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It has been > 130 years since the first description of the upper and lower motor
neuron disease called amyotropic lateral sclerosis (ALS). Sadly, there has been
little change in the long interval over which this disease is diagnosed, or in its
poor prognosis. Significant gains have been made, however, in understanding
its pathophysiology and in symptomatic care. Disease-causing mutations have
been identified and used to create animalmodels. Other identified mutations
may increase susceptibility and cause disease only in a particular environment
and at a particular age. A number of ‘downstream’ molecular pathways have
been implicated, including transcriptional disturbances, protein aggregation,
excitotoxicity, mitochondrial dysfunction, oxidative stress, neuroinflamma-
tion, cytoskeletal and axonal transport derangements, growth factor dys-
regulation and apoptosis. This knowledge has led to an impressive pipeline of
candidate therapies that offer hope for finally being able to alter ALS disease
progression. These are described and prioritized herein, and suggestions are
offered for efficiently sifting through them.
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1. Background

In a strict anatomic sense, motor neuron disease (MND) refers to a heterogeneous
group of conditions characterized by degeneration of lower motor neurons (those
that have cell bodies in the cranial nerve nuclei or in the anterior horn of the
spinal cord and synapse directly on muscle) and/or upper motor neurons (those that
have cell bodies in the brain and synapse on lower motor neurons). Commonly
though, MND is used to refer to a more specific neurodegenerative disease involv-
ing both populations of motor neurons [1]. This more specific disease is also called
amyotropic lateral sclerosis (ALS), a preferred term that is used for the remainder of
this paper.

Jean Martin Charcot gave the first comprehensive description of ALS in
1874 [23; unfortunately, the diagnostic interval and clinical course of this disease have
changed little since. As lower motor neurons degenerate and die, patients with ALS
develop widespread muscle atrophy, fasciculations and weakness (hence Charcot’s
term ‘amyotropic’). As upper motor neurons die, the spinal cord becomes sclerotic,
in particular the lateral corticospinal tracts (hence Charcot’s term ‘lateral sclerosis),
and spastic tone and hyper-reflexia ensue. Diagnostic certainty increases with the
number of body parts manifesting these ‘lower and upper motor neuron signs’ [3]; as
a result, there can be considerable delay between initial symptoms and diagnosis [4-6].
ALS most often starts insidiously, with painless, asymmetric weakness in distal
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Table 1. FALS subtypes [18-20,201].

Name Gene Function Locus Inheritance  Phenotype

FALST [135] SoD1 Catalyzes reduction of 21922.1  AD, AR Similar to SALS, but variable onset
superoxide anions to oxygen and progression
and hydrogen peroxide

FALS2 [21,22] Alsin Binds G proteins; possibly 2933 AR Childhood onset, slow progression
endosomal trafficking

FALS3 [136] ? 18921 AD Similar to SALS

FALS4 [137] Senataxin RNA and DNA helicase; 9q34 AD Childhood onset, slow progression
DNA repair

FALSS [23] ? 15915 AR Childhood onset, slow progression

FALS6 [138] ? 16912 AD Similar to SALS, but variable

progression

FALS7 [139] ? 20p13 AD Similar to SALS

FALSS [140] VAPB Intracellular membrane 20913 AD Some similar to SALS; others
protein involved in vesicle primarily lower motor neuron
transport

FALS-ANG [141,142]  Angiogenin Mediator of blood vessel 14911 AD Similar to SALS
formation

FALS-NFH [95] Neurofilament ~ Contributes to axonal 22912 AD Variable

heavy chain structure and caliber

FALS-DCTN1 [96] Dynactin Microtubule-based motor ~ 2p13 AD Variable
protein

FALS-FTD [143,144]  ? 9p13 AD SALS with frontotemporal dementia

FALS-FTDP [145] Tau Stabilizes microtubules and  17g21 AD Amyotrophy with frontotemporal

regulate their assembly

dementia, and parkinsonism

AD: Autosomal dominant; AR: Autosomal recessive; FALS: Familial amylotropic lateral sclerosis; SALS: Sporadic amylotropic lateral sclerosis.

limb muscles: a ‘bulbar onset’ in which the disease starts in
speech and swallowing muscles occurs in ~ 30% of cases [7-10].
Unfortunately, relentless progression is the rule, with eventual
limb paralysis, and loss of speech, swallowing and breathing
functions. Occasionally, there will be prominent frontotempo-
ral dementia [11] or, more rarely, Parkinsonism [12]. On average,
patients with ALS will require a feeding tube, tracheostomy
and mechanical ventilator to sustain life beyond 3 years of
disease onset [13,14], although occasional patients may survive
decades without these interventions [15]. ALS is a rare disease
across most of the world, with an incidence of 1 — 2 per
100,000 per year (similar to that of multiple sclerosis [16]), and
a prevalence of 1/20,000 (7-10]. These figures understate the
impact of ALS, however, when one considers that the lifetime
risk of developing the disease is roughly 1 in 400 [17].
Between 3 and 10% of patients with ALS have a family
history of this disease [18], and are thus referred to as having
‘familial’ ALS (FALS). Several FALS-causing mutations have
now been described (Table 1 [18-20,2011). These are usually trans-
missible via autosomal dominant inheritance, although reces-
sive [21-23] and X-linked [24] patterns have also been described.
Table 1 lists the known FALS subtypes. Mutations in some
FALS genes, in particular many of those in the SODI gene,
typically cause a phenotype that is clinically indistinguishable
from sporadic ALS (SALS). Mutations in other FALS genes,

however, produce disease in children (e.g., FALS2), disease that
progresses much more slowly (e.g., FALS2, FALS4), or disease
that affects primarily lower motor neurons (e.g., some FALS8
families or one FALS-DCTNI1 family). To further complicate
matters, different specific mutations within a given gene can
lead to different phenotypes; for example, specific mutations
in the SODI gene can lead to a limb or bulbar onset, or to a
faster or slower progressing disease [18]. Beyond FALS1, which
accounts for 2% of all ALS [18-20], most of these ALS subtypes
are incredibly rare conditions; in some cases, they occur in
single families (e.g., FALS3, FALS7). Nonetheless, the study
of FALS has been very useful. The identified disease-causing
mutations point to specific upstream processes that may be
relevant to the cause of SALS, especially with FALS subtypes
that have a similar clinical profile to SALS (FALS1). Animal
models of FALS, in particular FALS1, have yielded clues to
potential downstream disease mechanisms (Table 2) that may
also be part of SALS pathophysiology. FALS1 animal models
are being used as one of several preclinical assays to screen
drugs for human ALS trials [25,26], although it should be noted
that these animals do not acquire, nor manifest, disease as
humans do. They have multiple copies of the mutant gene,
rather than just one as humans do. Their motor system is not
organized in the same fashion as humans, and upper motor
neuron signs are not as obvious.
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Table 2. Putative downstream ALS mechanisms.

Bedlack, Traynor & Cudkowicz

Mechanism

References supporting
involvement in FALS

References supporting
involvement in SALS

Genetic and transcriptional disturbances [68-70] [29-32]
Protein aggregation [146-148] [146-148]
Excitotoxicity [79] [79,84]
Mitochondrial dysfunction (87] [87]
Oxidative stress (71] (711
Neuroinflammation [90] [90]
Cytoskeletal derangements/impaired axonal [94,98] [94,98]
transport

Growth factor dysregulation [99] (991
Apoptosis (102,103] [104]

ALS: Amylotropic lateral sclerosis; FALS: Familial ALS; SALS: Sporadic ALS.

