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Mutations in the gene encoding superoxide dismutase 1 (SOD1)
account for about 20% of the cases of familial amyotrophic lateral
sclerosis (fALS). It is not known how the mutant protein causes
disease, or why only a subset of cell types (motor neurons) are
targeted. The aggregation and misfolding of mutant SOD1 are
implicated in disease pathogenesis in both animal models and
humans. We used a monoclonal antibody, C4F6, which specifically
reacts with mutant and/or “misfolded” SOD1, to investigate the
regional distribution of mutant SOD1 protein in rodent and human
tissues. C4F6 reacted only with mutant SOD1 and showed remark-
able selectivity for disease-affected tissues and cells. Tissue not
affected by disease but containing high levels of mutant protein
(sensory neurons) did not stain with C4F6. Additionally, C4F6 in-
tensely stained some motor neurons while leaving adjacent motor
neurons unstained. Although C4F6 was generated against the
G93A SOD1 mutant, it also recognized other SOD1 mutants. In
human autopsy tissues from patients carrying SOD1 mutations,
C4F6 identified skein-like intracellular inclusions in motor neurons,
similar to those seen in rodents, and again stained only a subset of
motor neurons. In spinal cords from patients with sporadic ALS,
other neurodegenerative diseases, and normal controls, C4F6-im-
munoreactive inclusions were not detected, but the antibody did
reveal diffuse immunostaining of some spinal motor neurons. The
ability of C4F6 to differentiate pathologically affected tissue in
mutant SOD1 ALS rodent models and humans, specifically motor
neuron populations, suggests that this antibody may recognize
a “toxic” form of the mutant SOD1 protein.
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Amyotrophic lateral sclerosis (ALS) is a progressive, adult-
onset motor neuron disease with an incidence of one to two

persons per 100,000 (1, 2). ALS typically causes death within 3–5 y
of diagnosis; there is no cure and treatment options are very
limited (3–5). Ten percent of ALS cases are familial (fALS), with
20% of fALS being linked to mutations in the homodimeric
protein Cu/Zn superoxide dismutase 1 (SOD1) (6–8). In animal
models and in humans carrying SOD1 mutations, mutant SOD1
is “toxic” only to motor neurons, and only after it has been
present for an extended period (aging), leading to the important
questions of how mutant SOD1 exerts its toxicity and why motor
neurons are particularly sensitive to the pathogenic process.
Mutant SOD1 has a high propensity to undergo conforma-

tional changes and aggregation when stressed in vitro, and SOD1
aggregates and misfolded aggregate precursors have been lo-
calized specifically to pathologically affected tissues in animal
models of disease, suggesting that SOD1 conformational changes
may contribute to the toxicity of the mutant protein (9–14). It has
been further demonstrated that conformational changes in wild-
type SOD1 can be induced through oxidation and/or metal de-
pletion and that these conformers of the wild-type protein are
also toxic in cellular models (15–18). Additionally, misfolded

wild-type SOD1 has been identified in both neurons and glia of
sporadic ALS (sALS) patients (19, 20), and misfolded wild-type
SOD1 derived from sALS tissue inhibits fast axonal transport to
a degree reminiscent of that of mutant SOD1 (20). Therefore,
misfolded SOD1 may provide a mechanistic link between spo-
radic and familial forms of ALS.
Several immunological tools have been developed in an at-

tempt to isolate the toxic SOD1 species. Antibodies have been
created against the SOD1 dimer interface, against residues in the
hydrophobic core, and against specific SOD1 mutant proteins
(21–24). We present here further characterization of the C4F6
antibody, which is known to react specifically with mutant human
SOD1 (hSOD1) proteins (20, 24). The antibody was generated
against the apo (metal-free) form of hSOD1G93A, which exhibits
a disordered conformation (25). Immunization with recombinant
hSOD1G93A protein increases the life span of hSOD1G37R mice
while simultaneously decreasing C4F6 detection of mutant
hSOD1 protein, suggesting that C4F6 recognizes toxic mutant
SOD1 (24). It has been difficult to identify the precise C4F6
immunoreactive epitope; however, exon 4 of the SOD1 protein is
known to be crucial for C4F6 recognition (20). We provide
a detailed characterization of this antibody’s immunoreactivity
both in vitro and in mouse, rat, and human tissues. We dem-
onstrate a unique pattern of C4F6 immunoreactivity that is se-
lective for clinically and pathologically affected tissues in
transgenic ALS rodent models and in humans with SOD1
mutations and characterize the biochemical nature of SOD1
protein that is immunoreactive with C4F6. These data indicate
that C4F6 recognizes a subset of mutant hSOD1 that is in-
strumental in the clinical and pathological pattern of motor
neuron disease.

