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Abstract
Mitochondrial superoxide dismutase 2 (SOD2) is a major antioxidant defense enzyme. Here we provide evidence that SOD2
plays critical roles in maintaining calcium homeostasis in newly generated embryonic cerebral cortical neurons, which is
essential for normal mitochondrial function and subcellular distribution, and neurite outgrowth. Primary cortical neurons in
cultures established from embryonic day 15 SOD2+/+ and SOD2−/− mice appear similar during the first 24 h in culture.
During the ensuing two days in culture, SOD2−/− neurons exhibit a profound reduction of neurite outgrowth and their
mitochondria become fragmented and accumulate in the cell body. The structural abnormalities of the mitochondria are
associated with reduced levels of phosphorylated (S637) dynamin related protein 1 (Drp1), a major mitochondrial fission-
regulating protein, whereas mitochondrial fusion regulating proteins (OPA1 and MFN2) are relatively unaffected.
Mitochondrial fission and Drp1 dephosphorylation coincide with impaired mitochondrial Ca2+ buffering capacity and an
elevation of cytosolic Ca2+ levels. Treatment of SOD2−/− neurons with the Ca2+ chelator BAPTA-AM significantly
increases levels of phosphorylated Drp1, reduces mitochondrial fragmentation and enables neurite outgrowth.

Introduction

Mitochondria play important roles in neurons including the
generation of ATP that is essential for regulating excitability,

Ca2+ and redox signaling, synaptic plasticity, and the arbi-
tration of cell survival and death [1]. Mitochondria are
highly dynamic organelles that can divide, fuse, and move
within axons and dendrites. The number of mitochondria per
cell increases during neuronal differentiation and synapto-
genesis [2]. Previous studies suggest roles for mitochondrial
dynamics in dendritic spine plasticity [3] and for mito-
chondrial biogenesis in the formation and plasticity of
synapses in the developing and adult brain [2]. Treatment of
neuroblastoma cells with chloramphenicol, an inhibitor
of mitochondrial protein synthesis, prevents cell differ-
entiation [4], and treatment of cultured embryonic hippo-
campal neurons with ethidium bromide, an agent that
depletes mitochondrial DNA, prevents axon differentiation
[5]. Mitochondrial dynamics in neural progenitor cells are
also involved in the regulation of neurogenesis [6].

Mitochondria produce superoxide and hydrogen peroxide,
reactive oxygen species (ROS) that may serve signaling func-
tions [7]. However, excessive ROS generation can cause
apoptotic and necrotic neuronal death, and are implicated in the
pathogenesis of neurodegenerative disorders including Alzhei-
mer’s and Parkinson’s diseases [1, 8]. Mitochondria also play
roles in the regulation of intracellular Ca2+ dynamics, and
participate in many Ca2+-mediated signaling processes [9, 10].

Edited by N. Chandel

These authors contributed equally: Qijin Zhao, Daoyuan Lu.

* Mark P. Mattson
mark.mattson@nih.gov

* Aiwu Cheng
chengai@mail.nih.gov

1 Laboratory of Neurosciences, Biomedical Research Center,
National Institute on Aging Intramural Research Program, 251
Bayview Blvd, Baltimore, MD 21224, USA

2 Laboratory of Calcium Signaling and Mitochondrial Biomedicine,
Institute of Molecular Medicine, Peking University, 100871
Beijing, China

3 Department of Neuroscience, Johns Hopkins University School
Medicine, Baltimore, MD 21205, USA

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41418-018-0230-4) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0230-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0230-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0230-4&domain=pdf
mailto:mark.mattson@nih.gov
mailto:chengai@mail.nih.gov
https://doi.org/10.1038/s41418-018-0230-4


In neurons, mitochondria can buffer Ca2+ loads that occur
during excitatory synaptic activity, and such mitochondrial
Ca2+ uptake results in increased superoxide production [11].
Superoxide dismutases (SODs), including cytosolic and extra-
cellular SODs (SOD1 and SOD3, respectively) and mitochon-
drial SOD (SOD2), are major antioxidant defense enzymes.
Gene knockout studies in mice have shown that among the
three SODs only SOD2 is essential for normal development
and survival of mice. SOD2 deficient mice die at birth and
exhibit severe anemia, neurodegeneration and myocardial
damage [12–15]. Striatal neurons in mice with partial deficiency
of SOD2 exhibit increased vulnerability to the mitochondrial
toxins malonate and 3-nitroproponic acid [16]. On the other
hand, the mitochondrial deacetylase SIRT3 increases SOD2
enzyme activity and protects neurons against excitotoxicity and
mitochondrial toxins [17]. Moreover, overexpression of SOD2
reduces ischemic brain injury in a mouse stroke model [18] and
ameliorates cognitive deficits in an Alzheimer’s disease model
[19]. Although it is clear that SOD2 and scavenging excessive
mitochondrial ROS can protect neurons against excitotoxic and
metabolic stress, roles for SOD2 in early events in neuronal
development are unknown.

Previous studies of embryonic rat hippocampal neurons
established key roles for Ca2+ in regulating the outgrowth of
dendrites and the axon [20, 21], and in the formation of
glutamatergic synapses [22]. More recent studies have
revealed roles for mitochondrial fission and fusion in the
regulation of developmental and adult neuroplasticity [1, 3,
23]. In the present study we found that neurite outgrowth is
impaired and cell survival compromised in embryonic mouse
cerebral cortical neurons lacking SOD2. The underlying
molecular mechanism involves Ca2+ mediated depho-
sphorylation of the mitochondrial fission-regulating protein
Drp1, mitochondrial fission and a failure of mitochondrial
movement into nascent neurites. In the present study we show
that by enhancing cellular Ca2+ handling and enabling normal
mitochondrial dynamics, SOD2 is essential for the differ-
entiation of embryonic cerebral cortical neurons.

