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Molecular factors underlying selective
vulnerability of motor neurons
to neurodegeneration
in amyotrophic lateral sclerosis

Abstract Current research evidence
suggests that genetic factors, oxidative stress and glutamatergic toxicity,
with damage to critical target proteins and organelles, may be important contributory factors to motor
neuron injury in amyotrophic lateral
sclerosis (ALS). Various molecular
and neurochemical features of human motor neurons may render this
cell group differentially vulnerable to
such insults. Motor neurons are large
cells with long axonal processes
which lead to requirements for a
high level of mitochondrial activity
and a high neurofilament content
compared to other neuronal groups.
The lack of calcium buffering proteins parvalbumin and calbindin
D28k and the low expression of the
GluR2 AMPA receptor subunit may
render human motor neurons particu-

Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder involving primarily the motor
neurons of the cerebral cortex, brain stem and spinal cord.
The selective vulnerability of motor neurons in ALS is a
relative feature. Recent clinical and pathological studies
have shown that involvement outside the motor system is
relatively common in ALS. Thus other long tracts including the ascending dorsal column sensory pathways [36]
and the ascending spinocerebellar pathways [83] may
show degenerative changes. The substantia nigra shows
depletion of neurons in many cases of ALS, especially
ALS-dementia [55] and pathological changes may be

larly vulnerable to calcium toxicity
following glutamate receptor activation. Motor neurons also have a high
perisomatic expression of the glutamate transporter protein EAAT2 and
a very high expression of the cytosolic free radical scavenging enzyme
Cu/Zn superoxide dismutase (SOD1)
which may render this cell group
vulnerable in the face of genetic or
post-translational alterations interfering with the function of these proteins. More detailed characterisation
of the molecular features of human
motor neurons in the future may allow the strategic development of better neuroprotective therapies for the
benefit of patients afflicted by ALS.
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found in dentate granule cells in the hippocampus. Dementia is found in approximately 2–3% of ALS patients
[33] and detailed neuropsychological testing has shown
that subclinical changes, particularly affecting frontal
function, are more common than previously recognised
[1, 16, 66]. Thus, ALS is now regarded as a multisystem
degenerative disease, in which the earliest and most severe
degenerative changes tend to affect lower and usually upper motor neurons. Even within motor neuron groups,
there is selective vulnerability. Certain groups of motor
neurons, including those controlling eye movements and
those in Onuf’s nucleus in the sacral spinal cord controlling the pelvic floor muscles, tend to be spared in ALS in
comparison to other groups of motor neurons. Thus, the
comparative neurochemistry of vulnerable and spared

I/18

motor neuron groups may give us some important insights
into selective vulnerability.
In this paper, factors which may contribute to the selective vulnerability of motor neurons to the neurodegenerative process occurring in ALS will be considered.

The possibility that mitochondrial dysfunction may be important in the pathways leading to motor neuron injury
and cell death needs to be more systematically evaluated.

Cytoskeletal components of motor neurons
Cell size
Motor neurons differ from many other groups of cells in
that they are large cells with a somatic diameter of approximately 50-60 µM and a very long axonal process. In
the spinal cord, motor neurons which supply the muscles
of the distal lower limb might possess axons of up to one
metre in length. As a consequence of these anatomical
features one would predict that motor neurons must have
high energy demands and a high metabolic rate, necessitating a high level of mitochondrial activity. To link with
muscle fibres the motor neuron needs to support a long
axonal process with a robust internal skeleton. Thus, these
cells have a very high content of neurofilament proteins
compared to other groups of neurons. These two features
will be considered in more detail below.

