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Mechanisms of cell death and
treatment prospects in motor neuron
disease
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Scientific evidence isemerging to indicate that motor neuron injury in
motor neuron disease may reflect a complex interplay between genetic
factors, oxidative stress, and imbalance of the glutamater gic excitatory
control of motor neurons, which may result in damageto critical tar get
proteins and organelles. The relative importance of these factorsis
likely to vary in different subgroups of patients. Protein aggregation
may play arolein someformsof motor neuron injury, and the eventual
demise of motor neurons may occur by a programmed cell death
pathway. Advances in symptomatic therapy for patients with motor
neuron disease include the development of specialist clinics, with input
from multidisciplinary teams, as well as hospice care in the late
stages of the disease. A number of recent therapeutic trials of potential
neuroprotective drugs have been conducted, including antiglutamate,
antioxidant, and neurotrophic agents. To date, only the antiglutamate
agent riluzole has been shown to reproducibly prolong the survival of
patients with motor neuron disease. Future therapy in motor neuron
diseaseislikely toinclude a ‘ cocktail’ of neuropr otective compoundsto
interfere with several molecular pathway that lead to neuronal injury.
In using therapeutic strategies aimed towards retarding or arresting
motor neuron disease, close attention will need to be paid to quality of
lifeissues.
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Motor neuron disease (MND) is one of the most common adult-onset
neurodegenerative diseases. The incidence of the disease is 1 to 2 per
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100000 and is fairly uniform throughout the world,
with the exception of afew high incidence foci—for
example, on the Kii peninsula of Japan and on the
Western Pacific island of Guam. The disease affects
predominantly middlie-aged and elderly individuals,
with a mean age of onset of 55 years, although the
disease can affect younger individuals. For reasons that
are not understood, men are affected more commonly
than women, with a male to female ratio of approxi-
mately 1.6:1. Motor neuron diseaseis sporadic in 90%
of patients, but in 5% to 10% of cases, the disease is
familial and usually has an autosomal dominant mode
of inheritance.

Motor neuron disease causes progressive injury
and cell death of the lower motor neuron groups in
the spinal cord and brainstem, and usually also of the
upper motor neuronsin the motor cortex. The affected
individual typically develops a combination of upper
and lower motor neuron signs, as well as progressive
muscle weakness and wasting, which are usually
accompanied by pathologically brisk reflexes that
eventually involve the limb and bulbar muscles.
Clinical variants of the disease may affect purely the
lower motor neurons (progressive muscular atrophy)
or the upper motor neurons (primary lateral sclerosis).
Death usually results from respiratory failure due to
ventilatory muscle weakness. The rate of disease
progression varies among individuals, but the average

survival is only approximately 3 years from the onset
of symptoms. A small percentage of individuals
(approximately 10%) will have the disease for more
than 10 years.

The precise causes of the neurodegenerative pro-
cess seen in MND remain unknown. The selectivity
of the disease process for the motor system is now
recognised to be relative rather than absolute. Careful
clinical and pathological studies have reveaed involve-
ment in extramotor parts of the central nervous system
(CNS), such as changesin other long tracts including
sensory and spinocerebellar pathways, and in neur-
onal groups such as substantia nigra neurons and den-
tate granule cells in the hippocampus. Dementia is
found in approximately 2% to 3% of patients with
MND, and detailed neuropsychological testing has
shown that subclinical changes, particularly affecting
frontal function, are more common than previously
recognised. Thus, MND is now regarded as a multi-
system disease in which the motor neurons tend to
be first and most severely affected.!

One of the exciting developmentsin MND research
in the past few years has been the emergence of good
cellular and animal models of motor neuroninjury (Fig
1). These models allow researchers to examine cell
death pathways that lead to the degeneration of motor
neurons, and to test strategies for the development of

Fig 1. A normal control mouse (a) compared with a G93A copper/zinc superoxide dismutase transgenic mouse (b)
Normally, when held by the tail, the mouse shows a reflex splaying of the hind limbs. An early sign of hind limb motor
dysfunction in the mutant mouse is the loss of this normal reflex
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Box. Pathogenetic mechanisms that may contribute to
cell death in motor neuron disease*

Genetic factors

Oxidative stress

Glutamatergic toxicity

Mitochondrial dysfunction

Derangement of intracellular calcium homeostasis
Damage to critical target proteins, eg neurofilaments
Protein aggregation

* The above factors alone or in combination may lead to a
programmed cell death mechanism similar to apoptosis

effective neuroprotective drugs. Neuroscientific advances
are yielding insights into the mechanisms of motor
neuron degeneration, as well as the cell-specific fea-
tures of motor neurons that may render these cells
vulnerable to disease. We are now reaching an erain
which neuroprotective therapies offer the prospect of
addressing the clinical and pathological progression
of the disease, to an extent.

Causes of motor neuron degeneration

Current evidence suggests that multiple interacting
factors contribute to motor neuron injury in MND
(Box). The three key pathogenetic hypotheses in-
clude genetic factors, oxidative stress, and glutamatergic
toxicity, which result in damage to critical target
proteins such as neurofilaments and organelles such
as mitochondria.>* There is ongoing interest in the
role played by protein aggregation in motor neuron
injury.® There is also emerging evidence that motor
neurons may die by apoptosis or aprocess of program-
med cell death.® In relation to severa of these factors,

Cell death and treatment in motor neuron disease

there are cell-specific features that may render motor
neurons susceptible to injury.” These pathways leading
to neuronal injury do not necessarily operate in
isolation but are interlinked, with derangement of
intracellular calcium homeostasis occupying a central
position.

