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Transgenic mice that model familial (f)ALS, caused by mutations in
superoxide dismutase (SOD)1, develop paralysis with pathology
that includes the accumulation of aggregated forms of the mutant
protein. Using a highly sensitive detergent extraction assay, we
traced the appearance and abundance of detergent-insoluble and
disulfide cross-linked aggregates of SOD1 throughout the disease
course of SOD1-fALS mice (G93A, G37R, and H46R/H48Q). We
demonstrate that the accumulation of disulfide cross-linked, de-
tergent-insoluble, aggregates of mutant SOD1 occurs primarily in
the later stages of the disease, concurrent with the appearance of
rapidly progressing symptoms. We find no evidence for a model in
which aberrant intermolecular disulfide bonding has an important
role in promoting the aggregation of mutant SOD1, instead, such
cross-linking appears to be a secondary event. Also, using both cell
culture and mouse models, we find that mutant protein lacking the
normal intramolecular disulfide bond is a major component of the
insoluble SOD1 aggregates. Overall, our findings suggest a model
in which soluble forms of mutant SOD1 initiate disease with larger
aggregates implicated only in rapidly progressing events in the
final stages of disease. Within the final stages of disease, abnor-
malities in the oxidation of a normal intramolecular disulfide bond
in mutant SOD1 facilitate the aggregation of mutant protein.

neurodegenerative disease � protein misfolding

ALS is a late onset neurodegenerative disease that results in
progressive paralysis. A subset of (f)ALS is linked to �100

missense mutations in superoxide dismutase (SOD)1 (alssod-
.org) (1). The effects of fALS mutations on the normal enzyme
activity, turnover, and folding of SOD1 vary considerably (2–4).
Because some SOD1 mutants retain high activity (5), and
because the targeted deletion of SOD1 in mice does not induce
ALS-like symptoms (6), mutant SOD1 is proposed to cause
disease by the acquisition of toxic properties. One proposed gain
of toxic property is the propensity of SOD1 to misfold and to
interact to form high-molecular-weight (HMW) structures (7, 8).

Transgenic mice that overexpress variants of mutant human
SOD1, natural and experimental, share a similar phenotype of
motor neuron loss, muscle wasting, and hindlimb paralysis (9).
In all SOD1 transgenic mice, the appearance of symptoms is
associated with an accumulation of detergent-insoluble, sedi-
mentable, forms of mutant SOD1 in spinal cords and brain-
stems, properties that are diagnostic for protein aggregation
(7, 8, 10). Several groups have described the appearance of
HMW, detergent-insoluble SOD1 protein complexes in SOD1
transgenic mice before the onset of paralysis, with an increase
in the abundance of these species as the mice develop symp-
toms (7, 8, 10). A substantial fraction of the detergent-
insoluble mutant SOD1 that accumulates in these tissues is
aberrantly cross-linked via intermolecular disulfide linkages
(7, 10–14). However, the role of disulfide bonding in aggregate
formation is unclear. Several studies have suggested that such
cross-linking is crucial to aggregate formation (12, 15), al-
though we recently demonstrated that, in cell culture models,

aggregated forms of mutant SOD1 can be generated in the
absence of disulfide cross-linking (13).

In the present study, we have examined the solubility and
extent of disulfide cross-linking through the disease course in
3 different mutant SOD1 mouse models (G93A, G37R, and
H46R/H48Q). Our findings demonstrate that the cross-linking
and aggregation of mutant SOD1 occurs in spinal cord tissues
late in disease progression well after many other pathologic
features of ALS appear. The rapid progression of symptoms is
paralleled by a rapid increase in the levels of aggregated
mutant protein in spinal cord tissues. Immature forms of
SOD1, lacking normal intramolecular disulfide bonds, con-
tribute to aggregate formation in both cell and mouse models.
These findings suggest that late in disease progression, neural
cells of the spinal cord lose the ability to prevent immature
mutant SOD1 from aggregating.

