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ApoSOD1 lacking dismutase activity neuroprotects
motor neurons exposed to beta-methylamino-L-alanine
through the Ca2+/Akt/ERK1/2 prosurvival pathway

Tiziana Petrozziello1, Agnese Secondo*,1, Valentina Tedeschi1, Alba Esposito1, MariaJosè Sisalli1, Antonella Scorziello1,
Gianfranco Di Renzo1 and Lucio Annunziato*,1,2

Amyotrophic lateral sclerosis (ALS) is a severe human adult-onset neurodegenerative disease affecting lower and upper motor
neurons. In420%of cases, the familial form of ALS is caused bymutations in the gene encodingCu,Zn-superoxide dismutase (SOD1).
Interestingly, administration of wild-type SOD1 to SOD1G93A transgenic rats ameliorates motor symptoms through an unknown
mechanism. Here we investigated whether the neuroprotective effects of SOD1 are due to the Ca2+-dependent activation of such
prosurvival signaling pathway and not to its catalytic activity. To this aim, we also examined themechanism of neuroprotective action of
ApoSOD1, the metal-depleted state of SOD1 that lacks dismutase activity, in differentiated motor neuron-like NSC-34 cells and in
primarymotor neurons exposed to the cycad neurotoxin beta-methylamino-L-alanine (L-BMAA). Preincubation of ApoSOD1 and SOD1,
but not of human recombinant SOD1G93A, prevented cell death in motor neurons exposed to L-BMAA. Moreover, ApoSOD1 elicited
ERK1/2 and Akt phosphorylation in motor neurons through an early increase of intracellular Ca2+ concentration ([Ca2+]i). Accordingly,
inhibition of ERK1/2 by siMEK1 and PD98059 counteracted ApoSOD1- and SOD1-induced neuroprotection. Similarly, transfection of the
dominant-negative form of Akt in NSC-34 motor neurons and treatment with the selective PI3K inhibitor LY294002 prevented ApoSOD1-
and SOD1-mediated neuroprotective effects in L-BMAA-treated motor neurons. Furthermore, ApoSOD1 and SOD1 prevented the
expression of the two markers of L-BMAA-induced ER stress GRP78 and caspase-12. Collectively, our data indicate that ApoSOD1,
which is devoid of any catalytic dismutase activity, exerts a neuroprotective effect through an early activation of Ca2+/Akt/ERK1/2 pro-
survival pathway that, in turn, prevents ER stress in a neurotoxic model of ALS.
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Amyotrophic lateral sclerosis (ALS) is a human adult-onset
neurodegenerative disease characterized by the loss of upper
motor neurons in the cerebral cortex and lower motor neurons
in the brainstem and spinal cord.1,2 In about 20% of cases,
familial ALS is associated with mutations in the gene encoding
Cu,Zn-superoxide dismutase (SOD1). However, mutations in
SOD1 are also associated with some sporadic cases of the
disease.3,4 The pathogenesis of ALS is yet unknown.
However, many data suggest that mutations in SOD1 cause
motor neuron degeneration probably through a gain of toxic
function rather than a loss of function. Indeed, most of the
mutated SOD1s preserve their catalytic activity and accumu-
late in the cytoplasm causing motor neuron degeneration. In
particular, in ALS, because SOD1 secretion is compromised,
aggregates of mutated SOD1 accumulate in the endoplasmic
reticulum (ER) and Golgi apparatus,5 thus causing motor
neuron degeneration,6 mitochondrial dysfunction,7 and ER
stress.8 Recently, Proctor et al.9 demonstrated that these
aggregates causing motor neuronal death are trimers of non-
native unfolded species of different types of SOD1. Further-
more, these authors showed that wild-type enzyme, once
transfected in NSC-34 cells, did not induce per se SOD1
trimer formation, thus suggesting that the enzyme remains

structurally stable under controlled conditions. Indeed the
stability of SOD1 is affected by disease-related mutations and
by several posttransductional modifications inducing dissocia-
tion of the enzyme toward trimer formation.10,11 On the other
hand, it has been shown that intrathecal treatment with
hSOD1wt delays disease progression and prolongs survival in
SOD1G93A rats. 6 However, the molecular mechanism by
which SOD1 exerts these effects in ALS is still unknown.
Moreover, it has been hypothesized that mutations in metal-

free apoprotein ApoSOD1, which lacks catalytic activity may
have a more important role in ALS pathogenesis than
alterations in holoprotein structure.12 Indeed, SOD1A4V and
SOD1C6F mutations, which affect both holoprotein and
apoprotein structures, are associated with an early onset of
the pathology and with a 2-year reduction in life expectancy
after diagnosis.13 Instead, SOD1D90A mutation, which only
marginally affects the apoprotein sequence, determines a
survival time of almost 14 years.14

SOD1 belongs to a family of metal proteins that catalyze the
dismutation of superoxide anion (O2

−) in molecular oxygen (O2)
and hydrogen peroxide (H2O2).

15 In both neuronal and
non-neuronal cells, SOD1 is secreted via an ATP-dependent
process that requires the activation of the SNARE complex.16
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However, when exogenously administered in neuroblastoma
cells, SOD1 – as well as the metal-depleted state ApoSOD1 –

rapidly activates the PLC/PKC/Ca2+ pathway independently
from its dismutase activity.17

We thus investigated whether ApoSOD1, which is devoid of
any dismutase catalytic activity, exerts a neuroprotective effect
on dysfunctional motor neurons by activating the Ca2+

-dependent Akt/ERK1/2 pathway. To this aim, motor neurons
were exposed to the cycad toxin beta-methylamino-L-alanine
(L-BMAA), which causes the Guam form of ALS.