Rare patients with SALS will have one of the mutations
described in Table 1 [27]. For the rest, and thus the great
majority of all patients with ALS, the cause is unknown. Many
believe SALS is caused by a combination of a genetic sus-
ceptibility and an environmental exposure [28]. Putative sus-
ceptibility genes have been identified using candidate-gene
approaches [28], and more recent genome-wide association
studies [29-32], but so far none appears constant across multiple
studies and/or populations. A cluster of markedly increased
ALS prevalence once occurred on Guam, but has recently
normalized [33]. Here, specific Tau single-nucleotide poly-
morphisms (SNPs) may influence risk, perhaps by regulating
MAPT expression [34]. A lively debate over the environmental
cause of the Guamanian cluster continues in the literature,
with recent evidence for and against the consumption of fly-
ing foxes, which may be concentrators of a neurotoxin found
in cycaad beans [35,36]. Smaller, still unverified, clusters appear
to exist in Iralian soccer players [37) and American veterans [38],
especially those deployed to the Persian Gulf in the early
1990s [39.40]. Theories about the exact exposures responsible
for these clusters abound, but none have yet been proven 41).
Case-control studies have also suggested environmental risks,
but these are not consistent across different studies and/or
populations [41]. The biology of ageing may interact as a third
influence on disease development, as SALS becomes much
more common with ageing [41,42]. Unfortunately, there is no
animal model of SALS; thus, compared with FALS, there is
less evidence for specific ‘downstream’” mechanistic events. At
first glance, mechanisms that appear relevant to FALS also
appear to play a role in SALS (Table 2). However, the fact
that several drugs that slowed disease progression in FALS
animals subsequently failed in trials of SALS patients [43-47]
may suggest important mechanistic differences between these

types of ALS.

2. Medical need/existing treatment

Despite numerous clinical trials over the past 50 years [48], only
one medication has emerged that can prolong survival in
patients with ALS: riluzole (2-amino-6-[trifluoromethoxyl
benzothiaole]; RP-54274). This drug, which was developed as
an anticonvulsant, inhibits the presynaptic release of glutamate,
and modulates sodium channels [49], potassium channels (50]
and calcium currents [51]. In a mouse model of FALS], riluzole
delays disease onset and slows decline in motor function [52].
Two double-blind, placebo-controlled trials in humans with
ALS show that treatment with 100 mg/day is associated with a
statistically significant improvement in tracheostomy-free
survival [53,54]. The effect size, however, is small: median
tracheostomy-free survival improves by ~ 60 days. Further-
more, no consistent benefit is seen on secondary measures
such as manual muscle testing and functional scores. Riluzole
is generally well tolerated, with the most common side effects
being gastrointestinal disorders, dizziness and asthenia. Eleva-
tions in liver enzymes may occur; thus, regular monitoring of
liver function is required. Serious drug related side effects
occur in < 2% of patients [55,56]. The cost of the medication is
high, presently ~ US$900/month [202].

In recent years, advances in supportive care have eased the
symptom burden of ALS for patients and caregivers, and allowed
some preservation of quality of life through the disease [57.58].
Recent reviews are available to guide clinicians on optimal
methods for breaking the news, symptomatic therapy, nutrition
and feeding tubes, managing respiratory therapy, palliative
care and advanced directives [59-61]. Some supportive interven-
tions such as feeding tubes (621, bilevel positive airway
pressure) [63], and even multidisciplinary care teams [64] may
prolong survival in patients with ALS. Unfortunately, although
potentially greater than riluzole, the size of these survival

Expert Opin. Emerging Drugs (2007) 12(2)

231



Emerging disease-modifying therapies for the treatment of motor neuron disease/amyotropic lateral sclerosis

benefits is still small. Thus, there is an urgent need for novel
therapies that can meaningfully alter the development and/or
course of ALS.

3. Current research goals

The research goal addressed herein is to use existing know-
ledge of ALS pathophysiology to generate new therapies that
can meaningfully alter the development and/or course of ALS.

4. Scientific rationale

Studies on FALS (in particular FALS1 animal models) and,
to a lesser extent, SALS have suggested at least 10 promising
target pathways for ALS therapeutic agents. There is likely to
be significant interaction between these. In this section, evi-
dence that each target pathway occurs and is relevant in FALS
and SALS is reviewed. The proposed upstream events leading
to each target are also described and related to what is known
about the mechanism or downstream events by which the tar-
get may lead to motor neuron degeneration, although it is not
always clear whether these events occur in series or in parallel.

4.1 Disease-causing genes

As reviewed in Table 1, in recent years, a number of puta-
tive disease-causing mutations have been mapped out in FALS
families [18-201. Rare patients with SALS will also have one of
these mutations [27]. Inserting these mutations into animals
can result in an ALS phenotype [18-20,2526]. Turning down
the production of FALS gene products via RNA interference
(RNAi) technology or antisense oligonucleotides can slow
disease progression in animals [20].

4.1.1 Upstream events

These upstream events are likely to be at the top of the cascade.
That is, they are the primary, most upstream event for patients
in whom they occur. They are either inherited or arise as
spontaneous mutations.

4.1.2 Downstream events

The most common and best understood of the ALS-causing
mutations occur in the SODI gene [65]. The product of this
gene normally catalyzes the reduction of superoxide anions to
oxygen and hydrogen peroxide. More than 100 different SOD 1
point mutations can cause an ALS phenotype [65]. These muta-
tions do not appear to cause disease by a loss in function, but
rather a toxic gain in function for the mutant SOD1 (mSOD1)
protein. Evidence for this comes from the observation that
mSODI catalytic potency does not correlate with disease in
mice or humans, and that SOD/-null mice do not develop
ALS 165]. Very recent work reveals more surprises. First, expres-
sion of mSOD1 must occur within both neuronal and non-
neuronal cells in order for ALS to ensue, at least in mouse
models [26,66]. Second, mSOD1 expression within different
cell types may be responsible for different phases of disease [26].

For example, selective deletion of SODI within mouse motor
neurons appears to slow disease onset and an early phase of
progression; selective deletion within microglia and macro-
phages had little effect on early disease, but strikingly slows
later disease progression [67]. Beyond these important observa-
tions, exactly how mSODI leads to selective motor neuron
degeneration s still unknown; it probably acts through one or
more of the following mechanisms: aggregation, facilitation
of excitotoxicity, mitochondrial damage, oxidative stress, or
immune dysregulation, or inducing a pro-apoptotic state.

4.2 Other genetic and transcriptional disturbances
Beyond the
Section 4.1, candidate gene approaches and more recent genome-

disease-causing mutations  described  in
wide screens have shown differences in gene structure and/or
expression in FALS animal models [68-70] and in patients with
SALS [29-32] compared with healthy controls.