Results
To determine the time course of mutant SOD1 disulfide aggre-
gation and cross-linking, we studied 3 different transgenic SOD1
mouse models (G93A, G37R, and H46R/H48Q). For each
mutant mouse model, we harvested spinal cords from multiple
animals at different ages (Table S1), and then extracted the
tissues in nonionic detergent (0.5% Nonidet P-40). In this assay,
the detergent-insoluble fraction represents aggregated SOD1
protein (8). Immunoblotting of soluble and insoluble fractions
was used to detect and quantify the level of mutant SOD1 in
aggregates at each age (Fig. S1). For each SOD1 variant,
aggregation was quantified, and the data were graphed as a
function of the total amount of the insoluble protein at endstage
(Fig. 1; Table S1). Note that variation in the age at which mice
reach criteria for endstage (obvious hindlimb paralysis) intro-
duces variability in the lifespan of the mice. For this reason, the
animals killed for timed harvest may be at different stages of
disease, leading to variability in aggregate loads in tissues at
presymptomatic ages. G93A mice, which have the shortest
lifespan, showed a rapid increase in aggregate levels over the last
30 days of life (Fig. 1 A). Similarly, increases in aggregate levels
late in disease progression were seen in G37R and H46R/H48Q
mice (Fig. 1 B and C). Because G37R mice accumulate less total
detergent-insoluble SOD1 than the other mutants (Fig. S2 A and
C), the differential between early (120 days) and endstage
disease is less. At 120 days of age, the amount of insoluble G37R
SOD1 in the spinal cords was not statistically different from the
amount of insoluble SOD1 in the spinal cords of mice expressing
WT SOD1, rising to levels well above background only late in
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disease (Fig. 1B). In all 3 lines of mice, the levels of mutant SOD1
in the detergent-soluble fraction remained constant as the mice
aged (Fig. S1). Comparison of aggregate levels with reported
pathology indicates that a number of abnormalities occur before
the accumulation of aggregated SOD1 in all 3 lines of mice (Fig.
1). Less is known about the progression of disease in H46R/
H48Q mice, but we have detected reactive gliosis in these mice
as early as 60 days of age (Fig. S3). Thus, each SOD1 variant
illustrated similar aggregation profiles throughout their
lifespans; the levels of detergent-insoluble SOD1 aggregates rose
during the period that symptoms rapidly progress to paralysis
and well after the onset of other pathologic abnormalities.

A substantial fraction of the mutant SOD1 in HMW aggre-
gates is cross-linked via nonnative, intermolecular, disulfide
bonds (11, 12, 14). To determine whether disulfide cross-linking

between misfolded SOD1 proteins occurs as a precursor to
aggregate formation, spinal cords were taken at time points
throughout the lifespan of G93A transgenic mice and then
extracted in 1% SDS or 0.5% Nonidet P-40 in the presence of
iodoacetamide (IA), a thiol modifying agent that irreversibly
prevents air oxidation and disulfide bond scrambling during
sample preparation. High concentrations of SDS solubilized
most of the SOD1 protein (Fig. 2 A and B), which allowed for the
detection of the total amount of disulfide cross-linked protein in
the spinal cord at each time point (Fig. 2B). Disulfide cross-
linked SOD1 species (dimers to multimers) were detectable at
105 days (Fig. 2B, lane 6), 2–3 weeks before the appearance of
symptoms, but were most prominent at disease endstage in
G93A mice (Fig. 2B, lanes 7 and 8). Extraction of these same
tissue samples in 0.5% Nonidet P-40 demonstrated that cross-
linked insoluble mutant SOD1 accumulated significantly late in
disease (Fig. 2C; Fig. S4). Regardless of the method of detergent
extraction used, disulfide cross-linked mutant SOD1 was virtu-
ally undetectable before 105 days of age (Fig. 2 B and C). We
estimate that the disulfide cross-linked component of the deter-
gent-insoluble protein could comprise 25 to 50% of the total
aggregated mutant SOD1 (SI Discussion and Fig. S5). Collec-
tively, these data demonstrate that the levels of disulfide cross-
linked mutant SOD1 rise in parallel with the levels of detergent-
insoluble protein, and may comprise a significant fraction of the
total detergent-insoluble protein.