Genetic factors associated with motor neuron
disease

Genetic factors associated with MND are summarised
in Table 1. Motor neuron disease is sporadic in 90%
of patients and familia in approximately 5% to 10%.
Familial cases usually show autosomal dominant
inheritance, athough autosomal recessive and X-linked
inheritance may be seen in some pedigrees. It is
apparent that multiple abnormal gene products can set
the scene for motor neuron degeneration. A major
research finding was that 20% of families with auto-
somal dominant MND showed mutations in the
gene on chromosome 21, that encodes the free radical
scavenging enzyme copper/zinc (Cu/Zn) superoxide
dismutase (SOD 1).2 More than 60 different mutations,
mostly point mutations, have been described in ap-
proximately 250 familial MND pedigrees.®

Superoxide dismutase is a cytosolic metallo-
enzyme with copper and zinc binding sites, whose
major roleisto catalyse the conversion of intracellu-
lar superoxide radicals to hydrogen peroxide. The
hydrogen peroxideisthenin turn removed by the action
of other freeradical scavenging enzymes. Superoxide
dismutase-1 is widely distributed in cells throughout

Table 1. Genetic factors associated with motor neuron disease

Genetic factor/disease

Gene locus

Autosomal dominant
Mutations in copper/zinc superoxide dismutase
Juvenile onset amyotrophic lateral sclerosis

Gene unknown in approximately 80% of pedigrees

Autosomal recessive
Tunisian juvenile onset amyotrophic lateral sclerosis

dismutase mutation
Juvenile onset amyotrophic lateral sclerosis

X-linked
X-linked dominant (single family)

neurofilament heavy subunit gene
Excitatory amino acid transporter gene
Survival motor neuron gene
Neuronal apoptosis inhibitory protein
Apolipoprotein E epsilon 4
Cytochrome c oxidase subunit 1
Apurinic apyrimidinic endonuclease
Manganese superoxide dismutase

Amyotrophic lateral sclerosis with fronto-temporal dementia

Scandinavian amyotrophic lateral sclerosis with D90A copper/zinc superoxide

Possible genetic risk factors for motor neuron disease (non-Mendelian inheritance)
Deletions or insertions in amino acids lysine, serine, and proline repeat region of

Chromosome 21
Chromosome 9g34
Chromosome 9q21-q22

Chromosome 2g33-g35
Chromosome 21

Chromosome 15g15-g21
Chromosome X centromere

Chromosome 22q12

Chromosome 11p13
Chromosome 513
Chromosome 5q13
Chromosome 19g13
Mitochondrial
Chromosome 14q11-q12
Chromosome 6925
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the body. The reasons why motor neurons are select-
ively vulnerable to injury in the presence of SOD 1
mutations are not yet clear, although one factor may
be the high level of expression of this antioxidant
defence protein by motor neurons.™® The pathways that
lead to cell death of motor neurons in the presence
of SOD 1 mutations have not yet been fully identified,
although there is convincing evidence that the mutant
SOD 1 protein exertsits detrimental effects through a
toxic gain-of-function rather than a loss-of-function.
Several hypotheses have been formulated to explain
thistoxic gain-of-function.>* One of the most favoured
hypothesesis that the mutant SOD 1 protein may have
a more open active channel, thereby unshielding the
active copper ion site. This mechanism may increase
the accessibility of the active site to reactive species
such as hydrogen peroxide or peroxynitrite. Asaresult,
highly destructive hydroxyl radicals or derivatives of
peroxynitrite could be formed, leading to nitration of
the tyrosine residues on intracellular proteins. Two
other suggestions for the toxic gain-of-function of
mutant SOD 1, less directly linked to oxidative stress,
include the formation of toxic intracellular aggregates
of the mutant protein and the possibility of neuro-
toxicity resulting from cytosolic rel ease of copper and/
or zinc metal ions.

The genetic aterations that account for the remain-
ing 80% of patients of autosomal dominant MND
currently remain unknown. Linkage analysis has re-
vealed that chromosomes 2q, 99, and 15 may harbour
mutations associated with rare forms of juvenile
onset MND.>122 Fgmilial MND, and associated fronto-
temporal dementia, have recently been linked to
chromosome 9g21-g22.%3

There have been occasional reports of genetic
abnormalities found in individuals with apparently
sporadic MND. Deletions or insertions in the amino
acidslysine, serine, proline (KSP) repeat region of the
gene encoding the neurofilament heavy protein, amajor
component of the neuronal cytoskeleton, have been
described.™**® A single case of an MND phenotype
with amutation in subunit 1 of cytochrome c oxidase
has been described.'® Cytochrome ¢ oxidaseisan im-
portant component of the mitochondrial respiratory
chain,® and of the apurinic apyrimidinic endonucle-
ase enzyme,*” which has a key role in the repair of
oxidative damage to DNA. Some studies have indi-
cated that the apolipoprotein 4 genotype may be arisk
factor for the development of bulbar onset MND,*®
although not all research groups have been able to
confirm this finding. Mutations in the glutamate
re-uptake transporter protein excitatory amino acid
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transporter 2 (EAAT?2), in the survival motor neuron
and neuronal apoptosis inhibitory protein genes may
occasionally be found in patients with amyotrophic
lateral sclerosisor purelower motor neuron syndromes.
It has also been suggested that a polymorphism in
the mitochondrial targeting sequence of manganese
superoxide dismutase may be over-represented in cases
of sporadic MND, a hypothesis examined in a recent
review by Andersen et a.°

The possibility of hereditary factors protecting
against the development of motor neuron degener-
ation has also been postulated. In Finland, the D9OA
0D 1 mutation has been shown to result in the devel op-
ment of MND only when the patient is homozygous
for the mutation, whereas in other parts of the world
D90A heterozygotes appear to develop MND. This
finding has led to the hypothesis that a co-inherited
neuroprotective factor may be present in Finnish
patients.®

