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The role of oxidative damage in neurodegenerative
disease was investigated in mice lacking cytoplasmic
Cu/Zn superoxide dismutase (SOD), created by dele-
tion of the SOD1 gene (SOD1~/7). SOD1~/~ mice de-
veloped a chronic peripheral hindlimb axonopathy.
Mild denervation of muscle was detected at 2 months,
and behavioral and physiological motor deficits were
present at 5-7 months of age. Ventral root axons were
shrunken but were normal in number. The somato-
sensory system in SODI ~/~ mice was mildly affected.
SOD1~’~ mice expressing Cu/Zn SOD only in brain
and spinal cord were generated using transgenic mice
expressing mouse SOD1 driven by the neuron-spe-
cific synapsin promoter. Neuron-specific expression
of Cu/Zn SOD in SOD1~’~ mice rescued motor neu-
rons from the neuropathy. Therefore, Cu/Zn SOD is
not required for normal motor neuron survival, but is
necessary for the maintenance of normal neuromus-
cular junctions by hindlimb motor neurons. (Am J
Patbol 1999, 155:663—672)

Oxidative damage has been implicated in virtually all
age-associated neurodegenerative diseases.' Increases
in markers of oxidative damage have been reported in
Alzheimer’s disease,® * Huntington’s disease,® Parkin-
son’s disease,®’ and amyotrophic lateral sclerosis
(ALS).2 Additionally, about 10% of familial ALS (FALS)
cases are associated with mutations in the SOD7 gene.®
Transgenic mice that express an FALS mutant form of
Cu/Zn SOD show a phenotype that is strikingly similar to
human ALS."'°'* The mutations in SOD7 associated with
FALS resultin a newly acquired or greatly enhanced toxic
activity of the Cu/Zn SOD protein, as opposed to a loss of

normal SOD activity.'® In support of this hypothesis, re-
cent papers have shown an increase in the ability of
Cu/Zn SOD to react with peroxynitrite in mutant but not in
the wild-type Cu/Zn SOD protein.'®'® Another possible
mechanism is that aggregates containing misfolded
Cu/Zn SOD may mediate toxicity.'” However, it remains
unclear to what extent neuropathology may arise from a
complete lack of Cu/Zn SOD activity.

SODs act as the first line of defense against oxidative
damage by converting the superoxide free radical
(0,®7) to hydrogen peroxide and O,. In mammals there
are three forms of SOD: a cytoplasmic Cu/Zn SOD, a
mitochondrial Mn SOD, and an extracellular (EC)
SOD."®"° The importance of the SODs in an oxygen-rich
environment is supported by their virtual ubiquity in aer-
obic organisms and by the phenotypes associated with
mutants that lack various forms of SOD. Yeast, bacteria,
and Drosophila lacking SOD all exhibit oxygen sensitivi-
ty. 19723 Mice lacking Mn SOD die shortly after birth.242°
EC SOD-deficient mice show increased sensitivity to hy-
peroxic conditions.?®

To better understand the role of Cu/Zn SOD and oxi-
dative damage in neurodegenerative processes, we
made gene-targeted mice deficient in Cu/Zn SOD.?’ Pre-
viously we reported that SOD7~/~ mice did not exhibit
overt spontaneous abnormalities as young adults, al-
though they showed increased vulnerability to facial mo-
tor axotomy?” and to cerebral ischemia.?® We also de-
scribed the presence of subtle evidence for acute and
chronic denervation of muscle.?” Here we provide evi-
dence for a spontaneous chronic peripheral neuropathy
that develops in SOD7~/~ mice with age, suggesting that
Cu/Zn SOD is necessary under normal conditions for the
maintenance of neuronal connections by some neurons.
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Materials and Methods

Generation of Mice

Embryonic stem cells (129 strain) lacking SOD7, estab-
lished by homologous recombination, were used to cre-
ate  homozygous SOD7~/~ mice.?” SOD1/~ and
SOD1*'* mice were maintained as outbred 129/CD-1
hybrids. The SOD7 transgene, consisting of a 4.5-kb
Sall/lSmal rat synapsin | promoter fragment, a 127-bp
Smal/Hindlll fragment harboring the SV40 small t intron,?°
and the 530-bp mouse SOD7 gene,*® was introduced
into and maintained in C57BI/6J X SJL/J mice. This pro-
moter effectively restricts expression of the transgene to
neurons.?®3" SOD7~/~ mice were then generated that
were either hemizygous or homozygous for the synapsin
SOD1 transgene. Mice in physiological and morphologi-
cal studies were anesthetized with Avertin (1.25% 2,2,2-
tribromoethanol and 2.5% tert-amyl alcohol, 0.02 ml/g of
body weight). All procedures were conducted in accor-
dance with the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals and were approved
by the Cephalon institutional animal care and use com-
mittee.