Results

SOD1 neuroprotected NSC-34 motor neurons exposed to
the cycad toxin L-BMAA through a Ca2+-dependent
activation of Akt/ERK1/2 prosurvival pathway. L-BMAA,
a neurotoxic non-protein amino acid produced by cyanobac-
teria, is associated with amyotrophic lateral sclerosis-
Parkinson dementia complex (ALS-PDC), a neurological
disease affecting an indigenous population in Guam.18

NSC-34 motor neurons, a mouse–mouse hybrid cell line
between neuroblastoma cells and spinal cord, were differ-
entiated with 10 μM retinoic acid for 48 h (Figure 1a). Under
these conditions, differentiated NSC-34 cells displayed a
multipolar neuron-like phenotype expressing the motor neuro-
nal neurofilamentH, SMI-32 (Figure 1a), and releasedSOD1 in
the extracellular medium after depolarization with 55 mM K+

(Figure 1b). This effect was prevented by EGTA (Figure 1b).
To verify the effect of SOD1 on L-BMAA-induced cell death,

motor neurons were preincubated with different concentra-
tions of SOD1 (40–4000 ng/ml) for 10 min and then incubated
with L-BMAA (300 μM for 48 h), a condition that reduced cell
viability of about 50% (Figure 1c). Under these conditions,
SOD1 prevented L-BMAA-induced cell death in a dose-
dependent manner (Figure 1c) with an EC50 of 400 ng/ml.
Moreover, at this concentration, SOD1 reduced reactive
oxygen species (ROS) levels induced by the neurotoxin, as
detected by 2′,7′-dichlorfluorescein-diacetate (DCFH-DA)
fluorescent dye (Figure 1d).
To study the signal transduction mechanisms elicited by

SOD1 in motor neurons, we first analyzed the effect of SOD1
on [Ca2+]i. SOD1 exposure (400 ng/ml) induced a rapid
increase of [Ca2+]i in differentiated NSC-34 cells (Figure 2a).
This effect was partially reduced in a Ca2+-free solution
(Figure 2b). Indeed, SOD1-induced [Ca2+]i increase was
totally prevented when the enzyme was administered
in Ca2+-free solution to NSC-34 motor neurons previously
preincubated with thapsigargin (1 μM), a specific sarco/
endoplasmic reticulum calcium ATPasi inhibitor
able to deplete Ca2+ from ER (Figure 2b). Then we verified
the ability of SOD1 to induce the activation of some Ca2+

dependent mechanisms, including ERK1/2 and Akt in NSC-34
motor neurons. After a 10 min incubation with SOD1 (400 ng/
ml), ERK1/2 and Akt phosphorylation was significantly
increased compared with controls (Figures 2c
and d). Furthermore, the dominant-negative form of Akt
(Akt D− ) encoding for an inactive kinase counteracted
SOD1-induced phosphorylation of GSK3β, a downstream
target of Akt (Figure 3a). Moreover, the silencing of MEK

(siMEK) prevented SOD1-induced phosphorylation of
ERK1/2 (Figure 3b). Interestingly, transient transfection of
Akt D− prevented also the phosphorylation of ERK1/2
induced by SOD1 (Figure 3c). Furthermore, siMEK1
and the inhibitor of ERK1/2 PD98059 (50 μM) as well as
Akt D− and the PI3K inhibitor LY294002 (10 μM)
counteracted the neuroprotection induced by SOD1 in
motor neurons exposed to L-BMAA (300 μM/48 h)
(Figures 3d and e).

ApoSOD1, which lacks dismutase catalytic activity,
neuroprotected NSC-34 motor neurons exposed to
L-BMAA through the Ca2+-dependent activation of Akt/
ERK1/2 prosurvival pathway and prevented ER stress.
As we hypothesized that the SOD1-mediated neuroprotective
effect in L-BMAA-treated cells could be ascribed to Akt and
ERK1/2 activation, we examined the effect of ApoSOD1 in
the same experimental paradigm. Furthermore, we compared
the effects of SOD1 and ApoSOD1 on the structurally
unrelated SOD mimetic MnTMPyP pentachloride,
which has the same catalytic activity as SOD1. To inactivate
SOD1, the protein was exposed to H2O2 (200 mM) at
different time points; then to stop the reaction, it was
exposed to catalase (1000 U/ml). Under these conditions,
ApoSOD1 presented the same molecular weight as SOD1
(Figure 4a, top). Furthermore, as described in the Materials
and Methods section, ApoSOD1 activity was measured
indirectly by a colorimetric assay. We observed a time-
dependent decrease in ApoSOD1 activity, reaching peak
inactivation 60 min after treatment (Figure 4a). Next we
compared the catalytic activity of ApoSOD1 with that of
SOD1 in a more direct assay by measuring the ability of these
proteins to reduce ROS production in hypoxic motor neurons.
Under these conditions, ApoSOD1 (400 ng/ml) failed to
reduce ROS production, whereas SOD1 significantly reduced
DCF-DA-monitored fluorescence associated with the increase
of ROS levels in NSC-34 cells exposed to 45 min of chemical
hypoxia (Figure 4b). Then, to verify the transductional effect of
ApoSOD1 in motor neurons, we analyzed the effect of this
protein on [Ca2+]i. ApoSOD1 (400 ng/ml) exposure induced a
rapid increase in [Ca2+]i in differentiated NSC-34 cells
(Figure 4c). However, this effect was partially reduced in a
Ca2+-free solution (Figure 4d). Indeed, ApoSOD1-induced
[Ca2+]i increase was totally prevented when the metal-free
apoenzyme was added to a Ca2+-free solution in NSC-34
motor neurons previously preincubated with thapsigargin
(Figure 4d). Afterward, we verified whether ApoSOD1 was
able to activate some of the Ca2+-dependent mechanisms,
including ERK1/2 and Akt, in NSC-34 motor neurons. After
10 min of incubation with ApoSOD1 (400 ng/ml), ERK1/2 and
Akt phosphorylation significantly increased compared with
controls (Figures 4e and f).
We thus compared the potential neuroprotective effects

