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ABSTRACT Cases of familial amyotrophic lateral sclero-
sis (fALS; a neurodegenerative disorder) have been reported
in which the gene for CuyZn superoxide dismutase (CuZn-
SOD) was mutated. Several studies with the fALS mutant
CuZnSOD in transgenic mice and cells showed that the fALS
mutations act through an as yet undefined dominant gain-of-
function mechanism. Wild-type CuZnSOD catalyzes the dis-
mutation of superoxide (O2.) but also produces hydroxyl
radicals (•OH) with H2O2 as substrate. Two laboratories have
recently demonstrated that the •OH production ability was
preferentially enhanced by the fALS mutant CuZnSOD, sug-
gesting that this might be the function gained in fALS. In this
study, we used transgenic CuZnSOD (Tg-CuZnSOD) mice
with elevated levels of CuZnSOD to determine whether over-
expression of wild-type CuZnSOD was also associated with
increased •OH production and impaired muscle function.
Enhanced formation of •OH was detected, by spin trapping, in
brain and muscle extracts of the Tg-CuZnSOD mice. Three
independently derived Tg-CuZnSOD lines showed muscle
abnormalities, ref lected by altered electromyography (EMG)
and diminished performance in the rope grip test. After
treatment with paraquat (PQ), a widely used herbicide and
O2.-generating compound, muscle disability significantly de-
teriorated in Tg-CuZnSOD mice but not in control mice. The
results indicate that elevated levels of CuZnSOD cause indig-
enous long-term oxidative stress leading to impairment of
muscle function. These findings may provide valuable clues
about the concurred role of indigenous oxidative stress and
exogenous agents in the etiology of sporadic ALS and several
other neurodegenerative diseases in which a specific subset of
neurons is affected.

The enzyme CuyZn superoxide dismutase (CuZnSOD), which
catalyzes the conversion of superoxide radicals (O2.) intoH2O2,
plays an important role in the metabolism of oxygen free
radicals (1). Although numerous studies have implicated ox-
ygen free radicals in a broad range of neuropathologies
(reviewed in refs. 2–4), the recent discovery that mutations in
the CuZnSOD gene are responsible for cases of familial
amyotrophic lateral sclerosis (fALS) (5, 6) provided clear
genetic evidence that altered metabolism of oxygen free
radicals could be involved in neurodegenerative diseases (re-
viewed in refs. 7 and 8). We (9–14) and others (15–22) have
shown that a long-term increase in CuZnSOD or MnSOD (23,
24) activity causes oxidative injury-mediated phenotypic
changes. Using model systems of transgenic cells and mice, we
found that stably transfected cells overexpressing CuZnSOD

showed substantially increased lipid peroxidation associated
with a specific lesion affecting the chromaffin granule’s proton
pump (11, 12). This proton pump plays an important role in the
uptake of neurotransmitters. A similar defect was also iden-
tified in the platelet’s dense granules of the transgenic CuZn-
SOD (Tg-CuZnSOD) mice, which are the organelle respon-
sible for the uptake and storage of blood serotonin (13). In
addition, Tg-CuZnSOD mice have certain oxidative stress-
induced lesions in the thymus and bone marrow (25), and
cultured Tg-CuZnSOD neurons exhibit higher susceptibility to
kainic acid-induced apoptosis (26). These findings indicated
that oxidative damage caused by increased CuZnSOD can
have a highly specific subcellular target and may serve as a
paradigm for how alterations in CuZnSOD activity could cause
oxidative stress-mediated cell injury leading to a neurodegen-
erative disease like ALS (7, 8). Of note, the neuromuscular
junctions of Tg-CuZnSOD mice display significant abnormal-
ities and morphological changes (9, 10, 14). These defects,
although subclinical, are reminiscent of the pathology ob-
served in transgenic mice with ALS-like disease (27) that bear
a mutant CuZnSOD transgene with the fALS mutations
(28–30). Although initially it was suggested that the fALS
mutations cause a reduction in enzyme activity (31–34), the
transgenic fALSmutant CuZnSODmice (27–30) and cells (35,
36) clearly showed that ALSmutations act through a dominant
gain-of-function that has yet to be identified.
Besides dismutation (O2. 1 O2. 3 H2O2), CuZnSOD cata-