Behavioral Testing

Rod running time was determined by training mice to
cross an 80-cm long, 1.25-cm diameter steel bar covered
by 1.9-cm O.D. rubber tubing, which was elevated 20 cm
above the table. After traversing the rod, the mice de-
scended a wire screen into their home cage. Mice were
pretrained to cross a 60-cm interval along the rod without
hesitation. The time to traverse this interval was then
measured in three additional trials and averaged.

Stride length was measured by painting the animals’
hind feet with poster paint. They were then prompted to
walk down a cardboard alley (6 cm X 80 cm) over a
paper strip to record footprints. Stride length was defined
as the distance between two successive ipsilateral hind
foot falls. The average of 4 stride lengths was recorded
for each animal. This test has been used to demonstrate
early alterations in motor performance in FALS transgenic
mice."©

Thermal sensory function was assessed using an Om-
nitech Hot Plate Analgesiometer (AccuScan Instruments,
Columbus, OH), set at 55°C. Animals were placed on the
hot plate and confined in position using an inverted bea-
ker. The time until an animal gave three foot shakes or
licked its foot was recorded. The response latency was
the mean of two such responses.

Peripheral Nerve Conduction Velocities and
Amplitudes

Conduction velocities and amplitudes of the caudal,
sural, and tibial nerves were recorded at 5-7 months of
age. This age was chosen because behavioral deficits
were not seen earlier, and we wished to minimize the risk
of injuring the animals by the electrophysiological proce-

dures, because the effects of any injury might be exac-
erbated in the SOD7~/~ mice. Surface temperatures of
the tail and hind foot were monitored and kept constant
during the experiments at 31-32°C, and core tempera-
ture was kept at 37°C. Disposable needle (#30) elec-
trodes were used for stimulation and recording. Stimula-
tion consisted of 50-microsecond, constant current,
rectangular pulses at an interpulse interval of 750 milli-
seconds, generated by a PG-4000 pulse generator (Neu-
rodata Instrument Co., New York, NY) and fed to a Neu-
rodata SIU-90 constant current stimulus isolation unit.
Nerve and muscle potentials were recorded using an
AM-Systems (Carlsborg, WA) model 1700 AC amplifier.
In each case, the lowest stimulus amplitude that gave a
maximal response was used. In the case of caudal and
sural nerve stimulation, these responses were used for
calculating maximal amplitude. Because activation of
distal segments can occur with maximal stimulation, the
stimulus amplitude was then decreased slowly until a
stable latency occurred while the response was still
above 50% of its original amplitude and showed no
change in shape. This response was then recorded and
used for latency determination. Ten waveforms were av-
eraged for caudal and sural nerve responses, and five
EMG responses were averaged in the case of tibial nerve
stimulation. Conduction velocities were calculated as the
conduction distance divided by the latency from stimu-
lation to the onset of negativity in the compound action
potential or EMG response. Amplitudes were calculated
as the difference in potential from the latency onset to the
maximum negativity (see Figure 1).

The caudal (tail) nerve consists of both sensory and
motor fibers, which contribute to the response. The ref-
erence recording electrode was placed 5 mm from the
base of the tail and the active electrode 5 mm further
distal.®? The stimulating electrodes were placed with the
cathode and anode 40 and 45 mm, respectively, distal to
the active recording electrode.

Sural nerve responses were produced by stimulating
the sensory endings in the footpad. No muscle response
in the foot was produced by this stimulation, indicating
that the recorded response was a relatively pure sensory
nerve response. The cathodal (negative) stimulation
electrode was placed in the center of the ventral hindlimb
foot pad and the anode at the base of the fifth (outer) toe.
The active recording electrode was placed adjacent to
the sural nerve just proximal to the medial malleolus at the
ankle, and the reference electrode in the belly of the
gastrocnemius. The distance between active stimulating
and recording electrodes was fixed at 13 mm.