The coincident appearance of detergent-insoluble mutant
SOD1 with disulfide cross-linked mutant protein implies a role
for cross-linking in aggregation. However, extraction of the
spinal cord tissue in 0.5% Nonidet P-40 with as much as 30%
�ME did not substantially change the amount of mutant SOD1
that partitioned into the detergent-soluble fraction (Fig. S6).
Thus, although HMW species of SOD1 are extensively disulfide
cross-linked, these bonds are not critical in maintaining the
structure that is responsible for insolubility in Nonidet P-40.

In our study of SDS and Nonidet P-40 soluble fractions by
electrophoresis in the absence of reducing agent, from mice
across all ages, we observed SOD1 proteins of apparent masses
of 20 and 16 kDa (Fig. 2 B and D, lanes 2–8). This banding
pattern has previously been described by Jonsson et al. (11) as
representing SOD1 protein in which the normal intramolecular
disulfide bond between cysteines 57 and 146 is reduced (labeled,
R; 20 kDa) or oxidized (labeled, O; 16 kDa) SOD1 protein.
Treating the SDS and Nonidet P-40 solubilized fractions with
reducing agent, before gel electrophoresis, produced a single
SOD1 band that migrated at �20 kDa (Fig. S7 A and B).
Therefore, we concluded that the spinal cords of G93A mice
contained both reduced and oxidized forms of SOD1.

To confirm this finding and eliminate any potential influence
of sample preparation or storage (SI Discussion), we harvested
paralyzed animals and performed the detergent extraction and
SDS/PAGE in the same day. We also included a treatment in
which the gels were incubated in reducing agent before electro-
phoretic transfer to immunoblotting membranes. Zetterstrom et
al. (16) demonstrated that the detection of oxidized forms of
SOD1 by nonreducing SDS/PAGE and immunoblotting is en-
hanced by in-gel reduction of disulfide bonds before immunoblot
transfer. In detergent-soluble fractions of tissues from both WT
and endstage G93A mice, we detected both reduced and oxi-
dized forms of monomeric SOD1. In the soluble fractions, the
oxidized form of the protein represented the vast majority of
detectable SOD1 protein (Fig. 3, lanes 1–4). In the insoluble
fractions, no WT SOD1 was observed, and the major detectable
species of mutant G93A SOD1 migrated as expected for reduced
protein (Fig. 3, lanes 5–8). A second minor species of insoluble
mutant SOD1 in these fractions migrated to a size similar, but
not identical, to oxidized SOD1. This species was not detected
when in-gel reduction before transfer was omitted (Fig. S8, lanes

Fig. 1. Detergent-insoluble SOD1 accumulates to high levels near disease
endstage. The amount of SOD1 present in the detergent-insoluble protein
fraction was quantified by measuring the band intensity of SOD1 in each lane
using a Fuji imaging system (FUJIFILM, LifeScience). Aggregation was quan-
tified by calculating the ratio of band intensity in the insoluble fraction at each
time point to the insoluble fraction at disease endstage (set at 1). The SEM was
calculated for aggregation of each sample (Table S2) and graphed (A, G93A;
B, G37R; C, H46RH48Q). Timelines of pathologic changes were graphed with
aggregation. GA, Golgi apparatus.
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5–8). Whether this insoluble form of mutant SOD1 (Fig. 3,
marked by #) possesses a disulfide bond between cysteines 57
and 146 is uncertain. It is possible that an intramolecular
disulfide bond between other cysteine residues produced this
species of mutant, insoluble SOD1. Similarly, we found signifi-
cant levels of reduced mutant SOD1 in the detergent-insoluble
fraction of tissues from endstage G37R and H46R/H48Q mice
(Fig. S9). It is noteworthy that in these gels, the amount of HMW,
disulfide cross-linked, SOD1 species detected in the detergent-
insoluble fractions in these experiments was much lower, an

illustration of the overall variability in the abundance of the
disulfide cross-linked species that we have noted throughout
these experiments (Fig. S4). Overall, we conclude that a portion
of the mutant SOD1 that accumulates as detergent-insoluble is
derived from protein that either never acquired, or that lost, the
normal intramolecular disulfide bond.

