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Abstract

Oxidative stress plays a key role in the neuronal loss exhibited in amyotrophic lateral sclerosis (ALS),
an event precipitating irreversible muscle atrophy. By crossing ALS mouse models (SOD®93A and
SODH46RH48Q) with an antioxidant response element (ARE) reporter mouse, we identified activation
characteristics of the ARE system throughout the timecourse of motor neuron disease. Surprisingly,
the earliest and most significant activation of this genetic sensor of oxidative stress occurred in the
distal muscles of mutant SOD mice. The resultant data supports existing hypotheses that the muscle
is somehow implicated during the initial pathology of these mice. Subsequently, Nrf2-ARE activation
appears to progress in a retrograde fashion along the motor pathway. These data provide timely
information concerning the contributions of the Nrf2-ARE pathway in ALS disease progression.
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Introduction

Motor neuron degeneration is manifest in one of its most severe forms in amyotrophic lateral
sclerosis (ALS), a progressively debilitating disease culminating in paralysis and death of the
patient. In humans, as well as animal models, it has been clearly shown that oxidative stress
plays a central role in the progression of this motor neuron loss, possibly in concert with a
chronically enhanced excitotoxin profile [(Rothstein et al. 1990;Gurney et al. 1996;Andrus et
al. 1998;Heath and Shaw 2002;Agar and Durham 2003)]. Five to 10% of all human ALS cases
have a familial cause (FALS), of which about 20% are caused by a mutation in the gene encoding
Cu/Zn superoxide dismutase (SOD1) [(Rosen 1993;Gurney et al. 1994)]. The most commonly
used rodent model of ALS exploits the consequence of a glycine to alanine mutation at position
93 of human SOD1 (SOD%%A mice) [(Gurney et al. 1994)]. These mice replicate much of the
human ALS phenotype. They develop eventual paralysis of their hindlimbs at approximately
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120 days of age subsequent to mitochondrial damage, an accumulation of extracellular
glutamate and intracellular filamentous inclusions, motor neuron (MN) cell death, and loss of
axons innervating the muscle [(Gurney et al. 1994;Klivenyi et al. 1999;Alexander et al.
2000;Fischer et al. 2004)].

Therapeutically, the molecular avenues targeted for treatment of fALS include neurotrophic
factors, antioxidants, modifiers of the proteasome system, as well as inhibitors of inflammation
or excitotoxicity [(Gurney et al. 1996;Bruijn et al. 1998;Drachman et al. 2002;Guo et al.
2003;Valentine and Hart 2003;Wang et al. 2003;Ascherio et al. 2005;McGeer and McGeer
2005)]. A recent study suggests that reconfiguration of the muscle alone is sufficient for trophic
support of endangered spinal cord neurons [(Dobrowolny et al. 2005)]. While motor neurons
receive much attention as the indicators of ALS pathology, the muscle provides a uniquely
accessible target for human therapies aimed towards maintenance of MNs via neuromuscular
synapses.

The antioxidant response element (ARE) is an enhancer element that initiates the transcription
of a battery of genes encoding phase 1 detoxification enzymes and factors essential for neuronal
survival [(Rushmore and Pickett 1990;Rushmore et al. 1991)]. The ARE is activated through
heterodimeric DNA binding of its transcription factor, NFE2-related factor 2 [Nrf2; (Moi et
al. 1994;Venugopal and Jaiswal 1996)]. The mechanism by which this binding is induced is
still emerging, but likely includes contributions from the repressor of Nrf2, KEAP1,
heterodimeric binding partners, and proteasomal regulation of Nrf2 half-life [(Moi et al.
1994;1toh et al. 1997;1toh et al. 1999;Itoh et al. 2003;Katoh et al. 2005;Kobayashi and
Yamamoto 2005)]. Importantly, in in vitro and in vivo models, the activation of this system
blocks neurotoxicity resulting from glutathione depletion, lipid peroxidation, intracellular
calcium overload, excitotoxins, and disruption of the mitochondrial electron transport chain
[(Leeetal. 2003;Shihetal. 2003;Kraft etal. 2004;Kraft et al. 2006)]. In addition to the expected
induction of detoxification enzymes, Nrf2-ARE activation results in genetic increases to
cellular energetics and redox potential, inhibitory neurotransmitter signaling, and metabolic
processes [(Li and Jaiswal 1992;Prestera et al. 1995; Thimmulappa et al. 2002;Lee et al.
2003;Shih et al. 2003;Kraft et al. 2004;Nguyen et al. 2004)].