The conduction velocity of the motor component of the
tibial nerve was determined by placing cathodal stimu-
lating electrodes at the sciatic notch (near the hip joint)
and ankle (proximal to the medial malleolus), with the
cathode over the lumbar vertebrae.®® The active and
reference recording electrodes were positioned in the
ventral hindlimb foot pad and the fifth toe, respectively, to
record myoelectric responses from the interosseous
muscles of the foot. Conduction velocity was calculated
as the distance between the sciatic notch and ankle
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Figure 1. Individual waveforms from typical mice used for peripheral nerve
conduction measurements showing average plantar muscle responses to
stimulation of tibial nerve at the ankle and sciatic notch, sural nerve re-
sponses to stimulation of foot pad, and caudal nerve responses to proximal
stimulation. Upper responses in each set are those for SOD1*/* mice, lower
responses for SOD1™/~ mice. Inverted triangles indicate response onset
latency relative to stimulus onset. Two-mV calibration for ankle and sciatic
notch responses; 20-uV calibration for sural and caudal nerve responses.

electrodes divided by the corresponding myoelectric re-
sponse latencies.

Muscle and Nerve Histopathology

Fresh muscle samples were frozen in isopentane at
—60°C. Cryostat sections were cut at 10 um and pro-
cessed for succinic acid dehydrogenase or hematoxylin
and eosin.®** Gluteus maximus was prepared for silver-
acetylcholinesterase staining according to the protocol of
Gurney et al.®®

Table 1. Motor Performance
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Mice were perfused transcardially with 0.1 Mol/L phos-
phate buffered saline (pH 7.4) followed by 4% parafor-
maldehyde and 2.5% glutaraldehyde in 0.1 Mol/L phos-
phate buffer or by 4% paraformaldehyde in 0.1 Mol/L
phosphate buffer. Nerves and roots were further fixed in
1% osmium tetroxide in 0.1 Mol/L phosphate buffer for 1
hour and embedded in EMbed-812 Epon (EM Sciences,
Fort Washington, PA). Semithin (1 um) sections were
stained with toluidine blue.

Axons in L3 dorsal and ventral roots were chosen
randomly for sizing, and cross-sectional areas of axons
were determined by tracing within the inner border of
their myelin sheaths with a computer imaging system.
From the area, the diameter of the equivalent circle was
calculated for each fiber.3°

Western Blots

Frozen tissue samples from mice exsanguinated with
Ringer’s solution were pulverized on dry ice and lysed by
3 rounds of freeze/thaw. Protein concentrations were
determined using the bicinchoninic acid method (Pierce,
Rockford, IL) and equal loads of protein (0.25 wng for
all tissues except hindlimb muscle and 0.5 ug for hind-
limb muscle) were fractionated, transferred, and probed
as described previously.®” Proteins were detected
by enhanced chemiluminescence (Amersham, Arlington
Heights, IL).

Statistics

Subject means were used for statistical analyses and
determination of group means. Group errors were stan-
dard errors of the mean. All genotype comparisons were
made using unpaired 2-tailed Student’s t-tests.

Results

Sensory and Motor Behavior

Locomotor function and balance were evaluated by mea-
suring stride length and the time to traverse a narrow rod
at 4, 6, and 14 months of age (Table 1). There were no
significant differences between SOD7~/~ and wild-type
(SOD1*'*) mice in stride length or rod running time at 4
months of age. At 6 months of age, SOD7~/~ mice had
significantly slower rod running times than SOD7*/*

SOD71+* SOD1'~ P value

4 months (n=17) (n=17)
Rod running (seconds) 2.28 £0.10 273 +£0.12 0.13
Stride length (mm) 72.32 = 1.70 63.64 = 2.73 0.19

6 months (n =10) (n =10)
Rod running (seconds) 1.91 +0.08 2.67 =024 0.012
Stride length (mm) 73.38 = 1.98 69.60 = 1.91 0.19

