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Amyotrophic lateral sclerosis (ALS) is a fatal neurological disorder characterized by selective degeneration of motor neurons.
Mutant superoxide dismutase 1 (SODI) is often found as aggregates in the cytoplasm in motor neurons of various mouse models
and familial ALS patients. The interplay between motor neurons and astrocytes is crucial for disease outcome, but the mechanisms
underlying this phenomenon remain unknown. In this study, we investigated whether transient transfection with wild-type and
mutant-type SOD1 may lead to amplification of mutant SOD1-mediated toxicity in cortical neurons and astrocytes derived from
wild-type and mutant-type (human G93A-SOD1) mice. In transgenic mice expressing either wild- or mutant-type SOD1, we found
that green fluorescent protein (GFP)-wtSOD1 was present in the cytoplasm and nuclei of wild-type cortical neurons and astrocytes,
whereas GFP-mutant SOD1 was mainly cytoplasmic in wild- and mutant-type cortical neurons and astrocytes. These findings
indicate that intracellular propagation of misfolding of GFP-wt or mtSODI are possible mediators of toxic processes involved in
initiating mislocalization and aggregation. Here, we provide evidence that cytoplasmic aggregates induce apoptosis in G93A-SOD1
mouse cortical neurons and astrocytes and that the toxicity of mutant SOD1 in astrocytes is similar to the pathological effects of ALS
on neurons in vitro. Collectively, our results indicate that mtSOD1 probably interacts with wtSOD1 via an unknown mechanism to

produce augmented toxicity and may influence aggregate formation and apoptosis.
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selective degeneration remain unclear. Many studies have shown
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that cells such as astrocytes expressing mutant hSOD1 contribute
to the pathogenesis of ALS [3]. In in vitro models of ALS, for
example, extensive death of primary spinal cord motoneurons and
embryonic stem cell-derived motoneurons is induced when cells

are cultured on astrocytes eXpressing hSOD16%34

or are exposed to
conditioned medium derived from astrocytes expressing mutant
SODL1 [4, 5]. These studies have clearly demonstrated that ALS is
a non-cell-autonomous disease, where the interaction between
motor neurons and glial cells plays a role in motor neuronal
degeneration and death.

A pathologic hallmark of fALS is aggregation of mutant SOD1
[6]. Mutant SOD1 forms proteinaceous inclusions in the tissues of
ALS patients, in transgenic mice, and in cultured cells [6-8]. In ALS,
spinal cord proteins are subject to oxidative damage, and motor
neurons are particularly vulnerable to oxidative stress. Another
prominent feature of the pathology of ALS is the generation and
migration of new cells, particularly astrocytes, within and around
damaged regions [9]. The interplay between motor neurons and
glial cells is important in the clinical progression of both familial
and sporadic motor neuron diseases. ALS-associated mutations
in SODI, both missense and premature termination, include
misfolding and aggregation of the protein [10]. However, the
molecular features of the mutant SOD1 responsible for initiating
disease have yet to be defined. Recent studies have they brought
attention to this question role of WT SOD1 as a modulator of
disease initiation. In mice expressing a mutant protein that is
easily distinguished from WT SODI, such as the G85R, T116X,
and L126Z mutants, it has been possible to determine that earlier
disease onset is accompanied by the formation of detergent-
insoluble aggregates that appear to contain both WT hSOD1 and
mutant hSODI [11]. In vitro, small amounts of immature mutant
SODI can seed the aggregation of WT SODI [12]. Collectively,
these studies indicate a potential for WT hSODI to play a role
in the aggregation of mutant SOD1 and to modulate the course
of disease [11]. In the present study, we investigated whether the
transient transfection of wild- and mutant-type SOD1 may lead
to amplification of mutant SOD1-mediated toxicity and alteration
of the intracellular localization of SOD1 in cortical neurons and
astrocytes derived from wild-type and human G93A-SOD1 mice.