Evaluation of this multipotent signaling system during the generation of pathology in ALS-
afflicted animals may prove integral in developing a therapeutically effective weapon against
the loss of vulnerable neuron populations. Accordingly, in this study, we evaluated the
endogenous activation of the Nrf2-ARE system during the induction of pathology in mutant
SOD mouse models. Understanding the temporal-spatial activation of this signaling system
during ALS-like disease progression provides useful information regarding the endogenous
response of the endangered cell populations and the surrounding, supportive tissue.

Materials and Methods

Animals

Animals were cared for and maintained in accordance with protocols approved by the
University of Wisconsin-Madison Animal Care and Use Committee (ACUC). All mice were
maintained on a C57BL6/SJL background. Male mice with a glycine to alanine mutation at
position 93 of the superoxide dismutase (SOD®93A) gene or over-expressing wild-type SOD
(SODWT) were purchased from Jackson laboratories. The SODG93A transgenic mouse model
was developed and characterized as a model for amyotrophic lateral sclerosis by Gurney et al.
[(Gurney et al. 1994)]. These mice lose motor neurons in the ventral horn of the spinal cord
and become paralyzed at 4-5 months of age. SODH46RH48Q mice were a generous gift from
Dr. David Borchelt at the Johns Hopkins University. The SODH46RH48Q moyse model was
created by disrupting the copper binding site of Cu/Zn SOD through mutation of two out of
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the four histidines in the copper binding site of the enzyme [(Wang et al. 2002)]. Mice which
express wild-type human Cu/Zn SOD at levels comparable to those seen in the SODS%A mice
(SODWT mice) serve as a control for elevated levels of human SOD [(Dal Canto and Gurney
1995)]. ARE-hPAP mice containing the core ARE sequence from the rat NADPH: quinone
oxidoreductase 1 (NQO1) gene that drives a thermostable hPAP were previously developed
and characterized [(Johnson et al. 2002)]. Mice were maintained on a heterozygous background
so that each litter would generate littermate controls.

ARE-hPAP Activity

ARE activity was measured through calculation of hPAP enzyme activity. Two to five mg
frozen tissue was homogenized in ImL TMNC buffer (50mM Tris pH 7.5, 5mM MgCl,,
100mM NaCl, and 4% CHAPS). The homogenate was freeze-thawed and 25uL was added to
a white-walled 96 well plate and mixed with 75uL. 200mM diethanolamine (DEA) buffer.
Plates were incubated for 20 min at 65°C to inhibit endogenous phosphatases. Following the
addition of 100uL of substrate solution [2X CSPD (Applied Biosystems, Bedford, MA), 2X
Emerald reagent (Applied Biosystems, Bedford, MA), 5mM MgCl,, and 150mM DEA] and
incubation in the dark for 20 min at room temperature, luminescence was read in an Orion
microplate luminometer (Berthold Detection Systems, Pforzheim, Germany) with a one second
integration. Luminescence values were normalized to protein (bicinchoninic acid protein assay,
Pierce, Rockford, IL). ARE-hPAP activity is expressed as relative luminescence units (RLU)
per mg protein (minus the remaining background phosphatase activity present in respective
ARE-hPAP negative control mouse tissue).

Enzymatic activity staining

Histochemical hPAP activity was determined using 5-bromo-4-chloro-3-indolyl phosphate
(BCIP), nitroblue tetrazolium (NBT). During harvesting of hindlimb muscle (medial and lateral
gastrocnemius), the tissue was pinned in stretch during fixation. Tissues were sectioned at
20um,rehydrated, incubated at 65°C in TMN buffer (50mM Tris, pH 10.0; 5mM MgCly;
100mM NaCl) for 15 min to inactivate endogenous phosphatases, and stained in AP buffer
(100mM Tris, pH 9.5; 5mM MgCl,; 100mM NacCl) containing 0.33mg NBT and 0.165mg
BCIP (Promega) for 30—45 minutes at 37°C. Slides were counterstained with nuclear fast red
(Vector), dehydrated, and mounted with Permount (Fisher).

