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Abstract

Oxidative stress is commonly implicated in the pathogenesis of motor neuron disease. However,
the cause and effect relationship between oxidative stress and motor neuron degeneration is poorly
defined. We recently identified denervation at the neuromuscular junction in mice lacking the
antioxidant enzyme, Cu, Zn-superoxide dismutase (SOD1) (Fischer et al., 2011). These mice show
a phenotype of progressive muscle atrophy and weakness in the setting of chronic oxidative stress.
Here, we investigated further the extent of motor neuron pathology in this model, and the
relationship between motor pathology and oxidative stress. We report preferential denervation of
fast-twitch muscles beginning between 1 and 4 months of age, with relative sparing of slow-twitch
muscle. Motor axon terminals in affected muscles show widespread sprouting and formation of
large axonal swellings. We confirmed, as was previously reported, that spinal motor neurons and
motor and sensory nerve roots in these mice are preserved, even out to 18 months of age. We also
found preservation of distal sensory fibers in the epidermis, illustrating the specificity of
pathology in this model for distal motor axons. Using HPLC measurement of the glutathione
redox potential, we quantified oxidative stress in peripheral nerve and muscle at the onset of
denervation. SOD1 knockout tibial nerve, but not gastrocnemius muscle, showed significant
oxidation of the glutathione pool, suggesting that axonal degeneration is a consequence of
impaired redox homeostasis in peripheral nerve. We conclude that the SOD1 knockout mouse is a
model of oxidative stress-mediated motor axonopathy. Pathology in this model primarily affects
motor axon terminals at the neuromuscular junction, demonstrating the vulnerability of this
synapse to oxidative injury.
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Introduction

Oxidative stress is commonly implicated in the pathogenesis of motor neuron disease.
Markers of oxidative damage are increased in human amyotrophic lateral sclerosis (ALS),
both familial and sporadic (reviewed in Barber et al., 2006). Attenuating oxidative stress
confers robust survival benefits in mouse models of this disease, suggesting a role for
oxidative stress in promoting disease progression (Crow et al., 2005; Marden et al., 2007;
Harraz et al., 2008). However, clinical trails of antioxidant therapies have been unsuccessful
to date (Louwerse et al., 1995; Desnuelle et al., 2001; Graf et al., 2005). A more precise
understanding of the effect of oxidative stress on the neuromuscular system is needed.

Mutations in the antioxidant enzyme Cu, Zn-superoxide dismutase (SOD1) have long been
known to cause familial ALS, and transgenic mice that overexpress mutant human SOD1
are the most widely studied model of ALS. Toxicity of mutant SOD1 is attributed to
multiple gains of function, including a propensity to misfold, to accumulate in mitochondria,
and to engage in aberrant redox chemistry (reviewed in Boillée et al., 2006; Rothstein,
2009). There is a well-established increase in oxidative stress in the SOD1 mutant model,
but the multifactorial nature of disease makes this an unsuitable model in which to isolate
the specific role of oxidative stress on motor neurons.

The SOD1 knockout mouse (Sod1—/-) is a model of chronic oxidative stress due to
systemic deletion of SOD1. These animals were initially reported to lack a motor phenotype
when studied out to 6 months of age (Reaume et al., 1996), a conclusion that remains
widespread in the motor neuron disease literature. However, longer-term studies show age-
related muscle atrophy, weakness, and accelerated senescence, with approximately 30%
reduction in lifespan (Flood et al., 1999; Elchuri et al., 2005; Muller et al., 2006). Weakness
in Sod1—/— mice, seen on grip strength (Fischer et al., 2011) and Rotarod testing (Muller et
al., 2006), does not correlate with proximal motor pathology, since no spinal motor neuron
or ventral root motor axon loss is observed, even at advanced ages (Flood et al., 1999;
Shefner et al., 1999). However, muscle fiber atrophy can be appreciated in cross sections of
hind limb muscle by 6 months of age (Flood et al., 1999), and we recently demonstrated
denervation at the neuromuscular junction, beginning between 1 and 4 months of age
(Fischer et al., 2011).