Results
The C4F6 antibody selectively stained pathologically affected
cell populations (i.e., motor neurons) in both mouse and rat ALS
disease models. C4F6 was immunoreactive only with motor
neuron populations in these models; no immunoreactivity was
observed in secondary sensory neurons in the dorsal horn or in
primary sensory neurons in the dorsal root ganglia (Fig. 1 A and
I). Immunoreactivity was not uniformly observed across the
ventral horn; some motor neurons were intensely stained by
C4F6, whereas neighboring neurons with similar morphologies

Author contributions: T.E.B. and J.D.G. designed research; T.E.B., Y.L., D.C., and M.G.
performed research; M.G., J.-P.J., J.D.R., and K.B. contributed new reagents/analytic tools;
T.E.B. and J.D.G. analyzed data; and T.E.B. and J.D.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: jglas03@emory.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1115009109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1115009109 PNAS | April 3, 2012 | vol. 109 | no. 14 | 5505–5510

N
EU

RO
SC

IE
N
CE

mailto:jglas03@emory.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115009109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115009109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1115009109


remained unstained (Fig. 1 E and F). Ventral roots exiting the
spinal cord were C4F6-immunoreactive, whereas the corre-
sponding dorsal roots did not stain with C4F6 (Fig. 1 G and H).
C4F6 staining of hSOD1G93A spinal cord was observed throughout
the disease course (presymptomatic through end stage); the dis-
tribution of staining expanded with aging, but remained rela-
tively specific for pathologically affected cell populations (Fig.
S1). This selectivity for disease-targeted tissues was not due to
varying amounts of hSOD1 in these tissues, as staining with a
pan-SOD1 antibody demonstrated high levels of SOD1 in clini-
cally unaffected, non-C4F6–immunoreactive tissue (Fig. 1 B and
J). Furthermore, C4F6 did not stain in transgenic animals over-
expressing wild-type hSOD1, even though hSOD1 was present at
high levels in these animals (Fig. 1 C and D).
Interestingly, the selectivity of C4F6 for clinically and patho-

logically affected tissues by immunohistochemistry did not extend
to denaturing immunoblot. When the SOD1 protein was dena-
tured through SDS/PAGE, C4F6 recognized mutant hSOD1

protein in dorsal (sensory) spinal cord (Fig. 2A) as well as in
ventral spinal cord. C4F6 remained specific for mutant protein in
immunoblots and did not stain wild-type hSOD1 (Fig. 2B). How-
ever, when SOD1 protein was separated on a native, non-
denaturing gel, C4F6 again detected mutant protein only in the
ventral horn (Fig. S2).
Because insoluble aggregates of mutant SOD1 proteins are hy-

pothesized to be toxic (26), and because we suspect that C4F6
reacts with a toxic form of mutant SOD1 protein, we addressed the
relative solubility of C4F6-immunoreactive protein using differen-
tial solubility extraction. Spinal cords from late-stage hSOD1G93A

animals were homogenized in increasingly harsh solvents, and
progressive fractions were probed for total SOD1 protein and for
C4F6 immunoreactivity. The majority of C4F6-immunoreactive
protein was soluble in buffer lacking detergent, with very little re-
quiring harsh detergents for solubility (Fig. 3, Upper). Quantifica-
tion of the C4F6 immunoreactivity in each solubility condition
reveals that ∼59% of total C4F6 immunoreactive protein was