4.2.1 Upstream events

Mutations or polymorphisms in susceptibility genes may be
inherited or spontaneous. Expression of mSODI in a motor
neuron cell line can alter gene transcription [71], although the
mechanism by which this occurs is not clear. The regulation
of transcription is complex. In part, it is regulated in via his-
tones, which ultimately affect the actions of RNA polymerase.
Histones are, in turn, regulated by covalent modifications such
as acetylation. In this light, the finding of hypoacetylation in
FALSI mice [72] may be relevant and may provide a specific
pathway for reversing transcriptional dysregulation. Indeed,
sodium phenylbutyrate, a histone deacetylase inhibitor, appears
to reverse some of the transcriptional dysregulation in FALS1
animals, and prolongs survival [72].

4.2.2 Downstream events

In some cases, there are obvious mechanisms by which
the altered genes might affect downstream ALS patho-
physiology. For example, downregulation of genes association
with the cytoskeleton and axonal transport, and upregulation of
genes associated with cell-death pathways in patients with
SALS 31,32 could play into the mechanisms described below.
In others, the relationship remains unclear. In a genome-wide
association study of 276 American SALS patients and
276 American neurologically normal controls, the minor allele
of 34 SNPs was associated with altered risk of developing ALS.
Genes involved in the regulation and function of neuronal
cytoarchitecture were over-represented in this list, thus sug-
gesting that such proteins may be relevant to the pathogenesis
of motor neuron degeneration (30].

4.3 Protein aggregation

Intracellular, cytoplasmic protein aggregates are a patho-
logic hallmark of FALS, of animal models of FALS, and of
SALS [20,26,73]. These include: ubiquitinated inclusions, which
are seen in a variety of neurodegenerative disorders; Bunina
bodies, which stain for the protease inhibitor cystatin C and
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are unique to ALS; and phosphorylated and non-phosphory-
lated neurofilament inclusions, which can be associated with
immunoreactive SODI1, even in SALS [20,.26]. Other than mere
appearance, multiple lines of evidence suggest that protein
aggregates may play a key role in ALS. First, there is the spatial
correlation: aggregates are mainly found within motor neu-
rons, and in some cases, within the astrocytes surrounding
them [20,26,73]. In cell mSOD1 culture models, the propensity
to form aggregates does not occur in hippocampal or dorsal
root ganglia neurons, only in motor neurons [74]. Second there
is the temporal correlation: aggregates in FALS1 animal mod-
els are evident prior to any other measure of disease [75.76].
The levels of mSODI expression required to produce disease
in FALS1 animal models coincide with levels required to pro-
duce SOD1 aggregates [77]. Finally, and perhaps most impres-
sively, there is the correlation between SOD1 stability and
disease progression: in FALS1 patients, mutations leading to
the most unstable mSOD1 are associated with fastest disease
progression [78].

4.3.1 Upstream events

There is evidence that the structure of some mSOD1 proteins
is unstable and prone to spontaneous misfolding and aggrega-
tion [1]. For other specific mutations, oxidative stress appears to
increase the likelihood of mSODI1 aggregation [71]. Decreased
heat-shock protein chaperone activity may further aggravate
matters [26], and provides a specific pathway for attempting
to counter act aggregation. In support, arimoclomol, a co-
inducer of heat-shock proteins, slows disease progression in
FALS1 mice [20].

4.3.2 Downstream events

Aggregates may induce disease by overwhelming the cells’ chap-
erone or ubiquitin-proteasome machinery [26], loss of other
protein function through co-aggregation [26], impairing mito-
chondrial function (see below) and impairing axonal transport
(see below). On the other hand, it is also possible that aggre-
gates have a protective effect within neurons by decreasing the
surface area of components exposed to the cytosol.

4.4 Excitotoxicity

Excitotoxic injury occurs when glutamate receptors (e.g.,
NMDA, AMPA) are inappropriately activated, resulting in
excessive entry of intracellular calcium into neurons [1,79]. Sev-
eral observations suggest that this may be part of FALS and
SALS pathophysiology. Elevated levels of extracellular gluta-
mate have been found in FALS1 mice (80}, and in the cere-
brospinal fluid of patients with SALS [81]. The spinal fluid of
patients with SALS is toxic to cortical neurons in culture, and
this effect can be blocked by AMPA antagonists [82]. Other
specific forms of motor neuron disease in humans, such as
lathyrism, can be caused by ingestion of glutamate agonists [83].
Finally, riluzole, the only medication that prolongs survival in
FALS models and patients with SALS, acts partly by inhibiting
the release of glutamate [53,54].

Bedlack, Traynor & Cudkowicz

4.4.1 Upstream events

There appears to be a loss of a critical astroglial glutamate
transporter called EAAT2/GLT1 in FALSI animals and in
some patients with either FALS or SALS [84,85]. Inducing a
loss of this transporter via antisense oligonucleotides can result
in motor neuron degeneration in cell cultures or in rats [79].
Cross-breeding FALS1 mice with those that overexpress
EAAT2/GLT1 can delay disease onset [79]. Administration
of ceftriaxone to the mSOD1 ALS rodent model increases
EAAT2 mRNA and protein levels and prolongs survival (8s).
Reactive oxygen species that occur in states of oxidative stress
(see below) may further act to potentiate excitotoxicity, as
glutamate uptake via glial and neuronal transporters is reduced
in their presence (71].

4.4.2 Downstream events

Chronic, even mild, elevations in intracellular calcium can
result in cell death [79]. In this light, motor neurons appear to
be particularly sensitive to excitotoxicity for two reasons. First,
motor neurons have a high proportion of AMPA receptors that
are deficient in a particular subunit called GluR2; as a result
these receptors are especially calcium permeable [79). FALS1
models made to express high levels of calcium-impermeable
GluR2 subunits have improved lifespan and preserved motor
function (86]. A second reason for the selective vulnerability of
motor neurons here may be their poor capacity for buffering
intracellular calcium due to low expression of calcium-buffering
proteins [79]. As a result, mitochondria are forced to take
on a greater calcium-buffering role, which can lead to their
own depolarization, impairment in energy production and
generation of reactive oxygen species.

4.5 Mitochondrial dysfunction

There are morphological abnormalities in the mitochondria of
humans with SALS (87]. Similar abnormalities occur in FALS1
models, and the appearance of them is temporally correlated
with the onset of weakness [88]. Mitochondria in FALS1 mod-
els are not functioning normally in terms of energy production
or calcium buffering and are spilling some of their contents
into the cytoplasm [87].

4.5.1 Upstream events

The cause of the mitochondrial dysfunction remains unknown.
One possibility is accumulation of aggregated proteins (such as
mSOD1) within the mitochondria where they may clog protein
translocation machinery and/or tie up antiapoptotic proteins
such as Bcl-2 (87]. Other possibilities include mutations in mito-
chondrial DNA, and calcium overload occurring as a result of
increased calcium-buffering requirements within neurons.

4.5.2 Downstream events

Dysfunctional mitochondria may result in impaired calcium
buffering within neurons, impaired energy production, spill-
age of reactive oxygen species into the cytoplasm (which, in
turn, creates oxidative stress), and release of cystatin C into
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the cytoplasm, which may activate the apoptosis cascade. In
FALS1 mice, administration of creatine, which may enhance
mitochondrial energy production and reduce permeability by
blocking a transition pore, prolongs survival [20]; unfortunately,
at the dosages studied thus far, creatine does not seem to work
in humans with ALS [20]. Minocycline, a drug that may block
release of cytochrome ¢ into the cytoplasm, produces a similar
benefit in FALS1 models [20].

