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Abstract

We studied the subcellular distribution of mitochondria and superoxide dismutase-1 (SOD1) in whole mounts of
microdissected motor axons of rats expressing the ALS-linked SOD1-G93A mutation. The rationale was to
determine whether physical interactions between the enzyme and mitochondria were linked to the axonopathy
of motor fibers occurring in amyotrophic lateral sclerosis (ALS). Mitochondria and SOD1 displayed a homo-
geneous distribution along motor axons both in nontransgenic rats and in those overexpressing wild-type SOD1.
In contrast, axons from SOD1-G93A rats (older than 35 days) showed accumulation of mitochondria in discrete
clusters located at regular intervals. Most of SOD1 immunoreactivity was enriched in these clusters and coloca-
lized with mitochondria, suggesting a recruitment of SOD1-G93A to the organelle. The SOD1/mitochondrial
clusters were abundant in motor axons but scarcely seen in sensory axons. Clusters also were stained for
neuronal nitric oxide synthase, nitrotyrosine, and cytochrome c. The later also was detected surrounding clus-
ters. Ubiquitin colocalized with clusters only at late stages of the disease. The cytoskeleton was not overtly
altered in clusters. These results suggest that mutant SOD1 and defective mitochondria create localized dys-
functional domains in motor axons, which may lead to progressive axonopathy in ALS. Antioxid. Redox Signal.
11, 1535-1545.

Introduction

D OMINANT MISSENSE MUTATIONS in the gene for SOD1 are
responsible for at least 20% of familial ALS cases (3, 28).
Despite the ubiquitous expression of SOD1, mutations in this
protein produce a disease that selectively affects upper and
lower motor neurons (7). Aberrant oxidative chemistry, glu-
tamate excitotoxicity (6, 17), mitochondria dysfunction (22),
and mutant SOD1 aggregation are among different hypoth-
eses that have been formulated to explain the toxic property of
SOD1 mutations (31). In particular, abnormal accumulation of
ALS-linked SOD1 mutations to mitochondria has been shown
to induce organelle dysfunction and subsequent oxidative
stress, which may trigger profound defects in neuronal
physiology (23, 27, 35).

Regardless of the preferred hypothesis, axonopathy is an
early event in ALS transgenic models. Pathology in ALS-
transgenic animals is presented in a distal-to-proximal fash-
ion, affecting the distal axonal territory and then the motor
neuron perikaryon (13). In particular, axonal transport deficits
have been implicated in early stages of the development (36,
37, 39), and abnormal neurofilament organization (15, 16, 24,
29) may play a role in axonal ALS pathology.

More recently, selective retrograde movement of mito-
chondria on SOD1-G93A motor neurons in culture was linked
to perturbation of the anterograde component of fast axonal
transport (11).

Because misfolded SOD1 associates with the cytoplasmic
face of mitochondria (35), and this interaction likely affects
several physiologic properties of mitochondria, including
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their axonal transport (reviewed in 12), we hypothesized that
SOD1 mutations may disrupt the organelle number or dis-
tribution, in affected motor axons. Axons exhibit a highly
specialized and unique architecture that might facilitate
functional and physical interactions between mutant SOD1
and mitochondria. We attempted to demonstrate such dis-
crete physical interactions by using microdissected whole-
mount preparations followed by image analysis in motor and
sensory axons. We report large mitochondria/SOD1 clusters
selectively located in motor axons of mice and rats expressing
SOD1-G93A, detected from early stages of the disease.