In this study, we investigated the spatial and temporal features of neuropathology in the
Sod1-/— mouse, compared to the level of oxidative stress in peripheral nerve and muscle.
We found preferential denervation of fast twitch muscle, accompanied by widespread
sprouting and formation of large, neurofilament-rich axon swellings. Distal motor axons
were preferentially affected, as we saw no degeneration of proximal motor axons or spinal
motor neurons. Distal sensory axons were also spared. Oxidation of the glutathione pool in
peripheral nerve, but not muscle, correlated with the onset of denervation, consistent with a
relative impairment of redox homeostasis within peripheral nerve. Axon outgrowth in
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Sod1—/— primary motor neurons was improved by treatment with the glutathione precursor,
N-acetylcysteine, suggesting that the redox state in motor axons is important for axon
maintenance. We conclude that chronic oxidative stress in the SOD1 knockout mouse causes
a progressive motor axonopathy, with features reminiscent of distal axonal degeneration
seen in other models of motor neuron disease.

Materials and Methods

Animals

The Emory University Institutional Animal Care and Use Committee approved all animal
procedures in this study. Sod1—/— mice, generated by Huang and colleagues (Huang et al.,
1997), were obtained from Marie Csete (Emory University) (Muller et al., 2006). Sod1—/—
mice were crossed with thy1-YFP16 mice as previously described (Fischer et al., 2011) to
generate Sod1—/— mice and littermate controls expressing YFP in all peripheral nerve
axons.

NMJ morphology

Neuromuscular junctions in medial gastrocnemius, tibialis anterior, and soleus muscles were
assessed as previously described with minor modifications (Fischer et al., 2004). 35 um
frozen sections were cut longitudinally through the entire muscle, and every fourth section
was examined. Nicotinic acetylcholine receptors at the motor endplate were labeled with
Alexa Fluor 555-conjugated a-bungarotoxin (Invitrogen). Motor axon terminals were
identified by YFP fluorescence. Innervated, intermediate, and denervated endplates were
defined by complete, partial, or absent overlap between nerve terminal and endplate,
respectively. Ultraterminal sprouts were defined as processes originating from the endplate
region that could be clearly distinguished from the incoming axon (Aigner et al., 1995; Tam
and Gordon, 2003).

Epidermal nerve fibers

The density of nerve fibers in the second plantar footpad was determined by the method of
Hsieh and colleagues (Hsieh et al., 2000). 30 um frozen sections were cut perpendicular to
the skin surface along the entire footpad. Every fourth section was stained with PGP 9.5
(1:600, UltraClone), followed by FITC goat anti-rabbit secondary (1:100). Intra-epidermal
nerve fibers were counted by an investigator who was blinded to genotype. Results were
expressed as the number fibers per millimeter of epidermis, as determined using ImageJ
software (http://rsh.info.nih.gov/ij/).

Immunohistochemistry

8 um paraffin sections of lumbar spinal cord were probed by standard methods with the
following antibodies: GFAP for astrocytes (1:1000, DAKO), Ibal for microglia (1:1000,
Wako), SMI-31 for phosphorylated neurofilament (NF-H/NF-M, 1:500, Sternberger
Monoclonals), ubiquitin (1:400, DAKO), and TDP-43 (1:1000, Proteintech).
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Redox potential

Molar concentrations of glutathione (GSH) and glutathione disulfide (GSSG) in tibial nerve
and gastrocnemius were determined by HPLC (Jones, 2002; Jones et al., 2004). Fresh tissues
were rapidly dissected and homogenized in 5% (w/v) perchloric acid containing 0.2 M boric
acid and 10 pM v-EE (internal standard). Thiols were derivitized with iodoacetic acid and
dansyl chloride to form S-carboxymethyl, N-dansyl derivatives for HPLC analysis with
fluorescent detection. Quantification was obtained by integration relative to the internal
standard and normalized to protein concentration as measured by the DC Protein Assay
(Bio-Rad). The redox potential Ep, (in mV) was calculated using the Nernst equation:

Ey=Eqy + (2.303RT/nF) * log([GSSG]/[GSH]

Confocal imaging

Neuromuscular junction images were captured on a Zeiss LSM 510 NLO META system,
coupled to a Zeiss Axiovert 100M inverted microscope. Z-stacks were obtained with a Plan-
Neofluar 40x (NA 1.3) oil objective with optical slice thickness of 1 um. Z-stacks were
compressed and images exported using LSM Image Examiner software (Zeiss).