Mitochondria and motor neurons
The mitochondrial respiratory chain is one of the main
sites for the intracellular generation of free radicals.
Therefore neurons with a high level of mitochondrial activity, such as motor neurons, may well be exposed to
higher than average oxidative stress. Such neurons may
also be more vulnerable to the development of energy
deficit in the face of age-related deterioration in mitochondrial function, occurring due to the accumulation of
mutations and oxidative damage to mitochondrial DNA
[67]. These changes could lead to vulnerability to secondary excitotoxicity, where in the face of impairment in
cellular energy production, normal levels of glutamatergic
stimulation can generate toxic effects [6].
Mitochondrial function has not yet been extensively
studied in ALS, but there is emerging evidence that mitochondrial impairment may be of importance. Morphological changes in mitochondria have been observed in both
hepatocytes and in anterior horn cells in ALS and mitochondrial dysfunction has been noted in lymphocytes
from ALS patients [23]. Decreased cytochrome oxidase C
activity in the ventral horn of ALS spinal cord has been
observed [30]. More recently a microdeletion in subunit 1
of cytochrome oxidase C in a patient with an ALS phenotype has been reported [19]. Finally, in reports of pathological changes in mutant Cu/Zn superoxide dismutase
(SOD1) transgenic mice it has been emphasised that vacuolar distortion of mitochondria occurs at an early stage in
the cascade of motor neuron injury, prior to the appearance of clinical signs of motor dysfunction [17, 42, 93].

The long axons of motor neurons necessitate a strong internal skeleton and these cells therefore have a very high
neurofilament content compared to other groups of neurons. Neurofilament proteins constitute a major component of the cytoskeleton of neurons and have significant
roles in the maintenance of cell shape and axonal calibre
as well as in axonal transport. There are three neurofilament subunit proteins of differing molecular weights,
NF-heavy, NF-medium and NF-light. The smallest protein NF-L makes up the core of the neurofilament, while
the two larger proteins are arranged around this core and
contribute to the projections or side arms radiating from
the filament [58]. Neurofilament subunits are assembled
in the cell body of the motor neuron and are transported
down the axon at a rate of approximately 1 mm per day.
Progressive phosphorylation of neurofilament epitopes
occurs during axonal transport.
For a number of reasons neurofilament proteins are implicated in ALS as potential cellular targets for injury. The
abnormal assembly and accumulation of neurofilaments
in the cell body and proximal axons of motor neurons is a
characteristic feature of the pathology of ALS [31]. However, it is not yet known whether the abnormal accumulation of neurofilaments occurs as a consequence of axonal
transport blockade or whether the accumulation of these
proteins leads to secondary impairment of axonal transport. There is conflicting evidence that there may be an
excess of phosphorylated neurofilament in the cell bodies
of motor neurons in ALS. Some studies have reported an
increase in the perikaryal expression of phosphorylated
neurofilaments [47, 54, 81] but others have failed to replicate this observation [44]. Ubiquitinated inclusions with
compact or Lewy body-like morphology in residual motor
neurons in ALS cases may show immunoreactivity for
neurofilament epitopes [38, 56]. Some cases of SOD1-related familial ALS show dramatic hyaline conglomerate
inclusions, which show immunoreactivity indicating the
presence of phosphorylated and non-phosphorylated neurofilaments, within the perikarya and axons of motor neurons [38, 72] (Fig. 1).
Mutations of the NF-H gene have been found in association with a small number of cases of sporadic ALS [28,
87] highlighting the importance of neurofilaments in the
normal health of motor neurons.
Transgenic mice which overexpress NF-L or NF-H
subunits develop motor neuron pathology [21, 94] as do
mice expressing mutations in the NF-L subunit [43]. Accumulations of abnormal neurofilaments are also known
to be present in some of the mutant SOD1 transgenic mice
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Fig. 1 Residual motor neurons in a case of familial ALS with an
I113T SOD1 mutation. Hyaline conglomerate inclusions are seen
within the motor neuron cell bodies and axons, which show immunoreactivity for phosphorylated and non-phosphorylated neurofilaments