Cross-mating experiments using transgenic mice
expressing human SOD 1 mutations have also demon-
strated that certain genetic manipulations can alter
the time of onset or disease course of motor neuron
degeneration. Overexpression of the anti-apoptotic
protein Bcl-2 appears to delay the onset,° while over-
expression of a dominant-negative inhibitor of the
interleukin-1 B—converting enzyme slows disease
progression in the presence of mutant SOD 1.2

Oxidative stress

The effects of oxidative stress within non-replicating
cells such as neurons may be cumulative, and injury
by freeradical speciesisamajor potentia cause of the
age-related deterioration in neuronal function seenin
several human neurodegenerative diseases. Activation
of glutamate receptors and the generation of intra-
cellular free radicals are interlinked processes, which
may generate an escalating cascade of motor neuron
injury.? Thereis particular interest in the role of oxida-
tive stressin MND, given that mutationsin the SOD 1
gene, which encodes an enzyme crucial for cellular
antioxidant defence, underlie some cases of familial
MND as described above. The closeclinical and patho-
logical similarity between the sporadic and SOD 1—
related familial forms of MND suggest that there may
be common pathophysi ol ogical mechanisms operating.

Studies of human postmortem CNS tissue have
shown the presence of biochemical changes to pro-
teins and DNA, thereby demonstrating the effects of
freeradical damage. These changes are noted to be more
pronounced in MND cases compared with controls.?22



Other postmortem neurochemical changes, including
altered expression of components of the intracellular
antioxidant defence systems, have been interpreted as
an attempted compensatory response to the presence
of oxidative stress during the course of MND.%:2¢
Fibroblasts that have been cultured from the skin of
patientswith familia or sporadic MND show increased
sensitivity to oxidative insults compared with those
from controls.?” Recent studies of cerebrospinal fluid
(CSF) from MND patients have shown anincreasein
levels of 4-hydroxynonenal?® and 3-nitrotyrosine®
compared with controls, which may reflect abnormal
free radical metabolism.

Excitotoxicity

Glutamate is the major excitatory transmitter in the
human nervous system, and tremendous compl exity
has been uncovered, both in its mechanism of action
and in the molecular structure of its receptors. This
diversity means that particular types of neurons,
such as motor neurons are likely to express a unique
profile of glutamate receptors that are suited to cell
specific physiological properties. Severa glutamatergic
pathways impinge on motor neurons, including the
corticospinal terminals, excitatory interneurons, and
collaterals from the Aa fibres innervating muscle
spindles. Motor neurons are activated by the stimu-
lation of cell surface glutamate receptors; other neuro-
transmitters, such as thyrotropin releasing hormone
(TRH) and serotonin, probably exert a modulating
effect. The a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) glutamate receptor subtype
is responsible for much of the routine fast excitatory
neurotransmission, and motor neurons may be
particularly susceptible to toxicity via activation of
cell surface AMPA receptors.®® During normal gluta-
matergic neurotransmission, glutamate is released
from the presynaptic terminal and passes across the
postsynaptic cleft to activate postsynaptic receptors.
The excitatory signal is then actively removed by
glutamate re-uptake transporter proteins, which are
located predominantly on perisynaptic glia.

It isknown that excessive stimulation of glutamate
receptors can injure neurons by mechanisms such as
derangement of intracellular calcium homeostasis
and excessive free radical production. The term
excitotoxicity has been coined for this process.
A body of circumstantial evidence has implicated
glutamate-mediated toxicity as a contributory factor
to motor neuron injury.®3 The key findings are that
the expression and function of the mgjor glial gluta-
mate re-uptake transporter protein EAAT2, may be
impaired in MND and that CNS extracellular and CSF

Cell death and treatment in motor neuron disease

levels of glutamate may be abnormally elevated in at
least a proportion of MND patients.®3* |n addition,
both positron emission computed tomography studies
and transcranial magnetic stimulation of the motor
cortex in patients with MND have indicated that there
is hyperexcitability of the motor system.®3¢ The
presence of abnormally spliced RNA transcripts for
the EAAT2 protein was recently reported to be present
in the postmortem spinal cord and motor cortex of pa-
tients with MND. It was suggested consequently that
aspecific defect of RNA processing may be an import-
ant aetiological factor in the disease.3 Other groups,
however, have shown that these alternatively spliced
RNA transcripts may be found in the CNS of normal
controls and are not specific for MND.*®

Currently it remains uncertain whether any dysfunc-
tion of the glutamatergic neurotransmitter system
in MND is aprimary pathophysiological process or
is secondary to other primary processes leading to
motor neuron failure. Whether as a primary or pro-
pagating process, it seems that glutamatergic toxicity
contributes to the injury to motor neurons. This
suggestion is supported by the finding that anti-
glutamate therapy has some effect in prolonging
survival in human patients,* and in atransgenic mouse
model of familial MND.*

