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B Abstract Although Charcot described amyotrophic lateral sclerosis (ALS) more
than 130 years ago, the mechanism underlying the characteristic selective degeneration
and death of motor neurons in this common adult motor neuron disease has remained a
mystery. There is no effective remedy for this progressive, fatal disorder. Modern genet-
ics has now identified mutations in one gene [Cu/Zn superoxide dismutase (SOD1)] as
a primary cause and implicated others [encoding neurofilaments, cytoplasmic dynein
and its processivity factor dynactin, and vascular endothelial growth factor (VEGF)]
as contributors to, or causes of, motor neuron diseases. These insights have enabled
development of model systems to test hypotheses of disease mechanism and potential
therapies. Along with errors in the handling of synaptic glutamate and the potential
excitotoxic response this provokes, these model systems highlight the involvement of
nonneuronal cells in disease progression and provide new therapeutic strategies.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS), commonly known in the United States as
Lou Gehrig’s disease, is the most common adult motor neuron disease. Described
in 1869 by the great French neurobiologist and physician Jean-Martin Charcot,
the disease’s primary hallmark is the selective dysfunction and death of the neu-
rons in the motor pathways. This leads to spasticity, hyperreflexia (upper motor
neurons), generalized weakness, muscle atrophy, and paralysis (lower motor neu-
rons) (Mulder et al. 1986). Failure of the respiratory muscles is generally the fatal
event, occurring within one to five years of onset. Selectivity of killing occurs even
among motor neurons: The neurons that control the bladder (i.e., Onuf’s nucleus
in the sacral cord) and eye movements are relatively spared.

Although approximately 5—-10% of ALS cases are inherited (familial), the ma-
jority of cases have no genetic component (sporadic). The typical age of onset
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for both forms is between 50 and 60 years. The lifetime risk is approximately 1
in 2000. This corresponds to ~30,000 affected individuals in the United States
and ~5000 in the United Kingdom. Motor neuron loss is accompanied by reac-
tive gliosis (Leigh & Swash 1991), intracytoplasmic neurofilament abnormalities,
and axonal spheroids (Carpenter 1968, Gonatas et al. 1992, Hirano et al. 1984,
Leigh et al. 1991). In end-stage disease, there is significant loss of large myeli-
nated fibers in the corticospinal tracts and ventral roots as well as evidence of
Wallerian degeneration and atrophy of the myelinated fibers (Delisle & Carpenter
1984).

The causes for most cases of ALS are unknown and the clinical course is
highly variable, suggesting that multiple factors underly the disease mechanism.
This review focuses on the proposed mechanisms involved in ALS, why motor
neurons are a key target in the disease, and how other cell types may contribute to
disease.

The Genetics of Motor Neuron Disease

ALS is a member of a group of heterogeneous disorders that affect the survival
and function of upper or lower motor neurons. For some of these disorders, a
genetic link has been determined (Table 1). Approximately 10% of classical ALS is
familial. Among the familial cases, approximately 20% are caused by dominantly
inherited mutations in the protein Cu/Zn superoxide dismutase (SOD1) (Rosen
et al. 1993). The striking pathological and clinical similarity between familial and
sporadic disease has sparked enthusiasm that the animal models based on mutant
SOD1 might provide insight into mechanisms of both sporadic and familial disease.
However, to date, there is no direct evidence validating this assumption.

Using modern gene mapping methods, researchers have identified a new gene
linked to a rare, recessively inherited juvenile or infantile onset form that pro-
gresses slowly (Hadano et al. 2001, Yang et al. 2001). The gene, localized to
chromosome 2, encodes a 184-kD protein (named ALS?2 or alsin) with three pu-
tative guanine-nucleotide-exchange factor (GEF) domains. Small GTP-binding
proteins of the Ras superfamily act as molecular switches in signal transduction,
affecting cytoskeletal dynamics, intracellular trafficking, and other important bio-
logical processes. GEFs catalyze the dissociation of the tightly bound GDP from
the small G protein in response to upstream signals. Although widely expressed,
the ALS2 protein is enriched in nervous tissue, where it is peripherally bound to
the cytoplasmic face of endosomal membranes, an association that requires the
amino-terminal RCC1-like GEF domain (Yamanaka et al. 2003). The G protein(s)
upon which the ALS2 GEFs act has not been identified, although an initial report
has shown that ALS2 can act in vitro as an exchange factor for Rab5a (Otomo
et al. 2003), which functions in endosomal trafficking. All of the disease-causing
mutants are highly unstable (Yamanaka et al. 2003): This has led to the conclusion
that early-onset motor neuron disease is caused by loss of activity of one or more
of the GEF domains of this endosomal GEF.
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Efforts to find new genes linked to the remainder of familial ALS cases con-
tinue. The identification of three separate families with linkage to chromosome
16 (Abalkhail et al. 2003, Ruddy et al. 2003, Sapp et al. 2003) has significantly
narrowed the region of interest, and rapid identification of the gene involved is
anticipated. In addition, efforts to identify disease genes for chromosomes 18
and 20 are under way (Table 1). Researchers have just begun to identify other
genetic contributors, including one dominant locus on mouse chromosome 13
that can sharply slow initiation of SOD1 mutant mediated disease (Kunst et al.
2000).

Mechanisms of Selective Motor Neuron Death

There are many animal models of motor neuron degeneration, ranging from chronic
aluminum toxicity in rodents to spinal muscular atrophy in cows. Because each of
these models may provide new, important information about the motor neuron, they
may be relevant to ALS. However, given space constraints, the disease mechanism
part of this review focuses almost exclusively on rodent models of mutations in
SODI. This bias is based on the phenotypic and pathologic correlation between
sporadic and familial human SOD1 ALS cases and the close resemblance of the
mouse model to human disease (discussed below).

A TOXIC PROPERTY FROM CU/ZN SOD1 MUTATIONS

The best-known function of SOD1, a homodimer of an ubiquitously expressed
153—amino acid polypeptide, is to convert superoxide, a toxic by-product of mi-
tochondrial oxidative phosphorylation, to water or hydrogen peroxide. Cataly-
sis by SODI1 is mediated in two asymmetric steps by an essential copper atom,
which is alternately reduced and oxidized by superoxide. The disease-causing
mutations are scattered throughout the primary and three-dimensional structure
of the protein. More than 100 mutations are known (Andersen 2000, Andersen
et al. 2001, Gaudette et al. 2000), and all but one mutation, SOD1P°A (aspartate
substituted to alanine at reside 90), cause dominantly inherited disease. An up-
dated list of the mutations can be found at the online database for ALS genetics,
http://www.alsod.org.