4.6 Oxidative stress

Immunohistochemical studies have found markers of increased
oxidative stress in patients with FALS and SALS compared
with controls. These include elevated protein carbonyl levels,
increased 3-nitrotyrosine levels, increased levels of 8-hydroxy-
2’-deoxyguanose (indicative of oxidative damage to DNA),
increased levels of 4-hydroxynonenal (indicative of lipid per-
oxidation), elevated levels of ascorbate free radical and ele-
vated 3-nitrotyrosine [71]. A number of antioxidants, including
coenzyme Q;,, AEOL10150, C3 and a green tea flavenoid,
can prolong survival in FALS1 animal models [71].

4.6.1 Upstream events

As mentioned in Section 4.2.1, mSODI can alter gene expres-
sion in a motor neuron cell line; in particular, genes involved in
antioxidant responses show decreased expression [89]. Another
possibility is that part of the toxic gain in function of mSOD1
is to act as a peroxidase in reverse of its normal function,
or to react with peroxynitrate to cause tyrosine nitration [71].
Mitochondrial dysfunction may contribute by spilling reactive
oxygen species into the cytoplasm.

4.6.2 Downstream events

There is evidence that some mSOD1 products, in particular
those from A4V and G93A mutations, are more prone to
aggregation under conditions of oxidative stress (71]. Reactive
oxygen species may impair calcium buffering, thus potentiat-
ing excitoxicity and accelerating mitochondrial damage (71].
There is even evidence that maintenance of the neurofilament
network is impaired under conditions of oxidative stress [71].

4.7 Immune dysregulation

There is morphological and biochemical evidence that micro-
glia (the resident macrophages of the CNS) are increased in
numbers and are ‘activated’ in FALS1 animals and patients
with SALS [90]. Microglial activation appears to occur prior
to, or at the onset of, disease in FALS1 animals [91]. Selectively
diminishing mSOD1 activity in microglia and peripheral macro-
phages significantly slows disease progression in FALS1 ani-
mals [67]. Minocycline, which can inhibit microglial activation
(as well as favorably affecting mitochondrial function), pro-
longs survival in FALS1 animals [20,90. COX-2 activity is also
increased in FALS1 models and in the spinal cords of patients
with SALS [2047]. In FALS1 models, COX-2 expression tem-
porally parallels motor neuron loss. Treatment of these animals
with celecoxib, a COX-2 inhibitor, prolongs their survival as

well [92); unfortunately, a similar effect was not observed in
human trials [20,47]. Activated T cells, antineuronal antibodies
and antibodies against voltage-gated calcium channels have all
been found in patients with SALS [1].

4.7.1 Upstream events

Pro-inflammatory genes are upregulated in FALS1 models;
these include COX-2, TNF-ot and IL-1B 20]. Recent work has
shown that mSOD1 binds to chromogranins in secretory vesicles
in neurons and glial; when released into the extracellular space,
these appear to provoke microglial activation [93]. Microglia
derived from FALS1 mice may have increased cytotoxic abilities
even when removed and placed in cell cultures [90].

4.7.2 Downstream events

Activated microglia can induce apoptosis by releasing products
such as nitric oxide, Fas ligand or TNF-at (909. COX-2 is a
key enzyme in the synthesis of prostenoids, which are potent
mediators of downstream inflammatory cascades [20]. Anti-
bodies against voltage-gated calcium channels may disrupt the
regulation of intracellular calcium (1, leading to mitochondrial
and cytoskeletal damage.

4.8 Cystoskeletal and axonal transport defects

The largest caliber, most neurofilament-rich lower motor neu-
rons are the most severely affected in animal models of FALS1
and in patients with SALS [202694). Neurofilaments and
peripherin are found within intracellular inclusions in FALS
and SALS [94]. Neurofilament accumulations and defects in
axonal transport occur early in the course of disease in FALS1
models [94]. Transgenic mice that express a mutation in a neuro-
filament gene [94], overexpress peripherin (1], or have a muta-
tion in the dynein/dynactin axonal transport motor [26] will
develop motor neuron disease (although not classical ALS).
Genetically removing neurofilaments or removing their
crosslinking regions can prolong survival in FALS1 animals [26).

4.8.1 Upstream events

Mutations in neurofilaments have been observed in rare
patients with FALS and with SALS [95]. Mutations in peri-
pherin have been observed in rare patients with SALS, and
mutations in the dynein/dynactin complex have been observed
in rare patients with SALS as well (94,96]. Inflammatory cytokines
may be able to increase peripherin levels (97]. Glutamate expo-
sure leads to increased phosphorylation of neurofilaments and
slows axonal transport [94,98].

4.8.2 Downstream events

Neurofilament disorganization, crosslinking and aggregation
could disrupt axonal transport, resulting in ‘strangulation’ of the
axons [1].

4.9 Growth factor dysregulation
Brain-derived neurotropic factor (BDNF), ciliary neurotropic
factor, and IGF-1 can each support the growth and survival
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of developing motor neurons iz wvitro, and can promote
motor neuron survival in animal models; unfortunately,
trials of each of these failed to show any benefit for SALS
patients [99]. VEGF can also promote motor neuron survival
in animal models. VEGF has received much recent atten-
tion because, unlike the other growth factors mentioned,
patients with FALS and SALS have a significant reduction in
plasma levels of VEGF [99]. Case-control studies on patients
with FALS and SALS in Belgium and the UK reveal that
variations in the VEGF gene associated with particularly low
plasma levels of VEGF are also associated with ALS [100].
Mice expressing a mutant VEGF develop motor neuron dis-
ease; administration of VEGF to FALS mice or rats can delay
disease onset and prolong survival [100].

4.9.1 Upstream events

Variations in the VEGF gene that may confer suscept-
ibility to ALS could potentially be inherited or acquired as
new mutations.

4.9.2 Downstream events

Theoretically, reduced VEGF levels could contribute to motor
neuron death by ischemia. Extracellular chromogranins [93],
which are antiangiogenic, could exacerbate this mechanism [101].

4.10 Apoptosis

Apoptosis, or programmed cell death, is a terminal sequence of
events initiated by cysteine-aspartate proteases called caspases.
Histological and biochemical evidence of apoptosis has been
found in FALS1 models [102,103]. There is some similar evidence
that it also occurs in SALS patients [104], although this is still
being debated [105]. Caspase inhibitors can extend survival in
FALS1 mice [1].

4.10.1 Upstream events

Mutant proteins including mSOD1 may sequester anti-
apoptotic proteins such as Bcl-2. Transcriptional dysregula-
tion could result in overexpression of pro-apoptotic genes
and underexpression of antiapoptotic genes. Mitochon-
drial spillage of cystatin C and microglial activation can
activate the caspase cascade.

4.10.2 Downstream events

Apoptosis is likely to be the final sequence of events in motor
neuron death. This has not precluded attempts to slow ALS
progression by targeting this downstream pathway.

5. Competitive environment

A diverse group of potential therapeutic agents have been
brought into the ALS pipeline based on the above mecha-
nisms. These are reviewed in alphabetical order, along with an
opinion on the advantages and disadvantages of each (Table 3).