MATERIALS AND METHODS

Identification of transgenic mouse embryos expressing
hSOD1%**

Transgenic mice originally obtained from Jackson Laboratories
(Bar Harbor, ME, USA) and expressing a high copy number of
mutant human SOD1 with Gly93Ala substitution (TgSOD1
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G93A) were bred and maintained on a B6/SJL mice strain. Tail
samples were collected from the embryos for genotyping. All
procedures were performed in accordance with the Institutional
Animal Care and Use Committee (IAUCC) guidelines of Seoul
National University for the care and use of laboratory animals.

Primary cortical neuron and astrocyte culture

Cultures were prepared as previously described [13]; briefly,
cortical neurons were isolated from pups at E16.5, and the brains
were removed and placed on ice in Hank's Balanced Salt Solution
(HBSS, Gibco). Twenty-four-well plates were seeded with 1 ml
of plating medium (2% B27+1/100 penicillin/streptomycin,
Invitrogen; 0.5 mM a-glutamine; neurobasal medium, Gibco).
From DIV4, 10% fresh medium was added every 3~5 days.
Cultured mouse astrocytes were prepared as described previously
[14]. Briefly, cortices of 1-day-old mouse pups were dissected
out and digested with trypsin for 10 min at 37°C. Single-cell
suspensions were obtained by trituration, and cells were seeded
onto poly-d-lysine-coated plates. Cultures were maintained in
DMEM/F12 containing 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin, and 100 mg/ml streptomycin. The cells were
allowed to proliferate until they reached confluence. At this point,
arabinofuranosylcytidine (AraC, 10 pM; Sigma) was added to
prevent the growth of oligodendrocytes. These cultures were

maintained in complete medium.

Transient transfection with the human SOD1 gene

Cultured primary cortical neurons and astrocytes were seeded
and allowed to attach before transfection with either green
fluorescent protein (GFP)-wtSOD1 or mtSOD1 by using the
transfection reagent supplied by the manufacturer, according to
the instructions provided by the manufacturer (Lipofect AMINE
2000 reagent, Invitrogen) for 24 h or 48 h. Transfection was
performed in a medium containing 10% FBS but without
antibiotics. Cultured neurons and astrocytes treated with the pcN1
vector alone were used as negative controls. Transfection efficiency
was tested by using a vector containing the GFP gene.

Immunofluorescence staining and cell counting

Cells were plated on poly-d-lysine-coated 24-well or 6-well
plates (SPL). Astrocytes and neuronal cells (24~48 h after
transfection) were fixed with 4% paraformaldehyde (PFA) for 15
min at room temperature and then washed three times in PBS.
Immunofluorescence staining and confocal microscopy were
used to determine the levels of glial fibrillary acidic protein (GFAR,
Sigma) and MAP-2 (NeoMarkers). The specimens were incubated
for 1 h with anti-mouse secondary antibody conjugated with Alexa
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555 (1:200, Invitrogen) after incubation with primary antibodies.
Images were analyzed using a fluorescence microscope (Leica)
coupled to a digital camera. Control experiments were performed
in the absence of the primary antibody or in the presence of
blocking peptide. GFP-fluorescent neurons and astrocytes were
visualized with epifluorescent illumination on a Leica microscope.
Subcellular localization patterns were documented with a x20
objective lens; total GFP-positive neurons and astrocytes were
counted off-line within 20 randomly chosen fields in at least
three independent cultures, and the percentage of mislocalized
and aggregated neurons and astrocytes within the total number
of GFP-positive cells was calculated. The cell death ratio was
estimated by counting nuclear fragmented cell identification with
DAPI nuclear stain. The cell death were documented with a x20
objective lens; total GFP-positive neurons and astrocytes were
counted off-line within 20 randomly chosen fields in at least three
independent cultures and in duplicate.

Western blot analysis

Western blot analysis was performed as previously described [15].
Cell lysates (30 pg protein) were analyzed by Western blot using
anti-cleaved caspase-3 (Cell Signaling), SOD1 (Abcam), and anti-
GFP (Rockland) antibodies. Protein loading was controlled by
probing for B-actin (Santa Cruz Biotech) on the same membrane.

Statistical Analysis

Data were analyzed using Prism software (GraphPad Software,
San Diego, CA, USA), using either Student’s ¢-test or one-way
analysis of variance followed by a Newman-Keuls post-hoc test.
Data are presented as the meantstandard error. Differences were
considered statistically significant when p<0.05.