exerted byApoSOD1 and the structurally unrelatedMnTMPyP
pentachloride in NSC-34 motor neurons exposed to L-BMAA
(300 μM/48 h). We found that, similar to SOD1, ApoSOD1
prevented L-BMAA-induced cell death in NSC-34 motor
neurons, whereas MnTMPyP pentachloride failed to do so
(Figure 5a). Moreover, ApoSOD1 neuroprotective effect was
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counteracted by PD98059 and LY294002, two well-known
inhibitors of ERK1/2 and Akt, respectively (Figure 5b).
Recent evidence shows that ER stress, usually involved in

neurodegenerative diseases, has a key role in motor
neuron degeneration in ALS.8 Accordingly, western blotting
analysis showed that, after a 48 h exposure, L-BMAA
induced an increase in GRP78 and caspase-12 expression
levels in NSC-34 motor neurons. By contrast, preincubation
with both SOD1 (400 ng/ml) and ApoSOD1 (400 ng/ml)
prevented such increases in both ER stress markers
(Figure 5c and Figure 5d, respectively). Collectively, our
results indicate that SOD1 protects motor neurons from ER
stress-mediated neurodegeneration induced by L-BMAA
independently of its dismutase activity.

SOD1G93A did not activate Ca2+/Akt/ERK1/2 pathway and
did not protect primary motor neurons exposed to
L-BMAA. To compare the transductional effects of the

better-characterized mutation in SOD1, the amino-acid sub-
stitution G93A, with that of the wild-type SOD1, we studied the
effect of the recombinant wild-type SOD1 (rSOD1wt) and the
recombinant mutant SOD1G93A (rSOD1G93A) on the Ca2+/Akt/
ERK1/2 pathway in NSC-34 motor neurons. As already shown
for extractive SOD1, rSOD1wt also induced ERK1/2 and Akt
phosphorylation, whereas rSOD1G93A failed to produce the
same effects in NSC-34 motor neurons (Figures 6a and b).
Furthermore rSOD1wt and SOD1, but not rSOD1G93A,
prevented L-BMAA-induced neurotoxicity in differentiated
NSC-34 motor neurons (Figure 6c).
Interestingly, in primary cultures of motor neurons expres-

sing SMI-32 (Figure 7a), SOD1, ApoSOD1 and rSOD1wt

induced a rapid increase in [Ca2+]i, whereas rSOD1G93A

did not (Figures 7b-f). Consistently, in the same cells, SOD1
and ApoSOD1 induced ERK1/2 and Akt phosphorylation
(Figures 7g and h). Moreover, L-BMAA exposure determined a

Figure 1 Effects of SOD1 on L-BMAA-induced cell death in NSC-34 motor neurons. (a) Immunocytochemical images of SMI-32 in differentiated NSC-34 motor neurons.
(b) Bar graph depicting the effect of high K+ solution (55 mM) on SOD1 release from differentiated NSC-34 motor neurons. Data are expressed as mean± S.E. of four different
experiments. *Po0.05 versus Control; **Po0.05 versus control and 9 mM K+; ***Po0.05 versus 55 mM K+. (c) Bar graph depicting the effect of L-BMAA (300 μM/48 h) on cell
survival of NSC-34 motor neurons pretreated (10 min) with 40, 400 or 4000 ng/ml SOD1 and measured by MTT. Data are expressed as mean±S.E. of three different
experimental sessions. *Po0.05 versus control; **Po0.05 versus L-BMAA alone and 40 ng/ml SOD1; ***Po0.05 versus 40 and 400 ng/ml SOD1. (d) Bar graph depicting DCF-
DA-detected ROS production in NSC-34 motor neurons exposed to L-BMAA (300 μM/48 h) or L-BMAA plus SOD1 (400 ng/ml). Data are expressed as mean± S.E. of three
different experiments. *Po0.05 versus control and 400 ng/ml SOD1+L-BMAA
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time-dependent increase in cell death that was, however,
prevented when the cells were preincubated with SOD1,
ApoSOD1 and rSOD1wt, but not with rSOD1G93A (Figures
8a and b).