Bedlack, Traynor & Cudkowicz

5.1 AEOL-10150

AEOL-10150 (Acolus Pharmaceuticals) is a manganese por-
phyrin compound that acts as a catalytic antioxidant. When
administered at symptom onset in FALS1 mice, it prolongs
survival [20,106203]. It was recently administered subcutane-
ously as a single dose to patients with ALS; in this design it was
safe and well tolerated [203]. A multiple dose Phase II safety
study is underway. Even when administered at symptom onset,
most preclinical studies with this compound show a large
effect size in FALS mice. However, it hits a mechanism that is
likely to be downstream in ALS pathophysiology, and there are
limited safety data in humans with ALS so far.

5.2 AM-1241

AM-1241 is a selective agonist at the CB2 cannabinoid recep-
tor, and is reported to have anti-inflammatory properties.
Injections at symptom onset can dramatically prolong survival
in FALS1 mice [107]. The size of the survival benefit in FALS1
mice can be large, but inflammation may be a downstream
mechanism; there is no human experience with this compound
and administration is likely to be parenteral (it was delivered
via intraperitoneal injection in the animal study).

5.3 Antisense oligonucleotide to mSOD1

Recently, an antisense oligonucleotide to mSOD1 from Isis
Pharmaceuticals was administered intraventricularly to FALS1
rats, beginning 1 month prior to disease onset; levels of
mSOD1 were widely reduced and survival was increased [108].
This particular compound has not been tested in humans. It
hits a mechanism that is likely to be at or near the top of FALS
SOD1 pathophysiology and may be preferable to RNAi due to
stability and lack of ‘off target’ deleterious effects [108]. It may
be a targeted therapy for mSOD1-mediated disease. However,
it is unclear whether this mechanism plays a role in most cases
of SALS. There are limited safety data in humans with ALS.
Fomiviresen is an antisense oligonucleotide drug approved by
the FDA, but administration is limited to ocular delivery for
cytomegalovirus retinitis rather than systemically. For treat-
ment of ALS, intrathecal or intraventricular administration
may be required and little is known about the systemic effects
of administering this class of agents in this manner.

5.4 Arimoclomol

Arimoclomol (CytRx) is co-inducer of heat-shock proteins
that prolongs survival in FALS mice; the effect on survival
occurs whether the drug is started before or at symptom
onset [20,106]. It was recently administered orally at different
dosages to 84 patients with ALS over 12 weeks; it appears safe
and well tolerated and crosses the blood—brain barrier [109].
A Phase IIb study is about to start. By inducing heat-shock
proteins, this drug may augment their ability to chaperone
protein aggregates; protein aggregation is likely to be relevant
in FALS and SALS, and likely to be upstream. Oral dosing,
cerebrospinal fluid penetration and excellent safety data in
humans with ALS are plusses. However, there is no proof that
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arimoclomol affects protein aggregation in humans with
ALS at dosages studied. Long-term safety experience in humans
is limited.

5.5 Ceftriaxone

Ceftriaxone is a cephalosporin antibiotic, which is at present
off patent and sold as a generic drug. It increases expression
of EAAT2/GLT1 activity in rats, and prolongs survival in
FALS1 mice [2085,106]. An innovative Phase I — III adaptive
design pharmacokinetic, safety and efficacy study is underway
in ALS patients. Ceftriaxone acts to mediate excitotoxicity;
the importance of this mechanism in SALS is presumably
illustrated by riluzole’s success. This drug has been used exten-
sively in humans for other indications, has good brain penetra-
tion and has a good short-term safety record. However,
intravenous administration is required and there is limited
safety experience in humans.

5.6 Celastrol

Celastrol (Schering-Plough) has multiple effects relevant to
ALS, including suppression of TNF-o., IL-1B and nitric oxide,
and induction of heat-shock protein [106,110]. Administration
prior to symptom onset prolongs survival in FALS1 mice [111].
Celastrol potentially hits multiple downstream mechanisms.
A form of it has long been used in humans as a naturopathic
remedy for ‘inflammation’. Oral administration is also a plus.
However, there is a lack of safety and pharmacokinetic data in
humans with ALS. It is not clear that this drug can cross the
blood—brain barrier [106].

5.7 Coenzyme Q,,

Coenzyme Q) is a generic antioxidant, which can also facili-
tate mitochondrial respiration [106]. It can prolong survival
in FALS1 mice [111], is administered orally and crosses the
blood—brain barrier. In an open-label, dose-escalation study in
humans, it was safe and well tolerated at doses up to 3 g/day
over 8 months [20]. A randomized Phase II study in patients
with ALS has begun. Coenzyme Q,, has multiple relevant
mechanisms, oral administration, brain penetration and some
safety data in humans with ALS. However, there are limited
long-term safety data in humans so far.

5.8 Creatine (high dose)

Creatine has multiple effects that might be relevant in ALS,
including its ability to act as antioxidant, stabilize the
mitochondrial transition pore and facilitate mitochondrial
ATP synthesis. When given prior to disease onset, creatine
prolongs survival in FALSI mice [45,112,113]. Phase II trials in
patients with ALS failed to show a benefit at two different dos-
ing regimens [45,112,113]. However, these trials may not have
used doses that optimize brain phosphocreatine levels. Further-
more, creatine can be used in combination with other thera-
pies to maximize its benefit, at least in FALS1 models [114],
thus suggesting that it might be useful as part of a ‘cockrail’.
An innovative Phase II ‘selection’ trial in which higher dose

creatine (20 g/day) is used in combination with either mino-
cycline or celecoxib is underway. Advantages of creatine are its
multiple relevant mechanisms, oral administration, brain pen-
etration and excellent safety profile. However, there have been
multiple negative studies in humans with ALS when used as
monotherapy at doses of 10 g/day.

59 C3

C3 is a small molecule from Merck and C Sixty. It is a
fullerene or ‘buckyball’ that acts as a potent antioxidant, and
when delivered via intraperitoneal pumps, it can prolong sur-
vival in FALS1 mice [71]. Its advantages are unclear, but on the
downside it hits a mechanism that is likely to be downstream
in SALS. Other problems include intraperitoneal delivery, lack
of data on brain penetration and lack of safety data in humans

with ALS.

5.10 Catechin (-) epigallocatechin-3-gallante

Catechin (-) epigallocatechin-3-gallante is a generic compound
derived from green tea, a flavenoid with antioxidant effects.
When administered orally to FALS] mice, it had a large
beneficial effect on survival (71. Oral dosing and size of
effect in FALS1 models are plusses with this compound. Its
disadvantages are similar to those of C3.

5.11 Recombinant human erythropoietin

Recombinant human erythropoietin (EPO), which is used to
stimulate red blood cell production in patients with anemia,
has interesting anti-inflammatory and antiapoptotic effects,
and can augment BDNF release 72 vitro and in animal models.
In a recent open-label safety study, subcutaneous administra-
tion was well tolerated in 25 patients with ALS over two injec-
tions given a month apart [115]. EPO can theoretically affect
multiple relevant mechanisms and has extensive safety data in
humans without ALS. However, it is administered subcutane-
ously and has not yet been shown to affect relevant mecha-
nisms in patients with ALS when administered at safe or
tolerable doses.