How mutant SOD1 leads to motor neuron degeneration remains unclear. How-
ever, it is well established that SOD 1-mediated toxicity in ALS is not due to loss of
function but instead to a gain of one or more toxic properties that are independent
of the levels of SOD1 activity. The main arguments against the importance of loss
of dismutase function are that (¢) SOD1 null mice do not develop motor neuron
disease (Reaume et al. 1996) and (b) removal of the normal SOD1 genes in mice
that develop motor neuron disease from expressing a dismutase inactive mutant
(SOD19%R) does not affect onset or survival (Bruijn et al. 1998). In addition,
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levels of SODI1 activity do not correlate with disease in mice or humans; in fact,
some mutant enzymes retain full dismutase activity (Borchelt et al. 1994, Bowling
et al. 1995). Finally, chronic increase in the levels of wild-type SOD1 (and dismu-
tase activity) either has no effect on disease (Bruijn et al. 1998) or accelerates it
(Jaarsma et al. 2000).

Of the more than 100 mutations in humans, 3 (SOD19®R SOD19%37R and
SOD1%%34) have been extensively characterized in transgenic mouse models of
ALS (Bruijn & Cleveland 1996, Gurney 1994, Ripps et al. 1995, Wong et al.
1995). In these mice, the mutant human protein is ubiquitously expressed (under
control of the human or mouse SOD1 gene promoter) at levels equal to or several
fold higher than the level of endogenous SOD1. Unlike the variable pattern of
weakness in humans, weakness typically starts in the hind limbs in mice between
3 and 12 months of age, depending on both the mutation and the level to which it is
expressed. Hind limb weakness coincides with increased astrogliosis, activation of
microglia, and loss of spinal cord motor neurons. Pathology in these mice closely
mimics many aspects of the human disease.

A feature common to all examples of SOD1 mutant-mediated disease in mice
is prominent ubiquitin-positive, intracellular aggregates of SOD1 in motor neu-
rons and astroctyes (Figure 1). Vacuolar pathology that at least partially repre-
sents damaged mitochondria is seen in motor neurons of mice or rats express-
ing high levels of SOD16%* (Dal Canto & Gurney 1994, Jaarsma et al. 2001,
Howland et al. 2002) and SOD1%3"R (Wong et al. 1995), but it is not seen in
disease from other mutants (Bruijn et al. 1997b, Nagai et al. 2001). This may
be due to the higher (by as much as 20-fold) accumulated levels of the cat-
alytically active SOD19%34 and SOD1%3’R mutants, as compared with the inac-
tive SOD198R which are required to provoke disease in mice. This difference
is even more provocative for the frameshift mutation SOD1%'?7X truncated in
the last 26 residues of SODI. Despite accumulation to only ~1% the level of
endogenous wild-type SOD1 in mice (i.e., ~1/400 the level required to cause
disease from the dismutase-active mutants in mice), this highly toxic mutant
provokes disease accompanied by prominent aggregates (Jonsson et al.
2004).

SOD1-MEDIATED TOXICITY IS NONCELL AUTONOMOUS:
ARE MOTOR NEURONS DIRECT TARGETS OF DISEASE?

The obvious loss of motor neurons in the spinal cord initially focused attention
on how mutant SOD1 may act within motor neurons to provoke neuronal degen-
eration and death. However, as in almost all prominent examples of inherited hu-
man neurodegenerative diseases, the mutant gene products are expressed widely.
In the case of SODI, expression is ubiquitous, raising the possibility that the
toxic cascade may be achieved wholly or in part by mutant SOD1 action in the
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adjacent nonneuronal cells. In the first set of experiments to address this question,
mutant SOD1 was expressed selectively in astrocytes (Gong et al. 2000) or in
neurons (Pramatarova et al. 2001, Lino et al. 2002). Although there was astro-
cytosis in the mice with astrocyte-specific expression, none of the mice in these
three sets developed motor neuron disease. Because high mutant SOD1 levels were
sustained in the mice accumulating mutant SOD1 only in the astrocytes, mutant
action solely within astroctyes appears insufficient to cause disease. In the case of
neuron-specific expression [using either neurofilament (Pramatarova et al. 2001) or
neural-specific enolase promoters (Lino et al. 2002)], no clear outcome emerged.
However, the levels of mutant SOD1 may have been too low to yield disease.
Further efforts, however, made it clear that toxicity to motor neurons from SOD1
mutants is noncell autonomous, that is, it requires mutant damage not just within
motor neurons but also to nonneuronal cells. Clement et al. (2003) demonstrated
this with three sets of chimeric mice including both normal and SOD1 mutant—
expressing cells. Mutant motor neurons that chronically expressed SOD1937R or
SOD1%934 mutants at levels that cause early-onset disease when expressed ubig-
uitously could escape degeneration and death if surrounded by a sufficient number
of normal nonneuronal cells (Figure 2). In some cases, a relatively small minority
(5-20%) of normal cells eliminated disease, as well as degeneration and death of
mutant motor neurons. Mice with these cells survived to ages at least twice those
of the longest lived parental mice that expressed either mutant ubiquitously. More-
over, even within the same animal, the proportions of wild-type cells frequently
differed on the two sides of the spinal cord. In two chimeras, all spinal motor neu-
rons were mutant expressing. Although both animals developed disease, in each
case twice as many of these mutant-expressing motor neurons survived on the side
of the spinal cord with the higher number of wild-type, nonneuronal cells. Per-
haps just as important, normal motor neurons surrounded by mutant-expressing
nonneuronal cells acquired intraneuronal ubiquitinated deposits, indicating that
the mutant-expressing cells had transfered damage to them. These data clearly
demonstrate that the cellular neighborhood does matter: The death of the motor
neurons depends, at least in part, on a contribution from surrounding glia and
possibly other cell types.