Discussion

This study has shown that the neuroprotective effect of SOD1 in
motor neurons exposed to the cycad toxin L-BMAA, which
causes the Guam form of ALS, is not dependent on its
dismutase catalytic activity but rather on the activation of
Ca2+/Akt/ERK1/2 signaling pathway (see Figure 8c) that, in
turn, prevents ER stress. Furthermore, the exposure of motor
neurons to ApoSOD1, the metal-free protein lacking catalytic
activity, prevented both ER stress and cell death induced by the
cycad toxin. This suggests that the neuroprotective effect of
SOD1, which was released in a Ca2+-dependent manner, is
exclusively dependent on the apo state of the protein and its
ability to activate the prosurvival Akt/ERK1/2 signaling pathway.
In particular, the phosphorylation of Akt and ERK1/2 induced by

ApoSOD1 and SOD1 was dependent on the elevation of
[Ca2+]i, which partially flowed from the extracellular space and
partially derived fromER. The activation of this pathway, in turn,
prevented ER stress and reduced motor neuronal death in the
neurotoxicmodel of the disease. Indeed, the dominant-negative
form of Akt, Akt D− , and thePI3K inhibitor LY294002 prevented
the ApoSOD1 protective effect on motor neurons exposed to
L-BMAA. Similarly, silencing of the upstream kinase of ERK1/2,
MEK1 or the pharmacological inhibition of ERK1/2 using
PD98059 counteracted the neuroprotective effects exerted by
ApoSOD1 in motor neurons exposed to L-BMAA.
ER stress resulting from the accumulation of misfolded

proteins in the ER lumen and from an increase in the
expression of several stress markers has been implicated in
ALS.8 In accordance with this evidence, our data showed that
in motor neurons the neuroprotective effect of SOD1 and
ApoSOD1 via Ca2+/Akt/ERK1/2 signaling pathway prevented
the increase in two ER stress markers: GRP78, a molecular
chaperon that activates the unfolded protein response, and

Figure 2 Effects of SOD1 on [Ca2+]i and ERK1/2 and Akt phosphorylation in NSC-34 motor neurons. (a and b) (Top) Representative images of NSC-34 motor neurons loaded
with Fura-2/AM in control conditions. (Bottom a) Single-cell trace depicting [Ca2+]i before and after SOD1 administration. (Bottom b) Quantification of the effect of SOD1, SOD1 in
Ca2+-free and SOD1 in Ca2+-free + thapsigargin (Tg) on [Ca2+]i SOD1 significantly increases [Ca

2+]i. Data are expressed as mean± S.E. of three different experiments performed
on 30/50 cells. *Po0.05 versus SOD1. **Po0.05 versus SOD1+ Ca2+-free. (c) Representative western blotting and quantification of the effect of SOD1 (400 ng/ml/10 min) on
p-ERK1/2 and ERK1/2 expression. (d) Representative western blotting and quantification of the effect of SOD1 (400 ng/ml/10 min) on p-Akt and Akt1/2/3 expression. Data are
expressed as mean± S.E. of three different experimental sessions. *Po0.05 versus respective control
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caspases-12. These results demonstrate that, unlike the
extracellular isoform SOD3,19 ApoSOD1 and SOD1 neuro-
protection in motor neurons is independent of SOD1
antioxidant activity.
The first link between SOD1 and ALS was found in 1993

when autosomal-dominant mutations in sod1 genewere found
in about 20% of the patients affected by the familial form of the
disease. This evidence initially led to the hypothesis that ALS
could result from the loss of function of the mutated enzymes.3

However, a year later, some authors discovered that most of
the mutations of sod1 gene, including G93A, encoded
enzymes that, instead, did maintain their catalytic activity.20

Consistently, it was shown that G93A transgenic mice
developed progressive disease although SOD1 activity
remained almost preserved.21 All of this evidence suggested
that the catalytic activity of SOD1 could be irrelevant for the

development of the disease.22 In line with these studies, we
found that the recombinant form of SOD1G93A failed to induce
Akt and ERK1/2 phosphorylation, to increase [Ca2+]i and,
therefore, to exert a neuroprotective effect on dysfunctional
motor neurons. All these results reinforce the idea that SOD1
dismutase activity is not directly involved in the development of
the motor neuronal disease and that the neuroprotection
exerted by the enzyme is due to the transduction signaling
pathway elicited by its wild-type form and not by G93A
mutation. Furthermore, considering that SOD1 is normally
secreted, as previously shown by other groups6,23,24 and by
the results of the present study, we hypothesized that the
defect in the release and, therefore, in the activation of the
Ca2+/Akt/ERK1/2 prosurvival pathway, might represent a
degenerative event for motor neurons in the Chamorro-form
of ALS. Accordingly, it has been shown that intrathecal