Materials and Methods
Isolation of axoplasmic whole mounts from spinal roots

Sprague-Dawley SOD1-G93A L26H rats were kindly pro-
vided by Dr. David S. Howland (Wyeth Research, Princeton,
N]) (17). Wild-type SOD1 rats were kindly provided by Dr.
Pak Chen (Stanford University). SOD1-G93A transgenic mice
were obtained from Jackson Laboratories. Animals were
treated in accordance with the guidelines for Care and Use of
Laboratory Animals established by the National Institutes of
Health, and all protocols conducted with mice and rats were
previously submitted to and approved by the National
Committee for Animal Experimentation (CHEA). Animals
were killed by using sodium pentobarbital (IP, 200 mg/kg),
and when unresponsive, decapitation was performed. Lum-
bar spinal nerve roots (ventral or dorsal from the same
segment) were dissected from 35-, 65-, and 90-day-old SOD1-
GI3A rats or non-transgenic control littermates. Nerve root/
rootlet were suspended in a modified gluconate-substituted
calcium-free Cortland salt solution (20, 32, 33) containing
132mM Na-gluconate, 5mM KCl, 20mM HEPES, 10mM
glucose, 3.5 mM MgSO,, and 2 mM EGTA, pH 7.2, and stored
at 4°C. A nerve root/rootlet, of 3-5mm in length, was im-
mersed in a solution of 30mM zinc acetate, 0.1 M Tricine;
(Sigma, St. Louis, MO), pH 4.8, for 10 min and then placed in a
35-mm plastic culture dish containing 2 ml of 40 mM aspartic
acid, 38.4 mM Tris, 1 mM NaN3, and 0.005% Tween 20, pH 5.5.
This “axon-pulling” solution allows axoplasm to be trans-
ferred away from the myelin sheath. Isolated axoplasmic
whole mounts were attached with the aid of eyebrow-hair
tools (an eyebrow hair attached to the tip of a Pasteur
pipette) to number 1 coverslips (Sigma, St. Louis, MO)
coated with 1% 3-aminopropyltriethoxysilane (Polysciences,
Warrington, PA) in ethanol. Axonal diameters range from 4 to
8 um. A minimum of three animals for each age and a combi-
nation of antibodies were used. Reproducible results
were obtained with animals from different collaborating lab-
oratories.

Polyclonal antibodies against human SOD1

A polyclonal antibody against human SOD1 was devel-
oped in rabbits challenged against 50 ug of pure recombinant
human SOD1 (provided by Dr. Beatriz Alvarez, Universidad
de la Republica, Uruguay). The SOD was expressed in E. coli
and purified as described in the literature (2). The y-globulin
fraction was obtained from the sera by ammonium sulfate
precipitation and then purified with affinity chromatography
on a column made by fixing recombinant human SOD1 to
CNBr-activated Sepharose 4B (Pierce, Rockford, IL). The
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SOD1-specific y-globulin fraction was eluted with 0.2 M gly-
cine buffer (pH 2.5) plus 0.5 M NaCl. The specificity of the
antibodies was assessed with Western blot and dot-blot
analysis. Protein extracts were prepared by using a modifi-
cation of reference (8). In brief, tissues were homogenized on
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FIG. 1. Characterization of the antibody against human
SOD1. Human, rat, mouse, and bovine protein extracts were
used to demonstrate the specificity of antihuman SOD1 an-
tibody after immunopurification in SDS-PAGE and dot blots.
(A) The antibody recognized increasing concentrations of
recombinant human SOD1 (rhSOD1) or protein extracts from
human neuroblastoma cell line SH-SY-5Y. (B) The antibody
recognized soluble and insoluble forms of human SOD1
from transgenic mice in pellets (P100) and supernatants
(S100) from 100,000 g centrifugation extracts. (C) The anti-
body recognized recombinant human SOD1 but not
commercial bovine SOD1. (D) Dot-blot with different con-
centrations of HPLC-purified wild-type rat and human
SOD1 (0.1-100ng). (E) Human SOD1 was detected specifi-
cally on ventral roots extracts. Bars to the right of Western
blots indicate the 16.5-kDa molecular mass marker.
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Mitochondrial clusters colocalize with SOD1-G93A in motor axon of transgenic rats. Mitochondria and human

SOD1 distribution in axons was analyzed in motor axonal whole mounts isolated from 65-day-old SOD1-G93A transgenic
animals. Mitochondria were detected by using antibodies against porin, an outer-membrane protein, CVIP (complex five
inhibitory protein), mitochondrial membrane protein, and YOYO-1 binding to mitochondrial nucleic acids. (A, B) Mito-
chondrial porin (red, A2, B2) and SOD1-G93A (green, A1, B1) staining in a single confocal section. Note the high degree
of colocalization of both proteins in merged images (A3). (B) Areas in which mitochondria did not display SOD1 staining
(red spots on merged image, B3). (C) CVIP immunoreactivity also showed clustering of mitochondria. (C1) Confocal section
showing SOD1 staining; (C) CVIP staining; and (C3) merged images. (D1) Set of confocal images of the same focal plane for
SOD1 and CVIP (human SOD1, green; CVIP, red). (D2) and (D3) are two different optical planes (blue line and yellow line of
the axon visualized in D1) showing a large mitochondrial/SOD1 cluster. (E) DNA/RNA contents in clusters as showed by
YOYO-1 staining (E1); (E2) human SOD1 immunoreactivity; (E3) merged image. (F) Mitochondria/SOD1 clusters in motor
axons from SOD1-G93A mice. (F1) SOD1-G93A staining (green); (F2) CVIP staining, and (F3) merged image. Scale bars: for
(A) to (D): 10 um; (E) 5 um; (F) 20 um. The column to the right in each series shows green and red pixels that colocalize
according to Costes criteria (see Materials and Methods). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article at www .liebertonline.com/ars).