OXIDATIVE DAMAGE AND METAL MISHANDLING AS
SUSPECTS IN MUTANT SOD1-MEDIATED DISEASE

Hypotheses for Toxicity from Active-Site Copper-Mediated
Aberrant Chemistry

The discovery of mutations in SOD1 immediately prompted hypotheses that tox-
icity is caused by aberrant chemistry of the active copper and zinc sites of the
misfolded enzyme (Beckman et al. 1993). This aberrant chemistry could involve
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greater access of abnormal substrates to the active site or clumsy handling of the
copper and/or zinc ions. Even wild-type SOD1 can exhibit additional enzymatic ac-
tivities including superoxide reductase or oxidase activities (Liochev & Fridovich
2000) in which either the oxidized or reduced forms use substrates other than super-
oxide, respectively. Two specific candidate chemistries involve use of inappropriate
enzymatic substrates, which produces peroxynitrite and/or hydroxyl radical. Per-
oxynitrite can nitrate tyrosine residues (Beckman et al. 1994), thus damaging pro-
teins in affected cells. It has been proposed that peroxynitrite can be produced when
the enzyme runs catalysis backwards, converting oxygen to superoxide, which
then combines with nitric oxide (NO) within the active site (Estevez et al. 1999).
In vitro, such chemistry can be done by mutants that bind the catalytic copper, and
this backwards catalysis is strongly exacerbated by depletion of zinc from SOD1
(Estevezetal. 1999). Acting as chaperones during the synthesis of metalloenzymes,
metallothioneins are important in the regulation of zinc bioavailability within cells
(Jacob et al. 1998, Palmiter 1998). Three isoforms exist: MT-I and -II are largely
glial; MT-III is neuronal. Metallothionein expression is markedly upregulated in
the spinal cord of ALS patients and transgenic mice (Blaauwgeers et al. 1996, Gong
& Elliott 2000, Nagano et al. 2001). Consistent with zinc depletion as a factor in
toxicity, SOD1993A mice deficient in either MT-I and MT-II (both expressed in
glia) or MT-III (accmulated in neurons) exhibit significant accelerations in disease
onset (Nagano et al. 2001), although it is not clear that acceleration in either case
is due to altered zinc binding to SODI.

The other proposed substrate is hydrogen peroxide, the normal end product of
the oxidized form of the enzyme (SOD1-Cu?"). Use of peroxide by the reduced
form of SOD1 (SOD-Cu!*) may produce the highly reactive hydroxyl radical.
Wiedau-Pazos et al. (1996) reported a two- to fourfold increase in the use of
hydrogen peroxide by two dismutase-active mutants relative to wild-type SOD1
in vitro. Despite their initial attractiveness, neither hypothesis is likely to represent
an underlying toxicity common to the ALS-causing mutants. Evidence against
these hypotheses includes the following:

1. Although both of the proposed oxidative mechanisms require active-site
copper, a mutant missing all four copper-coordinating histidines still causes
progressive motor neuron disease (Wang et al. 2003).

2. Although increased levels of free 3-nitrotyrosine have been reported in the
spinal cords of human patients (Beal et al. 1997) and in mouse models of ALS
(Bruijn et al. 1997a), there is no evidence of increased levels of nitrotyrosine
bound to proteins in ALS patients or in most mutant SOD1 mice (Bruijn
etal. 1997a). Furthermore, using mass spectrometry, Williamson et al. (2000)
detected no increased nitration in neurofilaments isolated from transgenic
mice expressing dismutase-active or -inactive mutants.

3. Although increases in hydroxyl radicals, measured by high-performance
liquid chromatography, have been reported (Andrus et al. 1998, Hall et al.
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1998) in tissue samples from transgenic mice expressing the catalytically
active mutant SOD19%3A, these increases have not been detected in other
mouse models (Bruijn et al. 1997a).

4. Because NO is critical for the formation of peroxynitrate, alteration in NO
synthesis would be expected to substantially alter the disease course if per-
oxynitrite were an important contributor to disease. However, reduction of
neuronal nitric oxide synthase (nNOS) either pharmacologically or by ge-
netic manipulation did not result in a change in disease progression (Dawson
2000). Similarly, in mice deletion of an inducible NOS (iNOS), localized to
astrocytes and microglia, did not change the survival of mutant SOD1 mice
(Son et al. 2001).

Toxicity Despite Reduced or Absent Catalytic Copper

The discovery that copper acquisition by SOD1 in yeast requires a specific copper
chaperone for SOD1 (CCS) (Culotta et al. 1997) provided the basis for a test of
whether the catalytic copper loading is important in disease. Both human wild-
type and mutant SOD1 subunits load copper in vivo through the action of a mam-
malian CCS (Corson et al. 1998, Wong et al. 2000). Although eliminating CCS in
transgenic mice expressing three different mutations, SOD1937R, SOD1933R | and
SOD1%%3 significantly lowered copper loading onto mutant SOD1 in transgenic
mice [measured either with in vivo labeling or by in vitro catalytic activity of the
active mutants (Subramaniam et al. 2002)], onset and progression of motor neuron
disease was not affected. Furthermore, mutations in SOD1 that disrupt some or
all the copper-coordinating residues do not eliminate toxicity (Wang et al. 2002,
Wang et al. 2003). A variant of the oxidative proposal is that the mutants may han-
dle copper more clumsily, thereby releasing the metal that can catalyze aberrant
chemistry. Such mishandling, however, is unlikely to be an important contributor
to disease. Even though the CCS is the major delivery source of copper to mutant
SOD1, toxicity is the same in the presence or absence of the CCS (Subramaniam
et al. 2002).

Hypothesis of Aberrant Catalysis from Surface-Bound Copper

A final proposal suggests that copper contributes to toxicity via aberrant chemistry
of copper bound not to the active site of SOD1 but rather to one or more residues,
including Cysl11, on the surface of the subunit (Bush 2002). This idea arose
from the observation that SOD1 in vitro can bind copper at its surface (Liu et al.
2000) and that a CCS-independent, ~30% elevation in tissue copper occurred in
some SOD1 mouse models of disease (Subramaniam et al. 2002). Although this
hypothesis cannot be formally excluded, no in vivo evidence supports such surface-
copper binding, and the source of such copper is perplexing given evidence that
the average pool of free copper is only a small fraction of a molecule per cell (Rae
etal. 1999).
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A COMMON FEATURE OF SOD1-MEDIATED TOXICITY IS
PROTEIN AGGREGATION: BUT WHY SHOULD
AGGREGATES BE TOXIC?

The presence of abnormal protein aggregates or inclusions has been described
in many neurodegenerative diseases [amyloid and tau in Alzheimer’s disease
(Selkoe 2001), o-synuclein in Parkinson’s disease (Selkoe 2001), and huntingtin
in Huntington’s disease (Steffan et al. 2001)]. For ALS, prominent, intracellular,
cytoplasmic inclusions in motor neurons and in some cases within the astrocytes
surrounding them are found in each of the prominent mouse models of SOD1-
mediated disease and in all reported instances of human ALS (Bruijn et al. 1998).
In the mouse models, these accumulations are highly immunoreactive for SOD1
(Figure 1). Atleast some misfolded SOD1 aggregates cannot be readily dissociated
and are resistant to strong ionic detergents; some also contain covalent adducts to
other components that can be detected biochemically in spinal cord extracts of
transgenic SOD1 mice long before (Johnston et al. 2000, Wang et al. 2002), or
contemporaneous with (Bruijn et al. 1997b), onset of disease.