14 months (n = 10) (n = 10)
Rod running (seconds) 2.74 £0.25 5.10 £ 0.92 0.038
Stride length (mm) 68.76 = 1.72 61.78 = 0.20 0.012
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Table 2. Nerve Conduction Velocities and Amplitudes at 5-7 Months of Age

SOD71** (n = 10) SOD17'~ (n = 10) P value

Conduction velocity (m/second)

Sural nerve 36.2+ 15 328+ 1.8 0.16

Caudal nerve 398 £ 15 355*1.0 0.031

Tibial nerve 385*15 29.8 + 0.7 0.0001
Conduction amplitude (uV)

Sural nerve 121.8 = 10.0 942+ 119 0.093

Caudal nerve 1195 =87 93.7 + 124 0.106
Plantar muscle response to ankle stimulation

Latency (milliseconds) 1.87 £ 0.038 221 +£0.02 0.0001

Amplitude (mV) 5.30 = 0.59 4.31 £ 0.58 0.227

mice, but no difference was seen in stride length. By 14
months, significant motor deficits were seen in both stride
length and rod running time in the SOD7~/~ mice. The
percent change in the SOD7~/~ versus the age-matched
SOD1*"* mice in stride length was similar across the age
groups (5-12%). The percent change in rod running time
increased as the mice aged from 20% at 4 months to 86%
at 14 months.

Somatosensory behavior was also evaluated in the
SOD1~/~ mice using the hot plate test. This test is well
established in the literature and produces highly consis-
tent values in repetitive testing.3® The oldest animals
available were used to maximize the likelihood of seeing
a deficit. Nine SOD77/~ and 18 SOD7™'* mice were
tested at approximately 22 months of age. The SOD7 '~
mice showed a slight but nonsignificant increase in la-
tency (13.68 *= 2.05 seconds versus 11.45 + 0.56 sec-
onds).

Peripheral Nerve Conduction Velocities and
Amplitudes

The results of evaluation of peripheral nerve conduction
are shown in Figure 1 and Table 2. The conduction ve-
locity of the compound action potential in the sural nerve
produced by stimulating sensory endings in the foot pad
was slightly but not significantly reduced in the SOD7 '~
mice. The caudal nerve, which contains both sensory and
motor fibers, showed a small but significant reduction in
conduction velocity in the SOD7~/~ mice. In contrast,
conduction velocity in the motor axons of the tibial
nerve, measured via the difference in latency between
responses evoked by stimulation at the ankle and
sciatic notch, was significantly reduced by 23% in the
SOD7~'~ mice.

Reduction in nerve conduction velocity could arise
from loss of large caliber axons. However, compound
nerve amplitudes in the sural and caudal nerves were not
significantly reduced in SOD7~/~ mice, suggesting that
the numbers of axons in the SOD7~/~ mice were not
greatly diminished.

The latency of the plantar muscle EMG response to
stimulation of the tibial nerve at the ankle was significantly
reduced in SOD7~/~ mice. This latency includes the con-
duction time from the stimulus site to the nerve terminals
(fixed at ~13 mm) plus the synaptic delay. The latency in
the SOD7 '~ mice was 0.34 milliseconds greater than in

the SOD7*/* mice. Based on the tibial nerve conduction
velocities of 29.8 m/second in the SOD7~/~ mice and of
38.5 m/second in the SOD7*/* mice, a difference of only
0.10 milliseconds in the conduction velocity was ex-
pected for this distance; thus the observed delay was
0.24 milliseconds (2.4X) longer than expected. There-
fore, in addition to reduced axonal conduction, there also
appeared to be either a specific reduction in conduction
velocity of the terminal nerve branches, or an increased
synaptic delay in SOD7~/~ mice. The amplitude of the
plantar muscle response was not significantly reduced in
the SOD7~/~ mice, suggesting that the plantar muscle
innervation was intact.