ice in lysis buffer (10% wt/vol) containing 50 mM Tris-HCI
pH7.5,2mM EGTA, 2mM EDTA, 5mM f-mercaptoethanol,
0.1 M NaCl, 100 uM PMFS, 1 ug/ml leupeptin, 1 ug/ml apo-
protinin) by using a Teflon-on-glass homogenizer and
centrifuged at 15,000 g for 15 min at 4°C. Protein concentration
was determined in the supernatant with BCA assay. A frac-
tion of this supernatant was also used to prepare soluble
(5100) or insoluble (P100) protein extracts by centrifugation at
100,000 g for 15min at 4°C. Proteins were separated in 12%
SDS-PAGE gels and transferred to a nitrocellulose membrane.
Immunoblots were developed by using an HRP-labeled anti-
rabbit antibody (Promega) and a chemoluminescence sub-
strate Super signal Kit (Pierce, Rockford, IL).

The purified antibody was able to recognize either wild-
type (natural or recombinant) or G93A mutant human SOD1
(Fig. 1A). No cross-reactivity was found against mouse, rat, or
bovine SOD1 (Fig. 1C), tested in either different tissue lysates,

HPLC-purified, or commercial protein. It did not recognize
wild-type purified rat SOD1 in concentrations varying over
two orders of magnitude (0.1-100ng; Fig. 1D). When tested
against soluble and insoluble SOD1, the antibody recognized
only specific bands on extracts of transgenic animals carrying
the SOD1-G93A, but not in extracts from control littermates
(Fig. 1B). The antibody also recognized SOD1-G93A from
ventral roots of transgenic animals as a double band (Fig. 1E),
comparable to purified standard rhSOD1.

Immunofluorescence and confocal microscopy

Probes (YOYO-1, a high-affinity nucleic acid-binding dye),
primary antibodies against Porin, complex five inhibitory
protein (CVIP), and cytochrome ¢, and fluorescently conju-
gated secondary antibodies were obtained from Molecular
Probes (Invitrogen, Carlsbad, CA). The other antibodies
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FIG. 3. Morphologic characterization of SOD1-G93A clusters in sensory and motor axons of asymptomatic rats. (A1)
SOD1-G93A detected with immunofluorescence in lumbar sensory axons from 65-day-old SOD1-G93A rats. Note that no
clusters were observed. (A2) SOD1-G93A detected in the ventral root at the same root level and from the same animal. Note
the striking density of clusters. (B) Distribution of wild-type rat SOD1 in non-transgenic control littermates, as detected by
using a panspecific anti-SOD1. (B1) Dorsal sensory axons; (B2) ventral motor axons. Note the homogeneous distribution of
rat SOD1. (C1-Cé6) Six consecutive confocal images of 35-day-old SOD1-G93A motor axons showing SOD1 distribution
through the axonal volume. (D1) Differential interference contrast (DIC) image; and (D2) SOD1-G93A staining of axons
displaying clusters. Note that the affected axons were not morphologically altered. (E1) DIC image, and (E2) anti-human
SOD1 staining of non-transgenic motor axons. Note the lack of immunoreactivity of rat SOD1. Scale bars: A, D, and E, 20 um;
B and C, 10 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article at www.liebertonline.com/ars).

used were the following: anti-nitrotyrosine (clone 1A6 and a
rabbit polyclonal, both from Upstate-Millipore, Bedford,
MA), nNOS, ubiquitin (Cell Signaling, Danvers, MA),
panspecific anti-kinesin (clone IBII, Sigma, St. Louis, MO),
anti-neurofilaments (heavy subunit; Sigma, St. Louis, MO),
and a rabbit polyclonal specific for human SOD1 (ab52950;
Abcam, Cambridge, MA).