Fig. 1. C4F6 is selective for pathologically affected tissue types in ALS rodents. Spinal cord sections from 47-d hSOD1G93A (A and B) and 215-d hSOD1WT (C and
D) mice. A and C are stained with the C4F6 antibody and B and D are stained with the pan-SOD1 antibody. (A) Note C4F6 staining of anterior horn cells and
ventral root in the ventral spinal cord and the relative lack of staining in the dorsal spinal cord and dorsal root in hSOD1G93A tissue. C4F6 did not stain the
spinal cord from hSOD1WT (C). Inset in C further demonstrates this lack of immunoreactivity with a high power image of the hSOD1WT ventral horn stained
with C4F6. Staining with the pan-SOD1 antibody demonstrates the diffuse presence of human mutant (B) and wild-type (D) hSOD1 protein. Spinal cord from
SOD1 G93A mouse (E) and rat (F) demonstrates that C4F6 stains only a subset of motor neurons within pathologically affected tissue. Furthermore, C4F6 stains
rat hSOD1G93A ventral root (G) but not dorsal root (H). Inset in G shows a high power image of ventral root axons showing staining of some, but not all, axons;
Inset in H demonstrates minimal staining of dorsal root axons. I–J demonstrate that C4F6 does not recognize mutant SOD1 protein in nonaffected SOD1G93A

dorsal root ganglia (I), despite the presence of human mutant SOD1 identified with the pan-SOD1 antibody (J). (Scale bars: E, 50 μm; F–J, 100 μm; all other,
200 μm.) Independent experiments were performed a minimum of three times.

Fig. 2. Both disease affected and unaffected hSOD1G93A tissue is C4F6-immunoreactive when denatured through SDS/PAGE. (A) C4F6 is immunoreactive with
both denatured dorsal (D) and ventral (V) hSOD1G93A spinal cord. C4F6 does not react with dorsal or ventral cord from either C57/BL6 or hSOD1WT mice. (B)
Probing with a pan-SOD1 antibody demonstrates hSOD1 presence; mouse SOD1 (Lower band) runs slightly faster than human SOD1 on SDS/PAGE. In-
dependent experiments were performed a minimum of three times.
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soluble in the complete absence of detergent and that ∼27% of
total C4F6 immunoreactive protein was solublewith the addition of
the relatively mild detergent Nonidet P-40. These results suggest
that the protein species preferentially recognized by C4F6 is not
insoluble, aggregated protein. Indeed, C4F6 did not recognize the
most insoluble hSOD1 species that was detected by the pan-SOD1
antibody (Fig. 3, Lower).
Because mutant SOD1 proteins have a tendency to misfold

(27–29), we investigated whether the C4F6-immunoreactive
hSOD1 showed evidence of being misfolded using hydrophobic
interaction chromatography (HIC). HIC operates on the prin-
ciple that a natively folded protein will shield its hydrophobic
core from the hydrophilic environment, whereas misfolded pro-
tein will have a greater propensity to expose hydrophobic resi-
dues. HIC provides a technical tool to isolate misfolded proteins
and has been used to demonstrate that soluble, misfolded forms
of hSOD1 are present in fALS mouse spinal cords before the
onset of symptoms (14). We hypothesized that, if C4F6 recog-
nizes a misfolded form of SOD1, this form would be selectively
enriched in the hydrophobic (misfolded) fraction. However, HIC
and subsequent immunoblot of hSOD1G93A spinal cords dem-
onstrated that the majority of C4F6-immunoreactive protein was
present in the nonhydrophobic fractions, although some C4F6-
immunoreactive protein was identified as hydrophobic (Fig. 4).
Even though the C4F6 antibody was raised against hSOD1G93A

mutant protein, it also recognizes linearized hSOD1G37R mutant
protein (24), suggesting that the reactive epitope(s) encompass
more than the G93A point mutation. To further investigate the
reactivity of C4F6 for other SOD1 mutants, CHO cells were
transiently transfected with plasmids for A4V, G37R, and G93C
human SOD1. C4F6 stained cells expressing hSOD1A4V and
hSOD1G37R, but did not stain cells expressing hSOD1G93C (Fig. 5).
As in the mice, C4F6 did not stain CHO cells expressing hSOD1WT,
whereas the human-specific antibody identified hSOD1 in all
transfection conditions. The ability of C4F6 to detect some non-
G93A mutant SOD1 proteins confirms previous data showing
that the presence of mutant human SOD1 protein, possibly toxic
and/or misfolded SOD1, is sufficient for C4F6 recognition (24).
However, not all mutants (i.e., hSOD1G93C) are recognized by
C4F6. A possible explanation for the inability of C4F6 to rec-
ognize G93C is that the 93C mutation is able to form a nonnative
disulfide bond that might block the epitope, although we have
no evidence to support this hypothesis. As ovary cells are not
typically affected in ALS, C4F6 immunoreactivity in transiently
transfected CHO cells may at first seem surprising. However, an
isolated cell line may not respond to a stressor in the same