Muscle and Nerve Pathology

SOD71~/~ mice showed hindlimb muscle denervation de-
tected as early as 2 months of age. The changes con-
sisted of atrophic muscle fibers, indicative of acute de-
nervation (Figure 2, A and B), and fiber type grouping,
consistent with previous denervation and reinnervation
(Figure 2, C and D). SOD7~/~ mice at 2 months and some
at 6 months of age showed few denervated muscle fibers
and minimal fiber type grouping. Some SOD7~/~ mice at
6 months and all older SOD7~/~ mice showed more
marked pathology. Affected muscles were those of the
thigh (quadriceps femoris and hamstrings) and leg (gas-
trocnemius, plantaris, and flexor digitorum longus). No
changes consistent with primary muscle pathology, such
as disruptions of the myotubes or inclusions, were found
in muscles of SOD7~/~ mice. Flexor and extensor mus-
cles of the forelimb were examined at 14 and 19 months
of age and showed no evidence of current or previous
denervation in the SOD1~/~ mice (data not shown).

Staining of axons and NMJs of the gluteus maximus
muscle in the SOD7~/~ mice showed abnormalities at
6-17 months of age. Although the intramuscular nerve
bundle traversing the muscle appeared normal in the
SOD17~'~ mice, the individual terminal axons descending
to the NMJs were abnormally tortuous (Figure 3). The
tortuous nature of the terminal axons in the SOD7~/~ mice
made it difficult to follow any one terminal from the nerve
bundle to the NMJ.

At 6 months of age the appearance of the lumbar
ventral root (L3) and tibial nerve at the ankle was normal
in the SOD7~/~ mice (Figure 4, A and B). However, by
17-19 months of age there were shrunken axons and a
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Figure 2. Hindlimb muscles showing denervation in SOD7~’~ mice and Cu/Zn SOD protein levels. Medial gastrocnemius muscle from a 6-month-old SOD7%/*

mouse (A) showing normal muscle fibers, and from a SOD7~/~ mouse (B) showing marked atrophy of muscle fibers consistent with denervation. Some muscle
fibers in B are hypertrophied. Hematoxylin and eosin stain. Central gastrocnemius muscle from a 12-month-old SOD7™'* mouse (C) showing the normal
interspersion of type ITA and IIB fibers. Same muscle from a 12-month-old SOD7~/~ mouse (D) showing fiber type grouping, consistent with chronic denervation
and reinnervation and from a 12-month-old SOD7~/~, hemizygous synapsin SOD1 transgenic mouse (E) showing a normal pattern of muscle fibers. Succinic acid
dehydrogenase histochemistry. Bars, 50 um (A and B) and 125 um (C-E). F: Cu/Zn SOD protein levels in brain, spinal cord, and hindlimb muscle in SOD7*/™,
heterozygous (SODI"/7), and SOD1™/~ mice. SOD1~’~ mice were either wild-type, hemizygous (He), or homozygous (Ho) for the synapsin (Syn) SOD1

transgene, which directed Cu/Zn SOD expression to brain and spinal cord but not to muscle.

few very swollen, thinly myelinated axons in the ventral
roots of L3 in some of the SOD7~/~ mice (Figure 4, C
and D). Degenerating axons, evident by the presence of
macrophages containing myelin droplets, and remyeli-
nating axons, evident by unusually thin myelin sheaths
and the presence of Schwann cell nuclei, were also seen
(Figure 4D).

The numbers of myelinated axons in the ventral roots of
L3 were not significantly different at 6 or 19 months
between the SOD7~/~ and SOD7*/* mice (Table 3). De-

spite the normal appearance of the axons in the ventral
roots of L3 at 6 months, there was a quantifiable differ-
ence in axonal diameter consistent with the findings of
reduced axonal conduction velocity and of muscle de-
nervation (Table 4). Overall, axons in the SOD7~/~ mice
were significantly smaller by 10.3%. Axonal shrinkage in
the SOD7~/~ mice was statistically significant for both the
large and small axonal populations. At 19 months of age
the mean diameter of all axons was not significantly dif-
ferent in the SOD7~/~ mice (Table 4). When axons
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Figure 3. Pathology of NMJs and terminal axons in SOD7~/~ mice. Silver-
acetylcholinesterase staining of the gluteus maximus muscle from 9-month-
old SODI™* (A) and SOD1™/~ (B) mice. In the SODI*/* mouse terminal
axons take a direct course to NMJs, one per axon. In the SOD7™/~ mouse, the
nerve bundle appears normal (arrowheads) but the terminal axons are
tortuous due to the process of denervation and reinnervation. Bar, 50 pwm.

greater than 12.5 um diameter were excluded, axons
were statistically smaller by 8.2% in the SOD7~/~ mice.
The mean for the SOD7~/~ mice was skewed by a few
exceedingly large axons, the largest of which measured
39 pm in diameter. Diameters of large and small axons
separately were not statistically significantly different.
However, eliminating the swollen axons (> 12.5 um di-

ameter) again resulted in a significant shrinkage of the
large axons in the SOD7~/~ mice of 9.4%.