Statistical analysis

Results are expressed as mean = standard deviation unless otherwise noted. Comparisons
among genotypes were made by one-way ANOVA followed by Tukey post-hoc analysis (a
= 0.05) using Prism software (GraphPad).

Results

Fiber-type specificity of denervation in Sod1-/- mice

We recently reported that Sod1—/— mice show progressive denervation of tibialis anterior, a
hind limb muscle composed primarily of fast twitch (type 11) muscle fibers (Fischer et al.,
2011). However, loss of muscle mass in these animals is not uniform. Fast twitch muscles of
the hind limbs exhibit greater atrophy over time than slow twitch (Muller et al., 2006).

To determine whether susceptibility to denervation in Sod1—/— mice differs by muscle fiber
type, we compared neuromuscular junction innervation from 1 to 18 months of age in
tibialis anterior and medial gastrocnemius, both fast twitch muscles, to soleus muscle, which
has a higher proportion of slow-twitch (type I) fibers (Wigston and English, 1992; Hegedus
etal., 2007). Preliminary results showed an identical rate of denervation in tibialis anterior
and medial gastrocnemius (Fig. 1A), so full morphologic comparison was limited to tibialis
anterior and soleus, while gastrocnemius was reserved for oxidative stress studies as
described below.

The tibialis anterior was fully innervated at one month of age (Fig. 1B), but by four months
significant denervation had taken place. Only 70% of endplates in Sod1—/— tibialis anterior
were innervated at four months, compared to >95% innervation in Sod1+/+ and Sod1+/—
mice (p<0.001). By 18 months, only 34% of endplates were still innervated (p<0.001 vs.
Sod1+/+). In contrast, no significant denervation was seen in soleus until 12 months of age
(Fig. 1C). Even at 18 months, 79% of endplates remained fully innervated in Sod1—/— mice
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(p<0.05 vs. Sod1+/+). This same pattern of susceptibility to denervation is seen in mice
overexpressing mutant SOD1 (Pun et al., 2006; Hegedus et al., 2007), although the
underlying mechanism is unclear.

Morphologic abnormalities in motor axon terminals

In addition to denervation, we observed morphologic abnormalities in distal motor axons of
Sod1—/— mice that were prominent in tibialis anterior and gastrocnemius by 4 months of
age, with later onset in soleus muscle (Fig. 2). These include axonal and ultraterminal
sprouting (Fig. 2A-D) and terminal axon swellings (Fig. 2E-F).

Ultraterminal sprouts, defined as axon processes originating from the endplate region that
could be clearly distinguished from the incoming axon (Aigner et al., 1995; Tam and
Gordon, 2003), were quantified as a percent of total endplates. By 1 month of age, 5% of
terminals in Sod1—/- tibialis anterior had ultraterminal sprouts, compared to <1% in
Sod1+/+ and Sod1+/— (p<0.001) (Fig. 2C). This was surprising given that we saw no
evidence of denervation at this time point. In soleus, we found a similar trend (Fig. 2D). At 4
months, long before the onset of denervation, 6% of endplates had ultraterminal sprouts
(p<0.01 vs. Sod1+/+). The extent of sprouting was more severe in tibialis anterior than in
soleus at every time point, peaking at 16% in tibialis anterior at 12 months, and 9% in soleus
at 18 months.

In addition to sprouting, we also observed large terminal axon swellings in tibialis anterior
(Fig. 2E), and to a lesser extent in soleus. These swellings most commonly involved motor
axon terminals, but smaller varicosities were also seen along the intramuscular nerve fibers
in Sod1—/— mice, which were rare in control animals. The terminal swellings showed dense
accumulation of phosphorylated neurofilament, which is also seen in other mouse models of
motor neuropathy (Murray et al., 2008), and in Wallerian degeneration (Glass and Griffin,
1991).

Lack of proximal pathology

Previous studies have failed to identify pathology affecting proximal motor structures in
Sod1-/— mice. No difference was seen in the number or size of Sod1—/— lumbar motor
neurons at 6, 9, or 17 months (Shefner et al., 1999). Additionally, no difference was seen in
the number of myelinated axons in L3 ventral and dorsal roots at 6 or 19 months, although
~10% decrease in axon diameter was noted at both ages (Flood et al., 1999).