Mitochondrial dysfunction

Important functions of mitochondria include the
generation of intracellular adenosine triphosphate
(ATP), the buffering of intracellular calcium, gen-
eration of intracellular free radicals, and the initiation
of apoptosis. These properties are potentialy relevant
in the pathogenesis of MND and other neurodegen-
erative disorders. Mitochondrial proteins and DNA
have been shown to be particularly susceptibleto free
radical damage and free radicals are known to inhibit
the activities of specific mitochondrial enzymes. Age-
related changes in mitochondrial function have been
suggested as an important factor contributing to late-
onset neurodegenerative diseases. A significant factor
contributing to the age-related decline in mitochon-
drial function is the effect of accumulating mutations
in the mitochondrial genome, which is especially
likely to occur in post-mitotic tissues such asthe CNS.
Several factors may contribute to the vulnerability of
mitochondrial DNA, including the very low ratio of
non-coding to coding sequences compared with nu-
clear DNA, the proximity to the major intracellular
source of free radical production, together with
minimal provision of DNA repair mechanisms, and
the absence of protective histones in the vicinity of
mitochondrial DNA.
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There is emerging evidence that mitochondrial
dysfunction may contribute to motor neuron injury
in MND and this has been reviewed.**2 The first
evidence that abnormalities of mitochondria may
accompany the pathological processin MND came
from ultrastructural studies that showed structural
changes in the mitochondria in muscle, intramuscular
nerves, and liver, as well as within spinal cord motor
neurons. Increases in the activities of complex | and/
or complex I1/111 have been reported in the frontal
cortex of patients with SOD 1-related familial
MND.* The observed changes are thought to re-
present a compensatory mechanism for oxidative
damage to mitochondria, and uncoupling of oxidative
phosphorylation. Several studies have indicated a
reduction in complex IV activity in postmortem
spinal cord specimens from cases of MND. Fujita
et al* reported a decrease in complex |V activity in
MND spinal cord, especially in the ventral horn
region. Borthwick et al,*® using a histochemical
technique, reported reduced complex 1V activity in
individual spinal motor neurons from patients with
MND. Complex IV deficiency, including the presence
of complex IV negative muscle fibres, has also been
reported in muscle from sporadic MND cases.*

One patient has been described with a MND
phenotype and severe deficiency of muscle complex
IV, which was due to a microdeletion in subunit 1 of
cytochrome c oxidase (complex 1V).* Evidence has
also been put forward to suggest that mtDNA muta-
tions may be associated with MND. Vielhaber et al*
screened the mtDNA in skeletal musclefrom 17 MND
patients and found one patient with multiple mtDNA
deletions and a further 13 patients with total mtDNA
levels below those of control subjects. MtDNA de-
letions have also been reported within the CNS.
Dhaliwal and Grewal*” measured levels of the so-called
common deletion; a4977 base pair deletion of MtDNA
previously shown to be increased in the brain of aged
individuals. The levels of the common deletion were
higher in the motor compared with temporal cortex
and an average of 11-fold higher in MND cases
compared with controls. The question of whether
alterations in the mitochondrial genome might be
significant in terms of cellular function has been
investigated by the production of cybrid cell lines. The
cell lines are achieved by fusing patients' platelets,
which are devoid of anucleus, with rho 0 cells, which
have been depleted of mitochondria. Any alterations
in mitochondrial function are assumed to arise from
differences in the mtDNA in the platelets from the
patients with the disease of interest. When cybrids
were created from patients with MND, several defects

272 HKMJVol 7 No 3 September 2001

were observed, including altered mitochondrial
ultrastructure, decreased complex 1 activity, increased
expression of free radical scavenging enzymes, and
altered intracellular calcium homeostasis.*®

Further evidence for a contributory role of mito-
chondrial dysfunction in motor neuron injury comes
from the study of cellular and animal models. A
neuronal cell line transfected to express mutant SOD
1 has been reported to show loss of mitochondrial
membrane potential. In addition, an increase in cyto-
solic calcium concentration, suggesting a reduction
in the ability of the mitochondria in these cells to
sequester calcium, has been noted.*® Studiesin trans-
genic mouse models of SOD 1-related MND have
shown that one of the very early features of motor
neuron injury, occurring before the animals develop
clinical evidence of motor neuron dysfunction, isthe
appearance of abnormal mitochondria.®® The mitochon-
driaareinitialy noted to be dilated, have disorganised
cristae and fractured outer membranes, and eventually
form vacuolar structures. The therapeutic effects of
compounds that have an effect on mitochondrial
function have also been investigated in the SOD 1
transgenic mouse model. Creatine buffers energy
levels within the cell, maintains ATP levels, and
stabilises the level of mitochondrial creatine kinase,
which inhibits opening of the mitochondrial permea-
bility transition pore. Administration of creatine to
G93A transgenic mice has been shown to improve
motor function and extend survival in adose-dependent
manner, as well as causing areduction in biochemical
indices of oxidative damage in the spinal cord.>!

Derangement of intracellular calcium homeostasis
Calcium plays a fundamental role in many normal
cellular processes, including neuronal excitability and
regulation of intracellular second messenger systems.
The concentration of intracellular free calciumistightly
controlled in most neurons at approximately 100 nM.
Intracellular calcium homeostasisisinextricably linked
to other potential mechanisms underlying degeneration
of motor neurons, including glutamatergic toxicity,
oxidative stress, and mitochondrid dysfunction.

The possibility that spinal motor neurons may be
particularly vulnerable to calcium-mediated injury is
suggested by the observationsthat this cell population
appearsto lack the expression of the calcium-buffering
proteins parvalbumin and calbindin D28K % while
expressing abundant calpain |1, a calcium-activated
proteolytic enzyme. Motor neuron groups, such as
the oculomotor neurons, which are less vulnerable to
pathology in MND, express parvalbumin. In addition,



the expression of calcium-permeable AMPA re-
ceptors by human motor neurons may be another factor
contributing to the vulnerahility of this cell group to
calcium-mediated toxic processes. %

Siklos et a> reported increased calcium levels, in-
creased mitochondrial volume, and increased numbers
of synaptic vesicles in the motor axon terminals
of patients with MND.* In a subsequent study, the
same group demonstrated—nby using the oxalate-
pyroantimonate technique and ultrastructural exam-
ination—that motor neurons of transgenic mice with a
G93A SOD 1 mutation show aterations in intracellu-
lar calcium level.% The cell bodies and proximal
dendrites of spinal motor neurons show small vacuoles
filled with calcium in mice aged 60 days. In contrast,
oculomotor neurons, which tend to be spared during
the disease process, show only minimal evidence of
degeneration, no vacuolation, and no increased calcium
or altered calcium distribution. The authors concluded
that the free radical-mediated stress induced by mu-
tant SOD 1 appeared to induce del eterious changesin
intracellular calcium distribution in motor neuron
populations lacking calbindin D28K and/or parv-
albumin. In contrast, motor neurons possessing these
calcium-binding proteins are more resistant to stress.®