5.12 Glatiramer acetate

Glatiramer acetate, a synthetic compound from TEVA, is a
combination of four amino acids. It is used to reduce the fre-
quency of relapses in patients with multiple sclerosis, in which
it is believed to act by boosting regulatory T-cell immunity; in
addition to this ultimately anti-inflammatory property, its
antiglutamatergic and growth factor-stimulating effects [116]
may be relevant in ALS. It prolonged survival in some, but not
other, studies in FALS1 mice, and in a Phase II trial it was safe,
well tolerated and affected the immune system at the dosage
studied [117]. It has multiple potentially relevant mechanisms.
This compound affects a disease-relevant mechanism when
administered at a tolerable dosage to patients with ALS. How-
ever, preclinical data are limited and discordant; it hits a mech-
anism that may be downstream in ALS, and requires
subcutaneous administration.
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5.13 Recombinant human

granulocyte-stimulating factor

Recombinant human granulocyte-stimulating factor, which is
used to stimulate white blood cell production in patients with
leucopenia, has neurotropic and antiapoptotic effects. It has
recently been shown to prolong survival in a FALS1 animal
model (118) and Phase II trials are about to begin. Its
advantages and disadvantages are identical to those of EPO.

5.14 GPI-16072

GPI-16072 (Guilford, Inc.) inhibits N-acetylated o-linked
acidic dipeptidase, and thus can decrease glutamate produc-
tion and release. It can prolong survival in FALS1 mice [106].
It mediates excitotoxicity; the importance of this mechanism
in SALS is presumably illustrated by riluzole’s success. Effects
apparently only occur during excessive stimulation of gluta-
mate, which should minimize the side effects typically seen
with antiglutamate therapies [106). However, this class has never
been administered to humans.

5.15 Recombinant human hepatocyte growth factor
Recombinant human hepatocyte growth factor is reportedly
neurotropic, antiapoptotic, and able to optimize levels of
EAAT2/GLT1 in animals (119,120). When administered via
intrathecal pump, it prolongs survival in FALSI rats [119]
and when delivered via gene therapy it can do so in FALS1
mice [120]. It has demonstrated positive effects on survival in
two different animal species, with two different delivery sys-
tems, even if delivered at symptom onset. However, this com-
pound has no safety or efficacy data in patients with ALS and
may require intrathecal delivery.

5.16 IGF-1

Recombinant human IGF-1 from Cephalon has been exten-
sively tested in patients with ALS, with conflicting results.
One study showed a slowing in functional decline; no benefit
was seen in another [106]; a third Phase I1I study is underway.
This compound is well tolerated, and so far is the only agent
other than riluzole to show any benefit against any marker of
disease progression in patients with ALS. However, the benefit
is inconsistent between studies. Even if the most positive study
can be replicated, the benefit, like that of riluzole, is likely to
be small. Because it does not cross the blood—brain barrier, this
compound may eventually require intrathecal delivery.

5.17 Adeno-associated virus engineered to

contain the gene for IGF-1 (IGF-1/AAV)

Ceregene has engineered the adeno-associated virus to contain
the gene for IGF-1. This can prolong survival in FALS1 mice
if given prior to disease onset [106] and a Phase II study in
patients with ALS is about to begin. Theoretically, after intra-
muscular injection, this vector could allow targeted delivery of
IGF-1 to motor neurons [106]. However, there are no data on
safety, tolerability or pharmacokinetics in humans with ALS.
The best delivery mechanism is not yet determined.

Bedlack, Traynor & Cudkowicz

5.18 Levetiracetam

Levetiracetam is a widely prescribed antiepileptic drug from
UCB Pharma. It has multiple proposed mechanisms of action
that might be relevant in ALS: it is a calcium-channel modula-
tor; it can mediate oxidative stress iz vitro; it can induce the
release of BDNF from astrocytes and it is a histone deacetylase
inhibitor [121]. An open-label study is underway to determine
its safety and tolerability in patients with motor neuron dis-
eases including ALS [121]. It is orally administered, and been
extensively used in epilepsy patients with excellent safety and
tolerability. There are few drug—drug interactions and no
requirement for monitoring; it can hit multiple ALS relevant
mechanisms; it offers the possibility of improving symptoms
such as cramps and spasticity, as well as slowing disease pro-
gression [121]. However, it does not appear to delay onset or
improve survival in FALS1 mice [122] and safety or tolerability
data in ALS patients are scant at present.

5.19 MCI-186
Also called edavarone, MCI-186 is a small molecule from
Mitsubishi Pharma used in Asia to treat stroke. It has multiple
ALS-relevant mechanisms of action, including free radical
scavenging, blocking the mitochondrial transition pore and
upregulating bcl-2 expression [123). When administered intra-
venously in an open-label Phase II study of 20 patients with
ALS, MCI-186 was safe and well tolerated. Markers of oxida-
tive stress were favorably affected, and there was a suggestion
of slowed disease progression as measured by the ALS
functional rating scale [123]. A Phase III study is underway.
MCI-186 has multiple mechanisms of action and some
preliminary safety and efficacy data in patients with ALS.
This compound affects a disease-relevant mechanism when
administered at a tolerable dosage to patients with ALS.
However, its intravenous administration is less desirable than
oral administration.

5.20 Memantine

Memantine from Merz is used to treat patients with
Alzheimer’s disease. It has excellent CNS penetration and acts
as an NMDA-receptor antagonist [106]. It is administered orally
and has a good safety and tolerability record in humans. How-
ever, as yet there are no data from FALS animal models or
from patients with ALS.

5.21 Minocycline

Originally from Johnson & Johnson and now available as a
generic, minocycline is a second-generation tetracycline anti-
biotic that can prevent microglial activation and caspase acti-
vation [106]. It prolongs survival in FALS1 mice and has been
reasonably safe and well tolerated in ALS patients in Phase II
studies [106], but these small studies were not powered to look
for efficacy. A Phase III study is underway. It is administered
orally, has a wealth of preclinical data in FALS1 mice, and
safety and tolerability are all favorable. However, it presumably
acts via mechanisms that may occur late in the ALS cascade
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and there is no proof that it affects these mechanisms in
humans with ALS at the dosages being used.

5.22 Nimesulide

Nimesulide (Helsinn), which is now available as a generic, is a
COX-2 inhibitor with antioxidant properties. It can preserve
motor skills in FALS1 mice [124] and can be administered via
multiple routes, including orally. However, it acts via the same
mechanism as celecoxib, which failed in human ALS trials, and
questions about its safety in humans have been raised [106].

5.23 ONO-2506

ONO-2506 is an enantiomer of valproic acid from Ono Phar-
maceuticals, which has antiglutamate and anti-inflammatory
functions, and may be able to inhibit reactive astrocytosis [106].
A Phase II study in humans with ALS has been completed, but
results are not yet available. A Phase III study has begun.
ONO-2506 works on multiple mechanisms, and has been used
in humans with ALS; however, the pathways it acts on may be
downstream and it is not yet clear if it affects any relevant
pathway in humans with ALS at the dosages being studied.

5.24 Phenylbutyrate

Slight variations of the histone deacetylase inhibitor phenyl-
butyrate are produced by Scandinavian Formulae, Ucyclyd and
Medicis. One form has been used for many years in children
with urea cycle disorders; in this population, it appears to be
safe and well tolerated. It can alter transcription and prolong
survival in FALS1 mice [72] and a recent Phase II study suggests
that it is safe and well tolerated in patients with ALS at dosages
that should alter transcription [125]. It is orally administered,
has effects on an upstream pathway, and appears safe and well
tolerated in humans with ALS. It should soon be known whether
it affects transcription in humans with ALS at doses studied.
However, further trials in ALS require completion of long-term
animal toxicology studies in rodent and non-rodent species.