We examined spinal cord and peripheral nerve from the same animals used for NMJ
analysis, to confirm the absence of proximal pathology. Nissl-stained motor neurons in the
ventral horn of lumbar spinal cord showed no evidence of motor neuron loss, vacuolation or
chromatolysis at 4 or 18 months of age (Fig. 3A). Similarly, we found no degenerating
axons in L4 ventral and dorsal roots, sciatic nerve, tibial nerve, and sural nerve in 18 month-
old Sod1—/— mice (Fig. 3B and not shown).

To screen for more subtle evidence of pathology, we stained lumbar spinal cord from 4 and
18 month-old Sod1—/— and Sod1+/+ mice for common markers of neurodegeneration and
gliosis (Fig. 3C). No accumulation of phosphorylated neurofilament was seen in motor
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neurons or proximal axons at either time point. A mild increase in GFAP-positive astrocytes
was seen in Sod1—/— mice at both 4 and 18 months of age, but no microgliosis was seen on
Ibal staining. Spinal cords were also probed for ubiquitin- and TDP-43-positive inclusions,
which were absent. Nuclear TDP-43 localization within motor neurons appeared identical to
controls at both time points. Thus, consistent with previous reports, we found no evidence to
indicate proximal motor pathology in Sod1—/— mice, and saw little evidence of reactive
changes in the lumbar spinal cord, even in 18 month-old animals.

Sparing of distal sensory fibers

Since motor pathology in Sod1—/— mice is restricted to the distal axon, we investigated
whether distal sensory fibers are similarly affected. Epidermal nerve fibers of the plantar
footpads are innervated by the sciatic nerve (Hsieh et al., 2000). Sensory axons course
through a similar environment as motor axons innervating hind limb muscles and are of
similar length. At 4 and 18 months of age, we assessed the density and morphology of
epidermal nerve fibers (Fig. 4). No difference in fiber density between Sod1—/— mice and
controls was seen. Sod1+/+ and Sod1+/— mice were identical at both time points, so were
combined. A subtle increase in epidermal nerve fiber branching was seen in Sod1—/— mice
at 18 months, but this would have been unlikely to affect quantification, as only those fibers
entering the epidermis, not intra-epidermal branches, were counted. Our findings are
consistent with behavioral data showing normal performance of 22 month-old Sod1—/—
mice on a hot plate somatosensory test (Flood et al., 1999). The finding that distal sensory
axons are spared in this model, in contrast to motor axons, suggests that motor axons may be
inherently more sensitive to oxidative stress than sensory axons, or may be exposed to
higher levels of oxidative stress in vivo.

Redox potential of peripheral nerve and muscle

To determine the contribution of oxidative stress in peripheral nerve and muscle to distal
motor axon defects in Sod1—/— mice, we measured the steady-state redox potential of
glutathione in tibial nerve and gastrocnemius muscle at 4 months of age. Our goal was to
localize oxidative stress at the onset of motor pathology.

Glutathione, a major thiol antioxidant, is a principal redox buffer in cells and is routinely
used as a representative indicator of the intracellular redox state (Schafer and Buettner,
2001; Jones, 2002; Jones et al., 2004). Here, reduced (GSH) and oxidized (GSSG)
glutathione were measured by HPLC in homogenates of tibial nerve and gastrocnemius
muscle from 4 month-old mice. The Nernst equation was then used to derive the GSH redox
potential (Ep). Perturbations causing oxidation and/or depletion of the GSH pool are
reflected by higher (more positive) values of Ep. To our knowledge, there are no published
measurements of these values from peripheral nerve. Ey, typically ranges from —230 to —260
mV in proliferating cells, =190 to —220 mV in differentiated cells, and —140 to -180 mV in
apoptotic cells (Jones, 2006).