To further explore the role of reduced and oxidized mutant
SOD1 in aggregation, we used a cell culture model that utilizes
HEK293FT cells (8, 13, 17). High-level expression in these
cells induced the formation of detergent-insoluble mutant
SOD1 (A4V, G37R, and G93A; Fig. 4). We included purified
dimeric, metallated, WT human SOD1 as a control (Fig. 4,
lanes 1 and 8 of each gel; these proteins were not subjected to
detergent extraction). Reduction and denaturation of this
purified protein produced a single band that migrated at �20
kDa (Fig. 4, lane 1), whereas denaturation and SDS/PAGE in
the absence of reducing agent produced a single band that
migrated at �16 kDa (Fig. 4, lane 8). The oxidized form of
purified WT SOD1 was not detected when in-gel reduction was
omitted before transfer (Fig. S10 A and B, lane 8) (16).
Detergent-insoluble mutant SOD1 migrated in SDS/PAGE,
after boiling in SDS, to a size close to the reduced forms of
purified WT SOD1 (Fig. 4A). In these experiments, similar to
previous studies (8), the H46R/H48Q mutant produced the
least amount of detergent-insoluble protein in cell culture. In
the detergent-soluble fractions of these cell extracts, we de-
tected both reduced and oxidized forms of SOD1 in gels
subjected to in-gel reduction (Fig. 4B, lanes 3–7). Omission of
the in-gel reduction diminished detection of the oxidized form
of detergent-soluble SOD1 as reported by Zetterstrom (Fig.
S10B, lanes 3–8) (16). In analyzing the detergent-soluble
fractions in the blots that included the in-gel reduction, we

Fig. 2. The appearance of disulfide cross-linked SOD1 is coincident with the accumulation of detergent-insoluble mutant protein. G93A spinal cords were
extracted in 1% SDS (A and B) or in 0.5% Nonidet P-40 (C and D) in the presence of 100 mM IA. Fractions were electrophoresed in the absence of �ME. Immunoblots
were probed with m/hSOD1 antiserum (representative image from 3 repetitions). NTg, nontransgenic. (A) Insoluble in 1% SDS (20 �g). (B) Soluble in 1% SDS (5
�g). (C) Insoluble in 0.5% Nonidet P-40. (D) Soluble in 0.5% Nonidet P-40. R, reduced disulfide bond (C57-C146). O, oxidized disulfide bond (C57-C146). *, disease
endstage (paralysis); �, fresh spinal cord tissue.

Fig. 3. SOD1 aggregates are largely composed of disulfide-reduced forms of
SOD1 in fresh spinal cord tissue. Spinal cords from freshly harvested mice were
extracted in nonionic detergent and IA. Gels were incubated in reducing
buffer before transfer. (Lanes 1–4) Detergent-soluble (40-�g protein). (Lanes
5–8) Detergent-insoluble (40-�g protein). Immunoblots were probed with
m/hSOD1 antiserum. R, reduced. O, oxidized. #, possible nonnatively oxidized
bond. For additional repetitions, see Fig. S7.
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noted that the relative ratio of reduced to oxidized SOD1
differed between the mutant and WT SOD1 proteins. The
predominant form of WT SOD1 in these transfected cells
migrated to the same position as purified oxidized SOD1 (Fig.
4B, lanes 3 and 8). For each of the mutants, the predominant
form of soluble protein migrated to the position of reduced
WT SOD1 (Fig. 4B, lanes 1 and 4–7). For the A4V and
H46R/H48Q mutants, the majority of detergent-soluble pro-
tein migrated to the same position as reduced WT protein.
Together, these findings demonstrate that, in this cell culture
model, mutant SOD1 is less able to acquire the normal
intramolecular disulfide bond, with this reduced protein form-
ing detergent-insoluble complexes.

Discussion
The spinal cords of paralyzed mice that express fALS-linked
SOD1 mutants contain disulfide cross-linked aggregates of
mutant SOD1 that are distinguished by insolubility in nonionic

detergent (11, 12, 14). In the present study, we demonstrate, in
3 lines of mutant SOD1 transgenic mice (G93A, G37R, and
H46R/H48Q), that SOD1 aggregates accumulate to high levels
just before hindlimb paralysis, but well after the appearance of
several pathologic features. Because the method we use here is
relatively sensitive, we conclude that many pathologic events in
the progression of disease in these mice must be mediated either
by very low levels of HMW-SOD1 aggregates or by forms of
mutant protein other than large aggregates.