RESULTS

To investigate whether the intracellular localization of SOD1 is
altered by transient transfection with GFP-wtand mtSOD1 in WT
or MT neurons, we transfected WT or MT cortical neurons with
plasmids encoding either GFP-wt or G93A-SOD1 (mtSOD1),
and observed the resulting changes in GFP-wt or mtSOD1 (Fig.
1A). Immunocytochemical analysis was performed on mice
embryonic cortical neurons using MAP-2 as a neuronal marker.
The data showed that in WT neurons, GFP-wtSOD1 localized to
both the cytoplasm and the nucleus; cell death was not observed
(Fig. 1A, B). In MT neurons, GFP-wtSOD1 was excluded from the
nuclei; slightly increased rates of cell death were observed (Fig. 1A,
B). Interestingly, in WT neurons transfected with GFP-mtSOD1,
greater mislocalization was observed than in MT neurons
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transfected with GFP-wtSOD1 (Fig. 1A, B). The results showed
that MT neurons transfected with mtSOD1 were more susceptible
to mislocalization and cell death; this effect was strongest in MT
neurons transfected with GFP-mtSOD1 (Fig. 1A, B). We also
analyzed the effect of GFP-wt and mtSOD1, using DAPI staining
for detecting cell death. Both WT neurons transfected with GFP-
mtSOD1 and MT neurons transfected with GFP-mtSOD1 showed
strongly increased mislocalization. However, only MT neurons
transfected with GFP-mtSOD1 showed severely increased cell
death, compared with WT neurons transfected with GFP-mtSOD1
(Fig. 1A, B). These results indicate that transient transfection with
GFP-wtSOD1 can modulate cell death in MT neurons.