[89]. These in vivo models demonstrate that disruption of
neurofilament assembly can selectively injure motor neurons.
Morrison and colleagues showed that the presence of
nonphosphorylated neurofilament in spinal cord neurons
correlates with vulnerability to injury and cell death in the
presence of SOD1 mutations [51].
In neuronal cell culture models of oxidative stress,
neurofilament proteins appear to show differential vulnerability to free radical damage [20]. Motor neuron cell
lines transfected with mutant SOD1 also show accumulations of neurofilament proteins which are not seen in the
presence of normal SOD1. One of the major hypotheses
for the toxic gain of function associated with SOD1 mutations is that altered affinity of the active site of the mutant
enzyme for peroxynitrite may lead to nitration of tyrosine
residues of susceptible proteins, as a result of generation
of nitronium residues [7]. It has been shown that the tyrosine residues in the rod and tail domains of the neurofilament light subunit are more susceptible to SOD1-catalysed nitration compared to other proteins in the CNS [22].
Other features which may contribute to the vulnerability
of neurofilament proteins to oxidative stress include their
long half-lives and their high content of lysine, an amino
acid residue susceptible to oxidative modification.

Cell specific profile of glutamate receptors
expressed by motor neurons
There is a body of circumstantial evidence, reviewed in
several recent publications [45, 69, 75] implicating glutamatergic toxicity as a contributory factor in the pathogenesis of motor neuron injury in ALS. Cultured mammalian
motor neurons are susceptible to toxic effects via activation of either NMDA or non-NMDA glutamate receptors
[27]. Intrathecal injection of kainic acid in mice preferen-

tially injures anterior horn cells and induces the formation
of abnormally phosphorylated neurofilaments, a cytoskeletal abnormality found in ALS [34]. In spinal cord
explants, chronic pharmacological blockade of glutamate
transporter function results in degeneration of motor neurons with a time course of weeks [70].
Upper motor neurons in direct contact with lower motor neurons are thought to be glutamatergic, as are local
excitatory interneurons in the spinal cord. Consequently,
human motor neurons have a high density of glutamate receptors [76]. However, given the widespread distribution
of the glutamate neurotransmitter system in the human
CNS, some explanation is required to account for why
motor neurons may be selectively vulnerable to glutamate
toxicity.
Postsynaptic glutamate receptors are divided into two
major classes, ionotropic which are ligand-gated ion channels and metabotropic which are coupled through G proteins to intracellular second messenger systems [91]. The
ionotropic receptors are subclassified into three major
groups according to the pharmacological specificity of
their selective agonists: N-methyl-D-aspartate (NMDA)
receptors; AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors; and kainate receptors.
Molecular studies indicate the presence of fourteen different genes encoding ionotropic glutamate receptor subunits
[32]. The properties of postsynaptic glutamate receptors
are defined by the specific combination of receptor subunits present in the receptor complex [82]. Further molecular and functional diversity arises from alternative splicing of genes encoding receptor subunits and from posttranscriptional RNA editing [13, 35]. Therefore, the
mechanisms exist for particular classes of neurons, such
as motor neurons, to express a unique molecular profile of
ionotropic glutamate receptors, suited to cell-specific functional properties.
Normal glutamate neurotransmission involves the vesicular release of glutamate into the synaptic cleft where it
activates postsynaptic receptors. Active re-uptake of glutamate from the synaptic cleft is carried out by several
transporter proteins located on both glial and neuronal
cells. This process terminates the excitatory transmitter
signal. If, however, there is some disturbance to the normal excitatory transmission process, glutamate can induce
excitotoxic neuronal damage [60]. Over-stimulation of
glutamate receptors results in excessive influx of calcium
leading to initiation of a cascade of harmful biochemical
processes within the cell.
It has become apparent, following the original work of
Novelli and co-workers [59], that excitotoxic cellular injury can occur as a secondary process, triggered by any
primary pathological event which results in compromise
of neuronal energy status. Impairment of neuronal glucose
metabolism, reduction of ATP production or dysfunction
of Na+/K+-ATPases will result in loss of the ability of the
neuron to maintain a normal resting membrane potential.
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In this circumstance, the voltage-dependent Mg++ block of
the NMDA receptor channel may be removed, resulting in
over-activation of NMDA receptors by normal levels of
neurotransmitter glutamate [6].
The concept of secondary excitotoxicity is attractive as
a contributory mechanism to neuronal cell death in
chronic neurodegenerative diseases such as ALS. In this
situation, activation of glutamate receptors could prove
toxic without any underlying abnormality in the expression or modulation of glutamate or its receptors. It could
also account for the anatomical specificity seen in neurodegenerative diseases. A variety of primary disturbances in neuronal metabolism could result in predisposition to secondary toxic effects of glutamate.
Human motor neurons have a high level of expression
of the universal NMDA receptor subunit, NMDAR1. To
date there is little information on the expression of the
eight splice variants of NMDAR1, and that of NMDAR2A-2D subunits by motor human neurons. This information will be of interest because specific molecular
features of NMDA receptor assembly may have important
effects on cellular vulnerability to glutamate toxicity [88].
Autoradiographic studies have shown an increased density of binding sites for NMDA and non-NMDA receptor
ligands in ALS, particularly in the intermediate grey matter of the spinal cord and deep layers of the motor cortex
[74, 77].
The AMPA subtype of glutamate receptor is responsible for much of the fast excitatory transmission in the
mammalian CNS. AMPA receptors are composed of four
protein subunits, GluR1-GluR4. The GluR2 subunit is of
particular functional significance because its presence
renders the AMPA receptor impermeable to calcium. Most
AMPA receptors in the human CNS include the edited
form of the GluR2 subunit and are calcium impermeable
[9, 24]. This is physiologically important since calcium
entry via glutamate receptor ion channels is one of the key
processes for triggering second messenger and toxic events
[49].