Dorsal roots of L3 appeared normal in the SOD7~/~
mice at 6 and 17 months of age. At 19 months of age both
SOD1*"* and SOD7~/~ mice had a few axons that ap-
peared swollen or degenerating. These changes in the
dorsal roots were less severe than those in the ventral
roots and less severe in the SOD7"/* than in the
SOD1~/~ mice. Numbers of myelinated axons in L3 dor-
sal roots were not significantly different between the
SOD1""* and SOD7~/~ mice at 19 months of age (Table
3). Diameters of myelinated axons in L3 dorsal root were
slightly reduced at 19 months in the SOD7~/~ mice due to
a reduction in diameter of axons of all sizes. Average
diameter was 3.06 = 0.10 um in the SOD7~/~ mice and
was 3.24 = 0.11 um in the SOD7** mice. The 5.6%
reduction in diameter in the SOD7~/~ mice was statisti-
cally significant (P < 0.033). The magnitude of the size
reduction, about 0.2 um, was similar to that observed for
the small axons of the ventral root.

Rescue of the Motor Neuron Axonopathy

To determine whether the dysfunction induced by lack of
Cu/Zn SOD originated in the motor neuron itself or in the
periphery, we looked for the observed muscle pathology
in mice which were genetically engineered to express
Cu/Zn SOD only in brain and spinal cord. This was ac-
complished by designing a transgene in which mouse
SOD1 was under the control of the neuron-specific pro-
moter rat synapsin | (Figure 5A). Transgenic mice con-
taining mouse SODT driven by the rat synapsin | pro-
moter were crossed to generate SOD7 '/~ mice which
were hemizygous or homozygous for the transgene and
expressed Cu/Zn SOD in brain and spinal cord but not in
skeletal muscle (Figure 2F) or other peripheral tissues
(Figure 5B). Quantification of Western blots for brain in-
dicated that homozygous transgenic synapsin SODT;
SOD1~/~ mice had levels of brain Cu/Zn SOD similar to
those in SOD7%~ mice, ie, about 50% of wild-type levels
(8.55 versus 3.45 optical density units, respectively,n = 2
per group). Consistent with the protein levels, hemizy-
gous transgenic synapsin SOD1 mice were found by
RNase protection assay to express transgene mRNA at
about 25% of endogenous wild type levels (data not
shown). Hemizygous and homozygous transgenic synap-
sin SOD7; SOD1~/~ mice showed no evidence for fiber
type grouping or fiber atrophy indicative of muscle de-
nervation at 12 months of age (Figure 2E).

Discussion

Neuromuscular pathology was observed in SOD7~/~
mice consisting of hindlimb muscle atrophy and fiber
type grouping and peripheral nerve conduction deficits.
These data also revealed a greater dysfunction of motor
axons than of sensory axons. Behavioral tesing at 4, 6,
and 14 months showed that the deficits were chronic. The
rod running behavioral test suggested that the deficits
were progressive with age while the stride length test did
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Figure 4. Pathology in L3 ventral roots. L3 ventral roots in 1-um plastic sections stained with toluidine blue at 6 (A and B) and 17 (C and D) months of age. A
and C: SOD1™/* mice and B and D: SOD7~/~ mice. Swollen (*) and regenerating axons (arrowheads) are seen in the 17-month-old mouse SOD7~/~ mouse.