Immunofluorescence was performed on axonal whole
mounts, as previously reported (33). In brief, axons were
blocked in 1% normal goat serum in PBS and then incubated
for 1h at room temperature with primary antibodies (at
concentrations recommended by the manufacturer). After
three washes with PBS (containing 0.01% of Tween), the
secondary antibody was incubated for 45min. Three final
washes were performed before mounting the coverslips in
80% glycerol in phosphate buffer. Confocal and epi-
fluorescence microscopy was performed with an Olympus
Fluoview F300 mounted on a BX-51 microscope equipped
with suitable lenses (x40, 0.75 NA; x60, 0.9 NA; x100, 1.35 NA
oil) and an Olympus DP70 digital camera. Images for WT
SOD1-expressing animals were obtained with a Zeiss LSM510
Meta.

Quantitative imaging

Quantification of the number of clusters in ventral and
dorsal axons was performed according to De Vos (11), with
minor modifications. In brief, clusters between 4 and 7um in
length were counted in three animals in 200-um axon segments
of ventral and dorsal roots (in at least three different optical
fields). The figures obtained were compared by using the
t test, and the significance level used was p < 0.001 (pairs for
comparisons detailed in the figure). Colocalization between
mitochondrial markers and SOD1 or nitrotyrosine immuno-
reactivity and SOD1 was assessed by the method described by
Costes et al. (9), implemented in the image-analysis software
MIPAV (version 4.2.1) from the Center for Information Tech-
nology at NIH (25). In brief, this statistical approach quantifies
automatically the amount of colocalization of two fluorescent-
labeled proteins in an image, removing the bias of visual in-
terpretation. The procedure determines simultaneously the
maximal threshold of intensity for each color, below which
pixels do not show statistical correlation. The pixels above the
thresholds are used to create a mask showing colocalized
signals depicted on the figures.
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FIG. 4. Lack of mitochondria clustering in motor axons from rats overexpressing wild-type human SOD1. Motor axons
were microdissected from 65-day-old rats overexpressing wild-type human SOD1 and stained to detect the human SOD1
protein (green) or CVIP mitochondrial protein (red). (A1-4) The signal obtained from a single confocal section of motor axons,
whereas (B1-4) show a projection of multiple Z optical sections of several motor axons. Note the low degree of colocalization
in (A4) and (B4), even when several optical sections were projected in the same plane (B4). Scale bar, 100 yum. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www liebertonline.com/ars).

Results

Mitochondrial clusters colocalize
with SOD1-G93A in motor axons

Typically, mitochondria were distributed in large clusters
in motor axons of presymptomatic (65 days old) SODI1-
GI93A rats (Fig. 2). When using our polyclonal antibody
specific for human SOD1 (Fig. 1), we found that the ma-
jority of the signal was distributed along the axon in patches
with the mitochondrial clusters (Fig. 2A4, B4, C4, and D1 to
D4). SOD1 and mitochondrial clusters colocalized in most
cases (Fig. 2; compare panels A4, B4, and C3), as suggested
by Z projection of the cluster observed in panel D1. The

observed clusters were usually localized in cortical areas of
the axons (see confocal sections on Fig. 2A and B), but some
clusters could be found in a central position (panel D).
Furthermore, motor axons from transgenic SOD1-G93A
mice displayed the SOD/mitochondria clusters identical to
those in rats (Fig. 2F). The presence of clusters was observed
in more than three animals at the specified ages, and clus-
ters were confirmed by using a commercial antibody spe-
cific for human SOD1 (not shown). Quantification of pixel
colocalization by means of the Pearson correlation coeffi-
cient (9) is shown in Fig. 2A4, B4, and C4. Analyzed in
several fields, the Pearson correlation coefficient was be-
tween 0.65 and 0.8.
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FIG. 5. Quantification of cluster density. Clusters were
counted as described in Materials and Methods and ex-
pressed as number per the indicated axon segment. Note the
difference between SOD1-G93A and wild-type SOD1 motor
axons. The difference in cluster density between SOD1-G93A
motor and sensory axons and WT SOD1 motor axons was
statistically significant (p <0.001) when the indicated pairs
were compared. No difference was found between motor
and sensory axons from WT hSOD1 animals. Error bars
correspond to standard deviation (SD).