Figure 3 Effects of the inhibition of ERK1/2/Akt signaling pathway on SOD1-induced neuroprotection in NSC-34 motor neurons exposed to L-BMAA. (a) Western blotting and
quantification of p-GSK3β and GSK3β expression in NSC-34 cells transfected with Akt D− (2 μg/μl) and exposed to SOD1 (400 ng/ml/10 min). NSC-34 cells were transfected
with Akt D− or Mock 48 h before the exposure to SOD1. The transfection medium containing vectors was incubated for 5 h and then replaced with fresh medium. Data are
expressed as mean±S.E. of three different experimental sessions. *Po0.05 versus the other experimental groups. (b) Western blotting and quantification of p-ERK1/2 and
ERK1/2 expression in NSC-34 cells transfected with siMEK1 (10 nM) and exposed to SOD1 (400 ng/ml/10 min). NSC-34 cells were transfected with siMEK1 48 h before the
exposure to SOD1. The transfection medium containing duplexes was incubated for 5 h and then replaced with fresh medium. Data are expressed as mean±S.E. of three
different experimental sessions. *Po0.05 versus the other experimental groups. (c) Western blotting and quantification of p-ERK1/2 and ERK1/2 expression in NSC-34 cells
transfected with Akt D− or Mock 48 h before the exposure to SOD1. *Po0.05 versus the other experimental groups. (d) Bar graph depicting the effect of L-BMAA (300 μM/48 h)
on cell death –measured by MTT – of NSC-34 motor neurons transfected with siMEK1 (10 nM) or treated with PD98059, or Akt D− (2 μg/μl) or treated with LY294002 and
then exposed to SOD1 (400 ng/ml/10 min). Data are expressed as mean± S.E. of three different experimental sessions. L-BMAAwas statistically different from control as shown
in Figure 1c. *Po0.05 versus L-BMAA alone; **Po0.05 versus L-BMAA+SOD1
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treatment with hSOD1wt delays disease progression and
prolongs survival in SOD1G93A rats.6 On the other hand, it has
been shown that SOD1 aggregates causing motor neuronal
death are trimers of partially unfolded species of wild-type and
mutated SOD1.9,11 In particular, perturbation of environmental
conditions (i.e., low pH) as well as the expression of disease-
associated mutants induce dissociation of SOD1 dimers in
apomonomers able to form these toxic trimers.9 Accordingly,
the phosphomimetic mutation T2D of SOD1, which

thermodynamically stabilizes the native dimer, reduces cell
death induced by SOD1A4V, one of the most aggressive ALS-
associated mutation in North America.25 Therefore, the
administration of stabilized SOD1 native conformation or
ApoSOD1 may offer new perspectives in ALS therapy.
Another critical point in our study is related to the mode of

action of SOD1 at the level of motor neurons exposed to the
cycad neurotoxin L-BMAA. In this respect, the neuroprotective
action exerted by SOD1 onmotor neurons does not depend on

Figure 4 Effects of ApoSOD1 on Ca2+/Akt/ERK1/2 signaling pathway in NSC-34 motor neurons. (a) (Top) Western blotting of SOD1 expression after inactivation with H2O2

(200 mM) for several time points. (Bottom) Representative curve of the time-dependent inactivation of SOD1 in H2O2. (b) Bar graph depicting DCF-DA-detected ROS production
in NSC-34 motor neurons exposed to chemical hypoxia in the absence and in the presence of SOD1 (400 ng/ml) or ApoSOD1 (400 ng/ml). Data are expressed as mean±S.E. of
three different experiments. *Po0.05 versus control; **Po0.05 versus chemical hypoxia and chemical hypoxia+ApoSOD1. (c and d) Single-cell trace depicting [Ca2+]i before
and after ApoSOD1 administration (c). Quantification of the effect of ApoSOD1, ApoSOD1 in Ca2+-free and ApoSOD1 in Ca2+-free+thapsigargin (Tg) on [Ca2+]i (d). ApoSOD1
significantly increases [Ca2+]i. Data are expressed as mean±S.E. of three different experiments performed on 60 cells. *Po0.05 versus ApoSOD1. **Po0.05 versus ApoSOD1
+Ca2+-free. (e) Representative western blotting and quantification of the effect of SOD1 and ApoSOD1 (400 ng/ml/10 min) on p-ERK1/2 and ERK1/2 expression. Data are
expressed as mean±S.E. of three different experimental sessions. *Po0.05 versus control. (f) Representative western blotting and quantification of the effect of SOD1 and
ApoSOD1 (400 ng/ml/10 min) on p-Akt and Akt1/2/3 expression. Data are expressed as mean± S.E. of three different experimental sessions. *Po0.05 versus control
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its dismutase activity but may be attributed to the rapid
activation of the survival Akt/ERK1/2 signaling pathway. The
rapidity of the effect on [Ca2+]i increase seems to suggest that
SOD1 could activate a plasma membrane mechanism not yet
dentified. On the other hand, the occurrence of SOD1 uptake
has been already demonstrated by the groups of Yerbury and
Atkin.23,24 However the involvement of this mechanism in the
activation of the prosurvival Akt/ERK1/2 signaling pathway
cannot be considered as it occurred in 30–60 min, whereas
[Ca2+]i increase and Akt and ERK1/2 phosphorylation were
demonstrated, in our study, at earlier times.
In conclusion, this paper further substantiates previous

studies reporting that the modification in SOD1 dismutase
activity is not responsible for the development of motor neuron

degeneration. However, its greater merit lies in having
identified the transduction signaling pathway underlying the
neuroprotective effect of ApoSOD1, the Ca2+/Akt/ERK1/2
signaling pathway that eventually may lead to new therapeutic
targets for the different forms of ALS.