Bar, 5 um.

not. Neuromuscular deficits are usually indicative of ei-
ther a neuropathy or motor neuron disease, such as ALS.
Because mutations of Cu/Zn SOD have been implicated

Table 3. Numbers of Myelinated Axons in L3 Roots

in FALS,® we compared the results in the SOD7 '~ mice
with those reported for transgenic mouse models of
FALS.7°~"* SOD7~/~ mice showed some signs of muscle

SOD1+* SOD17'~ P value
Ventral root
6 months 772 = 65(n =5) 803 £ 47 (n = 4) 0.74
19 months 855 = 50 (n = 5) 846 *= 54 (n = 5) 0.90
Dorsal root
19 months 2186 = 87 (n = 5) 2209 + 113 (n = 4) 0.87
Table 4. Axon Diameters in L3 Ventral Roots
SOD1+/+ SOD1~/~ P value
6 months (n=15) (n=4)
All axons 5.35 +0.08 4.80 = 0.08 0.002
Large axons 7.61*=0.16 6.66 = 0.28 0.02
Small axons 2.50 = 0.09 2.23 +0.02 0.05
19 months (n=15) (n=25)
All axons 529 +0.13 498 = 0.13 0.17
Axons =12.5 um 526 + 0.16 4.83 = 0.11 0.04
Large axons 7.31 = 0.20 6.79 = 0.15 0.07
Large axons =12.5 um 7.26 = 0.21 6.58 = 0.05 0.03
Small axons 2.38 = 0.07 2.18 +£ 0.06 0.06

The separation between large and small axons was placed at about 4.5 um. Thickness of myelin sheath also contributed to the discrimination for
axons measuring about 4.5 um. Axons with thick myelin sheaths were classified as large axons, those with thin sheaths as small axons. The cutoff for
swollen axons was set at 12.5 um because this was well above the maximum axonal size observed at 6 months of age and would not exclude mildly
swollen axons, which occurred in both SOD7*/* and SOD7~/~ mice at 19 months of age.
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Figure 5. A: Schematic diagram of the neuron-specific rat synapsin I promoter-mouse SODI transgene. This is not drawn to scale and indicates the locations of
known restriction sites. The cross-hatched box (left) represents the 4.5-kb rat synapsin promoter used to target SOD1 expression to neurons. The promoter is
followed by a 127-bp segment of the SV40 small t intron used as a linker (striped box). Using polymerase chain reaction-based methods, the 9-bp Kozak translation
initiation consensus sequence (black box) and a Hindlll restriction site (H) were placed downstream of the linker. These are followed by the 5 exons (numbered
open boxes) comprising the 530-bp mouse SOD1 cDNA (right). The ATG start codon in exon 1 is shown, as well as an Xho I (X) site that was added to the
3'-terminus of the ¢cDNA. Restriction enzyme sites: Sa, Sal I; B, Bam HI; E, Eco Rl; Sp, Sph 1, Sm, Sma 1; Bs, Bst NI. B: Cu/Zn SOD protein levels in peripheral
tissues and brain in a SOD7*/~ mouse (left lanes) and a hemizygous transgenic synapsin SOD1; SOD1~'~ mouse (right lanes) for each tissue. Exposures of 20
seconds and 2 minutes are shown. All lanes were loaded with 0.25 pg of total protein. Tissues: Ad, adrenal gland; Ht, heart; Lu, lung; Ki, kidney; Pa, pancreas;
Th, thymus; Sp, spleen; SI, small intestine (proximal); Sk, skin from ears; Li, liver; Bl, whole blood; St, stomach; Br, brain.

weakness, but the weakness did not progress to paraly-
sis, as occurs in the transgenic FALS mice. In SOD1~/~
mice there was sparing of the forelimbs, whereas both
hind- and forelimbs are involved in the transgenic FALS
mice. SOD7~/~ mice did not show a loss of axons in the
ventral roots of the lumbar cord. These observations in
the SOD7~/~ mice are thus consistent with a chronic
peripheral neuropathy, as opposed to a motor neuron
disease.

We next characterized several aspects of the deficit. At
6 months of age there was no evidence of axonal or
myelin damage in the L3 ventral root or in the tibial nerve,
despite marked changes to hindlimb muscles and their
intramuscular nerves. This observation suggested a pri-
mary etiology within the axons themselves, in particular at
or near the NMJs. Specific increases in the distal latency
of plantar muscle responses supported this contention.