We also investigate the role of disulfide cross-linking in
mutant SOD1 aggregation, finding that the appearance of
disulfide cross-linked mutant SOD1 parallels the appearance of
detergent-insoluble protein. We find no evidence that disulfide
cross-linked forms of SOD1 are precursors to more highly
structured aggregates or that an oxidative event occurs early in
the disease course to induce disulfide cross-linking between
mutant proteins. Also, we demonstrate that detergent insolubil-
ity does not depend on maintenance of aberrant intermolecular
disulfide bonds (Fig. S6). This finding is consistent with our
previous study, which demonstrated that mutant forms of SOD1
that are incapable of forming disulfide cross-links retain the
ability to aggregate (13). We conclude that disulfide cross-
linking is likely a secondary event in the formation of mutant
SOD1 aggregates, forming after the mutant SOD1 proteins
come into close proximity as a result of assembly into HMW
structures.

In both the mouse and cell models of SOD1 aggregation, we
found that a fraction of the mutant SOD1 in aggregates
exhibits electrophoretic properties of fully reduced SOD1
protein. This outcome is consistent with the studies of Jonsson
et al. (11), which demonstrated that a significant fraction of the
total SOD1 in spinal cords of transgenic mice producing D90A,
G93A, and G127X variants of SOD1 lacks the normal intramo-
lecular disulfide bond (C57-C146). More recent studies in vitro
demonstrated that completely reduced forms of mutant SOD1
were most prone to produce filamentous aggregates (18), and
that reduced forms of SOD1 promote aggregation of SOD1 in
other oxidation states (19). Collectively, these studies argue
that fully reduced species of SOD1 protein are prone to
assemble into multimeric structures. Our data on the H46R/
H48Q mutant, which does not bind Cu (20), is consistent with
this hypothesis, because we find that most of this mutant
protein, whether soluble or insoluble, exhibits an electro-
phoretic migration expected for fully reduced protein. Evi-
dence suggests that copper is required to form the normal
intramolecular disulfide bond (21), which could explain why
the H46R/H48Q mutant fails to oxidize a cysteine 57 to 146
linkage. Importantly, the behavior of the H46R/H48Q mutant
demonstrates that failure to form the normal disulfide linkage
is not sufficient to induce aggregation, because most of this
mutant protein remains soluble whether extracted from mouse
tissues or cultured cells. Overall, these findings support a
hypothesis in which mutant SOD1 that has either failed to
mature properly (with respect to formation of intramolecular
disulfide bonds and probably metal cofactors) or has lost these
modifications is more prone to produce conformations that
support aggregation (22).

In the cell model we use here, the majority of detergent soluble
and insoluble mutant SOD1 showed electrophoretic mobilities
consistent with reduced SOD1. Proescher et al. (23) also ob-
served an accumulation of disulfide-reduced SOD1 when mu-
tant SOD1 was overexpressed in HEK293 cells. In our study, it
appears that the high level of expression of the mutant protein
overwhelms the ability of the cells to provide the necessary
factors to correctly modify most of this protein. By contrast, in
spinal cords of the WT, G37R, and G93A mice, the majority of
detergent-soluble SOD1 shows electrophoretic characteristics
consistent with the presence of the normal intramolecular

Fig. 4. Reduced hSOD1 protein is preferentially incorporated into deter-
gent-insoluble aggregates. HEK293FT cells were transfected with vectors for
WT, A4V, G37R, G93A, and H46R/H48Q hSOD1 proteins, harvested after 48 h,
and extracted in buffers with 0.5% Nonidet P-40 and 100 mM IA (represen-
tative experiment from 4 repetitions). Detergent-insoluble (A) and soluble
fractions (B) from cells transfected with each construct were electrophoresed
in the absence of �ME (lanes 2–8). Lane 1 of each panel contains purified WT
SOD1 that was reduced before electrophoresis (*). This lane was separated
from the remaining samples by a lane containing marker proteins and an
empty space to prevent reducing agent from diffusing into other samples
(these intervening lanes have been cropped out of the gel image). Lane 8 of
each panel contains purified WT SOD1 that was verified to have in intact
intramolecular disulfide bond (�). Purified WT SOD1 proteins were treated
with 100 mM IA prior boiling in Sample buffer and electrophoresis. To en-
hance detection of oxidized forms of hSOD1, gels were incubated in transfer
buffer containing 2% �ME for 10 min before electrotransfer to nitrocellulose
membranes. UT, untransfected cells; R, reduced disulfide bond (C57-C146). O,
oxidized disulfide bond (C57-C146).
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disulfide bond. We observed no obvious increase in the relative
amount of reduced, detergent-soluble, mutant SOD1 in the
spinal cords of mutant mice at advanced ages, indicating that
there was not a catastrophic decrease in the normal maturation
of mutant protein in vivo in all cell types.