Myofibril ATPase staining

Tissue was processed as above and evaluated for fiber type as described by Brooke and Kaiser
[(Brooke and Kaiser 1970)]. Sections were incubated in acidic buffer (3.5mM barbital and
3.5mM sodium acetate, pH 4.4—4.6) for 15 min at room temperature followed by ATP staining
for two hours (3.6mM ATP, 20mM barbital, and 18mM CaCl2, pH 9.4). Next, slides were
placed in 1% CacCl, for 10 min, followed by incubation in 2% CoCl, for 10 min. A final
incubation in 2% (NH,4),S for 1 min brought about the desired color change. Wash steps in
ddH,0 were performed between each incubation. Sections were dehydrated and mounted with
Permount (Fisher). Light or unstained fibers contain MyHC2A, while intermediate-stained
fibers contain MyHC2B or MyHC2D (fast fibers). The darkest staining indicates the presence
of MyHC1 (slow fibers). ATPase images are shown in grayscale to give clear contrast.

Immunohistochemistry

Slides were stained for glial fibrillary acidic protein (GFAP, 1:1000, DAKO) for astrocytes
and SMI-32 for neuronal cells (1:200, Sternberger monoclonals). Fluorescent secondary
antibodies were used at a concentration of 1:200 (Vector Labs). Hoechst 33258 (Sigma) was
used as a nuclear counterstain at a concentration of 0.1mM in PBS. All slides were imaged on
a Zeiss Axiovert 200 inverted fluorescent microscope.
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Statistical Analysis

Statistical significance was determined using students' T tests to determine mean + SE and p-
value. Samples with a p <0.05 are considered significantly different from specified control
values. For all figure component images, at least 3 animals were evaluated and representative
images are shown.

Results

Activation characteristics of the Nrf2-ARE system in SOD models of ALS

By using a transgenic mouse line developed in the lab expressing a thermostable human
placental alkaline phosphatase (hPAP) reporter construct upon Nrf2 binding to the ARE (ARE-
hPAP mice) [(Johnson et al. 2002)], we were able to dissect the activation characteristics of
the Nrf2-ARE system throughout the timecourse of ALS pathology in SODS93A mice. The
presence of the ARE-hPAP transgene had no effect on the timecourse of pathology in the
mutant SOD animals, as evaluated by time to paralysis, staining for markers of gliosis such as
GFAP, and motor neuron cell loss (data not shown). ARE activation has been characterized as
a sensitive index of cellular oxidative stress. Therefore, the presence of elevated hPAP can
reflect both an increased level of reactive toxins, as well as the compensatory response within
cells in the vicinity of this toxin accumulation. In vivo studies were performed to identify hPAP
activity in SODG%3A mice crossed with the ARE-hPAP mice, compared to littermate control,
ARE-hPAP positive mice (negative for the SOD transgene). The SODS%A mouse model
displays an approximate four-fold increase in SOD enzymatic activity [(Gurney et al. 1994)].
As SOD is regulated, in part, through Nrf2-ARE signaling, we controlled for these experiments
in three ways. Firstly, we performed crosses of mice expressing an alternative form of mutated
human SOD1 (SODH46RH48Q mjce) with ARE-hPAP mice and evaluated these animals at 180
days of age (these mice become paralyzed around an age of eight months). SODH46RH48Q mjce
were previously created by disrupting the copper binding site of Cu/Zn SOD through mutation
of two out of the four histidines in the copper binding site of the enzyme [(Wang et al. 2002)].
SODH46RH48Q mice recapitulate human disease over a timecourse approximately twice the
duration of SOD%9A mouse pathology, but display little or no human SOD enzymatic activity
[(Wang et al. 2002)]. Both the SODCG93A and SODH46RH48Q mytations have previously been
linked to ALS disease in humans [(Aoki et al. 1994), (Enayat et al. 1995), and (Gurney et al.
1994)]. Additionally, as a negative control, mice which express wild-type human Cu/Zn SOD
at levels comparable to those seen in the SODG93A mice (SODWT mice) were crossed onto the
ARE-hPAP line and evaluated at the maximal timepoint assayed in the SOD%%3A animals (110
days) to ensure that the presence of elevated human SOD, itself, wasn't the causative factor
behind any observed changes [(Dal Canto and Gurney 1995)]. Finally, in all comparisons,
transgenic mice expressing mutated SOD1 were assayed in comparison to littermate controls
possessing endogenous SOD1 and the ARE-hPAP reporter. It should be noted that no change
in hPAP activity was observed in mice lacking the ARE-hPAP transgene and background
activity detected in these animals was subtracted from the corresponding values obtained from
ARE-hPAP positive mice in the homogenate tissue assays.