Measurements from tibial nerve at 4 months of age showed a redox potential of —215 mV in
Sod1+/+ mice and —211 mV in Sod1+/— mice (Fig. 5A-C). Sod1—/— tibial nerve showed a
significantly more oxidized redox potential at —=195 mV (p<0.001), due to a decrease in GSH
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and concomitant increase in GSSG. These measurements were taken from the proximal
tibial nerve (above the level of the knee and the branch to the gastrocnemius). We also
evaluated the distal tibial nerve (below the level of the knee) to determine if the redox
potential varied along the course of the nerve (Supplemental Fig. 1). We found that even in
wild type mice, the distal tibial nerve was at a more oxidized redox potential than the
proximal tibial nerve (-215 mV proximal, —206 mV distal, p<0.05). This same trend was
also seen in Sod1—/— mice (-195 mV proximal, =178 mV distal, p>0.05). Thus, there
appears to be an oxidation of the GSH pool in distal vs. proximal tibial nerve, and Sod1—/—
mice are shifted towards a more oxidized redox potential along the entire length of the
nerve.

In contrast, the redox potential of Sod1—/— gastrocnemius, which is innervated by tibial
nerve and shows significant denervation at 4 months, did not differ from controls (Fig. 5D-
F). We also compared the redox potential of gastrocnemius, tibialis anterior, and soleus
muscle, and found no difference that might explain the resistance of soleus to denervation
(Supplemental Fig. 2). These data suggest that the development of axon pathology in Sod1—/
— mice at 4 months correlates best with oxidative stress in peripheral nerve rather than
muscle.

Antioxidant rescue of motor axon outgrowth

Primary motor neurons from Sod1—/— mice are short-lived and exhibit poor axon outgrowth
(Fischer et al., 2011). To determine the effect of GSH replacement on axon outgrowth,
Sod1-/— primary motor neurons were treated with the antioxidant N-acetylcysteine (NAC)
(Fig. 6). NAC is hydrolyzed to cysteine inside cells, where it acts as a precursor for GSH
synthesis. NAC also acts as a free radical scavenger and has GSH-independent effects on the
cellular thiol/disulfide status (Jones et al., 1995; Schafer and Buettner, 2001; Jones et al.,
2004).

When cultured in the absence of antioxidant supplements, Sod1—/— cells showed a marked
reduction in axon outgrowth compared to controls (Fig. 6B). When NAC was added at the
time of plating, a dose-dependent rescue of axon outgrowth was observed (Fig. 6C). Axons
treated with the highest dose of NAC (5 mM) were indistinguishable from wild-type cells at
24 hours. This demonstrates that Sod1—/— motor axon outgrowth in vitro depends on the
intrinsic level of oxidative stress.

Discussion

Distal axonal degeneration is an early event in motor neuron disease with important
functional consequences— disrupting communication between a motor neuron and its target
muscle. Axon protective therapies are needed, but the mechanism of axonal degeneration in
motor neuron disease remains poorly understood. In this study, we illustrate the
morphological and biochemical correlates of distal motor axonopathy in the Sod1—/—
mouse, a model based on genetic deletion of a major antioxidant enzyme. This model
provides proof of principle that loss of antioxidant protection is sufficient to cause a
progressive distal motor axonopathy. Given the compelling evidence for oxidative stress in
ALS (Barber et al., 2006), oxidative stress deserves increased attention as a mechanism that
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may contribute to axonal degeneration in motor neuron disease. Determining the precise
mechanism of oxidative injury to axons and exploring ways to block this effect may yield
new strategies for axonal protection.

SOD1 is required for motor axon maintenance

Survival of motor axons is one of numerous roles for SOD1 that have been identified in
SOD1 knockout models. Lack of SOD1 causes a 30% reduction in lifespan in mice, an
increased risk of hepatocellular carcinoma (Elchuri et al., 2005), and numerous other age-
related changes, including retinal degeneration (Hashizume et al., 2008), cochlear hair cell
loss (McFadden et al., 1999), cataracts (Reddy et al., 2004), and vascular dysfunction
(Didion et al., 2002). Sod1—-/— neurons are also more vulnerable to cell death due to facial
nerve axotomy (Reaume et al., 1996), ischemia (Kondo et al., 1997), and glutamate
excitotoxicity (Schwartz et al., 1998).