Fig. 2 Immunohistochemistry using an antibody which specifically detects the GluR2 AMPA receptor subunit. Upper motor neurons (Betz cells) show absent staining (a), in contrast to the strong
staining shown by many other neuronal groups, e.g. the cerebellar
Purkinje cells (b)

Fig. 3 and 4 In situ hybridisation using riboprobes for the GluR1
and GluR2 AMPA receptor subunits. Spinal motor neurons show a
relatively strong expression of GluR1 mRNA (Fig. 3), but there is
no discernible hybridisation signal above the background level for
GluR2 mRNA (Fig. 4). Motor neuron perikarya are indicated by
arrows

The level of GluR2 expression by mammalian motor
neurons has been controversial [40, 84–86, 92]. An in situ
hybridisation study has clearly shown that upper and
lower motor neurons in the human CNS have low expression of mRNA for the GluR2 AMPA receptor subunit [92]
(Figs. 3 and 4). The low expression of the GluR2 protein
subunit in human motor neuron cell groups has also been
demonstrated using a GluR2 specific antibody [78] (Fig.
2). This low expression of GluR2 by human motor neurons implies that most of the surface AMPA receptors expressed by this cell group are likely to be atypical and calcium permeable. This feature suggests that human motor
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neurons may differ from many other groups of neurons in
the human CNS in expressing a high proportion of calcium permeable AMPA receptors.
However, in a recent study, the distribution of GluR2
immunoreactivity was investigated in the CNS of control
and SOD1 transgenic mice. GluR2 was present in the
synapses of neurons in the dorsal spinal cord as well as
motor neurons, and the percentage of labelled synapses
and numbers of GluR2 positive immunogold particles per
synapse did not significantly vary between these neuronal
groups [53]. It is possible that species differences account
for some of the discrepancies reported between the expression of glutamate receptors by murine and human motor neurons.
The physiological significance of atypical calcium permeable AMPA receptors remains to be fully elucidated,
though there is evidence that they may have a role in
strengthening synaptic transmission in specific neurons,
in activating Ca++-dependent K+ channels and in the inactivation of NMDA receptors [65]. With regard to the
pathological implications of the expression of calcium
permeable AMPA receptors lacking the GluR2 subunit, it
has been shown that this molecular profile of AMPA receptors confers selective vulnerability to glutamate toxicity in vitro and vivo [15, 18].
Roy et al. have demonstrated, using a rat primary motor neuron cell culture model, microinjected to express
SOD1 mutations, that normally non-toxic glutamatergic
input, particularly via calcium-permeable AMPA/kainate
receptors, is a major factor in the vulnerability of motor
neurons to the toxicity of SOD1 mutations [73]. In the
embryonic primary motor neurons used in this study,
GluR2 was detected at a population of motor neuron dendritic synapses, but with a more restricted distribution
compared to GluR4.