5.25 R(+) pramipexole

Pramipexole is a dopamine agonist used in Parkinson’s disease
that can reduce oxidative stress in patients with ALS [126].
In cell culture and animal studies, this enantiomer of prami-
pexole can block the mitochondrial transition pore and cas-
pase activation. As it has less affinity for dopamine receptors
than pramipexole, it should have fewer side effects. In FALS1
mice, R(+) pramipexole prolongs survival [126]. A small open-
label study in humans is underway. R(+) pramipexole have
multiple relevant mechanisms of action; however, its proposed
mechanisms of action are possibly downstream in ALS patho-
physiology and there is little published preclinical data in ALS

using this enantiomer.

5.26 RNAi for mSOD1

Like antisense oligonucleotides, RNAi is a means for shutting
off the product of mSODI. Recent work suggests that this
approach can prolong survival and preserve motor function

when given to presymptomatic FALS1 mice [20,26]. RNAI for
mSOD1 hits a mechanism that is likely to be at or near the top
of FALS pathophysiology. It is likely to be a highly relevant
therapy for SOD1-mediated disease. However, it is not
clear that SOD1 plays a role in SALS. Optimal method
for delivery is not yet known. Rapid turnover and ‘off
target’ effects make this less desirable compared with antisense
oligonucleotides [109].

5.27 RO-26-2853

RO-26-2853 from Roche acts as an anti-inflammatory agent
by specifically inhibiting the activation of matrix metallo-
proteases — enzymes that digest the extracellular matrix. It
prolongs survival in FALS1 mice if given presymptomatically,
but not if given at symptom onset [127]. RO-26-2853 has a
unique mechanism of action among ALS relevant therapies.
However, it probably acts on events that are downstream in
the ALS cascade, and there is a lack of safety or efficacy data
for this agent in humans.

5.28 Scriptaid

Scriptaid is a small molecule from Alexis Biochemicals that
can interfere with protein aggregation 7 vitro [20,106]. FALS1
animal studies are underway. Scriptaid targets a mechanism
that is probably upstream and relevant to FALS and SALS, but
there are limited preclinical data.

5.29 Stem cells

There are a number of ways in which stem cells could be
beneficial in ALS. These include replacement of dying motor
neurons, replacement of defective glial cells, sources of growth
factor production, and ‘sinks” for excitotoxins such as gluta-
mate [20]. Recently, embryonic neural stem cells were trans-
planted into the spinal cord of FALSI rats. These cells
differentiated into neurons, formed synaptic contacts, released
growth factors and extended the lifespan of the animals [128].
Even more recently, eight patients with ALS were given intra-
thecal injections of autologous mesenchymal stem cells, along
with intravenous erythropoietin [115]. During 9 months of
follow up, no significant side effects were reported, although
transient benefits on strength, and a trend toward a reduced
slope of decline in ALS functional rating scale was reported.
The lack of placebo comparison group makes this data
difficult to interpret.

The multiple mechanisms, including the ability to augment
or replace neuronal and non-neuronal cells, are a plus. Theo-
retically, stem cell therapy offers the unique hope of restora-
tion of function, rather than merely slowing or arresting disease
progression. However, regulations in the US limit federal
funding for embryonic stem cell research.

5.30 Talampanel

Talampanel, which was originally under development by Ivax
for epilepsy, is a non-competitive modulator of AMPA
receptors. It can prolong survival in FALS1 mice, and was safe
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and well tolerated in a Phase II study in patients with ALS [106].
It crosses the blood—brain barrier and has demonstrated safety
and tolerability in patients with ALS. However, it targets
a mechanism that is probably downstream, and has not
been shown to affect AMPA receptors in humans with ALS at
dosages studied so far.

5.31 Tamoxifen

Tamoxifen (AstraZeneca) is used to treat breast cancer. It acts
as an anti-inflammatory through inhibition of PKC. In a Phase
IT study of patients with ALS, it was safe and well tolerated;
furthermore, there was a suggestion of efficacy with increased
survival at certain dosages [106]. A Phase III trial is planned.
Tamoxifen has been extensively used in humans and has a
good safety profile. Aside from riluzole, this is one of the only
agents to potentially show efficacy in a human ALS trial.
However, there are no FALS1 animal data, and the Phase II
study has not been published yet.

5.32 Thalidomide

Thalidomide, the infamous drug from Celgene, was originally
marketed as a sedative, but teratogenicity forced its withdrawal
from the world market in the 1960s. It is now being used again
in the treatment of leprosy, myeloma and cachexia. It crosses
the blood-brain barrier and has a number of interesting mech-
anisms of action, including suppression of TNF-o.. When
administered orally to FALS1 mice, it prolongs survival [129].
A Phase II study is underway in patients with ALS. There is
extensive experience with this in humans, but the putative
mechanism is probably downstream. Effects on TNF-o. have
not been demonstrated in patients with ALS at the dosages
being studied, and significant side effects are seen in humans,
including sedation, peripheral neuropathy and teratogenicity.
Lenalidomide may offer a safer alternative [106).

5.33 Trehalose

Trehalose (Carghill) may have the ability to modulate protein
aggregation [106]. It may attack an upstream mechanism
relevant to FALS and SALS, but there are no data in FALS1
models, or in humans with ALS.

5.34 TRO-19622

TRO-19622 from Trophos, which is also being tested in neuro-
pathic pain, is reported to inhibit the opening of the mito-
chondrial transition pore, act as a non-competitive glutamate
antagonist and have antiapoptotic properties. It can maintain
weight and motor function in FALS] mice, and can prolong
survival in models of other motor neuron diseases [130]. It
appears safe and well tolerated in a small preliminary study of
patients with ALS [130]. A larger Phase II study is under consid-
eration. Its advantages include oral administration, multiple
mechanisms of action and safety and tolerability in ALS
patients. However, the proposed mechanisms of action are
probably downstream, and there are limited data on use in
patients with ALS.

Bedlack, Traynor & Cudkowicz

5.35 Valproic acid

Valproic acid is a well-known antiepileptic drug from Teva
that may modulate transcriptional dysregulation by acting as a
histone deacetylase inhibitor. Included in this is an upregula-
tion of the antiapoptotic protein bcl-2 and a downregulation
of glycogen synthase kinase 3-B (131]. In FALS1 mice, it pro-
longs survival if given before or at symptom onset [131].
Phase II/III studies are underway in patients with ALS. This
orally administered drug has a history of extensive use in
humans with good safety and tolerability, but there are no data
in humans with ALS yet.

5.36 VEGF

VEGEF has been administered to FALS1 models intraventricu-
larly and via viral vectors. Either way, it prolongs survival, but
more impressively if given prior to rather than at symptom
onset 26]. There are good reasons to suspect that VEGF defi-
ciency plays a part in some patients with FALS and SALS, as
described above, but, as with other growth factors, because it
does not cross the blood—brain barrier, administration will have
to be invasive. There are no data regarding safety, tolerability
or efficacy in humans. VEGF may only be part of the patho-
physiology in select patients with ALS, as VEGF polymorphisms
are a risk factor in some populations and not others.