Several groups have described SOD1 aggregation in mutant
SOD1 transgenic mice through various stages of disease (7, 11).
In a previous study of G93A mice, detergent-insoluble protein
complexes were described to increase linearly through the
lifespan of the mouse, and were detected as early as 30 days (7).
In this study, aggregates were defined as HMW species that were
resistant to heat, SDS, and reducing agents, and they were
unique to mice expressing G93A SOD1 (7). These forms of
mutant SOD1 are distinct from the Nonidet P-40-insoluble
protein we have studied here. It is unclear whether the HMW
species of mutant SOD1 that are resistant to SDS, heat, and
reducing agents represent forms of mutant protein that are
covalently cross-linked to other proteins (such as ubiquitin) (8,
24), or some type of highly stable oligomeric structure. However,
evidence indicates that these SDS, heat, reducing agent resistant
species of mutant protein are components of Nonidet P-40-
insoluble aggregates (8, 13, 24).

A previous study of insoluble SOD1 proteins in mice
expressing G93A, G127X, and G85R fALS variants of SOD1
reported dramatic increases in detergent-insoluble SOD1 late
in disease (11). In this study, spinal cords were extracted in low
concentrations of nonionic detergent (0.1% Nonidet P-40),
which resulted in the detection of detergent-insoluble species
of mutant SOD1 as early as 50 days (11, 14). However, similar
levels of insoluble WT SOD1 were detected in mice that
overexpress human WT SOD1 at all time points (11). At
disease endstage, the levels of mutant SOD1 that were Nonidet
P-40-insoluble increased dramatically, including HMW forms
of mutant SOD1 that were resistant to SDS, heat, and reducing
agent (11). In mice expressing WT SOD1 at very advanced
ages (400 to 600 days), the levels of Nonidet P-40-insoluble WT
SOD1 were observed to increase with the appearance of HMW
species that were SDS, heat, and reducing agent resistant (11).
Thus, the methodology used in the Jonsson study (11) sug-
gested that both mutant and WT SOD1 adopt similar confor-
mations as a function of age. Because we use higher detergent
concentrations, and possibly also much higher detergent-to-
protein ratios (SI Discussion), we suggest that our method
allows us to more selectively distinguish the misfolded forms
of mutant SOD1. In an earlier study, Johnston et al. (7)
reported finding SDS, heat, and reducing agent resistant
HMW forms of G93A SOD1 in mouse spinal cords as early as
30 days of age. This finding implies that conformational
abnormalities in mutant SOD1 occur early in disease patho-
genesis. However, these abnormal forms of G93A SOD1 were
of relatively low abundance at young ages, a finding we
corroborate here. Despite the methodological differences
between our approach and that of comparable studies, there is
general agreement that the levels of mutant SOD1 aggregates
(defined by any means) increase dramatically toward the
terminal stages of disease.