Cytoskeletal protein defects

Neurofilament proteins form a major component of
the cytoskeleton of neurons. Important functions of
neurofilament proteins include the maintenance of cell
shape and axonal calibre, aswell as axonal transport.
Neurofilaments are the most abundant structural pro-
teinsin large cellswith long axons, such as motor neu-
rons. Neurofilaments are composed of three subunit
polypeptides: neurofilament light (NF-L [molecular
weight, 68 kDa]); neurofilament medium (NF-M
[150 kDa]); and neurofilament heavy (NF-H
[200 kDal), assembled in a6:2:1 ratio to form macro-
molecular filaments. Neurofilament light makes up
the core of the neurofilament, whereas NF-M and
NF-H are arranged around this core and contribute
to the side-arms radiating from the filament. Neuro-
filament subunits are assembled in the motor neuron
perikaryon and are transported down the axon by slow
axonal transport. Under normal circumstances, there
is progressive phosphorylation of the neurofilament
proteins as they are transported down the axon.

Neurofilament proteins are of interest in MND as
potential subcellular targets for injury. The abnormal
assembly and accumulation of neurofilaments in the
cell body and proximal axons of motor neurons, is a
characteristic pathological feature in MND.% Some

Cell death and treatment in motor neuron disease
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Fig 2. Argyrophilic hyaline conglomerate inclusion
within a surviving motor neuron in a patient with
copper/zinc superoxide dismutase-related familial
motor neuron disease (1113T mutation)

The inclusion bodies show intense immunoreactivity for
phosphorylated and non-phosphorylated neurofilament
epitopes

studies have reported an increase in phosphorylated
neurofilaments within the cell bodies of surviving
motor neurons in MND, although other groups have
failed to replicate this observation. Ubiquitinated in-
clusionswith compact or Lewy body—ike morphology
seen in surviving motor neuronsin MND may show
immunoreactivity for neurofilament epitopes. In some
cases of SOD 1-related familial MND, large argy-
rophilic hyaline conglomerate inclusions, expressing
both phosphorylated and non-phosphorylated neuro-
filament epitopes, have been observed in the cell
bodies and axons of motor neurons (Fig 2).>” Theim-
portance of neurofilaments in the normal functioning
of motor neurons is demonstrated by the finding
that occasional cases of sporadic MND have deletions
or insertions in the KSP repeat region of the neuro-
filament heavy gene.'***In addition, pathological
changes within motor neurons develop in transgenic
mice overexpressing NF-L or NF-H subunits®*®or in
mice expressing mutations in the NF-L gene.® These
in vivo models demonstrate that disruption of neuro-
filament assembly can selectively injure motor neurons.

Transgenic mice that carry mutations in the human
SOD 1 gene also show neuropathological changes af -
fecting neurofilament organisation. The G93A mutant
transgenic mouse has been shown to develop spheroids
within motor neurons that contain both phosphorylated
and non-phosphorylated neurofilaments,®* as well as
reductions in neurofilament proteins and decreased
transport ratesin the ventral root axons.®?

Protein aggregation
A recurring theme highlighted in research into neuro-
degenerative diseases has been the misfolding of
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mutant proteins and the formation of intracellular
aggregates. There is continuing debate on whether
such aggregated proteins play a key role in disease
pathogenesis, whether they represent harmless by-
standers, or indeed whether they could exert beneficia
effects by acting as ‘dusthins' to sequester aberrant
intracellular proteins. In the SOD 1 transgenic mouse
model of familial MND, the mutant SOD 1 protein
forms prominent cytoplasmic inclusions in motor
neurons and sometimesin astrocytes. These aggregates
develop before the onset of clinical disease, and may
represent one of the earliest identifiable signs of
disease. This has led to the suggestion that protein
aggregates may play a pathogenetic role in motor
neuron injury.® There are three hypotheses to explain
how mutant SOD 1 protein aggregates could produce
cellular toxicity:

(1) Theaggregates of mutant SOD 1 could sequester
other proteins required for normal motor neuron
function;

(2) By repeatedly misfolding, the SOD 1 aggregates
may reduce the availablity of chaperone proteins
required for the folding and function of other
essential intracellular proteins®; and

(3) The SOD 1 mutant protein aggregates may reduce
the proteosome activity needed for normal pro-
tein turnover.% Further research insights can be
expected in this area of motor neuron protein
chemistry in the near future.

Apoptosis
Apoptosis, aterm used in Greek to describe the “drop-
ping off of petals from flowers or leaves from trees”
describes the controlled removal of cells by an energy-
dependent cell death programme. Multiple differing
mol ecul es contribute to the control of apoptosis. Key
molecular players include:

(1) The caspase family of proteolytic enzymes,
which orchestrate cell destruction by destroying
anumber of intracellular targets such as structural
and regulatory proteins,

(2) The Bcl-2 family of proteins, whose balance
between pro- and anti-gpoptotic membersisimport-
ant in regulating cell survival or destruction; and

(3) The apoptosisinhibitor family of proteins, which
suppress apoptosis by preventing proteolytic acti-
vation of specific caspases.

Three main pathways triggering caspase activation
have been identified including the release of pro-
apoptotic factors from mitochondria, the activation of
ligand receptor systems of the tumour necrosis factor
family (including the Fas-Fas ligand), and the sub-
sequent recruitment of cytosolic adaptor proteins.®
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Recently, stress to the endoplasmic reticulum has
been shown to activate caspase 12. Initiator caspases
cleave and activate executioner caspases, of which
caspase 3 seems to be important within neurons.