Results

SOD2 deficient embryonic cerebral cortical neurons
exhibit altered mitochondrial morphology and
reduced neurite outgrowth

SOD2 homozygous knockout mice die during late
embryonic development or shortly after birth [15, 24]. To
elucidate roles for SOD2 in neuronal development, we
established primary neuronal cultures from embryonic day
14.5 SOD2+/+, SOD2+/−, and SOD2−/− cerebral cortex. We
measured the superoxide level in cultured cortical neurons
using the superoxide-responsive fluorescent probe

MitoSOX Red. Levels of MitoSOX Red fluorescence were
significantly greater in neurons lacking SOD2 compared to
those in SOD2+/+ and SOD2+/- neurons (Supplementary
Fig. 1), consistent with the function of SOD2 as superoxide
scavenger. Using Hoechst 33342 staining to quantify cell
death (neurons with condensed and fragmented nuclei were
considered dying or dead), approximately 90% of the initial
number of SOD2+/+ and SOD2+/− cortical neurons sur-
vived the first 3 days in culture and remained viable through
culture day 7. Approximately 60% of the SOD2−/− neurons
survived during the first 3 days in culture and by culture day
7 essentially all of the SOD2−/− neurons had died (Sup-
plementary Fig. 2). SOD2+/+ and SOD2+/− neurons extend
multiple long neurites that express the neuronal marker
beta-III tubulin (TuJ1) (Fig. 1a). In contrast, during the first
several days in culture neurites in SOD2−/− neurons were
markedly reduced in length and beta-III tubulin immunor-
eactivity accumulated in the cell body (Fig. 1a), To quantify
the neurite length of individual neurons, we infected
SOD2+/+ and SOD2+/− neurons with an AAV-GFP for two
days (1DIV to 3DIV) with a low viral titer that resulted in
approximately 10% of the neurons expressing GFP, thereby
enabling visualization of their neurites on a background of
uninfected neurons (Fig. 1a, lower panels). The neurite
length in 3DIV alive SOD2−/− neurons (55.47 ± 5.89 μm,
n= 4 mice) was less than 20% of the neurite length of
SOD2+/+ (383.62 ± 20.39, n= 4 mice) and SOD2+/−

(326.57 18.24, n= 3 mice) neurons (Fig. 1c).
We next evaluated mitochondrial morphology and

numbers in SOD2+/+, SOD2+/−, and SOD2−/− neurons on
culture day 3. Neurons were loaded with Mitotracker green,
a fluorescent mitochondrial stain which localizes to mito-
chondria in a mitochondrial membrane potential indepen-
dent manner. Mitochondria in SOD2+/+ neurons were
concentrated in the cell body and distributed throughout
neurites wherein they exhibited a typical sausage-like
morphology, and mitochondria in SOD2+/− neurons were
similarly distributed (Fig. 1b). In contrast, mitochondria in
SOD2−/− neurons were located almost exclusively in the
cell body where they appeared to be dotty, smaller and
rounder than mitochondria in SOD2+/+ neurons (Fig. 1b).
In neurites of both SOD2+/+ and SOD2+/− neurons there
were approximately 21–23 mitochondria per 200 μm,
whereas there were only an average of 2 mitochondria per
200 μm in neurites of SOD2−/− neurons (Fig. 1d).

Embryonic cortical neurons lacking SOD2 exhibit
reduced levels of the mitochondrial fission protein
p-Drp1 (S637), without a change in levels of the
mitochondrial fusion proteins Mfn2 and OPA1

Mitochondrial fission is regulated by the protein Drp1; fission
is inhibited when Drp1 is phosphorylated at Ser637 and
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dephosphorylation at Ser637 by the Ca2+-activated phospha-
tase calcineurin reverses this inhibition [25, 26]. Immunoblot
analysis demonstrated that on culture day 3, the levels of
phosphorylated Drp1 (at Ser637) and total Drp1 were sig-
nificantly reduced (by ~75 and 55%, respectively) in SOD2−/−

neurons compared to SOD2+/+ and SOD2+/− neurons
(Fig. 2b). There were no differences in levels of Drp1 and p-
Drp1 between SOD2+/+ and SOD2+/ ̶ neurons. On culture day
2, levels of p-Drp1 (Ser637) were significant reduced (by
~40%) in neurons from SOD2−/− mice, whereas total Drp1
levels were not altered compared to Drp1 levels in SOD2+/+

and SOD2+/− neurons (Fig. 2a), indicating a progressive dis-
inhibition of mitochondrial fission. The fusion of mitochondria
is mediated by homophilic and heterophilic interactions of
cytosolic domains of mitofusins (Mfn1 and Mfn2) which are

proteins located in the outer mitochondrial membrane, and
OPA1 which is located in the inter-membrane space. There
were no significant differences in levels of Mfn2 and OPA1 in
cerebral cortical neurons from SOD2+/+, SOD2+/−and
SOD2−/− mice on culture day 3 (Fig. 2c). Levels of the
voltage-dependent anion carrier protein (VDAC) was not
altered in SOD2−/− neurons compared to that of SOD2+/+ and
SOD2+/− neurons (Fig. 2b), suggesting that the total mito-
chondrial mass/cell was unaffected by SOD2 deficiency.

Ca2+ mediates Drp1 dephosphorylation in
developing cerebral cortical neurons

Previous studies have shown that the phosphorylation of
Drp1 at Ser637 is a critical regulatory modification, with

Fig. 1 SOD2 deficiency results
in reduced neurite outgrowth
and impaired distribution of
mitochondria into neurites of
embryonic mouse cerebral
cortical neurons. a The upper
panels show images of cortical
neurons from embryonic
SOD2+/+, SOD2+/−, and
SOD2−/− mice (maintained in
20% O2) at 3 days in culture that
were fixed and immunostained
using a Tuj1 antibody (green)
and counterstained with DAPI to
label nuclear DNA (blue). The
lower two panels show confocal
images of individual GFP+

neurons 48 h after transfection
with a GFP plasmid illustrating
the detailed morphology of
neurons. Bar= 50 μm. b
Confocal images of Mitotracker
green fluorescence in SOD2+/+,
SOD2+/−, and SOD2−/− cortical
neurons at 3 days in culture. For
SOD2−/− neurons, a merged
image of phase-contrast and
Mitotracker green is also shown
(upper right). The lower panels
show higher magnification
examples of mitochondria in
neurites. Bar= 50 μm. c, d
Results of measurements of total
neurite length (c) and
mitochondria numbers per 200
μm neurite length (d). Values are
mean ± SEM (n= 3–4 separate
culture preparations). ***p <
0.001. (ANOVA with student
Newman-Keuls post-hoc tests)
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cAMP-dependent protein kinase phosphorylating Ser637
[27] and the Ca2+-calmodulin-dependent protein phospha-
tase calcineurin dephosphorylating Ser637 [26]. Depho-
sphorylation of Drp1 at Ser637 by calcineurin results in
translocation of Drp1 from the cytosol to the mitochondrial
membrane [26]. We therefore performed experiments to
characterize the effects of Ca2+ influx on Drp1 phosphor-
ylation and mitochondrial fission in mouse cerebral cortical
neurons. Both cytoplasmic and intramitochondrial Ca2+

concentrations increase transiently in mouse cortical neurons
in response to activation of glutamate receptors [17]. Using a
mitochondrially targeted Ca2+-sensitive fluorescent probe