Anunsolved puzzle is whether these aggregates damage motor neurons (or other
cells in the spinal cord), and if so through what mechanism(s). Several possible tox-
icities of the protein aggregates have been proposed (Figure 3), including aberrant
chemistry; loss of protein function through coaggregation with the aggregates; de-
pletion of protein folding chaperones; dysfunction of the proteasome overwhelmed
with undigestable, misfolded protein; and inhibition of specific organelle function,
including mictochondria and peroxisomes, through mutant aggregation onto or
within such organelles. Consistent with involvement of the ubiquitin-proteasome
system, the aggregates are intensely immunoreactive with antibodies to ubiquitin,
a feature common to all SOD1 ALS mouse models (Bruijn et al. 1998, Jonsson
et al. 2004, Wang et al. 2003) and human SOD1-mediated familial ALS (Bruijn
et al. 1998, Kato et al. 2000).

Partial inhibition of the proteasome is sufficient to provoke large aggregates
in cultured nonneuronal cells that express SOD1 mutants. This suggests that pro-
teasome activity is limiting so that decrease in it either prevents the appropriate
removal of the mutant protein or compromises the removal of even more important
components (Johnston et al. 2000). Mutant SOD1s are selectively degraded by ac-
tion of the RING finger-type E3 ubiquitin ligase, dorfin, followed by subsequent
proteosomal degradation. Like its substrate, dorphin is predominantly localized in
inclusion bodies in familial and sporadic ALS (Niwa et al. 2002). The finding that
ubiquitin-containing aggregates are a frequent feature of sporadic disease (Mather
et al. 1993. Leigh & Swash 1991) could link the mechanisms of familial and spo-
radic ALS. However, the complete picture must involve other proteins besides
SODI1 as the source of the aggregates because SOD1-containing aggregates are
not a characteristic feature of sporadic disease (Shibata et al. 1996).

In addition to their effect on the ubiquitin-proteasome system, aggregates affect
the functional aspects of protein-folding chaperones, including those normally
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present and those induced by heat or other stresses. The coimmunoprecipitation
of HSP70, HSP40, and «B-crystallin with mutant SOD1 (Shinder et al. 2001)
confirms a likely involvement of such components. Perhaps more important is the
finding that cultured motor neurons die when exposed to acute expression of mutant
SOD1, but this is ameliorated by contemporaneous expression of high levels of
HSP70 (Bruening et al. 1999). Although the conspicuous nature of large aggregates
in affected tissue makes them attractive candidates for causing disease, whether
these aggregates are integrally involved in the disease process or are beneficial in
sequestering toxic by-products is unknown.

A CASCADE OF CASPASES MEDIATES MOTOR
NEURON DEATH

Although the primary toxicities of the familial ALS-linked mutations of SOD1
remain unresolved, the final event in the death cascade has been partially clarified.
Activation of caspase-1, one of the early events in the mechanism of toxicity of
SODI1 mutants, occurs months prior to neuronal death and phenotypic disease
onset (Pasinelli et al. 2000, Vukosavic et al. 2000). A central feature in cell death
mediated by mutant SODI1 is the activation of caspase-3, one of the major cysteine-
aspartate proteases responsible for degradation of many key cellular constituents
in apoptotic cell death. Caspase-3 activation occurs in motor neurons (Li et al.
2000b, Pasinelli et al. 2000, Vukosavic et al. 2000) and astrocytes (Pasinelli et al.
2000) contemporaneous with the first stages of motor neuron death in all three
of the best-studied mouse models. For SOD19%34, release of cytochrome ¢ from
mitochondria is followed by activation of caspase-9 (Guegan et al. 2001), which
may be the effector for the subsequent activation of caspases-3 and -7. In vitro,
this temporal cascade of caspase activation occurs within the same neuronal cell
(Pasinelli et al. 2000), although this has not been firmly established in mice.

A common step toward toxicity of mutant SOD1 is a sequential activation
of at least two caspases, which act more slowly here than they do during the
apoptotic death processes of development. Moreover, apparent inhibition of one
or more caspases in this cascade is beneficial: Despite a short half-life once
in aqueous solution, long-term intrathecal administration of the pan-caspase in-
hibitor (N-benzylocarbonyl-Val-Ala-Asp-fluoromethylketone or zVAD-fmk) pro-
longs the life of SOD193A mice by approximately 27 days (Li et al. 2000). Further
evidence that proteins of the cell death pathways are important for SOD1-mediated
neuron death includes the demonstration that increasing expression of the anti-
apopotic factor Bcl2 slows disease onset and survival of SOD15%34 mice by three
to four weeks (Kostic et al. 1997).

The best-case scenario for modulation of the final apoptotic cell death path-
way is to find key mediators of programmed cell death that affect motor, but
not other, neurons, thereby providing the basis for specificity. The demonstra-
tion that cultured embryonic motor neurons, but not other neuronal populations,
are sensitive to killing by Fas ligand may provide such an example (Raoul et al.
2002). Activation of Fas receptors is an important pathway in the immune system,



MOTOR NEURON DEGENERATION 733

where it eliminates virus-infected cells, cancerous cells, or mature T cells at the
end of an immune response. Whether Fas activation is important for the survival
of adult motor neurons threatened with abnormal SOD1 proteins remains to be
determined.

ARE MITOCHONDRIA TARGETS FOR MUTANT
SOD1-MEDIATED DAMAGE?

The presence of what appear to be vacuolated mitochondrial remnants within spinal
motor neurons very early in the lines of mice accumulating the highest levels of
SOD15%34 and SOD1%37R provided an initial suggestion that mitchondria may be
primary targets for SOD1 mutant-mediated damage (Dal Canto & Gurney 1994,
Kong & Xu 1998, Wong et al. 1995). For SOD1%%34, Mattiazzi et al. (2002) later
reported an ~25% decrement in some enzymatic activities of the respiratory chain
in isolated mitochondria, although this was neither seen before disease onset nor
selective to mitochondria from spinal cord. Decreased activity of mitochondrial
cytochrome oxidase has been reported for spinal cord extracts from end-stage
sporadic human disease. Such enzymatic losses could arise from action of the mu-
tant SOD1 within mitochondria: Using electron microscopy (Higgins et al. 2002,
Jaarsma et al. 2001) and its apparent resistance to protease digestion with intact
mitochondria isolated from brain (Mattiazzi et al. 2002), mutant SOD1%34 has
been reported to be present in spinal cord mitochondria, presumably within the
intermembrane space. Partial deficiency of manganese superoxide dismutase 2 (a
mitochondrial enzyme localized to the mitochondrial matrix) exacerbates disease
in transgenic SOD1 mice (Andreassen et al. 2000), providing further evidence of
mitochondria’s role in ALS. Moreover, mis-targeting mutant SOD1 to the mito-
condrial matrix of cultured cells is toxic (Takeuchi et al. 2002), although there is
no evidence that mutant SOD1 ever enters the matrix without addition of a spe-
cific targeting sequence. Administration of creatine (Klivenyi et al. 1999), which
may enhance energy storage capacity and inhibit the opening of the mitochondrial
transition pore, and minocycline (Van Den Bosch et al. 2002, Zhu et al. 2002), a
tetracycline derivative believed to inhibit microglial activation and block release
of cytochrome c from the mitochondria (Kriz et al. 2002), slows disease by at least
two to four weeks in mice expressing dismutase-active mutants SOD19%3A and
SOD1637R,