Thereis a body of robust evidence that apoptosis
occurs in developmentally regulated motor neuron
death, and in the death of motor neurons following
axotomy. Raoul et al® have recently provided evidence
that programmed cell death of motor neurons during
devel opment may betriggered by caspase 8 activation,
through the Fas cell surface death receptor. Inachronic
neurodegenerative disease such as MND, conclusive
evidence of apoptosisislikely to be difficult to detect,
given the rapidity of the apoptotic cell death process
in relation to the relatively slow time course of the
disease. Only onein several thousand neurons might
be expected to manifest ongoing signs of apoptosis
in atemporally static postmortem specimen from an
individual with MND.

The evidence that motor neurons may die in
MND by a programmed cell death pathway has been
reviewed.® Key points from studies of human post-
mortem material include the following findings.
Careful examination of spinal cord tissue from patients
with MND has shown the structural morphology of
degenerating motor neurons to be compatible with
apoptosis, as well as internucleosomal DNA frag-
mentation detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labelling
staining.% Increased expression of certain apoptosis-
related molecules including Le antigen and prostate
apoptosis response-4 protein has been demonstrated
in MND spinal cord. Several studies have shown
ateration in the balance of expression and subcellular
compartmental localisation of pro-and anti-apoptotic
members of the Bcl-2 family in adirection favouring
apoptosisin the spinal cord in patients with MND.%67
Significant increasesin the activities of caspase 1 and
caspase 3 have also been reported in the spinal cord
of patients with MND compared with controls.%6%8

Additional evidence supporting the hypothesis that
motor neuronsin MND may die by a programmed cell
death pathway has emerged from the investigation of
cellular and animal models of SOD 1—related familial
MND. There is evidence from cellular models that
mutations in SOD 1 convert the enzyme from a pro-
tein with antioxidant, anti-apoptotic functions to a
protein with apoptosis-promoting effects. Mutant
0D 1 appearsto exert its pro-apoptotic effect through
atoxic gain-of-function. Neuronal cell lines express-
ing mutant SOD 1 are more likely to die by apoptosis



compared with control cells, when the cellular system
is subjected to stress by serum withdrawal. Using this
type of experimental paradigm, caspase inhibitors
can exert neuroprotective effects, as can increased
expression of the anti-apoptotic protein Bcl-2.% Cross-
breeding experiments between G93A SOD 1 trans-
genic mice and transgenic strains over-expressing
anti-apoptotic molecules, result in amelioration of the
murine disease. There is evidence of DNA laddering,
increased expression and activation of caspase 1 and
caspase 3 in the spinal cords of symptomatic G93A
SOD 1 mice, along with alterations in the balance of
key members of the Bcl-2 family in a direction favour-
ing apoptosis.®® Intraventricular administration of
a broad spectrum caspase inhibitor delays disease
onset by about 20 days, prolongs lifespan by 22%,
and increases the numbers of surviving motor neurons
in the cervical cord.%®

Other pathogenetic hypotheses

Other pathogenetic hypotheses for MND include the
potential contributions of exogenous toxins, viral
infection, and immune-mediated mechanisms, which
have been reviewed elsewhere.™ "

Therapeutic prospectsin motor neuron
disease

Advancesin supportive care and symptom control

The management of MND poses considerable ethical,
logistical and educational problems. Ethical issues
are involved in aspects of management, including the
use of artificial methods for maintaining nutrition,
ventilatory support, the use of neuroprotective drugs
to slow disease progression, and the use of opiate
medication in the terminal phase of the disease.
Logistical and educational problems arise from the
relative rarity of MND and the fact that many health
care professionas have little experience in dealing with
therapidly progressive bulbar weakness and respiratory

Table 2. Symptomatic therapy for motor neuron disease
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failure, which may occur during the course of the
disease. Coordinated action by multiple health care
professionals within a multidisciplinary team, can
lessen the difficulties experienced by patients with
MND and their families.

Symptomatic therapy aimed at alleviating the
distressing symptomsthat often arise during the course
of MND, can do much to improve the quality of life
for patients. Detailed discussion of these therapiesis
beyond the scope of this article. Some of the common
symptoms that may develop in patients with MND
and suggested therapies are highlighted in Table 2.
Many of the symptomatic therapies currently recom-
mended by clinicians have not been assessed in rigor-
ous controlled trials. The evidence base for many of
these therapies has recently been reviewed by an
American Academy of Neurology taskforce.”

A few areas of progress in the symptomatic man-
agement of MND are highlighted in the folowing
discussion.

Specialist clinics and hospice care

The development of specialist MND clinics and multi-
disciplinary teams, and their inclusion of specialist
nursing staff, have in my view undoubtedly improved
the quality of care for patients and are of help to
general practitioners and community staff who may
encounter MND only rarely. The practice of utilising
hospices for the care of patients with MND in the
United Kingdom, has greatly improved the quality of
care and support for patientsin the later stages of the
disease.

Nutritional management

Management of the nutritional status of MND pa-
tients has improved during the past few years. When
patients first begin to develop swallowing problems,
a few simple principles can help them to cope.