manner as cells in vivo, and the stress of transient transfection
may also increase cell vulnerability.
Finally, we investigated the immunoreactivity of C4F6 in hu-

man tissues, asking whether the antibody would show similar
specificity for motor neurons as was demonstrated in the rodent
tissues. In addition, there was a question of whether C4F6 could
detect SOD1 even in cases of sporadic ALS, as was demon-
strated previously (20). We examined 30 ALS spinal cords and 23
spinal cords from others dying with or without other neurological
diseases. Of the 30 ALS patients, three harbored an SOD1
mutation (A4V), and two patients had familial ALS without an
SOD1 mutation. Staining with the C4F6 antibody showed dis-
tinct, skein-like intracellular inclusions in motor neurons only in
the A4V ALS spinal cords (Fig. 6, Upper panels). This pattern of
staining was not seen in spinal motor neurons from sALS, non-
SOD1 fALS, other neurological disease, or nonneurological
controls (Fig. 6, Lower panels). However, we saw diffuse staining
of motor neurons in all cases, which was similar in ALS patients
and controls (Table 1). The similarity of diffuse neuronal stain-
ing in non-SOD1 ALS patients, other neurological disease, and
nonneurological controls was not changed by varying the staining
methodology. Omitting the antigen-retrieval step from the pro-
tocol reduced staining in all cases, but did not change the in-
terpretation of the primary data. In addition, replacement of the
C4F6 antibody with normal mouse serum resulted in diffuse
staining in some motor neurons, which was similar to that seen
with C4F6 in control tissues (Fig. S3). This diffuse staining
therefore may be due to a nonspecific background or a reaction
with lipofuscin. As is typical in autopsy specimens from adults,
many motor neurons showed the granular perikayal staining that
is typical of lipofuscin pigment (Fig. S3).

Discussion
The identification of a subset of toxic protein in fALS would be
of considerable value to mechanistic research into the patho-
genesis of ALS, potentially providing a target for development of
therapeutics and screening for disease. Here we show that the
C4F6 monoclonal antibody generated against mutant human
SOD1 not only can differentiate between mutant and wild-type
SOD1 protein, but also specifically reacts with mutant SOD1
protein present in tissues and cells affected by the disease. Al-
though our data do not directly demonstrate that the C4F6-im-
munoreactive protein is toxic, its propensity to localize only to
the pathologically affected neuronal populations in both humans
and rodent ALS models strongly suggests that this form of the
mutant SOD1 protein plays a role in ALS pathogenesis. The
differential reactivity of SOD1 proteins to C4F6 suggests struc-
tural variations in the proteins that could provide clues to the
difficult question of why mutant SOD1 is preferentially toxic to
motor neurons. Additionally, clinicians, pathologists, and patients
have long been puzzled by the propensity of ALS to affect some
motor neurons while seemingly leaving neighboring neuronal
populations intact. Determining why C4F6 reacts only with a

Fig. 3. C4F6-immunoreactive protein is easily soluble. Dorsal (odd-num-
bered lanes) and ventral (even-numbered lanes) spinal cord from an end-
stage hSOD1G93A mouse extracted in buffer without detergent (lanes 1 and
2), with 1.5% Nonidet P-40 (3, 4), with 1.5% Nonidet P-40 and 2% SDS (5, 6),
with 1.5% Nonidet P-40, 2% SDS, and 6 M urea (7, 8), and with the
remaining pellet (9, 10). Lane 11 is 215-d hSOD1WT; lane 12 is 70-d
hSOD1G93A. Protein was separated through denaturing SDS/PAGE and
transferred to PVDF membrane for immunoblot. Upper was probed with
C4F6, and Lower was probed with a pan-SOD1 antibody. Note the relatively
equal amounts of mutant hSOD1 protein in dorsal vs. ventral spinal cord, in
contradistinction to the C4F6 immunoreactivity seen in tissue sections. In-
dependent experiments were performed in duplicate.