Clusters are observed at early stages of the disease

Clusters of SOD1 were observed in young animals, as
early as 35-day-old rats (Fig. 3C; 2 months before disease
onset) and up to 110 days old (not shown). The clusters in
young animals were found mostly in cortical areas of the
axon. It is worth noting that axons from symptomatic
animals older than 120 days frequently break up in
short segments when pulled.

Large clusters are not observed in dorsal root axons

Remarkably, the distribution of SOD1-G93A in dorsal roots
was uniform with only few accumulations, which contrasted
with numerous and large accumulations in the corresponding
ventral root (Fig. 3, compare A2 with Al). The antibody
against human SOD1 did not stain motor axons from non-
transgenic littermates (Fig. 3E). Additionally, the endogenous,
nonmutated rat SOD1 showed a uniform distribution with no
accumulations in ventral root axons from non-transgenic an-
imals (Fig. 3B1, B2).

Lack of mitochondrial clustering in motor axons
from animal overexpressing wild-type SOD1

To determine whether mitochondria/SOD1 cluster forma-
tion was dependent on the G93A mutation, we analyzed
axons prepared from rats that overexpressed the wild-type
human SOD1. Both mitochondria and wild-type SOD1
showed a uniform distribution. Clusters were almost absent
in these fibers (Fig. 4) with no apparent colocalization of SOD1
and mitochondria. Figure 4A1 to A4 clearly shows SOD1
distribution in a single confocal section, and panels B1 to B4
show a projection of optical sections in a single plane. The
Pearson coefficient calculated in wild-type SOD1 axons was
0.35 or less as compared with 0.65 to 0.8 in those expressing
SOD1-G93A.
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FIG. 6. Cytoskeletal and transport elements are distrib-
uted uniformly across SOD1 clusters. Motor axons from
65-day-old animals were dissected and stained to detect the
mayor subunit of neurofilaments (NF) and kinesins I-II by
using confocal microscopy. (A, B) NF-H staining in single
confocal sections of two different areas at different magnifi-
cations. No major alterations are seen in areas of SOD1
clusters (green). Bars, 10 um. (C) A portion of two motor
axons is shown bearing an accumulation of SOD1-G93A but
no colocalization with kinesin. In addition, the distribution of
kinesin was not overtly altered in motor fibers. Scale bar,
10 um. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article at www liebertonline.com/ars).

Quantification of cluster density between motor and sen-
sory axons for both types of transgenic models is shown in
Fig. 5. Clusters were observed in SOD1-G93A motor axons
only, with an average of three to four clusters per axonal


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2614&iName=master.img-004.png&w=198&h=164
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2614&iName=master.img-005.jpg&w=238&h=462

SOD1/MITOCHONDRIAL CLUSTERS IN ALS MOTOR AXONS 1541

AZ Merge

v

FIG. 7. Mitochondrial/SOD1 clusters are found in conventional tissue cryosections of the ventral root. The micropho-
tographs shows 0.5-um confocal sections of longitudinal cryosections of the roots stained with anti-human SOD1 (green) and
CVIP (red). (A) and (A2) depict a myelinated axon from a ventral root (65-day-old SOD-G93A rat), where a cluster is
indicated with an arrowhead. (B) to (B2) show a dorsal root where both mitochondria and SOD1 immunoreactivity were
distributed evenly across the axons. Although SOD1-G93A was expressed in Schwann cells, no clusters were observed in
these cells. Vertical bars, axon core. Scale bars, 5 um. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article at www.liebertonline.com/ars).

segment of ~200um. Wild-type SODI1-expressing animals
did not show differential distribution of mitochondria be-
tween motor or sensory axons (Fig. 5).

Integrity of SOD1-G93A motor axons

Remarkably, the cylindrical morphology of axons was
preserved in the SOD1-G93A rats, as observed in phase con-
trast and confocal microscopy (Fig. 3D). Immunostaining for
neurofilaments (NF-H; Fig. 6A and B) or kinesin I-II (Fig. 6C)
was performed to estimate the structural integrity of axons
around the clusters. No overt alteration was noted in the

distribution of both proteins along the SOD1-G93A motor
axons. Furthermore, SOD1/mitochondrial clusters also were
found in longitudinal cryosections of SOD1-G93A ventral
roots as isolated formations (Fig. 7A, B).