Glutamate transporters
The glial glutamate transporter GLT-1 or its human equivalent EAAT-2 is of particular interest in ALS. Motor neurons which are vulnerable to pathology in ALS appear to
have a much greater perisomatic expression of the EAAT2
protein compared to motor neuron groups such as the oculomotor neurons which are normally spared in the disease
[50] (Figs. 5 and 6). If the level of expression or functional
capacity of this transporter protein is reduced, one could
postulate that the consequences would be more devastating for cells that are normally heavily reliant on its presence.
It is of interest that the EAAT2 protein is known to be particularly vulnerable to damage by oxidative stress [90]. It
is also noteworthy that reduced expression of the GLT-1
protein (the murine equivalent of EAAT2) [12] and decreased function of the high affinity Na+-dependent transport of glutamate in synaptosomal preparations [14] have

Fig. 5 and 6 Expression of the glutamate transporter protein
EAAT2 in the vicinity of human motor neurons detected by immunohistochemistry. There is much greater perisomatic expression of EAAT2 in relation to spinal motor neurons (Fig. 6) in comparison with oculomotor neurons (Fig. 5). Cell bodies of motor
neurons indicated by arrows

been reported in transgenic mice with ALS-related SOD1
mutations.
There is variation in the results of studies investigating
the expression of glutamate transporter proteins within the
CNS in the ALS disease state. Immunoblotting studies
performed on tissue homogenates, using anti-peptide polyclonal antibodies to glutamate transporter proteins, showed
a substantial loss of expression of the glial transporter
EAAT2 in the motor cortex and spinal cord of ALS cases
[71]. However, examination of EAAT2 in situ, using immunohistochemistry employing a monoclonal antibody to
recombinant human EAAT2, has demonstrated no reduction in the expression of EAAT2 in the motor cortex, although a significant decrease in EAAT2 immunoreactivity
was observed throughout the grey matter regions of the
lumbar spinal cord in ALS patients compared to controls
[29]. Though the detailed results differ, both of these studies provide evidence for alteration of glutamate transporter expression in ALS.
No evidence exists to suggest that genomic mutations
in EAAT2 commonly underlie either familial or sporadic
ALS [4]. Northern blotting experiments show no alteration in the overall amount of EAAT2 mRNA in ALS
[10]. Recently, abnormal mRNA transcripts have been re-
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ported including exon-skipping and intron-retention
splice variants [46]. These abnormal transcripts were not
present in controls but were found in 65% of ALS cases
and were confined to pathologically affected areas of
CNS tissue, as well as being detectable in CSF. The authors proposed that these variant mRNAs might result
from gene specific RNA processing errors, confined to
particular anatomical sites in the CNS. As yet there is no
clear explanation as to why the aberrant RNA processing
should only affect EAAT2 pre-mRNA and why only in
the motor cortex and spinal cord. However, another study
has suggested that alternatively spliced forms of EAAT2
mRNA may not be specific to ALS and could also be detected in control cases [57]. Further investigation is therefore required to clarify the role of alteration in the expression and function of glutamate transporter proteins in the
pathogenesis of ALS.