lyzes surrogate reactions, such as the production of hydroxyl
radicals (•OH) using anionic scavengers and H2O2 (37, 38).
Hydroxyl radicals are extremely reactive and noxious oxygen
free radical species. Upon formation, a hydroxyl radical will
immediately react with almost any biological macromolecule,
causing oxidative damage (2–4). Recently, two reports (39, 40)
have demonstrated that of the two reactions catalyzed by
native CuZnSOD, i.e., dismutation (1) and production of •OH
(37, 38), the latter is significantly enhanced by the fALS
mutant CuZnSOD (39, 40), which suggests that this might be
the function gained in fALS.
Under normal conditions, most of the H2O2 molecules

generated by CuZnSOD are further metabolized to water by
glutathione peroxidase (1–4). However, when the activity of
CuZnSOD is increased, as in Tg-CuZnSOD mice, without a
concomitant increase in glutathione peroxidase, H2O2 accu-
mulates (12, 19, 22, 25, 26), and the CuZnSOD-catalyzed
production of •OH could be facilitated. We used Tg-
CuZnSOD mice overexpressing CuZnSOD to investigate
whether elevated activity of wild-type CuZnSOD causes en-
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hanced production of •OH and whether this phenomenon
affects muscle function.

MATERIALS AND METHODS

Tg-CuZnSOD Mice. Transgenic mice harboring the human
CuZnSOD gene were obtained as described (9, 41) by micro-
injecting fertilized eggs with a linear 14.5-kb fragment of
human genomic DNA containing the entire CuZnSOD gene,
including its regulatory sequences. Tg-CuZnSOD male and
female mice homozygous for the transgene were bred and used
for the present experiments. The mice were kept under
pathogen-free conditions. All experiments were carried out
with male Tg-CuZnSOD and age-matched control mice. The
three strains studied here, Tg-51, Tg-69, and Tg-70, contained
four to five copies of the human CuZnSOD gene in their
genomes and expressed the transgene as an active enzyme (9,
25, 26). To measure the specific activity of CuZnSOD in
muscle and brain, extracts were prepared in 0.5%Nonidet P-40
and assayed by the spectrophotometric method of inhibition of
nitrite formation from hydroxylammonium chloride (9). The
specific activity of CuZnSOD in cell extracts was calculated
according to a standard curve using homogenous human
CuZnSOD (Biotechnology General, Rehovot, Israel).
Whereas CuZnSOD activity was elevated in tissues of Tg-
CuZnSOD relative to control mice (9, 25, 26, 41), the activities
of both glutathione peroxidase (42) and MnSOD (43) in
organs of the transgenic mice were remarkably similar to those
of control mice. PQ, a well known O2.-generating compound
(44), was added to the drinking water. Based on their water
consumption, mice obtained 10–20 mg of PQ per kilogram of
body weight per day for 18 months.
Electron Paramagnetic Resonance (EPR) Spectroscopy.

Extracts were assayed as described (37–40) with minor mod-
ifications. Equal amounts (50 ml) of muscle and brain cell-free
extracts (in PBS) from Tg-CuZnSOD and control mice were
preadjusted to contain equal amounts of protein. The extracts
were mixed with 50 ml of PBS containing 30 mMH2O2 and 100
mM activated charcoal-purified 5,5-dimethyl-1-pyrroline N-
oxide (DMPO). The mixture was immediately pipetted into a
100-ml f lat cell, and EPR spectra were instantly acquired at
room temperature using an ER 200 D-SRC spectrometer
(Bruker, Germany). The spectrometer settings were as follows:
receiver gain, 1.25 3 106; modulation amplitude, 1 G; time
constant, 1.25 sec; sweep time, 500 sec; center field, 3,500 G;
sweep width, 100 G; microwave power, 20 mW.
The metal chelator RL252 was synthesized by Avi Shanzer

(45). Either RL252 (100 mM) or diethyldithiocarbamate (100
mM) were used with 30 mM H2O2 and 3 mM wild-type
CuZnSOD.
EMG. Groups of coded mice (n 5 4–6), either control or