Despite these findings, the evidence that mitochondria are important targets for
damage common to SOD1 mutants with different biochemical characters remains
contradictory. Mitochondrial pathology has not been found in other rodent models
that develop motor neuron disease from expression of lower levels of the same
mutants or in any of the models that develop motor neuron disease from expression
of mutants without dismutase activity (Ripps et al. 1995, Bruijn et al. 1997a,
Wang et al. 2002, Jonsson et al. 2004, Wang et al. 2003). Moreover, although
import of mutant SOD1 into mitochondria requires the CCS in yeast (Field et al.
2003), toxicity from SOD1 mutants is unaffected by the absence of the CCS
(Subramanium et al. 2002).



734

BRUIUN = MILLER ® CLEVELAND

NEUROFILAMENTS: A COMPONENT OF SELECTIVITY OF
MOTOR NEURON TOXICITY IN ALS

Neurofilaments, the most abundant structural proteins in many types of mature
motor neurons, have long been thought to confer some selective vulnerability to
the neurons at risk in disease. Neurofilament assembly in axons is essential for
establishing proper axonal diameters (Lee & Cleveland 1996, Garcia et al. 2003).
Only the largest caliber, neurofilament-rich, lower motor neurons are at risk ei-
ther in sporadic ALS (Kawamura et al. 1981) or SOD1-mediated disease in mice
(Bruijn et al. 1997b). The discovery that accumulation and abnormal assembly
of neurofilaments are common pathological hallmarks in several neurodegenera-
tive diseases, including sporadic (Carpenter 1968, Chou & Fakadej 1971, Hirano
1991) and familial ALS (Hirano et al. 1984), infantile spinal muscular atrophy, and
hereditary sensory-motor neuropathy, first suggested that aberrant accumulation
of neurofilaments may contribute to disease onset or progression. Multiple genetic
manipulations involving either overexpression or deletion of various neurofila-
ment subunits in mice expressing mutant SOD1 have confirmed the importance
of neurofilaments in the ALS model. Reduction of axonal neurofilaments and
contemporaneous increase either of assembled filaments or the neurofilament-M
(NF-M) and neurofilament—H (NF-H) subunits within the perikarya slow the onset
of SOD1-mediated disease (Supplemental Table 1: Follow the Supplemental Ma-
terial link from the Annual Reviews home page at http://www.annualreviews.org).
Increased expression of NF-H, which traps most neurofilaments within the neu-
ronal cell bodies, has produced the most robust ameliorization of disease in SOD1
mutant mice thus far, extending life span by as much as six months in one SOD1%37R
line (Couillard-Despres et al. 1998).

The results of these manipulations are counterintuitive. Perturbing the normal
axonal and perikaryal architecture is expected to add insult to the already present
SOD1-mediated injury. Two explanations for why this is not the case have been
proposed: First, excess neurofilaments function as a buffer or sink for some other
deleterious process. For example, increased perikaryal content of the NF-M and
NF-H subunits, which carry multiphosphorylation domains that can be substrates
for the prominent neuronal cyclin-dependent kinase 5 (CDKSY), may serve as a
buffer following disregulation of this kinase. Indeed, the CDKS neuronal activator
p35 is cleaved by proteolysis to p25, producing a mislocalized, constitutively
activated form of CDKS5 within the cell bodies of SOD1937R mice (Nguyen et al.
2001b). Second, reducing the axonal burden of neurofilaments (for example, by
deletion of the NF-L subunit that is required for filament assembly) may reduce
the burden on axonal transport, thereby moderating the damage of mutant SOD1
(Williamson et al. 1998).

Are neurofilament mutations relevant to human disease? At least two stud-
ies suggest that they are. By examining the repetitive tail domain of NF-H, a
set of small in-frame deletions or insertions has been identified in 1% of more
than 1300 ALS patients (Al-Chalabi et al. 1999, Tomkins et al. 1998, Figlewicz
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et al. 1994). Almost all these mutations appear in sporadic cases, implicating
neurofilaments as important risk factors for sporadic disease. Furthermore, inves-
tigators (Mersiyanova et al. 2000, De Jonghe et al. 2001) found that a dominant
mutation in NF-L is a primary cause of the motor neuropathy Charcot-Marie-
Tooth disease (Type II). Taken together, these data suggest that neurofilament
content and organization are important contributors and probable risk factors for
disease.

PERIPHERIN AND MOTOR NEURON DEGENERATION

Another candidate contributor to motor neuron disease is peripherin, an inter-
mediate protein expressed in spinal motor neurons, peripheral sensory neurons,
and autonomic nerves. Corbo & Hays (1992) found peripherin with neurofilament
proteins in the majority of axonal inclusions in motor neurons of ALS patients.
Increasing expression of the major peripherin isoform (peripherin 58) in motor
neurons of transgenic mice leads to late-onset motor neuron disease accompanied
by disruption of neurofilament assembly and organization (Beaulieu et al. 1999).
In humans, an even more toxic form, peripherin 61, is encoded by an unexpected
splice variant in which a part of what is normally an intron provides an additional
3 kD of coding sequence. Expression of peripherin 61 in primary motor neurons is
toxic, even at modest levels (Robertson et al. 2003). It is detectable in the lumbar
spinal cord of sporadic ALS cases, but not in nondiseased controls (Robertson
et al. 2003). Although induced in motor neurons of mutant SOD1 mice, periph-
erin’s role in ALS has been called into question because neither elimination of all
isoforms by gene deletion nor overexpression of it in an ALS model had any effect
on survival in SOD1 mutant mouse models (Lariviere et al. 2003).