The majority of intracellular superoxide is produced as a byproduct of mitochondrial
electron transport along the inner mitochondrial membrane, and released both into the
mitochondrial matrix (the site of SOD2 expression), and into the mitochondrial
intermembrane space, where a fraction of SOD1 is normally found (Weisiger and Fridovich,
1973; Muller et al., 2004). Targeted replacement of SOD1 exclusively in the mitochondrial
intermembrane space reverses the pathologic and phenotypic changes seen in Sod1—/— mice
(Fischer et al., 2011), suggesting that the mechanism by which SOD1 protects motor axons
is through regulation of mitochondrial superoxide levels. Moreover, it suggests that
oxidative stress originating in mitochondria is an underlying cause of axonal degeneration in
this model.

Susceptibility of the distal motor axon

An important question is why systemic deletion of SOD1 causes degeneration of only the
distal-most portion of motor axons. This may reflect an intrinsic susceptibility of the distal
motor axon to oxidative stress, increased oxidative stress in the environment surrounding the
distal motor axon, or both. Technically, it is not feasible to measure the local GSH redox
potential at the neuromuscular junction, so we assayed homogenates of tibial nerve and
gastrocnemius muscle. We found that oxidative stress in peripheral nerve correlates best
with the onset of denervation. Moreover, we were able to improve motor axon outgrowth in
cultured neurons by treating with a GSH precursor, suggesting that the redox state in motor
axons is important for axon maintenance. Flood and colleagues showed that replacement of
SOD1 exclusively in neurons of Sod1—/— mice prevents muscle fiber atrophy and fiber type
grouping (Flood et al., 1999), adding further support to the idea that oxidative stress within
neurons causes axonal degeneration in this model. However, sensory and maotor axons
innervating the hind limbs course through the same environment in vivo, and we found that
sensory fibers in Sod1—/— mice do not degenerate. A similar argument can be made for
motor axons innervating slow twitch muscle fibers.

An alternative hypothesis is that vulnerable motor axon terminals are exposed to a greater
degree of oxidative stress in the immediate environment. This hypothesis is attractive given
the difference in susceptibility to denervation based on fiber type. Release of ROS during

Exp Neurol. Author manuscript; available in PMC 2014 June 24.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fischer et al.

Page 9

muscle contraction is a well-described phenomenon (reviewed in Reid and Durham, 2002),
and muscle mitochondria isolated from Sod1—/— mice show increased ROS release (Muller
et al., 2007). Oxidative damage to proteins, lipids, and DNA in Sod1—/— muscle was
previously shown to be increased by 5 months (Muller et al., 2006). However, we did not
find an increase in the GSH redox potential in Sod1—/— gastrocnemius at 4 months of age,
nor did we find a difference in the redox state between tibialis anterior, gastrocnemius, or
soleus muscles that might explain differences in their innervation (not shown). The reason
for the discrepancy between our results and those of Muller and colleagues is unclear, but
may relate to the different methodologies used. The potential role of muscle as a source of
ROS leading to axon damage remains to be clarified.

In this study, we took advantage of Thyl-YFP16 mice, a powerful tool for examining NMJ
morphology. However, a recent study suggested that data from these mice should be
interpreted with caution (Comley et al., 2011). The authors showed that YFP expression
causes upregulation of stress markers in the spinal cord, and increases neurofilament
staining in distal motor axons at the neuromuscular junction in otherwise normal animals.
However, they also reported that YFP expression slowed the rate of denervation in the
wasted mouse, a model of dying-back axonopathy. Our initial observation of denervation in
the SOD1 knockout mouse was made on PGP9.5-immunostained sections from non-YFP
expressing mice (not shown). While we cannot exclude some contribution of YFP
expression to changes in NMJ morphology in these mice, all of our comparisons were made
using wild-type littermates that also expressed YFP. The axonal swelling and neurofilament
accumulation we observed were markedly more severe in the Sod1—/— mice, and were more
often seen at degenerating terminals. Finally, the rate of denervation we report here is
consistent with the rate of electrophysiologic changes (Shefner et al., 1999) and muscle
atrophy (Flood et al., 1999) reported in previous studies of non-YFP expressing animals,
suggesting that YFP did not substantially alter the rate of denervation in this model.