Tg-CuZnSOD (lines Tg-51, Tg-69, and Tg-70), treated and
untreated with PQ were anesthetized with sodium pentothal
(1.2–1.8 mg per mouse i.p.), and needle EMG was performed
with a bipolar EMG needle electrode inserted in multiple sites
into the gastrocnemius and interosseous muscles of one hind
limb. Recording was done with a conventional EMG apparatus
(Medelec, OldWoking, Surrey, U.K.). Studies were performed
with coded mice so that the electromyographer was blinded as
to which mice were being tested. For each mouse, EMG
findings were graded on a 0–3 scale designated the ‘‘EMG
Pathology Index’’ as follows: 0, no spontaneous activity and
normal insertional activity; 1, sparse fibrillation potentials or
positive sharp waves occurring only in one or two sites within
the muscles; 2, fibrillations in more than 50% of muscle sites
andyor markedly increased insertional activity in most sites; 3,
abundant fibrillations in most sites and prolonged insertional
activity.
Hind Paw Footprint Ink Test.Hind leg paralysis in mice was

followed by measuring the length of their stride as described

by Gurney (28). Briefely, the soles of the hind legs were dipped
in ink, and the mice were made to walk inside a long narrow
track lined with paper. The resultant ink footprints were
analyzed, and the average length of three strides for each leg
was determined. Control and two Tg-CuZnSOD lines (Tg-51
and Tg-69) were examined.
Rope Grip Test. The assay was conducted as described by

Hall et al. (46) with some modifications. Four-month-old mice
were allowed to grip with their front legs a 2-mm thick
horizontal tight rope placed 80 cm above the ground (see Fig.
3), and the time elapsed until the mice raised their hind legs
to grip the rope was measured. If the mouse gripped the rope
by both hind legs within 60 sec and kept the grip for at least
10 sec, the mouse was recorded as a success. Each group
contained 5–10 mice, all of which were analyzed twice on two
different days, each time in three repetitions with '30-min
intervals. Treatment with PQ at 40 mg per kg per day was
carried out over 3 months. Statistical analysis included the
actual time recorded until a successful grip occurred. Mice that
failed to grip with their hind legs were scored as 60 sec. P values
were determined by Student’s t test.

RESULTS AND DISCUSSION
•OH Are Generated in Tissue Extracts of Tg-CuZnSOD.

CuZnSOD catalyzed production of •OH in muscle and brain
extracts of Tg-CuZnSOD and nontransgenic control mice was
measured by the previously used spin-trap method (37–40). In
the presence of H2O2 and the spin trap, DMPO, CuZnSOD
catalyzed the formation of the hydroxyl adduct DMPO-OH,
which can be detected by EPR spectroscopy (Fig. 1).
DMPO-OH spin adduct appears as four evenly spaced signals
with intensity ratios of 1:2:2:1 and aN5 ab

H5 14.9 G (47). The
peak intensity of the signals is proportional to the amount of
•OH formed in the sample. Muscle and brain extracts of two
Tg-CuZnSOD mouse lines (Tg-51 and Tg-69) produced sig-
nificantly higher amounts of DMPO-OH than extracts of
control nontransgenic mice (Fig. 1). Heat inactivation or the

FIG. 1. Formation of •OH in tissue extracts of Tg-CuZnSOD and
control mice. EPR spectra of DMPO-OH adducts formed in extracts
of muscle (upper traces) and brain (lower traces) were assayed as
described. (A) Control. (B) Tg-51. (C) Tg-69. The spectra shown are
representative and were recorded about 5 min after mixing the
reagents; measurements were repeated several times using freshly
prepared extracts from different animals. EPR spectra were acquired
at room temperature, using an ER 200 D-SRC spectrometer (Bruker,
Germany). The EPR spectra depict the typical four DMPO-OH signals
and indicate that more •OH are produced by extracts from Tg-
CuZnSOD mice.
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addition of metal chelators such as diethyldithiocarbamate or
RL252 (45) abolished the signal. Two points strongly suggest
that •OH formation in Tg-CuZnSOD tissue extracts represents
the in vivo situation. The height of the EPR signals in Fig. 1,
which was attained at about 5 min, did not significantly change
during the following 20 min of incubation. This result indicated
that in the extracts the enzyme was relatively protected against
inactivation by H2O2. Second, increase in the in vivo produc-
tion of H2O2, a key element in the CuZnSOD-mediated •OH
generation, was previously detected in cells of Tg-CuZnSOD
mice (25, 26).
Tg-CuZnSOD Mice Exhibit EMG Abnormalities. Under