EXCITOTOXICITY

Glutamate-mediated excitotoxicity from repetitive firing and/or elevation of intra-
cellular calcium by calcium-permeable glutamate receptors has long been impli-
cated in neuronal death. In motor neurons, the bulk of the glutamate is actively
cleared from the synapse by the glial glutamate transporter, EAAT2, presumably
helping to prevent excitotoxicity (Rothstein et al. 1996, Tanaka et al. 1997). Evi-
dence for abnormal glutamate handling in ALS first arose from the discovery that
the cerebrospinal fluid of ALS patients had increased glutamate levels (Rothstein
etal. 1990, Rothstein et al. 1991, Shaw et al. 1995), a finding now reported in 40%
of sporadic ALS patients. Direct measurement of functional glutamate transport
in ALS revealed a marked diminution in the affected brain regions, which was the
result of pronounced loss of the astroglial EAAT?2 protein (Rothstein et al. 1995).
Although evidence for EAAT2 loss through RNA mis-splicing in astrocyes (Lin
et al. 1998) has not been confirmed in subsequent studies, lowering EAAT? levels
with an antisense oligonucleotide has shown that loss of transport activity directly
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induces neuronal death (Rothstein et al. 1996). In a patient with sporadic ALS, a
mutation in EAAT?2 involving a substitution of the putative N-linked glycosyla-
tion site asparagine 206 by a serine residue (N206S) was identified (Trotti et al.
2001). Further in vitro studies show that this mutation causes aberrant targeting to
the membrane, which decreases glutamate uptake (Trotti et al. 2001), indicating
that this may be an important risk factor in the disease. Finally, compared with
motor neurons that are spared, the spinal motor neurons at risk are relatively re-
duced in intracellular calcium-binding components such as calbindin D28k and
parvalbumin (Alexianu et al. 1994, Ince et al. 1993), consistent with an excitotoxic
component to pathogenesis.

Excitotoxicity has provided one of the few mechanistic links between sporadic
and SOD1 mutant—-mediated ALS. SOD1 mutants in rodent disease models induce
a focal loss (Figure 4) of EAAT?2 selectively from the astrocytes within the portion
of the spinal cord containing the motor neuron cell bodies (Howland et al. 2002).
Thus, glutamate excitotoxicity is likely to be an important contributor to neuronal
death. Indeed, the only FDA-approved therapy in ALS, Riluzole, functions by
decreasing glutamate toxicity.

DYNEIN, DYNACTIN, AND RETROGRADE AXONAL
TRANSPORT

A feature that distinguishes motor neurons from other cells is their extreme asym-
metry (up to one meter long) and large volume (up to 5000 times that of a typical
cell). This size places an enormous metabolic load on the more normally sized
cell body whose job is to synthesize the components for this large cell. Compo-
nents must be transported first into the extended axon. Then via both fast and
slow transport, components move toward the synapse. Finally, fast, cytoplasmic
dynein—mediated retrograde returns components, including multivesicular bodies
and trophic factors such as nerve growth factor, back to the cell body. The finding
that SOD1 mutants impair slow axonal transport months prior to disease onset
(Williamson et al. 1998) led to the conclusion that diminished transport correlated
with the development of motor neuron disease.

Although cytoplasmic dynein has many cellular roles, which include positioning
the endoplasmic reticulum and Golgi as well as in assembly of the mitotic spindle,
in neurons it is the only known motor for retrograde transport. Two dominant point
mutations in it cause a progressive motor neuron disorder in mice (Hafezparast et al.
2003). Similarly, disruption in postnatal motor neurons of the dynactin complex,
an activator of cytoplasmic dynein that makes it more processive (King & Schroer
2000), inhibits retrograde axonal transport (LaMonte et al. 2002), provoking a
late-onset, progressive motor neuron disease. This is also true in human disease:
A dominant point mutation in the p150 subunit of dynactin is the proximal cause
of a lower motor neuron disorder that begins with vocal cord paralysis (Puls et al.
2003).
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MICROGLIA AND INFLAMMATION

Microglia are the resident immune cells of the central nervous system. They resem-
ble peripheral tissue macrophages and are the primary mediators of neuroinflam-
mation (Kreutzberg 1996). In the healthy adult brain, microglia exist as “resting”
microglia, characterized by a small cell body and fine, ramified processes and
minimal expression of surface antigens. Upon injury to the central nervous sys-
tem, these cells become rapidly activated and exert their effects on neurons and
macroglia (astrocytes and oligodendrocytes) through the release of cytotoxic and
inflammatory substances such as oxygen radicals, NO, glutamate, cytokines,
and prostaglandins (Kreutzberg 1996, Hanisch 2002). Microglial involvement has
been described in many acute and chronic neurological diseases (Kreutzberg 1996,
McGeer & McGeer 1999), although little is known about the role of microglia in
ALS. In ALS tissues, there is strong activation and proliferation of microglia in re-
gions of motor neuron loss (Kawamata et al. 1992, Ince et al. 1996). Recent studies
showed that expression of proinflammatory mediators [TNF-alpha, Interleukin-1B,
and cyclooxygenase 2 (COX-2)] is an early event in mouse models of ALS (Alex-
ianu et al. 2001, Elliott 2001, Nguyen et al. 2001a, Almer et al. 2002, Hensley
et al. 2002). Additional evidence for microglial involvement in ALS is provided
by pharmocological studies aimed at delaying ALS progression. Minocycline, an
antibiotic that also blocks microglial activation (Yrjanheikki et al. 1999), slows
disease in ALS mice (Kriz et al. 2002, Van Den Bosch et al. 2002, Zhu et al. 2002).
Similarly, inihibition of a key enzyme in prostaglandin synthesis (COX-2) with
celecoxib prolongs survival by 25% (Drachman et al. 2002). Both minocylcine
and celecoxib are currently being studied in human clinical trials.

GROWTH FACTORS

Vascular Endothelial Growth Factor

A completely unexpected contributor to motor neuron survival emerged from the
discovery that ALS-like symptoms and neuropathology can be produced in mice
bearing a targeted deletion that eliminates the ability of the vascular endothelial
cell growth factor (VEGF) gene to respond to tissue hypoxia (Oosthuyse et al.
2001). VEGF has long been recognized as a crucial factor in controlling the growth
and permeability of blood vessels. Hypoxia-induced expression of VEGF through
transcription factors that respond to low oxygen tension is crucial for maintaining
or restoring the vascular perfusion of normal tissues and for triggering the growth of
blood vessels to supply the extraordinary metabolic demands of tumors. Targeted
deletion of the hypoxia-response element in the VEGF gene resulted in mice with a
normal baseline expression of VEGF but with a pronounced deficit in the ability to
induce VEGF in response to hypoxia. Motor neuron deficits first appeared in mice
between five and seven months of age and gradually progressed. All the classic
features of ALS were observed: accumulation of neurofilaments in spinal cord
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and brainstem motor neurons, degeneration of motor axons, and the characteristic
denervation-induced muscle atrophy.