Specific stages of disease progression were evaluated in the SODG93A mice, specifically
correlating with a presymptomatic timepoint (30 days), the initiation of molecular changes
including elevated extracellular glutamate levels (60 days), the onset of muscle weakness and
motor neuron loss (90 days), and an end stage timepoint of robust motor neuron pathology,
but prior to paralysis (110 days), as complicating factors from moribund mice could mask the
activation characteristics of this system. As previously mentioned, SODWT mice and their non-
transgenic controls were harvested at 110 days, while SODH46RH48Q mjce and littermates,
were evaluated at 6 months of age. Interestingly, using a tissue homogenate assay of hPAP
activity, we noticed no significant changes in the lumbar/sacral and cervical/thoracic spinal
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cord, brainstem, motor cortex, or liver between SODG93A and SODH46RH48Q positive and
negative animals at any timepoint analyzed (data not shown). In addition, in all of the tissues
analyzed (gastrocnemius, triceps, intercostals, spinal cord, brainstem, motor cortex, and liver),
no changes were noted in mice expressing the SODWT mutation compared to littermate controls
at 110 days of age (data not shown). However, when evaluating muscular tissue over the
timecourse of ALS-like disease in SODG?3A and SODH46RH48Q animals, we witnessed a robust
increase in ARE-hPAP activity (Figure 1).

The earliest significant increase occurred in the gastrocnemius at 30 days of age. This activation
is dramatically elevated with the onset of molecular changes at the 60 day timepoint and
continues to increase exponentially throughout the onset and progression of muscle weakness
and motor neuron loss. Also at 60 days, ARE activity within the forelimb muscle (triceps
brachii) becomes significantly elevated, an effect which is amplified as the mice approach
paralysis. ARE activity in the intercostals does not become significantly elevated until 110
days of age. At 180 days in SODH46RH48Q mijce, only the gastrocnemius muscle displays any
significant elevation in Nrf2-ARE signaling, suggesting that the extent of pathogenesis in these
mice at 180 days is roughly equivalent to a timepoint between 30 and 60 days in the
SODG93A animals. The liver is shown as an example of a tissue with no noticeable hPAP
increase (Figure 1).

Histological evaluation confirmed the activation of the ARE-hPAP reporter within the
hindlimb and forelimb muscle of mutant SOD mice compared to their non-transgenic littermate
controls (Figure 2). The increase in activity in the gastrocnemius over time is especially clear
when comparing 30 to 60 days in the SODS93A mice (Figure 2b and d). As with the homogenate
assay, the staining in the SODH46RH48Q gastrocnemius appears closer to the early stages of
pathology seen in the SODG93A mice. In the diseased mouse, the activated region of muscle
localized specifically to individual fibers and clustered groups of muscle fibers, as observed
in longitudinal sections (data not shown).