Symptom Therapies

Cramp Quinine sulphate (baclofen, diazepam, phenytoin)

Fatigue Occasionally pyridostigmine

Spasticity Baclofen, diazepam, tizanidine

Dysphagia Nutritional supplements, liquid thickeners, percutaneous endoscopic gastrostomy

Drooling Hyoscine transdermal patches, atropine, amitriptyline, suction machine, parotid gland irradiation

Constipation Ispaghula, methyl cellulose, lactulose, glycerol suppositories

Emotional lability Amitriptyline, imipramine (I-dopa preparations)

Depression Tricyclic agents or serotonin re-uptake inhibitors

Insomnia Address underlying cause, fluorazepam, diphenhydramine

Pain Address underlying cause, analgesia

Dyspnoea Antibiotics for aspiration pneumonia, chest physiotherapy, sublingual lorazepam for acute attacks
of dyspnoea. Consider non-invasive positive-pressure ventilation or other ventilatory support for
selected patients. Morphine for end-stage respiratory distress
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Table 3. Recent therapeutic trials in motor neuron disease and drug therapies showing a positive effect in

cellular and animal models

Human Trials
Antiglutamate agents
Riluzole
Gabapentin
Lamotrigine
Glial-derived neurotrophic factor

Antioxidant therapy
N-acetyl cysteine

Vitamin E

Riluzole

Gabapentin

Penicillamine

Creatine

Janus kinase 3 inhibitor

Polyamine or putrescine modified catalase
Ginseng root

Intrathecal brain—derived neurotrophic factor—currently under analysis
SR57746A (xaliproden [neurotrophic-like effects])—currently under analysis

Neuroprotective therapies in copper/zinc superoxide dismutase transgenic mouse model

Neurotrophic factors

Ciliary neurotrophic factor
Insulin-like growth factor 1

Brain derived neurotrophic factor

Lyophilised red wine
Glial-derived neurotrophic factor
Adenovirus delivered Bcl-2
N-acetyl-L-cysteine

Lysine acetylsalicylate

Trientine plus ascorbate
Genistein

Caspase inhibitor

Dysphagia may be increased by anxiety and social
embarrassment resulting from slowness in eating,
dribbling, and choking. Patients should be encouraged
to eat in asrelaxed and comfortable an environment as
possible. Attention to food consistency is important,
and the family should receive advice from adietician.
If patients continue to lose weight, then nutritional
supplements of liquid or semi-solid consistency may
be helpful. More active therapeutic intervention for
dysphagia should be considered when the following
problems are apparent:
(1) Continuing weight loss (more than 20% of the
normal body weight) despite the above measures;
(2) Dehydration;
() Aspirationwith resultant respiratory infection; and
(4) Meal times have become intolerable due to fre-
quent choking spells.

For long-term enteral feeding, percutaneous endo-
scopic gastrostomy (PEG) is the procedure of choice.
This is one of the mgjor advances in symptomatic
care for patients with MND. After placement of the
PEG tube, many patients report great relief and
increased well-being, although as yet no large scale
quality of life studies have been conducted. Whether
early placement of the PEG tube resultsin increased
duration of survival has not yet been convincingly
demonstrated.™ The placement of aPEG isarelatively
straight-forward procedure that can be performed
under local anaesthetic. A full-strength feeding regi-
men that provides 1500 to 2000 calories per day can
be introduced during the 48 hours following PEG
tube insertion. Feeding can be managed by syringe
boluses at normal meal times, or by continuous infu-
sion by pump. The PEG procedure should not be
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postponed until patients have severely compromised
respiratory function. At this stage in the disease,
patients may develop respiratory failure following
the procedure, resulting from basal atelectasis due
to pressure of the air-inflated stomach against the
weakened diaphragm.

Non-invasive ventilatory support measures

Management of the respiratory complications of MND
include the following general measures. Attention
should be given to the detection and prevention of
aspiration pneumonia. Antibiotic therapy should be
used at the first indication of a chest infection. Chest
physiotherapy and postural drainage should be used
when the patient has difficulty in clearing secretions
from the chest. Patients will breathe more comfort-
ably during deep if placed in an upright position. When
patients experience bouts of severe dyspnoea, accom-
panied by extreme anxiety or panic, a small dose of
lorazepam (0.5-1 mg) sublingually may be helpful .” If
breathlessness causes distress during the later stages
of the disease, giving small amounts of morphine can
be useful. Respiratory depression can usually be avoid-
edif theinitial doseissmall andincrementsare gradual.

Assisted ventilation, coupled with appropriate
nutritional support, could theoretically extend the
patient’s life indefinitely, and the implications of
initiating such respiratory support must be carefully
considered in discussion with each patient. There are
considerable international differences in the use of
assisted ventilation to manage respiratory failure in
MND. The progressive nature of MND has acted as
adeterrent in some countries for the active manage-
ment of respiratory dysfunction for many MND



patients, particularly when other motor disabilities are
extensive. Full 24-hour intermittent positive-pressure
ventilation, via a tracheostomy, is an option that is
chosen only rarely by fully informed patients. The
costs, interms both of financial resources and caregiver
support, are substantial. Non-invasive positive-pressure
ventilation (NIPPV) viaa mask is a practical option
for respiratory support that may be considered. Use of
NIPPV support during sleep may lead to subjectiveim-
provement in deep, resolution of morning headache, and
improvement in exercise tolerance, mobility, respiratory
function, and fatigue during the day.” More controlled
trials of thisform of therapy with attention to quality of
life parameters are warranted.

Neuroprotective therapy

Thereis no therapy currently available that has adra-
matic effect in slowing disease progression in MND.
Some small steps have been made, however, towards
this ultimate goal in the past few years. A detailed
critique of all the relevant therapeutic trialsis beyond
the scope of this review, and only the main results will
be highlighted (Table 3).”

Antiglutamate therapy

In 1988, Plaitakis et al™ reported adowing of clinical
deterioration in MND patients in a pilot study of
branched-chain amino acid therapy, which was
postul ated to modulate glutamatergic neurotransmiss-
ion. This result was not confirmed, however, in alarge
pan-European multicentre, double-blind, placebo-
controlled, randomised, parallel-group trial involving
760 patients. (Unpublished data, T Steiner).