Nitrotyrosine, cytochrome c, and ubiquitin
immunoreactivity in SOD1/mitochondrial clusters

To determine whether mitochondria in clusters were
functionally altered, we analyzed the distribution of cyto-
chrome ¢, nitrotyrosine, and ubiquitin in axons from SOD1-
G93A transgenic animals. Strikingly, cytochrome c¢ was
detected concentrated in mitochondria but also as diffuse

FIG. 8. Cytochrome c and ubiquitin immunoreactivity in motor axons from SOD1-G93A rats. (A) Cytochrome c (red)
labelling followed the pattern of mitochondria distribution. Note the diffuse pattern of staining surrounding the mito-
chondria clusters, suggesting release of the protein due to organelle damage. (B) Comparison of ubiquitin immunoreactivity
between 65-day-old axons (B) and 100-day-old axons (B1). In both cases, the image was obtained by merging DIC and
confocal images. Bar, 10 um. Note that ubiquitin staining in non-transgenic motor axons is comparable to that in 65-day-old
SOD1-G93A rats. (C) Ubiquitin (green) was detected together with mitochondria (red) in a motor axon from a 110-day-old
SOD1-G93A rat. Scale bars (B) and (C), 10 um. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article at www liebertonline.com/ars).
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FIG. 9. Nitrotyrosine and NOS immunoreactivity in clusters of motor axons expressing SOD1-G93A. (A) Nitrotyrosine
(A1, green) was detected with a polyclonal antibody and mitochondria by using CVIP antibody (A2, red). The merged image
is seen in (A3). (B) Nitrotyrosine (B1, red) was detected with a monoclonal antibody (clone 1A6) and colocalized with SOD1-
G93A (B2, green). The merged image is shown in (B3). (C) nNOS immunoreactivity (C1) colocalized with mitochondria (C2,
CVIP). (A4), (B4), and (C4) show pixel colocalization masks obtained for each respective probe pair. In both cases, axons were
microdissected from 65-day-old SOD1-G93A rats. Scale bars, 10 um. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www liebertonline.com/ars).

staining surrounding them in 65-day-old or older axons,
suggesting its release from mitochondria (Fig. 8A). Ubiquitin
was detected in only late stages of the disease (100-day-old
rats; Fig. 8B, C). We found that SOD1 clusters were immuno-
reactive to two different antibodies against nitrotyrosine
(Fig. 9A and B) and to neuronal nitric oxide synthase (Fig. 9C)
in axons from 65-day-old SOD1-G93A rats. These results
suggest the formation of reactive species derived from nitric
oxide, including peroxynitrite at mitochondrial clusters.

Discussion

We provide evidence of an abnormal distribution of mito-
chondria and mutant SOD1 in motor axons, forming a regular
pattern of large clusters. Most likely, clustering would have
escaped observation in conventional root cryosections that do
not allow the analysis of long segments of axons in the same
field. In addition, we show evidence that clustering is de-
pendent on SOD1-G93A in motor axons, scarcely found in
sensory axons, and appears early at asymptomatic stages of
the disease. Colocalization of clusters with molecular markers
such as ubiquitin, cytochrome c, nitrotyrosine, and nNOS al-
lows us to suggest that mutant SOD1 and defective mito-
chondria create localized dysfunctional domains in motor
axons, which may provide a clue to understanding progres-
sive axonopathy in ALS.

Motor neurons are highly compartmentalized cells in
which >95% of the cell volume is the axon (10). It might be

possible that a yet-unknown feature of motor-axon architec-
ture facilitates the previously reported physical interactions
between mutated SOD1 and mitochondria (23, 27, 35). We
attempted to demonstrate such discrete physical interactions
by using whole-mount axoplasmic preparation, which was
previously shown to provide detailed information of the
subcellular localization of large molecules and organelles (20,
21, 32, 33). This technique allows the visualization of up to
thousands of microns of linear axoplasm, preserving its
structural features (21) and its functionality, when performed
in non-denaturing conditions (19). However, the technique
also may lead to potential artifacts. For this reason, we in-
cluded different control experiments to confirm the occur-
rence of clustering. Thus, we show that clusters also can be
found in conventional cryosections and are not associated
with overt alteration of kinesin or NF-H distribution, as
would be expected in an artifact condition. In addition, we
found that SOD1/mitochondrial clustering in sensory axons
was observed at very low frequency (Figs. 3A and 5), and
absent from axons containing WT SOD1, suggesting an in-
creased vulnerability of motor axons.