Fiber type specificity of muscular activation of the Nrf2-ARE pathway by mutant SOD

The fiber type of ALS-afflicted muscle may have a strong influence on the timing of muscle
fiber denervation, as type | fibers appear to maintain synaptic connections with motor neurons
for far longer than type 1l fibers during ALS pathogenesis [(Frey et al. 2000)]. The fiber types
of skeletal muscle are identified in these studies as either type I, lla, or llb. Evaluation of serial
sections from diseased, mutant SOD mice for fiber type specificity via ATPase staining
revealed that the majority of fibers displaying the strongest ARE-hPAP enzymatic activity
were type | fibers rather than type Il fibers (Figure 3; arrows are type | fibers). This trend was
also apparent in SOD®9A muscle at 60 days of age and SODH46RH48Q gastrocnemius at 180
days of age (data not shown).

Spinal cord activation of the ARE-hPAP reporter by mutant SOD-induced disease

Although no significant increase in hPAP activity was detectable in homogenates of spinal
cord from mutant SOD positive mice relative to negative animals, evaluation of the spinal cord
using an enzymatic stain did reveal some interesting patterns of hPAP activity. First, as
observed in muscle, no staining was observed in animals negative for the ARE-hPAP transgene
at any timepoint (data not shown). Robust staining in the dorsal horn of ARE-hPAP positive
animals was noticeable regardless of the presence or absence of mutant SOD (Figure 4a and
b). This basal activity was seen in the vicinity of the substantia gelatinosa and fasciculus
gracilis, a collection of fiber bundles conveying ascending information from the lower
extremities. This dorsal stain was dimly noticeable at the 30 day timepoint and increased to a
dark, maximal staining pattern by 60 days of age in these animals (data not shown).
Additionally, at the 30 and 60-day timepoints in SODG93A mice or the 180 timepoint in
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SODH46R48Q mice, no readily recognizable differences in hPAP staining intensity were seen
between mutant SOD positive and negative spinal cords (data not shown).

However, looking specifically at the ventral horn gray matter of the spinal cord, a region
containing motor neuron cell bodies, interneurons, and infiltrating glia, there was an observable
difference in the ARE-hPAP staining pattern between SODG3A positive and negative animals.
In the anterior horn of ARE-hPAP animals negative for the SOD transgene, there was a basal
level of activity in the most dorsally oriented lateral motor nuclei (predominantly consisting
of MNs associated with flexor muscles, shown boxed in Figure 4a-b). In the lumbar spinal
cord, there was a profound induction of the reporter by 110 days in the SOD®%3A mice (Figure
4a-b). As is shown in Figure 4b, this activation in response to the presence of mutant SOD is
reflected by both a more intense staining pattern as well as a wider distribution throughout the
lumbar spinal cord. For the most part, increased ARE reporter expression was observed in the
region of ventral lateral motor nuclei (particularly in locations of MNs that innervate extensor
muscles), in some cases, cells bordering the central canal (most likely ependymal cells), and
the posterior funicular gray matter, a region associated with the integration of sensory
information. Closer inspection of the diseased anterior horn revealed morphologically distinct
staining patterns that we routinely observed in SODS93A mouse spinal cord by 110 days of
age that were absent or seldom observed in the ventral horn gray matter of age-matched,
nontransgenic controls (Figure 4c-h). The presence of Nrf2-ARE activity was observed in
densely stained cell bodies (Figure 4c) with stunted, swollen or broken processes (Figure 4d),
wispy clusters of positively-stained processes typically displaying a unidirectional orientation
(Figure 4e), small and large spherical cells (Figures 4f and g, respectively) often connected by
thin, dimly-stained processes, and extended strands of positively-stained processes exhibiting
a beaded morphology (Figure 4h).

This cellular ARE-hPAP staining is seen in motor neuron cell bodies and astrocyte processes.
As shown in Figure 5, a slight, but noticeable increase in spinal cord ARE activity is observable
by 90 days in SODG93A mice (Figure 5¢), becoming a clear and robust expression of the reporter
by 110 days (Figure 5e), compared to the maximal basal activity witnessed in control animals
(Figure 5a). In control animals, there is a basal level of staining in occasional motor neuron
cell bodies and GFAP-positive processes (arrows and arrowheads, respectively, in Figure 5a-
b). Similarly, in the SODG93A positive mice at 90 days, there are positively-stained MNs and
astrocyte processes, the elevated number of ARE-hPAP positive astroglial properties
coinciding with the increased GFAP staining (Figure 5¢c-d). By 110 days in the SODG93A mice,
there is a clear elevation in ARE-hPAP positive motor neurons as well as a plethora of ARE-
hPAP positive astrocytes (Figure 5e-f). In addition, in the 110 day old SOD®%A mice in
particular, there are many cells that do not co-localize well with either GFAP or SMI-32.

