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Foreword

Motor neuron disease is a diagnosis that strikes dread in the heart not only
of those people unfortunate enough to develop it, but those making the
diagnosis too. It is a conclusion often reached by exclusion of other
possible diagnoses, and inevitably reached reluctantly since it amounts to
a sentence of progressive paralysis and, ultimately, death for the patient.
Doctors, whose training and professional culture is directed towards curing
the sick, frequently feel they are helpless in the face of this condition.

Certainly, it is true that in spite of the advances in understanding the
disease described in this book there is no treatment for the disease itself,
nor any prospect of radical treatment or prevention in the immediate future.
Nevertheless, much can be done to secure a higher quality of life for
patients, to ensure that their dignity and personal autonomy is respected,
and to help them to adjust physically and emotionally to the catastrophic
series of changes that, sooner or later, will overtake them and their
immediate circle of helpers.

Understanding the aetiology of motor neuron disease may help to find
the key to other progressive neurological disorders. In this respect, as well
as in bringing to an end the inexorable toll of human suffering, to say
nothing of the social and economic cost of the disease, the urgency of
finding means of prevention, treatment or cure cannot be doubted. The
contribution of patients to research should not be overlooked. Many are
powerfully motivated to fight the disease in any way open to them, and are
eager to contribute to genetic and epidemiological studies, to take part in
clinical trials, to report their experiences before and after diagnosis, to
donate material by biopsy or other methods, and of course to contribute
brain and spinal cord tissue after death. This motivation is a great asset to
researchers and it requires little more than genuine recognition of the
contribution and legacy of patients to the search for a cure, and regular
feedback, to ensure it continues.

The distribution of motor neuron disease means that, worldwide, few
medical practitioners have an opportunity at local level to see and learn
from large numbers of cases. The development of regional centres of
excellence, and recognition of the special contribution that can be made by
the nursing and therapeutic professions, has done much to improve the
quality of care for patients.

Much that can be done consists of apparently small and technically
undemanding steps. Improvements in seating, in feeding and washing
arrangements, in communication and security, require appropriate technol-
ogy. But these modest steps need to be applied to the circumstances of the
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whole person, they need to anticipate and indeed “leapfrog” the loss of
motor function. Advanced technology of course has a part to play, but cost
and complexity often mean that it is hard to keep pace with the deteriora-
tion through the disease, and must be balanced against simplicity and
availability.

The voluntary associations concerned with motor neuron disease in
many countries of the world have an increasingly important role to play.
Some are concerned with promoting research, some with providing direct
care to patients, and some with both of these. However, they are all
committed to ensuring that attention is paid to the disease and the people
who endure it, and they are increasingly able to provide information and
practical help to clinicians and researchers. But irrespective of the material
help they are able to give, by their very existence they give to all those
concerned with motor neuron disease the most important component of any
treatment now or in future — hope.

January 1994 Peter Cardy
Director Motor Neurone Disease Association, UK

and Secretary-General, International Alliance of

MND/ALS Associations



Preface

Amyotrophic lateral sclerosis is a disease that has been known for a long
time, but which attracted little scientific interest until very recently. As in
most medical problems, interest in the disease was awakened by the
application of new approaches to the study of the clinical and pathological
manifestations. Charcot, Joffroy, and Cruveilhier, more than a hundred
years ago, followed the same path, applying the most modern method-
ologies available to the study of the disease they had themselves so recently
recognised. As a result the basic pathological changes were recognised
soon after the clinical manifestations were characterised.

The more recent investigations have established diagnostic criteria for
the core syndrome, and allowed recognition of variant forms of the disease.
Electrophysiological studies have emphasised the early involvement of
myotomes at a distance from the apparent focal presentation, and have
suggested that there is relatively widespread disease even at the onset,
raising the question as to how long a preclinical phase of the disease is
present before clinical presentation and diagnosis. This concept is impor-
tant in devising any therapy since it implies that the earlier treatment is
made available the greater the probability of success in arresting the
disease process. Unfortunately relatively little is yet known about the
fundamental processes underlying cell neuronal death in the disease, and
biological treatments, although of great current interest, remain essentially
speculative. Pharmacological treatments themselves remain relatively
neglected at present, although it is entirely possible that some of the
currently exciting neurotrophic factors may be effective by causing an
increase in muscle bulk, or in motor end plate sprouting, rather than by an
improvement in neuronal survival or “health”.