(mito-GCaMP3), we found that the intramitochondrial Ca2+

concentration increased rapidly in response to 10 µM glu-
tamate, peaking within a few seconds and then decreasing
but remaining elevated compared to the baseline Ca2+

concentration during a 5 min imaging period (Fig. 3a, b).
The average mitochondrial length was significantly reduced,
and the number of mitochondria/neuron was significantly
increased in response to glutamate (Fig. 3c), suggesting
mitochondrial fission. To determine the effects of glutamate
on phosphorylation of Drp1 at Ser637, we exposed cortical
neurons to increasing concentrations of glutamate and then
evaluated p-Drp1 (Ser637) and Drp1 levels by immunoblot

Fig. 2 SOD2 deficiency results in a reduction in levels of p-Drp1
(S637) in cerebral cortical neurons. a, b Immunoblot analysis of
phosphorylated Drp1 (p-Drp1) and total Drp1 in cerebral cortical
neurons from SOD2+/+, SOD2+/−, and SOD2−/− mice at 2 days (a)
and 3 days (b) in culture. The blots were re-probed to with antibodies
either against VDAC or actin. The right panels are the results of
densitometric analysis of blots showing p-Drp1, Drp and VDAC
protein levels (percentage change compared to the value for
SOD2+/+). Values are mean ± SD (n= 3–7 cultures from separate

embryos). *p < 0.05, ***p < 0.001 (ANOVA with student Newman-
Keuls post-hoc tests). c Immunoblot analysis of Mfn2 and OPA1 in
SOD2+/+, SOD2+/−, and SOD2−/− cortical neurons (3 days in cul-
ture). The blots were re-probed with antibodies either against SOD2 or
actin. The right panels are the results of densitometric analysis of blots
showing Mfn2 and OPA1 protein levels (percentage change compared
to the value of SOD2+/+). Values are mean ± SD (n= 4–6 cultures
from separate embryos)
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analysis of cell lysates. The levels of p-Drp1 were greatly
reduced during a 5 min exposure to glutamates at 10, 100,
500 µM, in a concentration dependent manner (Fig. 3d). The
reduction in p-Drp1 levels in response to exposure to 10 μM
glutamate was transient, remaining reduced through 30min
and then recovering to baseline levels by 2 h (Fig. 3e). The
amount of total Drp1 was unchanged in neurons exposed to

glutamate (Fig. 3d, e). Pretreatment of cultures with the
cytoplasmic Ca2+ chelator BAPTA-AM (10 µM), the calci-
neurin inhibitor FK506 or the protein phosphatase 2 A
inhibitor okadaic acid (OA) prevented dephosphorylation of
Drp1 at ser637 in neurons exposed to glutamate (Fig. 3f).

To further investigate whether glutamate-induced
dephosphorylation of Drp1 (S637) indeed targets Drp1 to

Fig. 3 Cytosol calcium elevation
causes mitochondrial fission and
Drp1 (S637) de-
phosphorylation. a Images
showing mitochondrial
morphology of neurons
expressing the mitochondrial
targeted calcium indicator
GCaMP3 (mito-GCaMP3)
before and after (3.2 s and 133 s)
exposure to glutamate (10 μM).
The red box shows examples of
fragmented mitochondria. b
Mitochondrial Ca2+

concentrations were measured
by imaging of mito-GCaMP3,
prior to and during exposure of
cortical neurons to 10 μM
glutamate (n= 6 neurons for the
trace). c Mitochondrial sizes and
numbers before and 5 min after
glutamate treatment (n= 6, **p
< 0.001). d, e Immunoblot
analysis of p-Drp1 (S637) and
Drp1 before (Ctr) and 5 min
after glutamate treatment at the
indicated concentrations (1, 10,
100, 500 μM) (d), and at
increasing time points after
exposure to 10 μM glutamate (5
min, 30 min, 2 h and 4 h) (e).
The blots were re-probed with
an antibody against actin. The
right panels are the results of
densitometric analysis of blots
showing p-Drp1 and Drp1 levels
(percentage change compared to
the control value). Values are
mean ± SD (n= 6 separate
cultures). **p < 0.01 compared
to the control value (ANOVA
with student Newman-Keuls
post-hoc tests). f Immunoblot
and densitometric analysis of p-
Drp1 (S637) and Drp1 before
and 5 min after exposure to 10
μM glutamate in the cultures that
were pretreated with BAPTA-
AM (10 μM), FK506 (10 nM),
okadaic acid (OA) (10 nM).
NPT, no pretreatment. Values
are mean ± SD (n= 8 separate
cultures), **p < 0.01 (ANOVA
with student Newman-Keuls
post-hoc tests)
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mitochondria, we performed double-label immunostaining
with a Drp1 antibody and an antibody against the mito-
chondrial protein COX1 in cultured cortical neurons that
were treated for 5 min with either glutamate or vehicle
control. As expected, in control SOD+/+ neurons COX1
immunoreactivity was localized in discrete puncta dis-
tributed along neurites and in perinuclear cytoplasm of the
cell body consistent with a mitochondrial localization, and
approximately 30% of the mitochondria exhibited strong
particle-like Drp1 immunoreactivity whereas the rest of
mitochondria (~70%) exhibited little or no Drp1 immu-
noreactivity (Fig. 4a, b). In contrast, in neurons lacking
SOD2 more than 60% of the COX1 immunoreactive puncta
co-localized with strong Drp1 staining (Fig. 4a, lower
panel). Strikingly, within 5 min of exposure of SOD+/+

neurons to glutamate (10–500 μM) treatment the percentage
of COX1 immunoreactive puncta that exhibited strong Drp1
immunoreactivity increased to more than 80% (Fig. 4a, b).
These data suggest that glutamate elevates intracellular

Ca2+ levels which, in turn results in Drp1 depho-
sphorylation and translocation to mitochondria.