Calcium binding proteins and motor neurons
Calcium is fundamental to many normal cellular processes including neurotransmission and the regulation of
intracellular second messenger systems. Under normal
circumstances, the intracellular Ca++ concentration is
tightly controlled at a level below 0.1 µM. Regulation is
maintained by a complex system of compartmentalisation
and transportation involving binding to calcium buffering
proteins, including parvalbumin and calbindin D28k [5],
sequestration within organelles such as the endoplasmic
reticulum and mitochondria [63], and transfer to the extracellular environment via ion exchangers. Following influx into the cytosol, calcium binds to calmodulin and
stimulates the activity of a variety of enzymes including
calcium-calmodulin kinases and calcium sensitive adenylate cyclases. These enzymes transduce the calcium signal
and effect short-term biological responses such as the
modification of synaptic proteins and long lasting neuronal responses that require changes in gene expression.
Intracellular calcium homeostasis is linked with other
potential mechanisms underlying degeneration of motor
neurons such as glutamate toxicity, oxidative stress and
mitochondrial dysfunction. Sustained elevation of intracellular calcium can result in activation of a cascade of
damaging biochemical events. These calcium-activated
biochemical processes can injure the neuron both directly
and through the generation of free radicals [49]. Up to
a certain point, these changes are reversible, as demonstrated by the neuroprotective effects of glutamate receptor antagonists applied several hours after an excitotoxic
insult. The molecular factors determining that a neuron is
committed to die have not been established with certainty,
but are likely to include induction of cell-death genes and
the severity of cytoskeletal disorganisation.
A further molecular feature of motor neuron groups
vulnerable to the pathological process in ALS may render

Fig. 7 and 8 The calcium binding protein parvalbumin is not expressed by human spinal motor neurons (Fig. 7), but is expressed
within the cell bodies of oculomotor neurons (Fig. 8), as detected
by immunohistochemistry. In Fig. 7 the cell body of a lumbar motor neuron is indicated by arrows

these cell groups unusually susceptible to glutamatergic
toxicity. Human motor neurons that are vulnerable in ALS
do not express the calcium binding proteins calbindin
D28k and parvalbumin. Less vulnerable motor neuron
groups such as the oculomotor nucleus and Onuf’s nucleus express parvalbumin and calbindin respectively [2,
37] (Figs. 7 and 8). These proteins buffer intracellular calcium and play an important role in protecting neurons
from calcium-mediated injury following activation of glutamate receptors. A direct relationship has been shown
between cellular calcium buffering capacity and resistance to toxicity [48]. Thus, the combination of the low
expression of the GluR2 AMPA receptor subunit and the
absence of calcium buffering proteins may result in ALSsusceptible motor neurons being particularly vulnerable to
calcium mediated toxic events following glutamate receptor activation.
A recent study demonstrated that motor neurons of
transgenic mice with a G93A SOD1 mutation exhibit alterations in intracellular calcium [80]. The cell bodies and
proximal dendrites of spinal motor neurons contained
small calcium filled vacuoles in mice aged 60 days. Oculomotor neurons, however, showed only minimal evidence of degeneration, with no vacuolation and no increased calcium or alteration in intracellular calcium dis-
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tribution. The conclusions drawn from this work were that
free radical-mediated stress induced by mutant SOD1 appeared to induce deleterious changes in intracellular calcium distribution in motor neuron populations lacking
calbindin D28K and/or parvalbumin while motor neurons
possessing these calcium-binding proteins were more resistant to the oxidative stress. In addition, Morrison et al.
showed that the presence of calbindin appears to confer
resistance to vulnerability fo neurons in the spinal cord of
SOD1 transgenic mice [52].