Previous studies have established that fALS mice develop
significant pathology before the appearance of hindlimb pa-
ralysis. In G93A mice, �40% of the motor endplates are
denervated at 47 days (25), 80 days before the appearance of
hindlimb paralysis and significant SOD1 aggregation. Motor
unit loss (40 days; see ref. 26) and a decline in contractile force
of fast twitch muscles (40 days; see ref. 27) also occur,
illustrating that dramatic loss of muscle function and motor
neuron innervation occurs early in the disease course. G37R
mice show vacuolar changes in spinal cord (36 days; see refs.
28 and 31), motor neuron loss (133 days; see ref. 29), and
reactive astrogliosis (77 days; see ref. 29) before developing

hindlimb paralysis (210 days). The H46R/H48Q mice are less
well characterized, but we have noted the appearance of
astrogliosis in spinal cords as early as 60 days (Fig. S3). Our
data indicate that, at time points when these mice have
significant pathologic abnormalities, only low levels of deter-
gent-insoluble SOD1 can be detected. A recent study demon-
strated that coexpression of human copper chaperone for
SOD1 (CCS) with SOD1-G93A, hastens the onset of disease
and while diminishing aggregate formation and augmenting
vacuolar degeneration (30). Collectively, these outcomes imply
that other forms of mutant SOD1 may mediate toxic events at
early stages of disease or that very low levels of aggregates are
sufficient to mediate toxicity.

The late accumulation of HMW SOD1 aggregates in the
disease progression in fALS mice leaves open 3 possibilities for
SOD1 aggregate function in ALS pathology. First, the accu-
mulation of SOD1 aggregates may mediate all aspects of
toxicity with early pathologic events mediated by very low
levels of aggregates. Second, all toxic events are mediated by
soluble forms of mutant SOD1 (monomeric or oligomeric). In
this scenario, aggregates form, because the toxic processes that
occur in affected cell types leave them less able to properly
modify nascent mutant SOD1. These immature SOD1 proteins
then become the building blocks of aggregates, which are
simply biomarkers for extreme cell stress. Third, soluble forms
of mutant SOD1 (monomeric or oligomeric) trigger early
pathologic abnormalities (gliosis, vacuolation, denervation,
etc.) with the resulting stress on the cell inducing the formation
of SOD1 aggregates. These aggregates then mediate additional
toxic events that lead to paralytic phenotypes. Unraveling the
true role of SOD1 aggregation in SOD1-linked fALS may
require the identification of small molecules that selectively
inhibit SOD1 aggregation, or the identification of disease-
linked variants of SOD1 that do not form insoluble aggregates.

Methods
Transgenic Mice. The SOD1 transgenic mice used in this study have been
previously characterized: the G93A variant [B6SJL-TgN (SOD1-G93A)1Gur;
onset 4–5 mo; The Jackson Laboratory], the G37R variant [line 29 (onset 7–8
mo)] (31), the H46R/H48Q variant [line 139 (onset 6–7 mo)] (24), and the WT
variant (line 76) (31). The studies here included tissues that had been in storage
for extended intervals, as well as tissues harvested and used within a few days
(Table S1). The length of tissue storage had no obvious effect on study
outcomes (SI Discussion).

SOD1 Aggregation Assay by Differential Extraction. The procedures used to
assess SOD1 aggregation by differential detergent extraction and centrifu-
gation in cell culture and mouse models were similar to previous descriptions
(8, 13). In variations, samples were extracted in the presence of 100 mMIA; and
in some experiments, SDS was substituted for Nonidet P-40 in all extraction
buffers: 1� SDS buffer (10 mM Tris pH 7.5/1 mM EDTA/100 mM NaCl/1%
SDS/1� protease inhibitor mixture). Based on protein concentration, mea-
sured in both fractions by BCA method as described by the manufacturer
(Pierce), 5 �g of total protein from the detergent-soluble fraction and 20 �g
of total protein from the detergent-insoluble fraction were analyzed.

Immunoblotting. Standard SDS/PAGE was performed in 18% Tris-Glycine gels
(Invitrogen). Samples were boiled for 5 min in Laemmli sample buffer before
electrophoresis (32). In some experiments, the reducing agent (5% �ME) was
omitted from the sample buffer. In experiments requiring in gel reduction,
before electrotransfer to nitrocellulose membranes, gels were incubated in
transfer buffer in the presence of 2% �ME. Immunoblots were probed with
rabbit polyclonal antibodies: hSOD1 and m/hSOD1 (1:2,500). The hSOD1 an-
tiserum recognizes human SOD1 (amino acid 24–36) (33). The m/hSOD1
antiserum recognizes mouse and human SOD1 (amino acid 124–136) (2).
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