Materials and Methods
Reagents. Media and sera for cell cultures were purchased from Invitrogen
(Milan, Italy); antibiotics for cell cultures were from Sigma-Aldrich (St. Louis, MO,
USA). Mouse monoclonal antibody against p-ERK1/2, rabbit polyclonal antibody
against ERK1/2, and rabbit polyclonal antibody against Akt1/2/3 were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); mouse monoclonal p-Akt antibody,
rabbit polyclonal GRP78 antibody and rabbit polyclonal caspase-12 antibody were
from Cell Signaling Technology Inc. (Danvers, MA, USA); mouse monoclonal
SMI-32 antibody was from Covance-Signet (San Diego, CA, USA); mouse

Figure 5 Effect of SOD1 and ApoSOD1 on ER stress induced by L-BMAA in NSC-34 motor neurons. (a) Bar graph depicting the effect of SOD1, ApoSOD1 and MnTMPyPon
L-BMAA-induced cell death measured by MTT. SOD1, ApoSOD1 and MnTMPyP were preincubated 10 min before the exposure to the cycad toxin (300 μM/48 h). (b) Bar graph
depicting the effect of L-BMAA (300 μM/48 h) on cell death of NSC-34 motor neurons pretreated with PD98059 or LY294002 and then exposed to ApoSOD1 (400 ng/ml/10 min).
Data are expressed as mean±S.E. of three different experimental sessions. *Po0.05 versus its respective control; **Po0.05 versus L-BMAA alone and the other treatments.
(c and d) Representative western blottings and quantification of the effect of L-BMAA on GRP78 (C) and caspase-12 (D) expression in the absence or presence of SOD1 or
ApoSOD1 (400 ng/ml/10 min). Data are expressed as mean± S.E. of three different experimental sessions. *Po0.05 vs control; **Po0.05 versus L-BMAA alone
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monoclonal β-tubulin antibody was from Sigma-Aldrich. Western blotting, ECL
reagents and chemicals were from GE Healthcare (Milan, Italy). The inactive mutant
HA-Aktk179M (Akt D− ) plasmids were donated by P. Formisano (“Federico II”
University of Naples, Naples, Italy). siRNA-MEK1 and siRNA-Control were
purchased from Dharmacon RNA Technologies (Thema Ricerca, Italy). SOD1,
retinoic acid, L-BMAA, thapsigargin, H2O2, LY294002, PD98059, fluorescein
diacetate (FDA), propidium iodide (PI) and all other reagents were from Sigma
(Milan, Italy). MnTMPyP pentachloride was purchased from Santa Cruz
Biotechnology. 1-[2-(5-Carboxyoxazol-2-yl)-6-aminobenzofuran-5-oxy]-2-(21-amino-
51-methylphenoxy)-ethane-N,N,N1,N1-tetraacetic acid penta-acetoxymethyl ester
(Fura-2/AM) was from Molecular Probes (Invitrogen Italia, Milan, Italy).

Cell cultures. NSC-34 cells were grown in monolayer in Dulbecco’s Modified
Eagles Medium containing 4.5 g/l glucose, supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin.
The cells were kept in a 5% CO2 and 95% air atmosphere at 37 °C. Before each
experiment, NSC-34 cells were differentiated in 10 μM retinoic acid for 48 h. These
cells display a multipolar neuron-like phenotype, express choline acetyltransferase
and neurofilament triplet proteins and generate action potentials.26

Mouse and rat motor neuronal primary cultures. Motor neuron-
enriched cultures were prepared from spinal cord of 12–14-day-old C57BL/6 wild-
type mouse embryos. Briefly, mice were anesthetized and then killed by cervical
dislocation; spinal cords were then isolated from each embryo. Dissection and
dissociation were performed in MgSO4–phosphate-buffered saline (PBS) containing
penicillin and streptomycin. Tissues were dissociated by trituration and centrifuged
for 2 min at 1000 r.p.m. Then tissues were incubated with trypsin for 20 min in a
37 °C water bath with agitation. After that, tissues were treated with MgSO4–PBS
containing penicillin and streptomycin, DNase and trypsin. After centrifugation for

2 min at 1000 r.p.m., tissues were incubated again with DNase and trypsin in
MgSO4–PBS containing penicillin and streptomycin and then the cells were
separated by density gradient. Finally, cells were centrifuged for 10 min at 1000 r.p.
m. and plated at 8 × 104 on glass coverslip precoated with poly-D-lysine (20 μg/ml)
in Neuron Basal Medium (Life Technologies, Milan, Italy), supplemented with B27
and 2 mM L-glutamine.
Rat motor neuron-enriched cultures were prepared from the spinal cord of 12–14-

day-old Wistar embryos. Briefly, each embryo was decapitated at the infracranial notch
to isolate spinal cords. Then tissueswere dissociated in a trypsin solution and incubated
for 15 min at 37 °C. After that, tissues were further dissociated and settled in Leibovitz’s
L-15 medium supplemented with 0.2% bovine serum albumin (BSA), 5% FBS and
0.02% DNase. Supernatants were then collected in L-15 fresh medium, resuspended
slowly on the top of a cushion of 4% BSA and centrifuged at 1000 r.p.m. for 10 min.
Pellets were resuspended in L-15 medium and collected with the supernatants obtained
from the trituration of the remaining tissue in L-15 medium supplemented with 0.4%
BSA and 0.004% DNase. Finally, all the suspension was centrifuged at 1000 r.p.m. for
10 min. Cells were plated at 5 × 104 cells/ml in tissue culture plates precoated with poly-
D-lysine (20 μg/ml) in Neuron Basal Medium (Gibco, Life Technologies), supplemented
as previously described.27 Cytosine β-D-arabinofuranoside hydrochloride (10 μM) was
added at 4 and 8 DIV for 48 h to prevent non-neuronal cell growth.
All motor neuronal primary cultures were cultured at 37 °C in a humidified 5% CO2

atmosphere and used after 10–12 days of culture. All the experiments were
performed according to the procedures described in experimental protocols approved
by the Ethical Committee of “Federico II” University of Naples.