Cytoplasmic Ca2+ concentration is elevated and
mitochondrial Ca2+ handling is impaired in SOD2-
deficient neurons

To quantify the cytoplasmic free Ca2+ concentration
([Ca2+]cyt) we performed confocal imaging of neurons
loaded with calcium indicators Fluo-3 and Fura-red and
determined the ratio Fluo-3/Fura-red as described pre-
viously [28–30]. The red curve in the graph shown in
Fig. 5a is the result of fitting the dual indicator fluorescence
ratio (R) to the equation where different Ca2+ concentration
values are used, and the fitting yielded Kd1= 1396.8 nM
and Kd2= 343 nM for Fluo 3 and Fura red, respectively in
cultured cells. The apparent increase of Kd value in cells
compared with those in vitro has been reported previously
[31, 32] and is attributable to the intracellular milieu

Fig. 4 Drp1 translocates to
mitochondria in response to
glutamate stimulation. a
Confocal images showing Drp1
immunoreactivity (green) and
COX1 immunoreactivity (red) in
cortical neurons from embryonic
SOD2+/+ mice (upper two rows
of images) and SOD2−/− mice
(lower row) at 3 days in culture.
The cells were counterstained
with DAPI to label nuclear DNA
(blue). The SOD2+/+ cortical
neurons were treated for 5 min
with either vehicle (upper
panels) or glutamate (Glut:100
μM; middle panels) or vehicle.
Bar= 20 μm. The arrowheads
indicate the Drp1−COX1+

puncta and arrows indicate Drp1
+COX1+ puncta. b Results of
quantification of percentages of
the total number of COX1
positive puncta in neurites that
are also Drp1 positive puncta in
control (Ctr) cultures and
cultures exposed to the indicated
concentrations of glutamate
(Glut) for 5 min. c Results of
quantification of percentages of
the total number of COX1
positive puncta in neurites that
are also Drp1 positive in neurons
from SOD2+/+ and SOD2−/−

mice at 3 days in culture. Values
are mean ± SD (n= 3 cultures
from separate animals). **p <
0.001. (ANOVA with student
Newman-Keuls post-hoc tests or
student t test)
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affecting the properties of dyes such as indicator–protein
interaction in cells. Therefore, using the fitting curve (red
line) as the [Ca2+]cyt calibration curve was more accurate
than the curve predicted based on the in vitro Ca2+ dis-
sociation constants of Fluo-3 and Fura-red (blue line)

(Fig. 5a). When SOD2+/+, SOD2+/−, SOD2−/− neurons at
culture day 2 were loaded for 30 min with Fluo-3 (1 μM)
and Fura-red (5 μM), and confocal images of neurons were
acquired using identical parameters, SOD2−/− neurons
exhibited more intense Fluo-3 fluorescence (green) and

Fig. 5 The cytosolic calcium concentration is significantly elevated in
SOD2−/− neurons compared with SOD2+/+ and SOD2+/− neurons. a
In cell calibration of Fluo-3 and Fura-Red as a ratiometric [Ca2+]
measurement pair. The black dots are data from a calibration of
cytosolic calcium concentration [Ca2+]cyt and the fluorescence inten-
sity ratio of Fluo-3 (1 μM)/Fura-Red (5 μM) in primary cultured
embryonic cortical neurons. Values are mean ± SEM. (n= 35–44
neurons for each point). The blue line is the fitting curve by Kd in
theory and the red line is the fitting curve of the points by fitting the
dual indicator fluorescence ratio (R) and calcium concentration to the
Ca2+ calculation equation (right). The Kd in cells determined by curve

fitting is shown in comparison to the theoretical Kd (or in vitro Kd)
(right table). b Confocal images (upper panels) showing the merged
images of Fluo-3 (green) and Fura-red (red) and the ratio (Fluo3/Fura-
red) images with [Ca2+]cyt represented in pseudocolor (lower panels)
after 30 min loading in SOD2+/+, SOD2+/−, and SOD2−/− cortical
neurons at 2 days in culture. Bar= 20 μm. The range of the Fluo3/
Fura-red ratios in the color scale bar is from 0 to 3. c The [Ca2+]cyt
frequency distributions among neurons analyzed: SOD2+/+ (n= 164);
SOD2+/− (n= 224); and SOD2−/− (n= 145) cortical neurons from 3–
4 mice. d the average values of resting [Ca2+]cyt. Values are mean ±
SD. **p < 0.01 compared to the value for SOD+/+ neurons
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reduced Fura-red fluorescence (red) compared to SOD2+/+

and SOD2+/− neurons (Fig. 5b upper panels), suggesting
that the [Ca2+]cyt was elevated in the SOD2−/− neurons.
Visual examination of Fluo-3/Fura-red ratiometric images
revealed an obvious elevation of [Ca2+]cyt in SOD2−/−

neurons (Fig. 5b lower panels) which was confirmed by
quantitative analysis (Fig. 5c, d). Examination of [Ca2+]cyt
in individual cells showed that the [Ca2+]cyt was low in
neurons on culture day 2 with a mean value of 46.5 nM and
a standard deviation (SD) of 30.9 nM (n= 164). There was
a large variability of [Ca2+]cyt among SOD2−/− neurons
with a clear shift toward higher [Ca2+]cyt (Fig. 5c, d). The
average resting [Ca2+]cyt for neurons from the three SOD
genotypes were: 46.5 ± 30.9 nM (n= 164) for SOD2+/+,
62.4 ± 35.2 nM (n= 224) for SOD2+/− and 176.4 ±
76.5 nM (n= 145) for SOD2−/− neurons (Fig. 5d). Thus,
there were large 300–350% increases in resting [Ca2+]cyt in
SOD2−/− neurons compared with SOD2+/+ and SOD2+/−

neurons.
We next determined the impact of SOD2 deficiency on

mitochondrial uncoupling-induced [Ca2+]cyt dynamics in
cortical neurons. When we treated neurons on culture day 2
with the mitochondrial ATP synthase inhibitor oligomycin
(0.5 or 1 μg/ml) for 18 h, the SOD2+/+ and SOD2+/−

neurons remained alive, whereas SOD2−/− neurons all died
(data not shown). We then exposed SOD2+/+ neurons to
oligomycin (0.5 μg/ml) and measured [Ca2+]cyt 18 h later.
Oligomycin treatment significantly increased [Ca2+]cyt (0.5
μg/ml; 62.7 ± 42.9 nM, n= 41); 1.0 μg/ml, 64.2 ± 46.5 nM,
n= 29) compared with that of control cultures (44.4 ± 26.7,
n= 65) (Fig. 6a). Thus, the [Ca2+]cyt was elevated by ~40%
in oligomycin-treated neurons. Neurons were then loaded
with Fluo-3 and Fura-red and the [Ca2+]cyt was measured
before and during exposure of the neurons to the mito-
chondrial uncoupling agent FCCP. In neurons not treated
with oligomycin the [Ca2+]cyt rose rapidly in response to
FCCP and then recovered towards baseline [Ca2+]i, within
2 min (Fig. 6b). The [Ca2+]cyt response to FCCP in
oligomycin-treated neurons reached a peak concentration
similar to that of vehicle-treated neurons, but thereafter
remained elevated (Fig. 6b). The values for time to peak
[Ca2+]cyt, peak [Ca2+]cyt, plateau [Ca2+]cyt and “half-life”
are shown in Table 1. We next measured [Ca2+]cyt
responses to FCCP in neurons from SOD2−/−, SOD2+/−,
and SOD2+/+ mice and found that SOD2+/+ and SOD2+/−

neurons exhibited similar [Ca2+]i responses (Fig. 6c).
Consistent with results above (Fig. 4), the basal [Ca2+]cyt
was significantly greater in SOD2−/− neurons compared to