regular maintenance conditions, Tg-CuZnSOD mice showed
no obvious physical abnormalities even though they had
certain histopathological defects in their neuromuscular junc-
tions (9, 10, 14) and motor axons (27). Deterioration in muscle
function is often preceded by electrophysiological changes that
can be detected by EMG. Changes in EMG provide a sensitive
and timely predictive marker for early muscular degenerationy
denervation. Direct EMG recording at multiple sites of the
hind limb muscle revealed the presence of pathological
changes in Tg-CuZnSODmice (Fig. 2), including spontaneous
activity (fibrillation potentials and positive sharp waves) as well
as markedly prolonged insertional activity (‘‘pseudomyotonic’’
discharges). Young (4-month-old) Tg-CuZnSOD mice (from
the three transgenic lines, Tg-51, Tg-69, and Tg-70) had a
significantly higher score of EMG Pathology Index, compared
with control mice (P , 0.05; Fig. 2). The EMG changes were
more pronounced in older ('2 years) Tg-CuZnSOD mice
(data not shown) and worsened (P , 0.005) by treatment with
PQ, a superoxide radicals-generating compound (Fig. 2). Thus,
EMG analysis of the hind limb muscles demonstrated that
Tg-CuZnSOD mice from the three different lines had pro-
nounced pseudomyotonic activity and fibrillations that are
usually associated with muscle denervation. Significantly, PQ
preferentially exacerbated the deterioration of muscle electri-
cal activity in the Tg-CuZnSODmice, further emphasizing the
role of CuZnSOD and H2O2-mediated oxidative stress in this
process.
Muscle Function Is Impaired in Tg-CuZnSOD Mice. De-

spite the apparent abnormal EMG recording and the defects
in neuromuscular junctions (9, 10) and motor axons (27), the
Tg-CuZnSOD mice walked normally and did not display the
signs of paralytic muscle dysfunction seen in mice overexpress-
ing the fALS mutant CuZnSOD (28–30). To substantiate
these observations, the stride lengths of transgenic and control
mice were measured using the hind paw footprint ink test
described by Gurney et al. (28). Each group contained four to
six mice, and the average length of stride was calculated. The
stride length of 4-month-old control mice was 6.8 6 0.7 cm
(mean 6 SEM) and did not significantly differ in Tg-51 and
Tg-69 mice even when mice were treated with PQ. In trans-
genic fALS mutant CuZnSODmice, a worsening of symptoms
with age was reported (28–30). We therefore subjected older
mice ('2 years) to the footprint ink test. A small but significant
shortening of the stride length in 2-year-old PQ-treated Tg-51
mice was observed: from 6.7 6 0.4 cm (n 5 6) to 6.1 6 0.3 cm
(n 5 4; P 5 0.005). Clearly, deterioration in Tg-CuZnSOD
muscle function was not severe enough to register in the
footprint ink test previously used to monitor ALS-like paral-
ysis in the fALS mutant CuZnSOD transgenic mice (28).
To further delineate the defects in muscle function, Tg-

CuZnSOD and control mice were subjected to the rope grip
test. This test evaluates the sensorimotor-coordinated activity
of limb, abdomen, and back muscles that enables mice to grip
the rope (Fig. 3). The results indicated a significant difference
between control and Tg-CuZnSODmice. Control mice usually
gripped the rope with their two hind legs within 20–30 sec and
walked backwards along it while hanging upside down (Fig. 3).
In contrast, most Tg-CuZnSODmice (Tg-51 and Tg-70) failed

to grip the rope with their hind legs during the first 50 sec, and
many did not grip it until the 60-sec end point of the test (Fig.
3). In accord with the EMG data, PQ treatment caused further
deterioration in the grip test performance of Tg-CuZnSOD
mice; more mice failed the test within the 60-sec end point,
whereas the performance of control mice was not affected
(Fig. 3). Tg-69 mice performed similarly to control mice except
when treated with PQ (Fig. 3). This was unexpected since
Tg-69 mice had pathological changes in their neuromuscular
junctions (9, 10, 14), as well as an altered EMG pattern (Fig.
2). The CuZnSOD activity in various organs of Tg-69 mice was
always higher than that in control mice (see Materials and
Methods and refs. 25 and 26), as evidenced by the •OH
production of their muscle and brain extracts (Fig. 1). As