Fig. 4. C4F6 does not robustly detect hydrophobic SOD1. Spinal cord from
135-d hSOD1G93A mouse separated by hydrophobic interaction chromatog-
raphy and visualized through immunoblot following denaturing SDS/PAGE.
C4F6 (Upper) detects the input (lane 1) and flow through not caught on the
column (2, 3) but only weakly detects hydrophobic protein eluted off the
column (4–6). A pan-SOD1 antibody (Lower) demonstrates that hydrophobic
SOD1 is present in the eluate. Blot is representative of duplicate experiments.
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subset of neurons harboring mutant SOD1 proteins may help to
solve this conundrum.
We approached the characterization of the SOD1 protein that

reacts with C4F6 using a number of in vitro and in vivo methods.
C4F6 immunohistochemistry and native immunoblot analysis
distinguished the presence of mutant SOD1 proteins in diseased
tissues (i.e., motor neurons) from clinically and pathologically
unaffected tissues (e.g., sensory neurons), suggesting the exis-
tence of different conformational epitopes of mutant hSOD1. In
SDS/PAGE, C4F6 again reacted with mutant (but not wild-type)
SOD1 protein in pathologically affected tissue; however, un-
affected mutant tissues, such as sensory neurons in the dorsal
spinal cord, were recognized by C4F6 as well. Because proteins
separated by SDS/PAGE are denatured and linearized, this
finding suggests that the formation of a unique epitope through
protein misfolding cannot fully account for C4F6 immunoreac-
tivity. However, the linearized protein also is unlikely to be the
sole immunoreactive epitope for C4F6. This conclusion is based
on the finding that C4F6 discriminated mutant SOD1 from wild-
type SOD1 in the linearized form. The possibility that immu-
noreactivity is based on the specific G93A point mutation is
contradicted by the finding that C4F6 recognizes other linearized
mutant SOD1 proteins (24). The precise C4F6 epitope has
remained elusive, although epitope mapping has identified exon
4 (20) as necessary to C4F6 immunoreactivity. Regardless, C4F6

is a valuable tool for tracking disease because it is able to dis-
criminate mutant SOD1 protein that is present in pathologically
affected versus nonaffected tissues.
To further investigate whether C4F6 immunoreactivity is de-

pendent on misfolding of mutant SOD1 protein, we used hy-
drophobic interaction chromatography to separate hydrophobic
(misfolded) SOD1 from natively folded protein. Surprisingly,
although we identified a fraction of mutant SOD1 protein that
was hydrophobic, this fraction was only weakly C4F6 immuno-
reactive, whereas the nonhydrophobic fraction was robustly
C4F6 immunoreactive. This does not rule out the possibility that
C4F6 recognizes a misfolded hSOD1 species, but it does suggest
that hydrophobicity is not a necessary characteristic of this spe-
cies. It is not clear why C4F6 does not robustly react with hy-
drophobic SOD1 once it has been denatured. As it is unlikely
that the C4F6 epitope is either strictly linear or strictly confor-
mational, there may be an additional modification necessary for
C4F6 immunoreactivity that is not present at high levels in the
hydrophobic fraction. An alternate explanation is that C4F6 is
not sensitive enough to detect the relatively low levels of hy-
drophobic hSOD1; however, sensitivity assays suggested that this
is not the case (Fig. S4). Even so, protein not trapped by the
column was C4F6-immunoreactive, demonstrating that hydro-
phobicity is not exclusively necessary for immunoreactivity.
It is clear that mutant SOD1 proteins are toxic to motor

neurons, and there is an ongoing debate about whether this
toxicity is due to the presence of SOD1 aggregates (10, 13, 15, 21,
26, 30–33). We found that the subset of mutant SOD1 protein
that was recognized by C4F6 also was highly soluble and that the
less soluble mutant proteins did not react with the C4F6 anti-
body. This finding is consistent with previous data supporting the
hypothesis that the toxic form of mutant SOD1 may not be
wholly contained within protein aggregates (14, 33–35). Indeed,
data from models of Alzheimer’s and Huntington diseases sug-
gest that, by sequestering soluble, toxic forms of the pathogenic
proteins, aggregation into larger polymers may actually serve
a protective function (36–38).
To evaluate the clinical relevance of our rodent and in vitro