Significance of premature sprouting

We were surprised to observe sprouting in Sod1—/— mice prior to the onset of denervation,
rather than as a response to denervation that had already occurred. We examined
neuromuscular junctions at 100 um intervals throughout each muscle, so it is unlikely that
we missed denervation significant enough to produce the sprouting observed. One exception
was that Sod1—/— soleus showed a statistically significant difference in innervation at 1
month (6% in Sod1—/— versus 1% in Sod1+/+, P<0.05). This could have contributed to the
sprouting we observed in soleus at 4 months. However, the statistical significance of this
subtle change is most likely due to low variation between mice, and given that this apparent
denervation resolved by 4 months, the biological significance is unclear. Still, we cannot
exclude the possibility that sprouting in the soleus was caused by partial denervation.

There is evidence to suggest that oxidative stress may be sufficient to induce spontaneous
sprouting. Oxidative stress has been postulated to inhibit vesicle release at the
neuromuscular junction through oxidative damage to SNAP-25 (Giniatullin et al., 2006).
This is analogous to the sprout-inducing mechanism of botulinum toxin (Blasi et al., 1993).
Phosphorylation of GAP-43, which promotes spontaneous sprouting at the neuromuscular
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junction in vivo (Aigner et al., 1995), is also controlled by a redox-sensitive mechanism
(Gopalakrishna et al., 2008).

Although we saw widespread sprouting morphologically, previous electrophysiological
analysis of Sod1—/— mice suggested that these mice have inadequate sprouting. Shefner and
colleagues found a lack of increase in motor unit size in Sod1—/— mice to compensate for
the ongoing loss of motor units (1999). This suggests that the sprouting we observed may
not lead to the establishment of new functional synapses. There is evidence that chronic
sprouting outside of the context of partial denervation may be detrimental. Subsets of
transgenic mice expressing high levels of GAP-43, causing spontaneous sprouting in fully
innervated muscles, went on to develop motor abnormalities (Aigner et al., 1995). Studies to
manipulate sprouting in the Sod1—/— mouse are needed to explore whether this has an effect
on the progression of denervation and motor symptoms.

Relevance to mutant SOD1-mediated ALS

Over 100 different SOD1 mutations have now been implicated in familial ALS, and
overexpression of mutant human SOD1 in mice causes fatal motor neuron disease (reviewed
in Rothstein, 2009). Compared to SOD1 mutant mice, the phenotype of Sod1—/— mice is
milder, progresses more slowly, and never reaches full-blown paralysis. However, it seems
unlikely to be a coincidence that both mutation and deletion of SOD1 cause motor deficits
that share certain pathologic features, including (1) early involvement of distal motor axons,
(2) preferential involvement of motor versus sensory fibers, (3) susceptibility of fast versus
slow motor units, and (4) attempts at regenerative sprouting that are inadequate to
compensate for progressive denervation over time.

The deleterious effects of mutant SOD1 are attributed to a toxic gain of function rather than
a loss of function, since many of the mutant enzymes retain some degree of dismutase
activity (Borchelt et al., 1994). Additionally, overexpression of mutant SOD1 in mice causes
disease in a dose-dependent manner, despite super-normal levels of enzyme activity in
affected tissues (Turner et al., 2003). Our current findings in Sod1—/— mice do not
contradict the gain of function hypothesis for mutant SOD1 toxicity. Rather, they raise the
question of whether oxidative stress associated with perturbations in SOD1 may cause motor
axon pathology in both models. Numerous mechanisms have been proposed for how mutant
SOD1 causes oxidative stress, including participation in aberrant redox reactions that
generate rather than neutralize free radicals (reviewed in Barber et al., 2006). Mutant SOD1
also has a propensity to aggregate in mitochondria (Vijayvergiya et al., 2005), which has
unknown consequences for local SOD1 activity and oxidative stress within distal axons.
Thus, we propose that whether by loss or gain of function, oxidative stress associated with
alterations in SOD1 is particularly detrimental to distal motor axons.
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Figure 1.
Denervation in Sod1—/— hind limb muscles preferentially affects fast twitch muscles. A.