Fig. 6 SOD2 deficiency perturbs cellular Ca2+ handling and reduces
ATP production in embryonic cortical neurons. a Resting [Ca2+]cyt in
cultured SOD2+/+ cortical neurons after 18 h treatment with 0, 0.5, or
1 μg/ml oligomycin (oligo). Values are mean ± SEM. *p < 0.05. b The
[Ca2+]cyt prior to and during exposure of SOD2+/+ cortical neurons to
2 μM FCCP without or with 18 h pretreatment with 0.5 or 1 μg/ml
oligomycin (oligo). Arrowheads mark the time of FCCP stimulation. c
Cytosolic Ca2+ transients induced by exposure of neurons to the

mitochondrial un-coupler FCCP. The [Ca2+]cyt was measured by
imaging prior to and during exposure of SOD2+/+, SOD2+/−, and
SOD2−/− cortical neurons (2 days in culture) to 2 μM FCCP. In both
c and d, each trace is the mean value of approximately 25–50 cells.
d ATP levels (normalized to cellular protein levels) in primary cul-
tured SOD2+/+, SOD2+/−, and SOD2−/− cortical neurons (2 days in
culture). Values are mean ± SEM (n= 4–5 mice). **p < 0.01 com-
pared to the value for SOD+/+ neurons
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SOD2+/+ neurons and, in response to FCCP the [Ca2+]cyt in
SOD2−/− neurons rose slowly and remained elevated for at
least 5 min (Fig. 6c). The values for time to peak [Ca2+]cyt,
peak [Ca2+]cyt, plateau [Ca

2+]cyt and “half-life” are shown in
Table 1. We found that cellular ATP levels were sig-
nificantly lower in cultured SOD2−/− neurons compared to
SOD2+/+ neurons (Fig. 6d). Collectively, these data indi-
cate that impaired mitochondrial function might underlie the
mechanism of [Ca2+]cyt dyshomeostasis in SOD2−/−

neurons.

Intracellular Ca2+ chelation rescues mitochondrial
and neurite outgrowth phenotypes in neurons
lacking SOD2

To determine whether disruption of Ca2+ homeostasis
mediates the adverse effects of SOD2 deficiency on mito-
chondrial dynamics and neurite outgrowth in embryonic
cortical neurons, we treated SOD2+/+ and SOD2−/− neu-
rons with BAPTA-AM or vehicle on culture day 1 and then
quantified Drp1 phosphorylation, neurite length and mito-
chondrial functionality in neurons on culture day 3. Levels
of p-Drp1 (Ser637), but not total Drp1, were significantly
increased in BAPTA-AM treated SOD2+/+ and neurons
(Fig. 7a). In SOD2−/− neurons, BAPTA-AM treatment
significantly increased levels of both p-Drp1 (Ser637) and
total Drp1 to levels similar to those of control SOD2+/+

neurons (Fig. 7a). In a parallel experiment we treated neu-
rons of each genotype with BAPTA-AM or vehicle (culture
days 1–3) and then quantified mitochondrial density in
neurites and neurite length. Intracellular Ca2+ chelation did
not affect the numbers of mitochondria in neurites nor the
neurite length in SOD2+/+ and SOD2+/− neurons (Fig. 7b–
d). However, in SOD2−/− neurons, BAPTA-AM treatment
significantly increased numbers of mitochondria in neurites
and neurite length (Fig. 7b–d). To determine the

contributions of reduced ATP levels, mitochondrial super-
oxide and Ca2+ to mitochondrial impairment in SOD2−/−

neurons we treated SOD2−/− neurons with vehicle, the
energy substrates uridine and pyruvate, the mitochondrial
superoxide scavenger MitoTEMPO, BAPTA-AM or
cyclosporin A (an inhibitor of membrane permeability
transition pore formation) from culture days 1–3. We then
measured levels of cellular MTT reduction, an indicator of
mitochondrial function. SOD2−/− neurons treated with
MitoTEMPO or BAPTA-AM exhibited significantly greater
MTT reduction levels than did vehicle-treated neurons,
whereas uridine/pyruvate and cyclosporin A had no sig-
nificant effect on MTT reduction levels (Fig. 7f).

Discussion

Mitochondrial superoxide production negatively regulates
neural progenitor cell proliferation and that SOD2 defi-
ciency results in a reduction of progenitor cell self-renewal
and thinning of the cerebral wall in mid-gestational
embryonic mouse frontal cortex [33]. Mitochondria in the
dendrites and axons serve as a critical local source of the
ATP necessary for the function of ion-motive ATPases and
other enzymes critical for electrochemical homeostasis,
neurite outgrowth and neuroplasticity [1, 34]. In addition,
mitochondria play important roles in the local regulation of
subcellular Ca2+ dynamics in dendrites and axons [3, 35].
Vigorous mitochondrial biogenesis occurs as developing
neurons rapidly grow neurites, the mitochondria are dis-
tributed throughout the length of the neurites [2, 36],
and the movement of mitochondria along the length of
neurites is regulated by Ca2+ [37]. Our findings suggest that
mitochondrial SOD2 is necessary for proper regulation of
cellular Ca2+ homeostasis which, in turn, enables mito-
chondrial dynamics and neurite outgrowth.