data, we performed immunohistochemistry with the C4F6 anti-
body on autopsy tissues from ALS patients and controls. Patients
carrying the A4V SOD1 mutation showed C4F6-immunoreactive
skein-like intracellular inclusions within spinal motor neurons,
similar to those seen in the rodent models. As in the rodent tis-
sues, staining was restricted to the ventral horn and to only
a subset of motor neurons. This pattern of staining was not seen in
non-SOD1 familial ALS, sporadic ALS, or in control tissue. C4F6
did stain some motor neuron populations in the non-SOD1 tissue,
but this staining was more diffuse and was easily distinguished

Fig. 5. C4F6 detects non-G93A hSOD1 mutants. CHO cells transiently
expressing hSOD1G93A, hSOD1A4V, hSOD1G37R, hSOD1G93C, and hSOD1WT

were stained with C4F6 (red) or a human SOD1-specific antibody (red) to
demonstrate hSOD1 expression. DAPI denotes nuclei (blue). C4F6 detected
hSOD1G93A, hSOD1A4V, and hSOD1G37R, but not hSOD1G93C or hSOD1WT.
(Scale bar: 50 μm.) Independent experiments were performed three times.

Fig. 6. Mutant SOD1 human spinal cords show distinct skein-like intracellular inclusions immunoreactive with C4F6. All SOD1A4V cases examined (Upper
panels) show skein-like inclusions in motor neurons. Non-SOD1 fALS, sporadic ALS, other neurological diseases, and nondiseased controls (Lower panels) show
diffuse staining and do not exhibit skein-like inclusions. (Scale bar: 50 μm.)
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from the patterns seen in the SOD1 cases. Interestingly, this
diffuse staining was seen not only in ALS, but also in motor
neurons from patients dying with other neurological diseases and
in nonneurological controls. Several possibilities could account
for this: (i) it may be that other neurological diseases and/or
stressors result in SOD1 becoming C4F6-immunoreactive; (ii)
C4F6 could be a more general marker of “sick” neurons; or (iii)
the diffuse staining noted in sALS and neurological controls could
be a result of nonspecific background and/or lipofuscin detection.
Methodological issues cannot account for the pathological dis-
tinction between the ALS cases with and without SOD1 muta-
tions. Varying antibody concentrations and incubation conditions
and the use (or not) of antigen-retrieval techniques did not alter
the conclusion that the SOD1 ALS patients show specific staining
with C4F6. The finding that C4F6 diffusely stained motor neurons
in sporadic ALS is consistent with the results reported by Bosco
et al. (20). However, we also saw similar staining in non-ALS
tissues; methodological differences between the laboratories may
account for this discrepancy.
In summary, these data add to a growing body of literature

investigating the specific properties of mutant proteins impli-
cated in neurodegenerative diseases. We demonstrate that C4F6
is specific for pathologically affected tissue in humans and rodents
expressing mutant SOD1 and believe C4F6 selectively detects
toxic SOD1 protein. The immunoreactive epitope is present
primarily in the soluble protein fraction and is specific neither for
the G93A mutation nor for the exposed hydrophobic charac-
teristic of a misfolded protein. The ability of C4F6 to detect a
ubiquitously expressed protein only in pathologically affected
tissue provides a means to investigate how and why motor neu-
rons are uniquely targeted in this disease.

Methods
Animals. All animal studies were approved by the Emory University Animal
Care and Use Committee. Transgenic mice overexpressing hSOD1G93A
[B6SJL-Tg(SOD1-G93A)1Gur/J] and hSOD1WT [B6SJL-Tg(SOD1)2Gur/J] were
initially purchased from the Jackson Laboratory and were maintained on the
C57/BL6 background. In our colony, symptom onset typically occurs at about
90 d of age, and end stage (defined as when the animal can no longer right
itself within 30 s when placed on its back) occurs at about 135 d. hSOD1G93A

rats were initially obtained from Charles River Laboratory, and the colony
was maintained by crossing with Sprague–Dawley rats. All animals were
housed in microisolator cages with ad libitum access to food and water.