In a large European study to determine whether alterations in the VEGF gene
may be linked to human ALS (Lambrechts et al. 2003), three single nucleotide
polymorphisms in the promoter region of the VEGF gene were identified, impli-
cating VEGF as a risk factor in the disease. However, no variations were seen in
the hypoxia-response element. The promoter variants in the VEGF gene in these
patients coincided with reduced levels of plasma VEGF. In addition, expression
of VEGF carrying these single base-pair changes in a culture system lowered
the levels of VEGF and resulted in cell death. Decreasing the levels of VEGF in
transgenic mice expressing SOD19%3A decreased the age at onset of disease and
decreased their life span.

Although these data strongly implicate VEGF as a risk factor for ALS, further
validation is required to confirm that VEGF, and not other more important genes
in close association with variations in VEGEF, is the key gene involved. A sub-
population in England showed no association with these variations (Lambrechts
et al. 2003), suggesting that genetic background, the presence of additional modi-
fiers, environment, or lifestyle may also be important. Further studies to determine
whether VEGF has a direct function as a neurotrophic factor for motor neurons or
a more indirect function in motor neuron survival are under way.

Neurotrophic Factors

Neurotrophic factors selectively regulate the growth and survival of certain pop-
ulations of neurons in the central and peripheral nervous systems. They have an
essential role in neuronal development and in the maintenance of differentiated
neurons. Because astrocytes and microglia are important sources of neurotrophic
factors, damage to those cells as occurs pathologically in ALS implicates that loss
of trophic support is one of the underlying factors causing motor neuron degener-
ation. Anand et al. (1995) detected decreased levels of ciliary neurotrophic factors
(CNTF) in the postmortem tissue of ALS patients, indicating that trophic support
may be impaired. Earlier onset of disease occurred in a patient with an SOD1
mutation and a homozygous mutation in the CNTF gene, supporting the idea that
neurotrophic factors may play a role in ALS (Giess et al. 2002). However, the dis-
covery that some individuals who lack the CNTF gene do not develop motor neuron
disease argues against a strong association between ALS and CNTF (Takahashi
et al. 1994). Furthermore, a recent study demonstrated that lack of CNTF does not
affect age of onset, clinical presentation, rate of progression, or disease duration in
sporadic or familial (SOD1P?4) ALS (Al-Chalabi et al. 2003). Other trophic fac-
tors that may be involved in ALS pathogenesis include brain-derived neurotrophic
factor, glial cell line—derived neurotrophic factor (GDNF), and insulin-like growth
factor-I (IGF-1), as they all support the survival of motor neurons in vivo and in
vitro (Elliott & Snider 1996, Oppenheim 1996).

Despite the suggestion that trophic factors may be important in ALS, human
trials with neurotrophic factors have been disappointing and studies in the mouse
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models have been relatively unimpressive (Supplemental Table 1). Previous trials
based on neurotrophic factors are problematic because the neurotrophin may not
have been delivered effectively to the target neurons. In a recent study, Kaspar et al.
(2003) used a gene therapy approach to deliver trophic factors directly to neurons,
as outlined in Figure 5. Adeno-associated virus (AAV) expressing GDNF or IGF-1
was injected into the hindlimb and intercostal muscles of SOD1%%*4 mice. IGF-
I-containing AAV, which is retrogradely transported back to the neurons of the
spinal cord, robustly prolonged survival, although GDNF delivered in a similar
manner did not. It is unknown whether the IGF-1, which is probably produced
and secreted by the motor neurons, had an effect on neurons producing the IGF-1,
neighboring neurons, astrocytes, or all of the above.

MODELING TOXICITY IN ALS

In considering what lessons have now been learned about the mechanisms under-
lying ALS, the evidence at first glance seems to support a discouraging series of
divergent possibilities (Figure 6). However, the timing and selectivity for motor
neuron killing may arise from the unfortunate convergence of a series of factors—
all of which are necessary to place motor neurons at risk—rather than from a single
alternative (Figure 6).

For familial ALS, the disease results from an acquired toxicity of mutant SOD1
rather than from any loss of function of the protein. The acquired toxic property
affects both neurons and glia, and SOD1 expression in either cell type alone is
insufficient to result in disease. The exact nature of this toxicity is uncertain,
but in neurons it likely disrupts several basic cellular functions including protein
breakdown by the ubiquitin-proteasome system, slow anterograde transport, fast
retrograde axonal transport, calcium homeostasis, mitochondrial function, and
maintenance of the cytoskeletal architecture. Aggregates are clearly identifiable but
thus far have not been directly linked to any of these disruptions in cellular function
and could, in theory, be protective rather than pathogenic. Although these changes
are occurring in the motor neurons, there is concurrent damage to the astrocytes
and activation of microglial cells. The striking loss of glutamate transporters in
the astroglial cells likely results in increased levels of glutamate and causes an
excitotoxic stress to the struggling motor neurons. Activated microglial cells induce
many inflammatory cytokines that may contribute to the death of motor neurons.
In the moribund motor neuron, activated caspase-3 deals the final blow.

What about the 98% of disease that does not arise from SOD1 mutations? The
convergence model, including a common set of risk factors, may prove correct
here too. The key difference is the substitution of an additional combination of
initiating genetic or environmental modifiers in lieu of mutant SOD1. Environment
can contribute to ALS, as demonstrated by several clusters of disease, e.g., the 50-
fold increased risk for ALS in Guam in the 1950s (Mulder & Kurland 1987). More
recently, a twofold increased risk of ALS has been recognized among veterans of
the Gulf War (Haley 2003, Horner et al. 2003). All the individual events described



740

BRUIUN = MILLER ® CLEVELAND

above likely contribute to the selective loss of motor neurons, thus each represents
a target for therapy. Yet despite, or perhaps because of, the multiple possible
targets, ALS therapy in both mice and humans has thus far yielded disappointing
results.

CHALLENGES: DEVELOPING THERAPIES FOR ALS

ALS is a complex disease with multiple causes, making the discovery of effective
pharmacologic therapies challenging. Despite the impressive list of therapies at-
tempted in both mouse and humans (Supplemental Table 1), Riluzole is currently
the only FDA-approved compound that may slow disease progression and extend
survival, although its effect on both is generously described as modest. Nonphar-
macologic therapies such as maintaining nutrition and attending to respiratory
function have more significant effects than does any currently available medica-
tion, but none of these therapeutic efforts significantly slows disease progression.
Many neurologists recommend vitamin supplements and antioxidants, and many
discuss with patients medications such as minocycline and celecoxib that have
shown some efficacy in mouse models. Clinical trials for several of these com-
pounds are ongoing. As in other neurodegenerative diseases, ALS therapies are
advancing in three overlapping areas: (@) small molecules including “off-the-shelf”
compounds; (b) delivering protein, DNA, or RNA; and (c¢) novel gene therapy ap-
proaches including viral vectors and stem cells.