Table 1 Cytosolic Ca2+

responses to the mitochondrial
uncoupling agent FCCP in
cultured cerebral cortical
neurons from SOD+ /+ ,
SOD+ /− and SOD−/− neurons

Parameters SOD2+/+ SOD2+/+ + 0.5 μg/ml oligo SOD2+/+ + 1 μg/ml oligo

Time to peak (Tp) (s) 8.326 61.141*** 63.906***

Peak value (△C/C0) 2.86 2.18*** 2.17***

Plateau (nM) 91.83 142.6*** 147.8***

Half life (t½) (s) 17.13 37.93 37.65

Parameters SOD2+/+ SOD2+/− SOD2−/−

Time to peak (Tp) (s) 8.326 9.034 75.03***

Peak value (△C/C0) 2.86 2.29 0.73***

Plateau (nM) 91.83 92.2 254.5***

Half life (t½) (s) 17.13 14.52

Upper–Kinetic analysis of FCCP treatment response in SOD2+ /+neurons with and without treatment with
oligomycin (oligo). Lower–Kinetic analysis of FCCP treatment response in SOD2+ /+ , SOD2+ /−, SOD2−/−

neurons. ***P < 0.001
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While mitochondrial fission was increased, and mito-
chondria were not properly distributed into the neurites of
differentiating cortical neurons lacking SOD2, our data
suggest that there was no significant effect of SOD2 defi-
ciency on total mitochondrial mass. Thus, levels of the
mitochondrial voltage-dependent anion-selective channels
(VDAC) are not altered in SOD2−/− neurons compared with
that of SOD2+/− or SOD+/+ neurons during the first 3 days
in culture (Fig. 2b). There was also no significant effect of
SOD2 deficiency on the fluorescence intensity of Mito-
tracker Green per neuron (data not shown). We did find that
cellular ATP levels were reduced in SOD2−/− neurons
suggesting impaired mitochondrial function. Moreover,
compared to control wild type neurons, neurons lacking

SOD2 or wild type neurons treated with the mitochondrial
ATPase inhibitor oligomycin exhibited an impaired recov-
ery of [Ca2+]cyt when exposed to the mitochondrial
uncoupling agent FCCP, indicating a key role for SOD2 in
neuronal Ca2+ regulation. Thus impaired mitochondrial
Ca2+ handling was associated with a significant basal
[Ca2+]cyt elevation in SOD2−/− neurons which occurred as
early as two days in cultures. Furthermore, we found that
the phosphorylation of Drp-1 on Ser 637 was strongly
influenced by the [Ca2+]cyt, being decreased in response to
glutamate, and in SOD2 deficient neurons with elevated
[Ca2+]cyt. The abnormal suppression pDrp1 (Ser 637) in
SOD2−/− neurons would break the equilibrium of mito-
chondrial fission and fusion, the dynamic properties which
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are important for functional output of mitochondria as the
powerhouse of the cells [38]. Finally, we found that treat-
ment of embryonic cortical neurons with the Ca2+ chelator
BAPTA-AM prevented Drp-1 dephosphorylation in SOD2
−/− neurons and in glutamate treated SOD2+/+ neurons.
BAPTA-AM treatment also prevented mitochondrial fis-
sion, and enabled neurite outgrowth and distribution of
mitochondria into the growing neurites in SOD2−/− neu-
rons. These findings suggest that SOD2 is critical for the
regulation of [Ca2+]cyt, which, in turn, is necessary for the
maintenance of a normal balance of mitochondrial fission
and fusion and for the normal distribution of mitochondria
in growing neurites (Fig. 8).

In contrast to SOD2 knockout mice which die during late
gestation or soon after birth [15, 24], SOD1 and SOD3
knockout mice survive into adulthood and old age [13, 39].
Only a few and relatively subtle abnormalities in the ner-
vous system of SOD1 deficient mice have been described
including a moderate decrease in motor unit size and a distal
motor neuron axonopathy, but with no change in the
number and size of motor neurons [40, 41]. However,
neurons in the cerebral cortex and striatum of SOD1 defi-
cient mice exhibit increased vulnerability to ischemic injury
and death in an experimental stroke model [42]. SOD3
knockout mice have a normal lifespan [13] and no neuro-
logical phenotypes have been described in the SOD3

deficient mice. Cytoplasmic and plasma membrane-
associated oxidases such as NADPH oxidase can also
generate superoxide [43], but NADPH deficient mice
appear to develop normally and live into adulthood [44]
with no apparent abnormalities in brain development [45].
The present findings suggest that SOD2 plays critical roles
in maintenance of mitochondrial and cytosolic Ca2+

homeostasis. Moreover, by maintaining Drp1 phosphor-
ylation, as well as Drp1 levels, SOD2 plays important roles
in regulating mitochondrial fission and fusion dynamics,
and thus mitochondria integrity, distribution and functions
(Fig. 8).

Materials and methods

SOD2 deficient mice and primary neuronal cultures

Breeding pairs of SOD2+/− mice (Sod2tm1Leb) were
purchased from Jackson Laboratories (Bar Harbor, ME).
The colony was maintained, and littermate experimental
animals were generated by breeding SOD2+/− males with
SOD2+/− females. For genotyping, two complementary
polymerase chain reactions were performed on genomic
DNA from adult mouse tails or embryonic mouse tissues.
The first reaction used primers for detecting a SOD2 exon
1 sequence (5′-ACG TTG CCT TCC CAG GAT-3′ and 5′-
GTT TAC ACG ACC GCT GCT CT-3′), and the second
reaction used primers for detecting a mutated sequence (5′-
TGT TCT CCTCTT CCT CAT CTC C-3′ and 5′-ACC
CTT TCC AAA TCCTCA GC-3′). The first reaction gen-
erates a 193-bp product for the wild type (WT) allele, and
the second reaction generates a 240-bp product for the
mutant allele. For primary cultures of embryonic cortical
neurons, timed-pregnant mice were obtained by breeding
SOD2+/− male and female mice. Cultures of embryonic
cortical neurons were prepared from embryonic day (E)
14.5 cerebral tissues as described previously [2, 17]. The
dissociated cells were seeded into polyethyleneimine-
coated plastic culture dishes or glass coverslips at a den-
sity of 50,000 cells/cm2. After a 4-h incubation in MEM
containing 10% fetal bovine serum, the medium was
replaced with Neurobasal medium containing B27 sup-
plements, 2 mM L-glutamine, antibiotic antimycotic
(Gibco) and 1 mM HEPES (all from Invitrogen, Carlsbad,
CA). The culture treatments included: L-glutamic acid
(Glu), BAPTA-AM, FK506, okadaic acid (OA), cyclos-
porin A (CSA), MnTMPyp, MitoTEMPO, pyruvate, uri-
dine, oligomycin (Oligo), carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP). All these
reagents were from Sigma, St. Louis, MO and were pre-
pared as 500–1000× stocks in dimethylsulfoxide or dis-
tilled water. Treatments were administered by direct