Cell Culture and Transfections. CHO cells were maintained in Gibco F-12 Hams
media (11765) supplemented with L-glutamine, penicillin/streptomycin, and
FBS. Cells were transiently transfected at 95% confluency with Lipofect-
amine 2000 according to manufacturer protocols.

Immunohistochemistry. Antibodies used were a pan-SOD1 sheep polyclonal
antibody (1:800, Calbiochem) and C4F6 (courtesy of J.-P.J., 1:100 on rodent
tissue and 1:50 on human tissue). Paraffin-embedded tissue blocks were cut
at 8–10 μm. Slides were rehydrated through a gradient of 2 × 5 min in xylene,
3 × 3 min in 100% (vol/vol) ethanol (EtOH), 3 × 3 min in 95% EtOH, and 3 × 3
min in 70% EtOH and then rinsed in ddH2O, followed by Tris buffer saline
(TBS). For human tissue, antigen retrieval was performed at this stage; no
antigen retrieval was necessary with rodent tissue. For antigen retrieval,
tissue was microwaved 9 × 2 min in sodium citrate buffer (pH 6) with the
sample being closely monitored to ensure that the tissue never dried out. The

sample was then left at room temperature in buffer for 1 h to allow anti-
genic sites to reform and then gently rinsed in ddH2O before being rinsed 3 ×
3 min in TBS. From this point on, the rodent and human protocols were the
same. The samples were incubated for 10 min in 3% H2O2 and then rinsed 5 ×
5 min in TBS. Samples were incubated in an avidin preblock solution in TBS
composed of 10 μg/μL avidin, 4% normal goat serum, and 0.1% Triton-X.
Following 3- × 5-min TBS washes, samples were incubated at 4 °C overnight
in primary antibody; primary antibody buffer was made in TBS and contains
50 μg/μL biotin and 2% normal goat serum. Following overnight incubation
in primary antibody, tissue was rinsed 4 × 5 min in TBS and incubated with
biotinylated secondary antibody in 2% normal goat serum for 1 h at room
temperature. Tissue was rinsed 4 × 5 min and incubated for 1 h in a Vector
Elite ABC kit, following manufacturer instructions. Slides were then rinsed
5 × 5 min, developed in diaminobenzidine (Sigma; D4293) following manu-
facturer instructions, rinsed extensively, dehydrated, and coverslipped.

Immunocytochemistry. Cells were fixed for 20 min in 4% paraformaldehyde
and rinsed extensively in TBS. Nonspecific binding was then blocked for 2 h at
4 °C in 10% normal goat serum and 0.4% Triton-X in TBS. Cells were in-
cubated overnight in primary antibody in block buffer at 4 °C; antibody
concentration for C4F6 was 1:200 and for the human SOD1-specific antibody
(mouse monoclonal, Sigma) was 1:500. The next day, cells were rinsed 3 × 10
min in TBS and incubated with rhodamine goat anti-mouse secondary an-
tibody for 1 h at room temperature. Cells were rinsed extensively, and nuclei
were stained with DAPI before coverslipping in Vectashield (Vector Labs) to
preserve fluorescence.

Differential Extraction of SOD1 Protein from Tissue. Spinal cord tissues from
hSOD1G93A mice were homogenized in progressively harsh conditions to
determine the relative solubility of the mutant SOD1 protein that reacted
with the C4F6 antibody. First the tissue was homogenized in detergent-free
buffer composed of 142.5 mM KCl, 5 mM MgCl2, 10 mM Hepes, 1 mM EGTA,
2 mM Na3VO4, 6 mM NaF, and a Roche Mini Complete protease inhibitor
mixture (Roche Diagnostics) using a glass-on-glass homogenizer apparatus.
Samples were then centrifuged at 16,000 × g for 10 min at 4 °C, and the
supernatant (detergent-free, soluble protein) was removed. The remaining
pellet was rinsed three times in the homogenization buffer and then
resuspended in homogenization buffer containing 1.5% Nonidet P-40 be-
fore being spun at 16,000 × g for 10 min to isolate the Nonidet P-40 soluble
protein. The pellet was washed three times, resuspended in buffer con-
taining 1.5% Nonidet P-40 and 2% SDS, and spun at 16,000 × g, and the SDS
soluble protein was removed. The pellet was again washed three times and
resuspended in buffer containing 1.5% Nonidet P-40, 2% SDS, and 6 M urea.
Following being spun at 16,000 × g for 10 min at 4 °C, the supernatant (urea
soluble protein) was removed, and the pellet was rinsed three times before
being resuspended in the same buffer and sonicated to solubilize any
remaining protein. Quantification was performed using ImageJ densitome-
try software, and the percentage C4F6 protein in each solubility condition
was calculated as the combined dorsal and ventral C4F6 optical density (OD)
value for that solubility condition over total C4F6 OD.