Representative confocal projections of tibialis anterior (fast twitch), medial gastrocnemius
(fast twitch), and soleus (slow twitch) from 18 month-old Sod1—/— mice and Sod1+/+
littermates, with motor axons in green (YFP) and endplates in red (bungarotoxin). Tibialis
anterior and medial gastrocnemius muscles have undergone extensive denervation, but the
majority of neuromuscular junctions in soleus remain innervated. B.—C. Percent innervated,
intermediate, and denervated endplates in tibialis anterior (B) and soleus muscle (C) from 1
to 18 months of age. Denervation in the soleus muscle is milder than in TA and does not
begin until 12 months of age (n=3-7 animals per group, *p<0.05, **p<0.01, ***p<0.001
vs. Sod1+/+).
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Figure 2.
Loss of SOD1 causes morphologic abnormalities at the neuromuscular junction. A. Long

terminal sprouts (arrow) arising from innervated junctions. B. A terminal sprout (arrow) that
has reinnervated a nearby endplate (*). C. Percent of endplates in TA showing terminal
sprouts. By 1 month of age, prior to the onset of denervation, a significant percent of NMJs
already show sprouting. D. Percent of endplates in soleus muscle with terminal sprouts.
Again, significant sprouting is seen by 4 months, in advance of denervation (In C-D, n=3-7
animals per group; **p<0.01, ***p<0.001 vs. Sod1+/+ and +/-). E. A terminal axon
swellings (arrow), along with smaller varicosities involving the intramuscular nerve bundle
(*). F. Terminal axon swellings show dense accumulation of phosphorylated neurofilament
(SMI-31). All images in A—F from Sod1—/- tibialis anterior, 4 months of age.
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Figure 3.
Sod1-/— mice lack pathologic involvement of lumbar spinal cord and proximal axons. A.

Morphology of Nissl-stained motor neurons in Sod1—/— lumbar spinal cord is identical to
wild type at 4 and 18 months of age (scale bar = 25 pm). B. No degenerating axons are seen
in Sod1—/— L4 ventral root and tibial nerve at 18 months of age (scale bar = 10 um). C.
Immunohistochemical staining shows little evidence for pathologic involvement of Sod1—/—
lumbar spinal cord (representative ventral horns are shown from n=3 mice examined at each
stage; motor neuron cell bodies are not counterstained in these sections). Phosphorylated
NF-H/NF-M does not accumulate in motor neuron cell bodies (*) or proximal axons
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(SMI-31). A mild increase in GFAP-positive astrocytes in Sod1—/— mice is seen at both 4
and 18 months of age, but no apparent microgliosis (Ibal). No ubiquitin- or TDP-43-positive
inclusions are present, and nuclear TDP-43 localization appears similar in Sod1—/— mice
and controls (scale bars = 25 pm).
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Figure 4.
Distal sensory fibers do not degenerate in Sod1—/— mice. A. PGP9.5-labelled epidermal

nerve fibers from the plantar footpad of Sod1—/— mice remain intact at 4 and 18 months of
age. A subtle increase in intra-epidermal branching (arrow) is present in 18 month-old
Sod1—/— mice (scale bar = 20 um). B. Epidermal nerve fiber density, expressed as the
number of fibers/mm of epidermis, is equivalent in Sod1—/— mice and controls (number of
animals is indicated on bar graph).
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Figure 5.
Loss of SOD1 leads to a more oxidized redox state in peripheral nerve, but not muscle, by 4

months of age. A—C. GSH (A) and GSSG (B) levels from tibial nerve of 4 month-old mice,
measured by HPLC, and the calculated redox potential (E}) (C). Eh is approximately 20 mV
higher (more oxidized) in tibial nerve of 4 month-old Sod1—/— mice compared to controls
(*p<0.05, ***p<0.001). D-F. GSH (D), GSSG (E), and Ey, (F) from gastrocnemius muscle
show no difference between Sod1—/— and controls (same animals as in A-C). For all panels,
n=7 (Sod1+/+), n=13 (Sod1+/-), n=14 (Sod1—/-).
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Figure 6.
Poor axon outgrowth in Sod1—/— primary motor neurons is rescued by antioxidant

treatment. A. Primary motor neurons at 24 hrs in culture, labeled with phosphorylated
neurofilament (green) and DAPI (blue). Sod1—/— motor neurons show significantly shorter
axons than Sod1+/+ and Sod1+/— neurons at 24 hrs. Treatment with 5 mM NAC restores
Sod1—/— axons to wild-type length (scale bar = 20 um). B.—C. Mean axon length at 24 hrs £
SEM from 4 independent experiments is shown. 500-600 neurons per group were measured
(***p<0.001 vs. Sod1+/+ and +/— (B); or vs. Sod1—/— (C)).
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