Fig. 7 The Ca2+ chelator BAPTA-AM restores Drp1 phosphorylation
and enhances neurite outgrowth and cell survival in SOD2−/− cortical
neurons. a Immunoblot analysis of p-Drp1, (S637) and Drp1 in
SOD2+/+ and SOD2−/− cortical neurons (3 days in culture) that had
been incubated with or without BAPTA-AM beginning on the day of
cell plating. C: Control; B: BAPTA-AM (1 μM). The blots were re-
probed with antibodies against actin. The right panels are the results of
densitometric analysis of blots showing p-Drp1 protein levels (per-
centage change compared to the value for SOD2+/+ neurons). Values
are mean ± SD (n= 4 cultures from separate embryos). ***p < 0.001
(ANOVA with student Newman-Keuls post-hoc tests). b Confocal
image showing the merged images of phase-contrast and Mitotracker
green fluorescence in SOD2−/− neurons (3 days in culture) that had
been incubated with or without BAPTA-AM beginning on the day of
cell plating. c, d Results of measurements of mitochondrial numbers
per 200 μm (c) and total neurite length (d) in SOD2+/+, SOD2+/−, and
SOD2−/− neurons treated with or without BAPTA-AM. Values are
mean ± SEM (n= 3–4 separate cultures). **p < 0.01. (ANOVA with
student Newman-Keuls post-hoc tests). e ATP levels in primary cul-
tured SOD2−/− cortical neurons (3 days in culture) treated with or
without BAPTA-AM. The data are presented as percentage of the
cultures without BAPTA-AM treatment (Ctr). **p < 0.01 compared to
the Ctr value. Values are mean ± SD (n= cultures from 3 embryos). f
Results of quantitative analysis of neuronal survival in cultures of
SOD2−/− cortical neurons that had been cultured in presence of pyr-
uvate (100 μg/ml) and uridine (50 μg/ml), mitoTEMPO (1 μM; a
mitochondrial superoxide scavenger), MnTMPyP (1 μM; a cell
permeable SOD mimetic), cyclosporin A (CsA, 500 nM; a mito-
chondrial PTP inhibitor) or FK506 (10 nM; a calcineurin inhibitor).
Cell survival was quantified by MTS assays. Values are mean ± SEM
(separate cultures from 4 mice). **p < 0.05 and ***P < 0.01
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dilution into the culture medium, and an equivalent volume
of vehicle was added to control cultures.

Immunoblot analysis

Tissues or cultured cells were solubilized in SDS-
polyacrylamide gel electrophoresis sample buffer, and the
protein concentration in each sample was determined using
a Bio-Rad protein assay kit with bovine serum albumin as
the standard. Proteins (30 μg of protein per lane) were then
separated in 4–12% SDS gels (Invitrogen, Carlsbad, CA)
using electrophoresis, and then electrophoretically trans-
ferred to a nitrocellulose membrane. Membranes were
blocked with 4% nonfat milk in TBST (Tris-HCl based
buffer with 0.2% Tween 20, pH 7.5), and then incubated for
2 h in the presence of primary antibody. Cells were then
incubated for 1 h in the presence of a 1:5000 dilution of
secondary antibody (IgG) conjugated to horseradish per-
oxidase. Reaction product was visualized using an
Enhanced Chemiluminescence (ECL) Western blot detec-
tion kit (Amersham Pharmacia Biotech, United Kingdom).
The primary antibodies included those specific for SOD2
(rabbit, 1:2000, Enzo Life Sciences, Farmingdale, NY), Drp
and Drp (S637 phosphorylation) (rabbit, 1:500, Cell sig-
naling technology, Danvers, MA), VDAC (rabbit, 1:1000,

Abcam, Cambridge, MA), actin (mouse, Sigma, St. Louis,
MO, 1:2000).

Neuronal viability assays

Hoechst staining and MTT assays were performed to
evaluate neuronal death or viability. For Hoechst stain-
ing, primary cultured neurons were stained with the
DNA-binding dye Hoechst 33342 by direct addition to
the culture medium for 30 min to 1 h. Cells were
observed and images of 5 randomly selected fields were
acquired using a digital camera connected to Zeiss
fluorescence microscope. Phase-contrast and Hoechst
fluorescence images were simultaneously acquired using
a ×20 objective under the fluorescence microscope with
the white light and UV light channels both on. The
number of dead and viable neurons were quantified using
NIH Image J software. Cells were considered dead if
their nuclear chromatin stained nuclei are bright, con-
densed or fragmented, whereas cells were considered
viable if their chromatin was diffusely and evenly dis-
tributed throughout the nucleus with intact neuronal
morphology. For MTT assay, neurons in 96-well plates
seeded at the same density under control or treatment
conditions were exposed to MTS (Promega, Madison,

Fig. 8 Working model for the role of SOD2 in enabling neurite out-
growth and neuronal survival by mechanisms involving maintenance
of mitochondrial and cytosolic Ca2+ homeostasis and Drp1 phos-
phorylation. a SOD2 sustains mitochondrial function and integrity by
preventing dysregulation of mitochondrial Ca2+ handling and electron
transport. As a result, ATP levels are maintained, cytosolic Ca2+ levels
are maintained within normal limits, Drp1 remains in a phosphorylated
state, and mitochondria maintain a normal balance of fission and
fusion. By enabling mitochondria to perform their ATP-generating and

Ca2+-regulating functions, SOD2 plays a critical role in supporting
neurite outgrowth in embryonic cerebral cortical neurons. b When
SOD2 expression or activity is reduced, mitochondrial ATP produc-
tion and Ca2+ homeostasis are compromised resulting in elevation of
cytoplasmic Ca2+ levels, calcineurin activation and dephosphorylation
of Drp1. Drp1 then translocates to mitochondria where it triggers
abnormal mitochondrial fission which is associated with accumulation
of dysfunctional mitochondria in the neuronal cell body and impaired
neurite outgrowth
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WI, USA) for 3–4 h at 37 °C. The absorbance of the MTS
formazan products was measured at 490 nm. MTT is a
pale-yellow substrate that is cleaved by living cells to
yield a dark blue formazan product. This process requires
functional mitochondrial activity [46, 47].