SOD1 release. After differentiation in 10 μM retinoic acid for 48 h, NSC-34
motor neurons were exposed for 10 min to a Normal Krebs solution containing
(in mM) 5.5 KCl, 100 NaCl, 1.2 MgCl2, 1.5 CaCl2, 10 glucose and 10 Hepes-KOH
pH 7.4 or to a high K+ solution containing (in mM) 55 KCl, 95 NaCl, 1.2 MgCl2, 1.5

Figure 6 Effects of the recombinant SOD1G93A on Akt/ERK1/2 signaling pathway and on cell survival in NSC-34 motor neurons exposed to L-BMAA. (a) Representative
western blotting and quantification of the effect of SOD1, rSOD1wt and rSOD1G93A (400 ng/ml/10 min) on p-ERK1/2 and ERK1/2 expression. (b) Representative western blotting
and quantification of the effect of SOD1, rSOD1wt and rSOD1G93A (400 ng/ml/10 min) on p-Akt and Akt1/2/3 expression. (a and b) Data are expressed as mean± SE of three
different experimental sessions. *Po0.05 versus control and rSOD1G93A. (c) Bar graph depicting the effect of L-BMAA (300 μM/48 h) on cell death, measured by MTT, of
NSC-34 motor neurons pretreated with SOD1, rSOD1wt and rSOD1G93A (400 ng/ml/10 min). Data are expressed as mean± S.E. of three different experimental sessions.
*Po0.05 versus control; **Po0.05 versus L-BMAA alone and rSOD1G93A
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CaCl2, 10 glucose and 10 HEPES–NaOH, pH 7.4 in the absence or presence of
ethylene glycol-bis(β-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA, 1 mM).
At the end, supernatants were collected and analyzed by western blotting.

SOD1, ApoSOD1 and L-BMAA treatments. NSC-34 motor neurons
were plated in multiple well cluster plates and differentiated, as previously
described. After differentiation, the culture medium was replaced with fresh medium

Figure 7 Effects of ApoSOD1, SOD1, rSOD1wt and rSOD1G93A on Ca2+/Akt/ERK1/2 signaling pathway in rat primary motor neurons. (a) Immunocytochemical images of
SMI-32 and Hoechst. (b–f) Representative single-cell traces (b–e) and quantification (f) of the effect on [Ca2+]i of SOD1 (b), ApoSOD1 (c), rSOD1

wt (d) and rSOD1G93A (e), all at
400 ng/ml in normal Krebs solution. Data are expressed as mean± S.E. of three different experiments performed on 30/50 cells for each group. *Po0.05 versus SOD1,
ApoSOD1, rSOD1wt. (g) Representative western blotting and quantification of the effect of SOD1, ApoSOD1 and rSOD1G93A (400 ng/ml/10 min) on p-ERK1/2 and ERK1/2
expression. (h) Representative western blotting and quantification of the effect of SOD1, ApoSOD1 and rSOD1G93A (400 ng/ml/10 min) on p-Akt and Akt1/2/3 expression.
(g and h) Data are expressed as mean± S.E. of three different experimental sessions. *Po0.05 versus its respective control and rSOD1G93A
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containing L-BMAA (300 μM /48 h). Ten minutes before L-BMAA addition, SOD1
(400 ng/ml) or ApoSOD1 (400 ng/ml) were administered in fresh cell culture
medium (pH 7.4) to preserve SOD1 degradation by extracellular proteases.28

Immunocytochemistry. Mouse monoclonal SMI-32 antibody (Covance-
Signet) was used to characterize differentiated NSC-34 motor neurons and primary
motor neurons by immunocytochemistry. NSC-34 cells were cultured on glass
coverslips and differentiated, while primary cultures of motor neurons were cultured
on glass coverslips for 12 days. Then the cells were rinsed twice in cold 0.01 M
saline phosphate buffer at pH 7.4 (PBS) and fixed in 4% (w/v) paraformaldehyde
(Sigma) for 20 min at room temperature (RT). After three PBS washes, cells were
blocked with 3% (w/v) BSA and 0.05% Tryton-X (Bio-Rad, Milan, Italy) for 1 h at RT.
The coverslips were then incubated with the primary antibody anti-SMI-32 (1:1 000
diluition) at 4 °C overnight. After three washes in PBS, the coverslips were
incubated in the dark with the secondary antibody, Alexa-fluor 488 anti-mouse IgG
(Molecular Probes, Eugene, OR, USA; dilution 1:200) for 1 h at RT. After the final
wash, the coverslips and the cells were mounted with Vectashield (Vector
Laboratories, Burlingame, CA, USA) and analyzed with a Nikon Eclipse 400 upright
microscope (Nikon Instruments, Florence, Italy), equipped with a CCD digital
camera (Coolsnap-Pro, Media Cybernetics, Silver Springs, MD, USA) and Image
Pro-Plus software (Media Cybernetics).