Cu/Zn superoxide dismutase (SOD1) mutations
and motor neurons
Mutations in the SOD1 gene account for about 20% of familial cases of ALS [68] and 2% of cases of ALS as a
whole. The SOD1 protein is widely expressed in the mammalian CNS and indeed accounts for about one percent of
all brain protein. The ubiquitous expression of this free radical scavenging enzyme, which forms a major component
of the defence system protecting intracellular components
from free radical induced injury, is difficult to reconcile
with the selective damage to motor neuron cell groups in
the presence of SOD1 mutations. Motor neurons normally
have a very high content of SOD1 protein compared to
other cells in the nervous system. Immunohistochemical
localisation of SOD1 protein in motor neurons reveals the
presence of SOD1 in the cell body and in the axonal
processes extending to the neuromuscular junction [64, 79]
(Figs. 9 and 10). It is plausible that this reflects the importance to motor neurons of a robust defence against oxidative stress. This requirement may, however, render motor
neurons more vulnerable to injury in the presence of mutant SOD1 proteins. It is of interest that microinjection of
SOD1 expression constructs into primary neurons in culture enhances the naturally occurring cell death of motor
neurons, but not of other neuronal types [26].
It is not yet established whether a loss of function or a
toxic gain of function of mutant SOD1, or both, is responsible for motor neuron injury. There is, however, compelling evidence favouring the gain of function hypothesis. Many of the missense mutations in SOD1 have the
potential to alter the active site of the SOD1 enzyme.
X-ray crystallographic studies have demonstrated that the
active channel of the mutant SOD1 protein is larger than
that of the wild-type enzyme, enabling greater accessibility or unshielding of the copper active site [25]. Such
changes could allow mutant SOD1 to react with additional substrates such as hydrogen peroxide and peroxynitrite, as well as its normal substrate of superoxide anions
[7, 11]. These aberrant reactions could result in increased
cellular production of highly reactive and damaging free
radical species such as hydroxyl radicals and nitronium
ions. Neurofilament proteins and neurotrophic factor receptors are proteins particularly susceptible to damage in

Fig. 9 and 10 Lumbar spinal motor neuron cell bodies (Fig. 9) and
axonal processes (Fig. 10) show strong immunostaining for the
Cu/Zn superoxide dismutase (SOD1) protein in comparison with
other groups of neurons in the human CNS

these circumstances and both are crucial for the normal
function of motor neurons [7].

Other neurochemical features of motor neurons
Motor neurons have other specific neurochemical features
which could potentially be relevant to selective vulnerability. Both thyrotropin releasing hormone (TRH) and
serotonin (5-HT) play a role in modulating the excitability
of motor neurons [8, 61]. The glycine inhibitory neurotransmitter system is particularly important in relation to
motor neurons in the brainstem and spinal cord [95].
There is emerging evidence for the presence of GABA (γamino butyric acid) as well as glycine receptors on lower
motor neurons. Recent evidence suggests that GABA and
glycine may be released from the same terminals in the
vicinity of motor neurons [41] and this dual inhibitory influence may be a relatively specific feature for this cell
group. Motor neurons appear to have the highest concentration in the nervous system of the dipeptide N-acetyl-aspartyl glutamate which may act as a precursor of the neurotransmitter glutamate [3].
In relation to neurotrophic factors, a large number of
trophic molecules from different gene families have been
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shown to promote the survival of motor neurons in vitro
or in vivo. However, few of these polypeptides have specific effects only on motor neurons. Adult motor neurons
express trkB receptors which mediate the effects of brain
derived neurotrophic factor (BDNF) and neurotrophin
4/5, and trkC receptors which mediate the effects of neurotrophin 3 [39, 62].

Exposure of motor neurons outside the CNS
A further unique feature of lower motor neurons, which
could be potentially important in selective vulnerability, is
their exposure outside the CNS at the neuromuscular
junction. Thus motor neurons, lacking the protection of
the blood-brain barrier at the axon termini, may be exposed to potentially deleterious systemic factors at this
site. Motor neurons are intimately connected with muscle
at the neuromuscular junction and their health may be
uniquely dependent on retrograde transport of trophic factors and signalling molecules from muscle.

Conclusion
Current evidence indicates that cell death in ALS reflects
a complex interplay between genetic factors, oxidative
stress, toxic activation of glutamate receptors and damage
to critical target proteins and organelles (Fig. 11). The relative importance of these factors may vary in different
subgroups of patients. In relation to each of these putative
pathophysiological factors, there are molecular features of
human motor neurons which may make this cell group
vulnerable to such insults. In the recent past we have seen

Fig. 11 Summary of factors which are likely to be playing a role
in the cell death of motor neurons, together with specific phenotypic features of motor neurons which may render this cell group
vulnerable to such insults

the development of good cellular and animal models of
ALS. These models will be important in defining precise
molecular targets which are preferentially injured during
motor neuron degeneration and will also allow the development of neuroprotective therapies which take advantage of the cell specific molecular features of human motor neurons.
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