Discussion

Previous research into the pathogenesis of ALS supports the hypothesis that the production of
free radicals precipitates, or at least facilitates, motor neuron loss, while multiple antioxidants
attenuate this deleterious progression [(Gurney et al. 1996;Henderson et al. 1996)]. By crossing
the SODG93A mouse model of ALS with a reporter of ARE activation, we were able to discern
that the Nrf2-ARE pathway is indeed active within the hindlimb muscle at a very early
timepoint (30 days, Figure 1). This is in accordance with previous studies, which suggest
alterations in either the muscle or at the level of the neuromuscular junction (NMJ) at timepoints
prior to the onset of observable symptoms such as increases to extracellular glutamate levels,
which occurs at approximately 60 days of age [(Frey et al. 2000;Fischer et al. 2004)]. The
activation of the ARE reporter within the gastrocnemius persists throughout pathology and
increases in concert with disease severity. It is important to note that, in addition to assaying
ARE-hPAP littermates expressing endogenous SOD1 at the various timepoints, we controlled
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for these experiments in two additional ways. We evaluated SOD1 mutants that do not display
elevated SOD enzyme activity (SODH46RH48Q mice) yet exhibit elevated ARE-hPAP activity
in the hindlimb muscle at six months of age (Figures 1 and 2), as well as mice that over-express
the wild type human SOD enzyme (SODWT), but show no induction of the ARE at 110 days
of age. Importantly, muscular activation of the Nrf2-ARE system by mutant SOD at early
timepoints likely reflects an early induction of protective mechanisms in response to a low
level of oxidative stress, but prior to overt cellular damage. This hypothesis is supported in
recent studies identifying markers of oxidative stress such as malondialdehyde, protein
carbonyls, and oxidative stress-responsive proteins at timepoints approaching disease onset in
the gastrocnemius muscle of mutant SOD mice without corresponding changes in the spinal
cord or liver [(Dupuis et al. 2003;Jokic et al. 2003;Mahoney et al. 2006)]. The study by
Mahoney et al. (2006) described increases in the ARE-driven genes Cu/Zn SOD, MnSOD, and
catalase by 95 days in SODG93A mice, while Jokic et al. (2003) witnessed an elevation in ARE-
responsive glutathione peroxidase and gamma-glutamate cysteine ligase, as well as the
transcription factor, Nrf2, in the gastrocnemius of SODC86R mice. As ALS disease progresses,
so does muscular ARE activation (Figures 1 and 2), presumably because of increasing free
radical deposition as the mutant SOD-induced defects are magnified and overrun endogenous
defenses. It is plausible that this stress is occurring in response to a decrease in trophic factor
secretion to the hindlimb from sub-lethally-damaged motor neurons, as early defects in axonal
transport caused by SOD mutations have previously been shown [(Kennel et al.
1996;Williamson and Cleveland 1999)].