Immunoblotting. Protein samples in 2× laemmli sample buffer (Bio-Rad cat-
alog #161–0737 + 5% βME) were heated at 85 °C for 5 min, separated by
SDS/PAGE in a 4–20% gradient gel, and transferred to PVDF membrane
before blocking 1 h in 5% milk at room temperature. Membranes were in-
cubated overnight at 4 °C with primary antibody (Calbiochem pan-SOD1
sheep polyclonal, 1:1,000, or C4F6 mouse monoclonal, 1:500). The following
day, membranes were rinsed 3 × 5 min in PBS/Tween and then incubated for
1 h with near-infrared dye-conjugated secondary antibody. The membrane
was washed extensively and visualized with an Odyssey scanner (LI-COR
Biosciences). Protein was normalized by equivalent volume in the HIC and
differential extraction techniques and by equivalent total protein concen-
tration in all other immunoblots. Samples for native immunoblot analysis
were prepared as for denaturing immunoblot, except that there were no
detergents or reducing agents present in either the homogenization buffer
(PBS) or the laemmli sample buffer and the samples were not heated before
separation on a nondenaturing, 12% Tris/glycine gel. Human SOD1 purified
from erythrocytes was purchased from Sigma (catalog #S9636).

Hydrophobic Interaction Chromatography. HIC protocol was adapted from
Zetterstrom et al. (14). Spinal cords from G93A mice were weighed and
ultrasonicated in ice-cold PBS (25 mL/g tissue) containing 20 mM iodoace-
tamide and Roche Mini Complete protease inhibitor mixture (Roche Diag-
nostics). Homogenates were spun at 16,000 × g for 25 min at 4 °C, and the
supernatants were removed for HIC analysis. HIC columns were packed with

Table 1. C4F6 immunoreactivity with human autopsy tissues

None
Sparse
diffuse

Majority
diffuse Skein-like

A4V 0 0 0 3
fALS non-SOD1 0 0 2 0
sALS 0 10 15 0
OND 1 4 13 0
Nondiseased controls 1 4 0 0
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1 mL Octyl-Sepharose CL-4B (GE Healthcare) and were allowed to empty
spontaneously with gravity. A sample (250 μL) was loaded onto the column,
followed by 500 μL PBS. After 15 min of binding time, columns were eluted
two times with 2.5 mL PBS and then twice more with 2.5 mL PBS diluted 10
times. The columns were then eluted with 2.5 mL elution buffer, composed
of 4% SDS in 50 mM Tris·HCl (pH 6.8), followed by 2 mL PBS. Eluted fractions
were separated on an electrophoretic gel and probed for C4F6 and pan-
SOD1 immunoreactivity as outlined above.

Classifying C4F6 Immunoreactivity. Human spinal cords were examined and
rated for C4F6 immunoreactivity by three independent examiners blinded to
the clinical diagnoses of the patients. Scoring was as follows: no staining,
diffuse staining in a minority of neurons, diffuse staining in the majority of
neurons, or skein-like intracellular inclusions. Discrepancies in scores between
reviewers were resolved by consensus, with all examiners viewing the tissues
together. Autopsy tissue examined included 25 sporadic ALS cases, 2 fALS
without SOD1 mutations, 3 A4V SOD1 mutants, and 23 non-ALS controls.
Controls were 18 cases with other neurological diseases (OND) and 5 cases

without neurological disease. Primary diagnoses in OND cases were 10 Alz-
heimer’s disease, 2 dementia with Lewy bodies, 1 Parkinson’s disease, 1
tauopathy, 1 progressive supranuclear palsy, 1 neuronal intermediate fila-
ment inclusion disease, and 2 cases of frontotemporal lobar degeneration
without motor neuron disease.
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