Because inherited peripheral neuropathies of humans
usually involve both motor and sensory axons,*%° we
further examined the somatosensory system. In the
SOD1~'~ mice, changes in sensory behavior and physi-
ology were not significant. However, morphological
changes in the sensory system were significant, albeit not
as robust as those in the motor system. The magnitude of
the decrement in the conduction velocity of tibial motor
axons was about 10 m/second and that of sural sensory
axons about 4 m/second in the SOD7~/~ mice. There
were corresponding reductions in mean axonal diameter
of about 0.5 um in the ventral root at 6 months and about

0.2 um in the dorsal root at 19 months in the SOD7~/~
mice. There is a well established linear relationship be-
tween conduction velocity and diameter in myelinated
axons,*' and the magnitude of the change in conduction
velocity and mean axonal diameter in the sensory nerves
was consistent with the change in the motor nerves, ie, a
2-m/second decrement in conduction velocity for each
0.1-um decrement in mean axonal diameter. The lesser
effect on sensory axons compared with motor axons may
be due to their smaller size. Small ventral root y motor
axons also showed less reduction (about 0.2-0.25 um) in
axonal diameter than large ventral root @ motor axons.
Greater shrinkage of larger sensory axons (3-4 um di-
ameter) occurred than of smaller sensory axons (1.25 um
diameter) (data not shown). Because we have no data on
the distribution of sensory and motor axons in the mixed
caudal nerve, we can say only that the intermediate re-
duction in conduction velocity in this nerve can be viewed
as consistent with the foregoing conclusions.

Several mechanisms might explain how a lack of
Cu/Zn SOD could cause a neuropathy, including 1) a
direct effect on neurons, 2) a secondary effect on neu-
rons following a change in the innervated tissue (eg,
muscle), and 3) an indirect systemic effect. By replacing
Cu/Zn SOD only in the brain and spinal cord, we have
demonstrated that the presence of neuronal Cu/Zn SOD
is sufficient to prevent the neuropathy and, therefore, the
lack of Cu/Zn SOD in hindlimb motor neurons directly
impairs their ability to maintain NMJs.



It is intriguing that although Cu/Zn SOD is present in
virtually all mammalian cell types, motor neurons are
particularly sensitive to alterations of this enzyme,
whether it is a deficiency of Cu/Zn SOD (SOD7~/~ mice)
or a mutant form of the enzyme (transgenic mice bearing
FALS mutant Cu/Zn SOD). The fact that alterations in
Cu/Zn SOD produce pathology suggests that motor neu-
rons are extremely sensitive to free radical-mediated
pathogenesis. Yet there are distinct pathologies associ-
ated with increased levels of 0,®~ (SOD7~/~ mice) and
with increased levels of the free radicals that may stem
from an interaction with peroxynitrite (FALS transgenic
mice)."®'® Despite especially high levels of SOD7
mRNA*? and Cu/Zn SOD protein*® in motor neurons com-
pared with other types of neurons, motor neurons can
apparently survive without Cu/Zn SOD and can maintain
NMJs with far lower than normal levels of Cu/Zn SOD. It
might have been predicted from the study on facial nerve
axotomy in SOD7 '~ mice®” that motor neurons with dis-
rupted NMJs would die. Motor neuron death was clearly
not a sequela of hindlimb neuropathy in the SOD7~/~
mice. Levels of Cu/Zn SOD were quite low (about 25% of
normal) in the hemizygous transgenic synapsin SOD1T,
SOD1~/~ mice, but were sufficient to prevent the neurop-
athy. Despite how well hindlimb motor neurons survived
without Cu/Zn SOD, they still suffered a spontaneous
chronic peripheral neuropathy. The fact that only hind-
limb motor neurons underwent neuropathy in the
SOD1~/~ mice suggests that these neurons have a
greater requirement for Cu/Zn SOD than the other motor
neurons of the body. Because pathology was present in
the hip as well as in the thigh and leg musculature, it is
unlikely that the greater length of axons of the hindlimb
motor neurons alone puts these neurons at greater risk in
the SOD7~/~ mice. Motor neurons innervating the hind-
limb, except for those supplying the foot, are the largest
in the body.** Perhaps cell body size and motor unit size,
as well as axonal diameter and length, contribute to the
susceptibility of these motor neurons in the SOD7~/~
mouse. In conclusion, we have demonstrated that the
absence of Cu/Zn SOD in neurons results in a chronic
peripheral neuropathy that primarily involves the motor
axons of the hindlimb.
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