Further analysis of mutant SOD-induced alterations in these reporter mice highlights the
induction of a massive ARE response within the damaged ventral horn of these animals by end
stage (Figure 4). Inastudy by Hall etal. (1998), an increase in lipid peroxidation was noticeable
in lumbar motor neurons of SODG93A mice at 30, 100, and 120 days of age (no significant
differences were found at 60 days) [(Hall et al. 1998b)]. In the current study, however, we did
not witness an increase in ARE activity within the lumbar spinal cord until approximately 90
days of age, possibly owing to robust basal levels of ARE activity in the dorsal horn of the
spinal cord masking any slight changes in the ventral horn motor neurons at early timepoints.
Looking more closely at the specific cell types involved, it is clear that both motor neurons
and astrocytes upregulate the activity of the Nrf2-ARE system as muscle weakness progresses
towards paralysis in SOD®?3A mice (Figure 5). However, it is also clear that these two cell
types are not the only ones displaying ARE-activity within the diseased ventral spinal cord
(Figures 4 and 5). The cell type-specific activation of this system in the spinal cord is of
particular interest, as the motor neurons of the lateral division of the anterior horn have elevated
ARE activity. Previous research has implicated the astrocyte as being the dominant ARE-
responsive cell type, having higher levels of Nrf2 and ARE-inducible genes, while neurons
remain relatively unresponsive [(Shih et al. 2003;Kraft et al. 2004;Vargas et al. 2005)]. In
support of this elevation in the spinal cord, a recent manuscript identifies symptomatic increases
in Nrf2 and ARE-driven heme oxygenase-1 in the spinal cord of SODCG93A rats [(Vargas et al.
2005)]. There is known to be a strong cellular infiltration toward the sites of motor neuron
degeneration in the mutant SOD models as damaged MNs accumulate aggregates and become
surrounded by activated astrocytes [(Ince et al. 1996;Hall et al. 1998a;Howland et al.
2002;Wang et al. 2002)]. Importantly, as is shown in Figure 4, the ARE-hPAP positive cells
closely resemble multiple-processed reactive astrocytes (4e), phagocytic infiltrating cells (4f-
g), and MNs undergoing degeneration (4c-d) with swollen axons (4d) and malformed, possibly
debris-filled, processes (4h). Thus, the coordinated glial activation and MN death, due in part
to intracellular aggregates within axons, may have direct linkages with activation of the Nrf2-
ARE system.

The early activation of the ARE genetic system occurs specifically within the muscle fibers
themselves (Figure 2). Interestingly, the predominant ARE-active fibers are type | fibers
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(Figure 3). Type I, or “slow twitch” fibers, are rich in mitochondria, highly perfused, and
contain a large amount of oxygen for maintaining aerobic activity, while type Il fibers typically
exhibit greater force but fatigue more quickly. More applicable to these studies, previous
research has described a decline in motor unit function as early as 47 days of age, as well as a
significant muscle denervation prior to postnatal day 50 (P50) in mutant SOD mice [(Kennel
etal. 1996;Frey et al. 2000;Fischer et al. 2004)]. This denervation occurs preferentially in type
I1 fibers (mostly I1b) following a thinning of neurofilament-positive terminal branches between
P30-P40 and, beginning around P60, a local reinnervation of vacated synapses by type I fibers,
which appear to increase in number and resist denervation until paralysis [(Frey et al. 2000)].
Interestingly, in support of this “dying back” model of disease progression in ALS, despite
these early muscular defects, no ventral root pathology is seen until 80 days of age, coincident
with the appearance of motor neuron vacuolization [(Fischer et al. 2004)]. These data, alongside
of the observation of early muscular activation of an oxidative stress-responsive system, make
it tempting to speculate that early alterations in trophic factor communication affect the
functioning capacity of sensitive muscle fibers, eventually leading to axonal “dying back” and
motor neuron loss.

Also of interest is the observed ARE activation within the triceps and intercostal muscles
beginning at 60 and 110 days of age in SOD®%A mice, respectively (Figures 1 and 2). The
triceps brachii are extensor forelimb muscles, which become paralyzed in mutant SOD mice
following asymmetrical hindlimb paralysis. This symptomatic activation may reflect oxidative
stress events in the forelimb muscle resulting from molecular changes in the lateral motor nuclei
of the spinal cord. The external intercostals are inspiratory muscles found between the ribs.
Both patients and mutant SOD mice experience a progressive weakness and eventual loss of
function in breathing muscles. Thus, this late stage activation likely reflects a final oxidative
burst as this tissue begins to atrophy. The selective activation of distal muscles prior to
respiratory muscle ARE activation correlates well with the clinical progression of ALS disease.