To assess cellular localization against mtSOD1 misfolding and
aggregation, we transfected WT or MT astrocytes with plasmids
encoding either GFP-wt or mtSOD1, and observed the resulting
changes in GFP-wt or mtSOD1 (Fig. 2A). Primary astrocytes were
stained with GFAP and DAPI nuclear counterstain. WT astrocytes
transfected with GFP-wtSOD1 predominantly colocalized in
the cytoplasm and the nucleus, whereas those transfected with
GFP-mtSOD1 localized in the cytosol (Fig. 2A). Cytoplasmic
mislocalization was examined by detecting GFP-mtSOD1 at 24
h and 48 h post-transfection (Fig. 2B). However, cytoplasmic
aggregates were predominantly examined by detecting the
presence of GFP-mtSOD1 at 48 h post-transfection (Fig. 3A).
We also evaluated the ability of GFP-mtSODI to modulate the
aggregation of not only MT astrocytes but also WT astrocytes.
At 48 h after transfection, we observed significant accumulation
of aggregated SOD1 proteins in astrocytes transfected with GFP-
mtSODI. The cytoplasmic localization of aggregates containing
mtSODI1 can clearly be seen in the fluorescence images. The
aggregate formation ratio was measured by level of hSOD1-EGFP
fluorescence in the cytoplasmic area (Fig. 3A). We detected a
robust increase in cytoplasmic GFP-mtSODI relative to wtSOD1.
However, in MT astrocytes transfected with wtSOD1, fewer
aggregates were detectable than in WT astrocytes transfected with
GFP-mtSOD1 (Fig. 3A). This finding indicates that higher levels
of wtSOD1 modulate the generation of these aggregates in MT
astrocytes. To estimate cellular apoptosis in response to mtSOD1
mislocalization and aggregation, we observed transfected WT or
MT astrocytes. The cell death ratio was estimated by counting
apoptosis morphological identification with DAPI nuclear stain.
At 48 h after transfection, we observed significant cell death in
astrocytes transfected with GFP-mtSOD1. However, in the MT
astrocytes transfected with wtSODV, rates of cell death were lower
than in WT astrocytes transfected with GFP-mtSOD1 (Fig. 3B).
This finding indicates that higher levels of wtSOD1 modulate
the rate of cell death in MT astrocytes. Next, we investigated
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Fig. 1. Intracellular localization of transfected GFP-wt or mtSOD1 in cultured primary neurons from G93A-SOD1 mice. (A) Primary cortical neurons
stained with MAP-2 (red) and DAPI (blue) nuclear counterstain. Mock transfection did not affect the cellular localization in both WT and MT neurons. In
WT neurons, transfected GFP-wtSOD1 predominantly colocalized in the cytoplasm and the nucleus, whereas transtected mtSOD1 localized in the cytosol.
Scale bar=50 pm. (B) Cortical neurons were transtected with wt and mtSOD1, and then mislocalization and cell death were examined by DAPI staining. In
WT neurons transfected with GFP-mtSOD1, increased mislocalization and cell death were observed. Data are expressed as mean values (+standard error).
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Fig. 2. Intracellular localization of transfected GFP-wt or mtSOD1 in cultured primary astrocytes from G93A-SOD1 mice. (A) Astrocytes stained
with GFAP (red) and DAPI (blue) nuclear counterstain. Mock transfection did not affect the cellular localization in both WT and MT astrocytes. In
WT astrocytes transfected with GFP-wtSODI, protein predominantly colocalized in the cytoplasm and the nucleus, whereas in those transfected with
mtSODI, protein localized in the cytosol. Scale bar=50 pm. (B) Cytoplasmic mislocalization was examined by measuring the intensity of hSOD1-EGFP
fluorescence at 24 h and 48 h post-transfection. Data are expressed as mean values (+standard error).
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Fig. 3. Aggregate formation of mtSOD1 and expression of both wt and mtSOD1 induce cell death in mutated astrocytes transfected with GFP-mtSODI1.
(A) Intracellular aggregates were induced in astrocytes by incubation with transfected GFP-mtSOD1. Aggregate formation was examined by measuring
levels of hRSOD1-EGFP fluorescence in the cytoplasmic area at 48 h post-transfection. In WT astrocytes transfected with GFP-mtSOD1, increased
aggregate was observed. In MT astrocytes transfected with GFP-mtSOD1, expression of GFP-mtSOD1 significantly increased aggregate in astrocytes.
Data are expressed as mean values (+standard error). Scale bar=50 pm. (B) Apoptosis of astrocytes was indirectly assessed by evaluating changes in levels
of cleaved caspase-3 by western blotting. Expression of cleaved caspase-3 was largely increased in mtSOD1-transfected astrocytes. In contrast, expression
of cleaved caspase-3 was not affected in WT astrocytes with transfected wtSOD1. -actin was used as the loading control. Astrocytes were transfected
with wtand mtSOD1, and increased cell death was observed. In MT astrocytes transfected with GFP-mtSOD1, expression of GFP-mtSOD1 significantly

increased apoptotic cell death in astrocytes. Data are expressed as mean values (+standard error).

whether or not cytoplasmic accumulation of mtSOD1 aggregates
promotes apoptosis. Compared to WT astrocytes transfected
with GFP-wtSOD1, the expression of cleaved-caspase-3 was
strongly increased in WT and MT astrocytes transfected with
GFP-mtSOD1 (Fig. 3B). In addition, cleaved caspase-3 expression
remained detectable in WT astrocytes transfected with GFP-
mtSOD1, suggesting that activation of apoptosis is dependent on
mtSOD1 (Fig. 3B). Thus, we propose that mutant G93A-SOD1
mediates toxic events in apoptosis, with large detergent-insoluble
aggregates, formed of wtSOD1 and transfected mtSOD1, playing
roles in the events that initiate disease.

DISCUSSION

In the present study, we provide evidence that the cytoplasmic
mislocalization and aggregation of mutant SOD1 induce cell death

in wild and G93A-SOD1 mouse primary neurons and astrocytes.