Immunocytochemistry, mitochondria labeling and
confocal imaging

For immunofluorescence cytochemistry, fixed cells were
preincubated with blocking solution (0.2% Triton X-100,
10% normal goat serum) in PBS for 30 min, and then
incubated overnight with a primary antibody followed with
appropriate secondary antibodies for 2 h at room tempera-
ture. The cells were counterstained with DAPI for 10 min.
The primary antibody was rabbit beta-3 tubulin (TuJ1) (1:
200 dilution; Sigma), rabbit Drp1 (1:100, Cell Signaling
Technology) and mouse OxPhos-complex IV subunit 1
(COX1, 1:100; Invitrogen). The secondary antibody was
FITC or Rhodamine- conjugated goat anti-rabbit or mouse
(1:500, Molecular Probes). To label mitochondria, the cul-
tured neurons were loaded with Mitotracker Green (200
nM, 30 min incubation). Images were acquired using the
confocal with an Olympus Multiphoton Laser Scanning
Microscope with ×60(NA, 0.9) objectives. Total neurite
length per neuron and mitochondria number and length
were quantified using Olympus Fluoview (FV10-ASW2.1)
software and analyzed and plotted by micro-soft Excel and
GraphPad Prism 5.

Adeno-associated virus (AAV) construction and
packaging

pcDNA3.1-mito-GCaMP3 was constructed by Heping
Cheng’s lab (Institute of Molecular Medicine, Peking Uni-
versity, China). The PCR products of mito-GCaMP3 cDNA
were ligated with PCR Blunt II TOPO vector and subcloned
into pAAV MCS vector by EcoRI. For packaging, AAV-
GFP or AAV-mito-GCAMP3 were co-transfected with p-
AAV-DJ vector and pHelper vector (Cell Biolab) into
HEK293 cells (newly seeded and grown to approximately
60% confluency) at the molar ratio of 1:1:1 using a Cal-
Phos™ Mammalian Transfection Kit (Clontech). At 48–72
h after transfection, cells were collected and pelleted by
centrifugation and high titer stocks of recombinant AAV
viruses were purified using iodixanol gradient solutions and
ultra-centrifuged at 36,6585 Rcf (g) for 1 h. The virus col-
lected from the iodixanol gradient was concentrated and
purified in sterile PBS using centrifugal filter units (Amicon
Ultra). The concentrated virus was transduced into primary
cultured neurons at a series of dilutions to observe GFP
expression under fluorescence microscopy to determine the
desired dilutions.

Calcium measurements

Primary cultured neurons were incubated for 30 min at 37
0C with Fluo-3-AM (1 µM) and Fura-Red-AM (5 µM) in
Locke’s solution (154 mM NaCl, 5.6 mM KCl, 2.3 mM
CaCl2, 1.0 mM MgCl2, 3.6 mM NaHCO3, 20 mM Glucose,
20 mM HEPES). Calcium dyes were obtained from Thermo
Fisher and dissolved in dimethylsulfoxide at a stock con-
centration of 1 mM. Scanning confocal imaging was
achieved using an Olympus Multiphoton Laser Scanning
Microscope with a LUMPLEL ×60, 0.9 N.A. water
immersion objective lens. The 488 nm line of an argon laser
was used for excitation. The fluorescence light was long-
pass filtered and separated by a beam filter into two
wavelength bands: from 505–605 nm (Fluo-3 channel,
wavelength 1) and from 605–755 nm (Fura Red channel,
wavelength 2) respectively, before detection with two
photomultipliers. Frames of 512 × 512 pixel or 1024 × 1024
pixels were taken at a sampling rate of 2 s/frame. The total
number of frames and the length of imaging were dependent
upon the experimental design. Imaging experiments were
performed at room temperature (24–26 °C). Digital image
processing used Olympus Fluoview (FV10-ASW2.1) soft-
ware and Microsoft Office Excel and user-designed
programs.

The calcium indicators Fluo-3 and Fura-red were used as
a ratiometric pair to measure the cytosolic calcium con-
centration ([Ca2+]cyt). When the ratio of fluo-3/Fura-red
were determined, the [Ca2+]cyt was calculated using the
following equation, which describes the correlation between
[Ca2+]cyt and the fluorescent intensity ratio of Fluo-3/Fura-
red:

R ¼ F1

F2
¼

CFmax;1

Kd1þC þ Kd1Fmin;1

Kd1þC
CFmin;2

Kd2þC þ Kd2Fmax;2

Kd2þC

In this equation, C represents [Ca2+]cyt; R is fluorescence
intensity ratio of Fluo-3/Fura-red collected at corresponding
channels as described above; Kd1 and Kd2 are dissociation
constant for Fluo-3 and Fura-red, respectively in cells;
Fmax,1 and Fmin,1 are the Ca

2+-saturated and Ca2+-free Fluo-
3 fluorescence intensities, respectively, at wavelength 1;
Fmax, 2, and Fmin, 2 are the free and full bound Fura-red,
respectively, at wavelength 2. C

KdþC ¼ fbð Þ, is the fraction of
the indicator in the Ca2+-bound form and Kd

KdþC ¼ ffð Þ; is the
fraction of the indicator in the Ca2+ free form.

To determine Kd of Fluo-3 and Fura-Red as a ratiometric
pair of [Ca2+]in indicators in living neurons, the calcium
calibration buffers with a series of concentration (0, 0.017,
0.038, 0.065, 0.100, 0.150, 0.225, 0.351, 0.602, 1.35, and
39 µM) of free calcium were prepared as the standard pro-
tocol of the calcium calibration buffer Kits (Molecular
Probes, C3008 MP). The calcium ionophore ionomycin
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(10 µM) was included in the calibration solutions to enable
equilibration of Ca2+ across the plasma membrane. Cells
loaded with Fluo-3 (1 μM) and Fura Red (5 μM) were
incubated 10 min in the calibration solutions before images
were acquired. The fluorescence intensity ratio of Fluo-3/
Fura-red was plotted against the [Ca2+]cyt and fitted by
nonlinear least squares method. The optimal best-fit pair of
Kd1 (for Fluo-3) and Kd2 (for Fura-red) for [Ca

2+]cyt calcu-
lation, and the corresponding Fmax,1 and Fmin,1, Fmax,2, and
Fmin,2 were simultaneously obtained. Under the conditions
of our study the Kd1 for Fluo-3 was 1396.8 nM, Kd2 for
Fura-red was 343 nM, Fmin, 1 was 1005.5 and Fmax, 1 was
4095 (fluo-3), Fmin, 2 was 828.1 and Fmax, 2 was 3372.5
(Fura-red).

Statistical analyses

Statistical analyses were performed by one-way ANOVA or
t-test using GraphPad Prism (GraphPad, San Diego, CA,
USA). Newman-Keuls post hoc tests were applied to detect
statistical differences between groups.
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