FIG. 2. EMG analysis of transgenic and control mice. (Upper)
EMG abnormalities in the hind limb muscle of Tg-CuZnSOD mice.
EMG recording from the hind limb muscle of Tg-CuZnSOD and
control mice. The signals are representative and show no electrical
activity at rest (‘‘normal’’;A), fibrillation potentials at rest (B), positive
sharp waves at rest (C), and a train of insertional positive waves
(‘‘pseudomyotonic discharge’’; D). Measurements were conducted on
groups of coded mice (n5 4–6), either control or Tg-CuZnSOD (lines
Tg-51, Tg-69, and Tg-70), treated and untreated with PQ. Tested
muscles were evaluated for the presence of spontaneous activity
(fibrillation potentials and positive sharp waves; B and C) and for
markedly prolonged insertional activity (‘‘pseudomyotonic’’ dis-
charges or long trains of insertional positive waves lasting more than
2 sec; D). (Lower) For each mouse, EMG findings were graded on a
0–3 scale designated the EMGPathology Index. All EMG studies were
performed with codedmice so that the electromyographer was blinded
as to which mice were being tested. Results are expressed as the
mean 6 SEM. Four-month-old Tg-CuZnSOD mice (open bars)
differed significantly from control mice (P , 0.05) as did 2-year-old
PQ-treated Tg-CuZnSOD mice (solid bars; P , 0.005). P values were
determined by Student’s t test.
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mentioned above, the grip-test assesses diverse sensorimotor
functions that require a coordinative action of multiple neu-
romuscular elements in which genetic background of the
animal may play a role. Similar phenomena were previously
observed by other investigators (48). Thus, although Tg-69
mice exhibited oxidative stress-mediated changes in their
muscles, manifested by abnormal EMG, the more complex
grip test performance was apparently affected by their genetic
background. Consistent with this, although treatment with PQ
did not affect control mice, it significantly influenced the grip
test performance of Tg-69 mice (Fig. 3). Transgenic mice, in
general, have mixed genetic backgrounds; thus, genetic heter-
ogeneity exists even within a restricted lineage. We have
therefore used throughout this work, three Tg-CuZnSOD lines
in which the transgene has been integrated into different
chromosomal sites.
Taken together, the results of the EMG recordings and grip

test assay show a clear deterioration in themuscle performance
of Tg-CuZnSOD mice compared with nontransgenic mice.
The enhanced •OH production in tissue extracts and the
preferential effect of PQ strongly indicate the involvement of
oxygen radicals in the impaired muscle function of Tg-
CuZnSOD mice. As noted above, PQ causes increased pro-
duction of superoxide radicals, the vast majority of which are
rapidly converted by CuZnSOD to H2O2. Thus, in Tg-
CuZnSODmice, treatment with PQ increased the levels of the
two key elements in •OH production, CuZnSOD and H2O2,
thereby facilitating the reaction shown in Fig. 1 and exacer-
bating muscle deterioration. However, even without PQ, the
level of H2O2 production in Tg-CuZnSOD mice is higher than
in control mice (25, 26), and •OH production could therefore
be enhanced.
The results show that long-term overexpression of CuZn-

SOD, even of the wild-type enzyme, causes oxidative stress-
mediated impairment in muscle function that is specifically
exacerbated by treatment with PQ. Our previous work has
demonstrated that Tg-CuZnSOD neurons are more suscepti-
ble to kainic acid-mediated excitotoxicity, reflected by an
earlier onset and enhanced apoptotic cell death (26). Together
these data may explain the role indigenous oxidative stress and
exogenous agents play in sporadic ALS and several other
neurodegenerative diseases in which a specific subset of neu-
rons are affected (3, 4, 7, 8). The etiology of these disorders is
unknown but is thought to involve common mechanisms of
programmed cell death that are induced by a variety of risk
factors, including genetic and environmental factors (2–4).
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