These findings indicate that intracellularly propagated GFP-
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mtSOD1 is a possible mediator of toxic processes and is involved
in initiating mislocalization and aggregation. We revealed that
levels of mtSOD1 are lower than those of wtSOD1 in the nuclei of
both neurons and astrocytes of transgenic mice expressing either
human wtSOD1 or mutant G93A-SOD1. This may be because of
the formation of insoluble high-MW species of mutant G93A-
SODI that prevent diffusion of the protein across the nuclear
membrane; wtSOD1 can diffuse across the nuclear membrane.
Alternatively, nuclear deprivation of mtSOD1 might result from
its more rapid rate of turnover in this compartment than wtSOD1.
A previous study has shown the possible role of wtSOD1 as a
modulator of disease initiation [11]. In addition, in vitro, small
amounts of immature mtSODI1 can seed the aggregation of
wtSODI1 [12]. Collectively, these studies indicate the potential
for wtSODI to play a role in the aggregation of mtSOD1 and to
modulate the course of disease. Similarly, we found that both wt
and mtSOD1 play roles in the modulation of the course of disease

in neurons and astrocytes, respectively.
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SOD1 activity is generally reduced to approximately 50% of
normal levels in patients with SOD1-fALS, owing to the reduced
half-life of SOD1 mRNA in the CNS, and the possible effects
of SOD1 protein misfolding and aggregation on activity. Our
findings indicate that the effect of wtSOD1 on the toxicity of
mtSODL1 is influenced by expression of mtSOD1 in both neurons
and astrocytes. Using cell culture models of aggregation, we found
that wtSOD1 modulates the aggregation of mutant proteins for
formation of large detergent-insoluble structures. In MT cells,
transfected GFP-wtSOD1 implicated soluble assemblies of wt
and mtSOD1 as possible mediators of toxic processes involved in
initiating mislocalization and aggregates. In this study; it seemed
reasonable to assume that the above mechanism was relevant to
both neurons and astrocytes because both cell types show similar
effects in fALS. The present results indicate that cortical neurons
have selective vulnerability to cell death following transfection
with mtSOD1 and that the toxicity of mutant SOD1 on astrocytes
is very similar to the pathological conditions of ALS observed
in neurons in vitro. Thus, in neurons and astrocytes expressing
mtSOD1 by transfection, it is clear that the effect of wtSOD1
on the toxicity of mtSODI is related to the level of mtSODI1
expression. These observations suggest that mtSOD1 is probably
interacting with wtSOD1 to produce the augmented toxicity.
In the G93A SOD1 mouse model, SOD1 is itself a major target
of oxidization [16], and SOD1 oxidation and glutathionylation,
which occur in response to oxidative stress, both increase the
propensity of the dimer to dissociate and become misfolded
[17-20]. Indeed, oxidized SOD1 has an increased propensity to
misfold, causing seeding and aggregation of SOD1, and resulting
in a reduction of dismutase activity. We noted that the strong
link between SOD1 misfolding and its mislocalization make the
two effects very difficult to assess independently. Recent studies
demonstrating that SOD1 aggregation can be seeded in vitro from
mouse Tg G93A-SOD1 spinal cord material [21], and “transmitted”
between cells [22] extend the potential role for these pathogenic
mechanisms to the clinical and pathological “spread” of ALS [23,
24].

These findings indicate that soluble assemblies of wt and
mtSOD1 are possible mediators of the toxic processes involved in
initiating mislocalization and aggregation. Mutant SOD1 is likely
interacting with wtSODI to produce the augmented toxicity in
primary cortical neurons and astrocytes. In addition, these results
show that the toxicity of mutant SOD1 in astrocytes mimics the
pathological condition of ALS in neurons in vitro. In conclusion,
our results suggested a new model for a cellular network of
mtSOD1 and wtSODI interactions for G93A-SOD1-induced cell
death. Further studies will be necessary to address the unknown
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mechanisms of interplay between motor neurons and astrocytes
in ALS.
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Supplementary Fig. 1. Cellular and morphological characterization of neurons and astrocytes enriched cultures. (A, B) Immunofluorescent staining
for SOD1 of cortical neurons (red) and astrocytes (green) with DAPI for nuclei (blue). (C) Western blot analysis confirmed the presence of the human
SODI in cortical neurons and astrocytes. Levels of hSOD1 in both mutant cortical neurons and mutant astrocytes identified compared with wild-type.
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