The characteristic diffuse staining of cytochrome ¢ immu-
noreactivity surrounding the clusters suggests mitochondrial
dysfunction. Cytochrome c released in the axoplasm might
elicit local activation of proteolytic cascades similar to those
triggering apoptosis in the neuronal perikaryon. The implica-
tion of such biochemical pathways in the axon compartment
is presently unknown. In agreement, nNOS and nitrotyrosine
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immunoreactivity were increased in axonal clusters, sug-
gesting nitrative stress associated with dysfunctional mito-
chondria. Nitrotyrosine immunoreactivity in motor axons
was previously reported in patients with sporadic ALS (1).
In particular, the mitochondrial/SOD-cluster environment
could facilitate the formation of neurotoxic Zn-deficient
SODL1 species (5). Taken together, the characterization of clus-
ters in motor axons indicates that mitochondria in clus-
ters may become dysfunctional. Clusters may modify the
function of restricted areas of the axoplasm, interfering, for
example, with normal trafficking of organelles or trophic
factors.

The SOD1 clusters in axons were preferentially localized in
the axonal cortex in early stages and then invaded progres-
sively the axonal core. This particular localization probably
reflects the fact that clusters are displaced to the periphery of
the axon, allowing the main axonal trafficking in the core.
In addition, the increased binding of SOD1 to mitochondria in
clusters seems to be specific for the SOD1-G93A mutation,
because no evidence of preferential colocalization was ob-
served for endogenous rat SOD1 and overexpressed wild-
type human SOD1. Moreover, we provide evidence of a
progressive ubiquitination of hSOD1/mitochondrial clusters,
which becomes apparent in late stages of the disease. In
agreement, previous reports showed increased levels of ubi-
quinated proteins in the sciatic nerve (14) and spinal cord of
ALS mice (4).

Although SOD1 can accumulate in the mitochondrial ma-
trix or interspace, it is likely that misfolded mutant SOD1 in
clusters is preferentially associated with the outer membrane
of mitochondria (35). These authors propose that increasing
recruitment of SOD1 to the mitochondrial outer membrane
will increase as the disease progresses. Thus, at early stages of
the disease, mitochondria may depart to the axon from the cell
body with minimal content of mutant SOD1 on its outer
membrane. It should be established whether SOD1 progres-
sively increases in the outer membrane of mitochondria as
they move anterogradely into the axoplasm. It is likely that
SOD1 mutations provoke defective mitochondria traffic in
axons. Depolarized mitochondria have been reported to be
preferentially transported anterogradely (26). In addition,
in vitro experiments tracking mitochondria in neurons from
SOD1-G93A animals reported selective reduction of ante-
rograde transport (11), which may further reduce the number
of axonal mitochondria.

The dynamics of the process of accumulation must be
studied to establish whether mitochondria in clusters were
being transported anterogradely or retrogradely. A recent
study showed that in asymptomatic stages, at the ultrastruc-
tural level, mitochondria are accumulated in the axon hillock
and initial segment (30). Interestingly, aggreosome formation
(18) in culture cells expressing SOD1-G93A indicated that a
tubulin minus end directed traffic of organelles ending in
formation of abnormal accumulation in the centrosomal area.
If this be the case in the motor neuron, a large proportion of
damaged mitochondria could be targeted to the cell body in a
slow process leading to the accumulation of vacuolated mi-
tochondria in the cell perikaryon.

Taken together, our observations further emphasize the
importance of the axonal compartment in ALS, as suggested in
the dying-back model of progression of the disease (13). In this
regard, it was observed that SOD1 can be synthesized in
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axons (34, 38). This may result in local accumulation of mis-
folded mutant SOD1 in the axonal compartment. Further
characterization of early axonal SOD1 homeostasis and mi-
tochondrial dysfunction could establish new therapeutic tar-
gets and may contribute to understanding the nature and
relevance of distal axonal degeneration in ALS.
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