[Ca2+]i measurements. [Ca2+]i was measured by single-cell computer-
assisted video imaging.29 Briefly, at the end of the Fura-2/AM loading period, the
coverslips were placed into a perfusion chamber (Medical System, Co. Greenvale,
NY, USA) mounted onto a Zeiss Axiovert 200 microscope (Carl Zeiss, Zena,
Germany) equipped with a FLUAR 40X oil objective lens. The experiments were
carried out with a digital imaging system composed of MicroMax 512BFT cooled
CCD camera (Princeton Instruments, Trenton, NJ, USA), LAMBDA 10-2 filter
wheeler (Sutter Instruments, Novato, CA, USA) and Meta-Morph/MetaFluor Imaging
System software (Universal Imaging, West Chester, PA, USA). All the results are
presented as cytosolic Ca2+ concentration. Assuming that the Kd for Fura-2 was
224 nM, the equation of Grynkiewicz et al.,30 whose parameters were determined
for individual cells as described by Urbanczyk et al.,31 was used for calibration.

Cell transfection. Transfection of NSC-34 motor neurons was carried out in
Optimem medium using HyPerFect Transfection Reagent (Qiagen, Milan, Italy).

Western blotting. After treatments, cells were washed in PBS and lysed by
gentle scraping in ice-cold lysis buffer containing 20 mM Tris-HCl (pH 7.5), 10 mM
NaF, 1 mM phenylmethylsulfonyl fluoride, 1% NONIDET P-40, 1 mM Na3VO4, 0.1%
aprotinin, 0.7 mg/ml pepstatin and 1 μg/ml leupeptin. Protein concentration was
determined by the Bradford method.32

For p-Akt, Akt1/2/3, p-ERK1/2, ERK1/2, GRP78 and caspase-12 expression,
proteins (50 μg) were separated on 10% SDS-polyacrylamide gels and transferred
onto Hybond ECL nitrocellulose membranes (Amersham, Milan, Italy). Membranes
were blocked with 5% non-fat dry milk in 0.1% Tween 20 (Sigma-Aldrich; 2 mM Tris-
HCl and 50 mM NaCl, pH 7.5) for 2 h at room temperature; then membranes were
incubated overnight at 4 °C in blocking buffer containing monoclonal antibodies
(1:1000) against p-Akt (Cell Signaling Technology Inc.) and p-ERK1/2 (Santa Cruz
Biotecnology, Inc.), rabbit polyclonal antibodies (1:1000) against GRP78 (Cell
Signaling Technology Inc.) or rabbit polyclonal antibodies (1 : 1000) against caspase-
12 (Cell Signaling Technology Inc.). All membranes were re-blotted in the blocking
buffer with the 1:1000 monoclonal antibodies against β-tubulin (Sigma-Aldrich), with
the 1:1000 polyclonal antibodies against Akt1/2/3 (Santa Cruz Biotecnology, Inc.) or
with the 1:1000 polyclonal antibodies against ERK1/2 (Santa Cruz Biotecnology, Inc.).
Immunoreactive bands were detected with the ECL reagent (Amersham). The

optical density of the bands was determined by Chemi-Doc Imaging System
(Bio-Rad, Hercules, CA, USA).

Cell death. Mitochondrial activity was evaluated by the MTT (3[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay as already reported. The data
were expressed as a percentage of cell viability of control cultures. Cell death was
also evaluated by measuring the ratio between dead and living cells as already
reported.29 To quantify cell death after the experimental procedures, primary motor
neurons were washed with normal Krebs and double stained with 36 μM FDA and
7 μM PI for 20 min at 37 °C in a phosphate buffer solution. Stained cells were
examined immediately with a standard inverse fluorescence microscope at 480 and
546 nm.33 PI- and FDA-positive cells were counted in three representative high-
power fields of independent cultures, and cell death was determined by the ratio of
the number of PI-positive cells/PI+FDA-stained positive cells.

Chemical hypoxia. Chemical hypoxia was reproduced by adding the following
chemical inhibitors to the culture medium for 45 min: 5 μg/ml oligomycin (a oxidative
phosphorylation inhibitor) plus 2 mM 2-deoxyglucose (a glycolis inhibitor) in
glucose-free medium composed of 145 mM NaCl, 5.5 mM KCl, 1.2 mM MgCl2,
1.5 mM CaCl2 and 10 mM HEPES, pH 7.4, as previously described.33

ROS production. DCFH-DA, a cell membrane-permeable fluorescein analog,
was used to detect ROS production34 in differentiated NSC-34 motor neurons.
At the end of the experiments, cells were viewed with a Nikon Eclipse 400 upright
microscope (Nikon Instruments) equipped with a CCD digital camera (Coolsnap-
Pro, Media Cybernetics).

SOD1 inactivation. SOD1 was incubated with H2O2 (200 mM) in 25 mM
sodium bicarbonate buffer (pH 7.5) for 5, 30, 60 and 120 min at room temperature.
The reaction was then stopped by adding catalase (1000 U/ml) for 30 min at 37 °C.
Finally, SOD1 activity was measured by the SOD assay kit, purchased from
Sigma. This kit uses Dojindo’s highly water-soluble tetrazolium salt, WST-1
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monoso-
dium salt), which produces a water-soluble formazan dye upon reduction with a
superoxide anion. The reduction rate with O2 is linearly related to the xanthine
oxidase activity and is inhibited by SOD; therefore, the IC50 of SOD activity can be
determined by a colorimetric method. In brief, because the absorbance at 440 nm is
proportional to the amount of superoxide anion, SOD inhibition activity can be
quantified by measuring the decrease in color development at 440 nm.

Statistical analysis. Data are expressed as mean±S.E.M. Statistical
comparisons between controls and treated experimental groups were performed
using the one-way ANOVA, followed by Newman Keul’s test. Po0.05 was
considered statistically significant.
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