide oligomers. Neurodegener. Dis. 10, 34-37. doi:
10.1159/000334901

Schrag, M., Mueller, C., Zabel, M., Crofton, A., Kirsch, W. M., Ghribi,
Q., etal. (2013). Oxidative stress in blood in Alzheimer’s disease and mild
cognitive impairment: a meta-analysis. Neurobiol. Dis. 59, 100-110. doi:
10.1016/j.nbd.2013.07.005

Smirnova, E., Griparic, L., Shurland, D. L., and Van Der Bliek, A. M. (2001).
Dynamin-related protein Drpl is required for mitochondrial division in mam-
malian cells. Mol. Biol. Cell 12, 2245-2256. doi: 10.1091/mbc.12.8.2245

Smith, M. A., Zhu, X., Tabaton, M., Liu, G., Mckeel, D. W. Jr., Cohen, M. L., etal.
(2010). Increased iron and free radical generation in preclinical Alzheimer disease
and mild cognitive impairment. J. Alzheimers Dis. 19, 363—372. doi: 10.3233/JAD-
2010-1239

Spat, A., Szanda, G., Csordas, G., and Hajnoczky, G. (2008). High- and low-calcium-
dependent mechanisms of mitochondrial calcium signalling. Cell Calcium 44,
51-63. doi: 10.1016/j.ceca.2007.11.015

Szalai, G., Csordas, G., Hantash, B. M., Thomas, A. P, and Hajnoczky, G. (2000).
Calcium signal transmission between ryanodine receptors and mitochondria. J.
Biol. Chem. 275, 15305-15313. doi: 10.1074/jbc.275.20.15305

Thannickal, V. ]., and Fanburg, B. L. (2000). Reactive oxygen species in cell signaling.
Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L1005-L1028.

Thomas, G. M., and Huganir, R. L. (2004). MAPK cascade signalling and synaptic
plasticity. Nat. Rev. Neurosci. 5,173—183. doi: 10.1038/nrn1346

Uneyama, H., Munakata, M., and Akaike, N. (1993). Caffeine response in pyramidal
neurons freshly dissociated from rat hippocampus. Brain Res. 604, 24-31. doi:
10.1016/0006-8993(93)90348-Q

Wang, X., Su, B., Lee, H. G, Li, X,, Perry, G., Smith, M. A,, etal. (2009). Impaired
balance of mitochondrial fission and fusion in Alzheimer’s disease. J. Neurosci.
29, 9090-9103. doi: 10.1523/J]NEUROSCI.1357-09.2009

Yan, M. H., Wang, X., and Zhu, X. (2013). Mitochondrial defects and oxidative stress
in Alzheimer disease and Parkinson disease. Free Radic. Biol. Med. 62, 90-101.
doi: 10.1016/j.freeradbiomed.2012.11.014

Yoon, Y. S., Yoon, D. S., Lim, I. K., Yoon, S. H., Chung, H. Y., Rojo, M., et al. (2006).
Formation of elongated giant mitochondria in DFO-induced cellular senescence:
involvement of enhanced fusion process through modulation of Fisl. J. Cell.
Physiol. 209, 468-480. doi: 10.1002/jcp.20753

Yu, T, Jhun, B. S., and Yoon, Y. (2011). High-glucose stimulation increases reactive
oxygen species production through the calcium and mitogen-activated protein
kinase-mediated activation of mitochondrial fission. Antioxid. Redox Signal. 14,
425-437. doi: 10.1089/ars.2010.3284

Yuan, H., Gerencser, A. A., Liot, G., Lipton, S. A., Ellisman, M., Perkins, G. A.,
etal. (2007). Mitochondrial fission is an upstream and required event for bax foci
formation in response to nitric oxide in cortical neurons. Cell Death Differ. 14,
462-471. doi: 10.1038/sj.cdd.4402046

Zampese, E., Fasolato, C., Kipanyula, M. J., Bortolozzi, M., Pozzan, T., and Pizzo,
P. (2011). Presenilin 2 modulates endoplasmic reticulum (ER)-mitochondria

Frontiers in Molecular Neuroscience

www.frontiersin.org

March 2014 | Volume 7 | Article 13 ] 13


http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive

SanMartin etal.

Iron-induced Ca2+ release and mitochondrial fission

interactions and Ca®* cross-talk. Proc. Natl. Acad. Sci. U.S.A. 108, 2777-2782.
doi: 10.1073/pnas.1100735108

Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R., and Crichton, R. R. (2004). Iron,
brain ageing and neurodegenerative disorders. Nat. Rev. Neurosci. 5,863—873. doi:
10.1038/nrn1537

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 17 October 2013; accepted: 03 February 2014; published online: 11 March
2014.

Citation: SanMartin CD, Paula-Lima AC, Garcia A, Barattini P, Hartel S, Niifiez
MT and Hidalgo C (2014) Ryanodine receptor-mediated Ca?™ release underlies iron-
induced mitochondrial fission and stimulates mitochondrial Ca** uptake in primary
hippocampal neurons. Front. Mol. Neurosci. 7:13. doi: 10.3389/fnmol.2014.00013
This article was submitted to the journal Frontiers in Molecular Neuroscience.
Copyright © 2014 SanMartin, Paula-Lima, Garcia, Barattini, Hartel, Nifiez and
Hidalgo. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Neuroscience

www.frontiersin.org

March 2014 | Volume 7 | Article 13 | 14


http://dx.doi.org/10.3389/fnmol.2014.00013
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive

	Ryanodine receptor-mediated ca2+ release underlies iron-induced mitochondrial fission and stimulates mitochondrial ca2+ uptake in primary hippocampal neurons
	Introduction
	Materials and methods
	Materials
	Primary rat hippocampal cultures
	Subcellular fractionation
	Immunocytochemistry
	Morpho-topological analysis
	Quantification of fragmented mitochondria
	Western blot analysis
	Determination of cytoplasmic ca2+ signals
	Determination of mitochondrial ca2+ signals
	Statistics

	Results
	Iron enhances agonist-induced ryr-mediated ca2+ release in hippocampal neurons
	Iron induces mitochondrial fission in primary hippocampal neurons, determined by morpho-topological analysis of their mitochondrial network
	Iron-induced mitochondrial fission requires ryr-mediated ca2+ release
	Mitochondria take up ca2+ released via ryr channels
	Mitochondrial uptake of ca2+ released by ryr does not occur in mitochondria fragmented by iron treatment

	Discussion
	Iron-induced mitochondrial fragmentation requires ryr-mediated ca2+ release
	Stimulation of ryr-mediated ca2+ release promotes ca2+ uptake only in non-fragmented mitochondria

	Acknowledgments
	References