Therapies that could be quickly translated to clinical practice may be found
among the group of small molecules already available, some of which have been
approved by the FDA for other uses. The ALS community has recently embarked
on such an approach: In a joint effort by the ALS Association and the National
Institute of Neurologic Disorders and Stroke, and involving many different lab-
oratories, researchers have screened 1040 compounds; the results have not been
published.

In addition to traditional pharmacologic molecules, proteins, DNA, or RNA
may affect disease. In previous ALS trials, growth factors were delivered subcu-
taneously or directly into the cerebral spinal fluid (Supplemental Table 1). None
of these trials were particularly effective. As discussed above, one of the major
problems may have been failure to deliver the protein to the target tissue. A re-
cent viral-mediated approach may have solved this problem. When injected into
muscles, AAV expressing IGF-1 is retrogradely transported to the spinal cord and
prolongs survival in ALS mice. A clinical trial using a similar approach in humans
is anticipated. Other novel strategies include the development of antisense and
small interfering RNA that block the synthesis of SOD1 (Ding et al. 2003).

Gene therapy and stem cell approaches are being actively and enthusiastically
considered for ALS. Delivery of proteins by viral vectors (as discussed above)
represents one such gene therapy approach. Stem cells could be engineered to
produce a growth factor and then injected or placed within the central nervous
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system. Both mouse and human embryonic stem cells, when cultured in vitro to
produce embroid bodies, are able to differentiate into various types of brain cells
(Anderson et al. 2001). The ability to push these cells toward a motor neuron
lineage was recently demonstrated (Wichterle et al. 2002). Remarkably, when
motor neurons that were created in vitro were introduced into a lesioned chick
spinal cord, some stem cell-derived motor neurons extended axons and innervated
muscle (Wichterle et al. 2002). Other sources of stem cells such as bone marrow
(Brazelton et al. 2000) and muscle (Goodell et al. 2001) are being investigated, but
it remains controversial whether these stem cells will provide an abundant source
of neurons.

Neural cell replacement therapies are based on the idea that neurological func-
tion lost to injury or neurodegeneration can be improved by introducing new cells
that can form appropriate connections and replace the function of lost neurons.
In ALS, it is hard to imagine that many transplanted motor neurons would form
appropriate connections with target muscles, where motor axons need to extend
distances up to a meter in length to reach the target. An alternative strategy to
the Herculean task of replacing the long motor neurons would be to replace non-
neurons because normal nonneuronal cells can sharply extend survival of motor
neurons that express SOD1 (Clement et al. 2003).

Another approach could be to stimulate endogenous stem cells in the brain or
spinal cord to generate new neurons. Contrary to earlier belief, neurogenesis does
occur in the adult nervous system, particularly in the hippocampus and olfactory
bulb (Alvarez-Buylla 1992, Alvarez-Buylla & Garcia-Verdugo 2002). Studies to
understand the molecular determinants and cues to stimulate endogenous stem
cells are under way (Gage 2002, Clarke et al. 2000, Magavi & Macklis 2001).
Although promising, we are only beginning to learn the potentials and challenges
of these cells, especially for use in neurodegenerative diseases such as ALS.

Given the convergence of multiple pathways leading to disease, various ther-
apies targeting different processes may be the most effective. Although the exact
combination of therapies is not yet known, new insights into disease mechanisms
and anticipated discoveries of new genes responsible for ALS foster hopes that
therapies to significantly slow this disease are within reach.

The Annual Review of Neuroscience is online at http://neuro.annualreviews.org
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Figure 1  SODI reactive inclusions in both motor neurons and astrocytes.
(A) Motor neuron from an SOD1G85R ALS mouse. (B) Motor neuron from an ALS
patient with SOD1 frameshift mutation at position 126. (C) Astrocyte from a
SOD1685R mouse. Top row (A, B, C) is stained with hematoxylin and eosin.
Bottom row (D, E) and the insert in C represent the same sections stained with an
antibody to SOD1. These inclusions are also immunoreactive with antibodies to
ubiquitin (not shown). Modified with permission from Bruijn et al. 1997b, 1998.
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Figure 2 Noncell autonomous toxicity of ALS-causing SOD1 mutants. (A4) Morula
aggregation to produce chimeric mice in which the wild-type neurons were marked by a
trace level of human neurofilament-L (NF-L), and mutant neurons and nonneurons were
marked by mutant human SOD1. (B—C) Even though 30% of mutant motor neurons
expressed SOD1G37R  none were killed in one chimeric animal even six months after all
mice that expressed the mutant systemically had died from motor neuron loss.
(B) Immunofluorescent localization of mutant SOD1 (green), all axons [with an antibody
specific for human NF-L (red) and myelin (blue)] in a lumbar motor root. (C) Robust
extension of the life span of chimeric mice with a high proportion of mutant neurons.
Chimeras were constructed similar to the scheme in (A) except using SOD1693A mutant
morulas. (D) There were no signs of degeneration or axon loss, with 978 axons present
(normal animals have 927, +/— 99, axons in this root). Scale bar is 40 microns.
Reproduced with permission from Clement et al. (2003).
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Figure 3 Putative toxicities of protein aggregates. Aberrant chemistry, loss
of protein function, depletion of chaperones, loss of proteasome function, and
dysfunction of mitochondria are all putative toxicities of protein aggregates.
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Figure 4 Excitoxicity in ALS. Selective loss of the glial glutamate transporter
EAAT? in the anterior horn during disease within an ALS-linked SOD1 mutant.
(A) Nearly ubiquitous expression (brown) of the glutamate transporter EAAT?2 in
the gray matter of the spinal cord in nontransgenic animals. (8) Higher magnifica-
tion view, showing EAAT?2 staining surrounding the motor neurons (arrows).
(C-D) Striking loss of EAAT?2 staining in the anterior horn of end-stage
SOD1G93A rats. Reproduced with permission from Howland et al. (2002).
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Figure 5 Viral delivery of neurotrophins to motor neurons slows ALS-like dis-

ease in an SOD1 mutant model, presumably by forcing the local production by
motor neurons within the spinal cord.
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Figure 6 Convergence of multiple pathways that may damage the motor neuron.