6. Potential development issues

The development of ALS therapies tends to follow a certain
path. Targets are identified, most often from % vitro preclin-
ical assays and FALS1 models. Therapies that may affect these
targets are tested, sometimes 77 vitro, usually in FALS1 animal
models. If the therapy is novel, long-term animal toxicology
studies are carried out, typically in two species, followed
by Phase I safety studies in healthy human volunteers. These
are followed by Phase II safety studies and then Phase III
efficacy studies in patients with ALS. Study inclusion criteria
typically require enough upper and lower motor neuron signs
to be confident of an ALS diagnosis, but also enough respira-
tory function to survive the duration of the study. Study dura-
tion and sample size depend on choice of primary outcome
measure and desired effect size. Based on the signal-to-noise
ratio, and the rate of change of available ALS outcome mea-
sures, Phase II studies usually require ~ 50 — 100 patients and
last a few months; Phase IIT studies usually require at least 400
patients and to last 1 year. There are a number of significant
problems with this approach that slow down the development
of new therapeutics.

First, we lack a comprehensive understanding of the patho-
physiology for any type of ALS. Ideas for new therapies, in
part, come from observations made in FALS] animal models,
yet FALS] patients typically account for < 5% of our trial
populations. Indeed, FALS1 patients have even been excluded
from participating in some recent trials [204]. Disagreement
between FALS1 animal trial results and human SALS results,
as seen with gabapentin, creatine and celecoxib [106], might
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have muldple explanations, but nonetheless should raise
concern over this development schema. Most therapies tested
so far in humans with ALS, however, have been based on
preclinical data, i vitro models of motor neuron dysfunction,
and on pathways shown to be abnormal also in SALS.

Second, ALS is a rapidly progressive, devastating, uniformly
fatal disease. The FDA requirement for long-term animal
toxicology studies in two species, and for Phase I studies in
healthy patients must be questioned.

Third, ALS is a rare disease. Our present Phase II and IIT
designs are too resource intensive in terms of patient numbers
and durations. Many patients will only get a chance at one
trial over the course of their disease, meaning trial costs can
also be measured in patient commitment, life investment and
loss of hope. More sensitive ALS outcome measures and
improved trial designs are needed.

Fourth, the diagnosis of ALS remains primitive and time
consuming. The interval between first symptoms and a diag-
nosis that is certain enough to allow entry into a trial is typi-
cally ~ 1 year [4-6], at which point possibly more than half the
motor neurons have been lost. In FALS1 animal models, ear-
lier administration of therapies is often far more effective than
later administration. A rapid diagnostic test is thus needed.

Aside from these methodological problems, there is the issue
of sponsorship. ALS is considered an orphan disease. The small
number of patients affected and the limited lifespan of these
patients are likely to deter industry research funding.

Finally, it should be noted that most therapies in develop-
ment have the goal of slowing or arresting progression.
Restoration of function should also be a goal.

7. Expert opinion and conclusion

Although symptom control has improved over the past 130 years,
ALS remains a devastating disease that dramatically limits
function and lifespan. No existing drug therapies preserve
function or prolong survival in a meaningful way. Tremendous
gains have been made in understanding the mechanisms of
FALS subtypes, in particular FALS1. However, a comprehen-
sive mechanistic picture of any FALS subtype, much less SALS,
has yet to emerge. The present pathway by which ALS thera-
pies are developed has a number of problems; these include the
use of FALS1 animal models as preclinical screens, the require-
ment for standard animal toxicology and Phase I safety
studies, the resource-intensive nature of Phase II and III
studies and the cumbersome nature of making a trial-acceptable
diagnosis of ALS. In spite of all these problems, and the orphan
nature of the disease itself, there is an impressive pipeline of
potential therapies in various states of development.

In the next decade, we should focus on the most ‘upstream’
mechanisms for developing therapies or attempt to hit as
many ‘downstream’ mechanisms as possible. We need to
optimize the pathway by which potential therapies are deve-
loped. Finally, we need to find ways to attract more industry
research sponsorship.

How will we accomplish these goals? In our present under-
standing of ALS, the most upstream events are probably dis-
ease-causing mutations, other genetic and transcriptional
dysregulation and protein aggregation. Thus, RNAi and anti-
sense oligonucleotides (which can shut off harmful genes) for
mSOD1-mediated disease, phenylbutyrate (which may reverse
transcriptional dysregulation) and arimoclomol (which may
mediate protein aggregation) for FALS and SALS deserve
immediate attention. Although some of these require more
invasive, parenteral delivery, this should not preclude their use.
Indeed, invasive delivery has been accepted for other agents
used to treat other diseases having similarly dismal prognoses,
such as brain tumors.

Riluzole is the one therapy that has shown the ability to slow
disease progression in patients with ALS [53,54]. Development
of more potent riluzole analogs should be undertaken.

Downstream events in ALS may occur in series or in parallel.
Until this is teased out, attempts to mediate downstream
events should occur via cocktail therapies that hit as many
at once as possible. Trials should be designed as add-on
therapies to riluzole. Indeed, there is evidence from FALS1
animal studies that therapy combinations work better than
individual agents [114].

Continued work on the FALS1 model should lead to a
more comprehensive picture of the mechanism for this disease
subtype. Agents that appear promising in this model should be
taken into trials specific for FALS1 patients. This approach has
recently been considered and appears feasible [132].

Until we have a true model of SALS, or a drug that slows
its progression, there will be uncertainty regarding the best
preclinical screening assays. One conservative option would be
to require new therapies to work in several 77 vitro preclinical
models and in multiple different animal models and before
bringing them into SALS clinical trials. Alternatively, stan-
dardization of SOD1 copy number, background genetics,
gender and timing of therapy in experimental models should
be considered. In particular, therapies that show efficacy at or
after disease onset may be of higher interest as this approach
reflects the way they will be used in humans.

Identification of SALS pathophysiology should be aided
by the creation of new, very large, national and international
ALS databases, and by new SNP genotyping technology
that allows whole-genome screens. If the unexpected recent
findings of this new whole-genome approach [30] are repli-
cated, we must identify the functions of the genes most
commonly altered with SALS and develop therapeutics that
address these functions.

The requirement for long-term animal toxicology studies
in two species and for Phase I studies in healthy volunteers
should be reconsidered in ALS due to the devastating nature
of this disease. Therapies for ALS require the same level of
animal toxicology data prior to initiating treatments in humans
as those developed for much more benign disorders such as
headache. There should be a dialog with the FDA about

modifiying these requirements.
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Biomarkers are being [133] and should continue to be
developed that can be used to speed ALS diagnosis. New
biomarkers will need to be carefully compared with other
available outcome measures such as muscle strength, functional
rating scales, pulmonary function, and electrodiagnostic
studies such as motor unit estimation to determine which are
most sensitive for future clinical trials. Innovative Phase II
designs, including ‘futility’ and ‘selection’ designs [134.204],
should continue to be explored with the goal of reducing
duration and patient number requirements for our clinical
trial pathway.

We should strive for ‘proof of concept’ in our Phase II trials.
In other words, our compounds should clearly affect an ALS-
relevant mechanism in ALS patients at the dosages studied
prior to moving them into a Phase III study. It is not often
possible to measure the effect of therapy on desired bio-
chemisty in humans. However, if it is measurable, this approach
should be taken early in drug development. The clinical
trial of celecoxib attempted to do this by measuring
prostaglandin E2 levels in cerebrospinal fluid (47]. Glatiramer
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