These studies add support to the growing body of evidence highlighting the initiation of ALS
pathology in distal regions. Interestingly, the muscular ARE activation occurs most robustly
in type | fibers, possibly because these fibers are more resistant to neuromuscular pathology.
A recent study by Miller et al. shows that specific knockdown of mutant SOD1 in the muscle
alone has no effect on ALS pathology, whereas knockdown in the muscle and MNs together
is sufficient to delay disease, suggesting that mutant SOD in the muscle is not a causative factor
in ALS onset and progression [(Miller et al. 2006)]. Taking these observations into
consideration when evaluating our Nrf2-ARE activation in muscle leads us to hypothesize that
early distal stress and muscle activation of the Nrf2-ARE pathway are independent of mutant
SOD expression in muscle. This implies that the changes in muscle described herein may occur
in sporadic ALS patients as well as those carrying mutations in SOD1. Hopefully, this
information can be used to aid in the early diagnosis of ALS and other motor neuron diseases
as well as foster the development of ALS therapies focused on relieving early symptoms at
targeted distal sites to maintain the essential, two-way trophic support at the neuromuscular
junction.
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Fig 1. ARE-hPAP activation in mutant SOD mice during the timecourse of ALS-like disease
ARE-hPAP transgenic mice expressing the mutant SOD transgene (+) and their ARE-hPAP
positive, mutant SOD negative controls (—) were evaluated for ARE-hPAP enzymatic activity
in a tissue homoegenate assay at different timepoints of pathology. Shown are the relative
luminescent values corrected for protein of SODG93A mice at 30 (n>3), 60 (n>4), 90 (n>4),
and 110 days of age (n>5), as well as SODH46RH48Q mice at 180 days of age (n>3). Shown
above the bars displaying significant differences between mutant SOD positive mice and
negative, littermate controls is the fold change increase in ARE-hPAP activity caused by mutant
SOD (* p<0.05; Gastroc. = Gastrocnemius).
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Fig 2. Muscular ARE-hPAP staining in mutant SOD mice
ARE-hPAP positive mice possessing the mutant SOD transgene (b,d,f,h,j,l) were compared to

ARE-hPAP positive littermates without the mutant SOD transgene (a,c,e,d,i,k). Gastrocnemius
(a-h,k-1) and triceps (i-j) muscle was assayed for hPAP presence at 30 (a-b), 60 (c-d), 90 (e-f),
110 (g-j), and 180 (k-1) days of age in SODG93A (a-j) and SODH46RH48Q (k-|) mice.
Magnification= 5x (scale bars= 500um).
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Fig 3. Fiber-type specificity of ARE-hPAP activation in mutant SOD muscle

Serial transverse sections of hindlimb muscle were analyzed for ARE-hPAP activity (a,c) and
fiber type via ATPase staining (b,d). SODCG93A positive mice were analyzed at 90 (a-b) and
110 (c-d) days of age. Type | fibers are highlighted with red arrows corresponding to ARE-
hPAP active cells in corresponding sections (b corresponds to a and d to b). Magnification=
20x (scale bars= 20pm).
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Fig 4. ARE activity in the spinal cord of mutant SOD mice
SODG93A mice were evaluated for ARE-hPAP activity in the lumbar spinal cord at 110 days

of age. SODG9A negative mice (a) and SODG93A positive littermates (b) display a basal level
of ARE activity in both the dorsal horn and within specific regions of the ventral horn gray
matter (boxes in a-b indicate the restricted expression of ARE-hPAP positive cells in the ventral
horn of animals lacking the SODG93A transgene; magnification= 5x; scale bar= 500um). Also
shown are several examples of morphologically-distinct, ARE-hPAP positive cells found
almost exclusively within the anterior horn of SODG%A positive animals (arrows in c-h;
magnification= 40x; scale bar= 20um).
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Fig 5. Colocalization of motor neurons and astrocytes with ARE-hPAP staining

Serial spinal cord sections were stained for hPAP enzyme activity in a,c,e or SMI-32 (green),
GFAP (red), and a nuclear counterstain (blue) in b,d,f. Colocalized neurons are highlighted
with arrows and GFAP-positive processes, arrowheads (boxed motor neurons in a-b are shown
asareference point). a-b, 110 day mutant SOD negative animals; c-d, 90 day SODS9A positive
mice; e-f, 110 day mutant SOD positive animals (magnification= 20x; scale bar= 20um).
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