Subsequently, other trials of antiglutamate therapy
have taken place using riluzole, a sodium channel
blocker that inhibits glutamate release and which has
severa other potentially neuroprotective effects. Two
double-blind, placebo-controlled clinical trials of
riluzole have been carried out among more than 1100
patients with MND.”™2° The results of both studies
showed a statistically significant, although modest,
benefit in prolonging survival, and the drug has sub-
sequently been licensed for use in patientswith MND.
Unfortunately, the trials did not include a quality-of-
life measure, although thereis no evidencethat riluzole
prolongs the disease stage of severe disability. In
addition, in the second larger trial, no statistically
significant benefit was seen in secondary parameters,
including the alteration of muscle strength. Riluzole
therapy isrelatively expensive and the average survival
benefit to be expected is modest. Against this are the
counter-arguments to be weighed—that the patient
population requiring the drug is relatively small, and
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that these patients have alethal disease for which no
other therapy is available. At present, it is unknown
whether the modest overall therapeutic effect of riluzole
conceal s good responders and non-responders.

Gabapentin, an anticonvulsant drug with anti-
glutamate activity, has also been evaluated in MND.
In apilot therapeutic trial, atrend indicating potential
slowing in the rate of decline of limb strength was
reported. Unfortunately, this positive trend was not
replicated in a further trial using higher doses of
gabapentin.®

Antioxidant therapy

No large-scale trials of antioxidant therapy have yet
been conducted among patients with MND. An under-
powered trial of N-acetylcysteine therapy in 110 pa
tients, showed a trend towards improved survival in
patients with limb-onset disease, which just failed to
reach statistical significance (P=0.06).2* In the G93A
SOD 1 transgenic mouse model of MND, the anti-
oxidant vitamin E, was shown to delay the onset of
the disease, although it did not influence disease
duration.® The effect in human patients is unproven,
although many patients are prescribed vitamin E
empirically, because of the emerging evidence that
free radicals may contribute to motor neuron injury.

Neurotrophic factors

Multiple neurotrophic factors contribute to the health
and survival of motor neurons and exert neuropro-
tective effects in experimental paradigms and animal
models of motor neuron injury. Several neurotrophic
factors, administered by subcutaneous injection,
have been assessed in recent trials, so far with some-
what disappointing results. Subcutaneous ciliary
neurotrophic factor showed no therapeutic benefit
for patients with MND, and it actually seemed to
have a detrimental effect in the high dose group.®
Recombinant human insulin-like growth factor 1
(IGF-1) was shown to slow progression of functional
impairment (assessed by the Appel ALS rating scale
total score) by 26% over 9 months (P=0.01) and also
slow the decline in health-related quality of life
(assessed by the Sickness Impact Profile), in atria in
the United States involving 266 patients.®* A similar
trial conducted in Europe failed to replicate thisresult,
however, and IGF-1 has not been licensed for use for
MND. A tria of subcutaneously administered brain-
derived neurotrophic factor showed no significant
benefit, while a further trial of glial-derived neuro-
trophic factor administered by the intraventricular
route has been aborted. Concern has been expressed
about the half-life and access to motor neurons when
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neurotrophic factors are administered by the subcuta-
neous route. Brain-derived neurotrophic factor is
currently being evaluated when administered by
continuous intrathecal delivery. A multinational trial
of the orally active agent xaliproden (SR57746A),
which seemsto have neurotrophic-like effects on motor
neurons, is also currently under analysis.

Experimental models

Table 3 lists pharmacological agents that have been
shown to have neuroprotective effects in the SOD 1
transgenic mouse model of motor neuron injury.
The antioxidant compound, vitamin E, and two anti-
glutamate agents, riluzole and gabapentin, are of
benefit in mutant SOD 1 transgenic mice. In this mu-
rine model, vitamin E delays disease onset, whereas
antiglutamate therapy has no effect on the timing of
disease onset, although it extends survival once the
disease becomes manifest. These findings suggest that
oxidative stress may contribute to motor neuron injury
in the early stages of MND, with glutamate toxicity
playing apart later in the cell death cascade. The effects
of alterationsin gene expression on the clinical course
of murine motor neuron disease have been investi-
gated in several experiments, by cross-breeding SOD
1 transgenic mice with other mouse transgenic strains.
For example, the onset of motor neuron degeneration
in mutant SOD 1 mice has been retarded by concomi-
tant overexpression of Bcl-2, a protein which inhibits
apoptosis or programmed cell death.?

In cellular models of SOD 1-related MND, agents
showing a positive neuroprotective action include
vitamin E, increased expression of Bcl-2, inhibition of
caspases, SOD mimetic compounds, the antioxidant
glutathione, and copper chelators.

Future developments: a personal view

In the next few years, we are likely to see further pro-
gress in defining the molecular mechanisms of cell
death underlying the neurodegenerative process in
MND. It can be anticipated that further genetic
mutations associated with familial MND, and the
contribution of genetic factors to the sporadic form of
the disease will be identified. The use of cellular and
animal models of motor neuron disease will allow
researchers to understand the sequential molecular
events|eading to motor neuron cell death and to eval uate
new neuroprotective strategies. Future neuroprotective
therapy for patients with MND may well involve a
“cocktail’ of pharmacological agents aimed at different
mechanisms contributing to the biochemical cascade
of cell injury.

278 HKMJVol 7 No 3 September 2001

Measures to improve supportive care for patients
and their families will continue to develop, including
the judicious use of ventilatory support. As clinical
and scientific developments allow the prospect of
increasing the duration of the disease and prolong-
ing survival of patients with MND, careful attention
will need to be paid to the quality of life of affected
individuals.
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