The currently emerging era of clinical trials, therefore, is fraught with
difficulty, since the search for clinical effect precedes understanding of
pathophysiology, a circumstance that is perhaps not so unusual as might be
thought in medical science. One of Osler’s more famous aphorisms states
that “As is our pathology, so is our medicine”. While this remains true, the
pace of advance is such that presently there is no sense of order in
understanding.

In this volume we have asked our co-authors to summarise current
understanding of the major topics relevant to understanding the causation,
pathophysiology, genetics, pharmacology, and neurophysiology of the
disease, and to consider possible avenues for therapy in the light of this
new knowledge. We hope that readers will find this approach lively and
stimulating. We have included reviews of current supportive management,
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believing that there is a lack of provision of the very best aspects of care
in many cases and, to illustrate the personal problems that result in the face
of an inexorable, progressive wasting disease such as ALS, we have been
privileged to be able to include a personal account of a carer as a
concluding chapter. Every reader of this book should read this chapter with
humility.

We dedicate this book to the care of patients with ALS, in the
expectation that understanding of the aetiology of the disease, and the
development of effective treatment, or prevention, will be forthcoming in
the near future.

London, May 1994 P.N. Leigh
M. Swash
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1 Motor Neuron Disease: The Clinical
Syndrome

M. Swash and M. S. Schwartz

The nomenclature of disorders of anterior horn cells is confused. This confusion
reflects ignorance of the underlying causes of these syndromes; indeed, the current
terminology is based on clinical or pathological descriptions of the syndromes
themselves, rather than basic mechanisms. Rowland (1982, 1988) has pointed out
the importance of distinguishing between motor neuron diseases and motor neuron
disease in discussions of anterior horn cell disorders. The confusion in terminology
can be resolved by appreciation of the historical development of the concept of
anterior horn cell disease as a cause of muscle wasting.

Progressive muscular wasting was a clinical syndrome well known to physicians in
the early nineteenth century. McHenry (1969) notes descriptions by Sir Charles Bell,
Marshall Hall and Todd; at about this time the motor function of the ventral spinal
roots and the sensory function of the posterior roots were defined independently by
Bell and Magendie. The term progressive muscular atrophy was used by Aran (1850),
who believed this syndrome was a muscular disorder. Duchenne (1849) also gave a
description of this disorder. Thus, by the middle of the nineteenth century there were
two conflicting views. Bell, supported by Cruveilhier (1853), who noted the thinness
of the anterior spinal roots, regarded progressive muscular atrophy as a myelopathic
disorder, whereas Aran and Duchenne favoured a muscular cause. Degeneration of
anterior homn cells in the grey matter of the spinal cord was recognised independently
by Luys (1860) in Paris, and by Lockhart Clarke in London. Charcot (1869) brought
together these observations by studying the clinical and pathological features of the
disease and described the involvement of the corticospinal tract. Charcot proposed the
term amyotrophic lateral sclerosis (ALS) and recognised a clinical syndrome consist-
ing of progressive muscular atrophy, often beginning in the hands and involving
bulbar muscles, fibrillary contractions, especially during the period of active muscular
atrophy, and permanent spasmodic contraction. Further, he noted the absence of
sensory loss and that the disease was not complicated by paralysis of bladder or
rectum, and that there was no tendency to the formation of bedsores. The myogenic
origin of other cases of progressive muscular wasting, e.g. limb-girdle muscular
dystrophy, was defined subsequently by von Leyden, Landouzy and Dejerine, and Erb
(1891) (see McHenry 1969). Progressive bulbar palsy (primary labio-glosso-laryngeal
paralysis) was described by Duchenne (1860). Charcot & Joffroy (1869) recognised
its relationship to amyotrophic lateral sclerosis when loss of motor neurons was noted
in the bulbar motor nuclei in pathological studies at the Hopital Salpétriere. Pure
syndromes of myelopathic muscular atrophy without corticospinal involvement, and
of primary lateral sclerosis (Spiller 1904) but without muscular atrophy are rare, as
noted by Kinnier Wilson (1940) but these syndromes, nonetheless, have always been
regarded as related to the core syndrome of amyotrophic lateral sclerosis. The term
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motor neuron disease was introduced by Brain in recognition of the relation between
the syndromes of progressive muscular atrophy, amyotrophic lateral sclerosis and
progressive bulbar palsy, as shown by the clinical variation of involvement of upper
and lower motor neurons and by the topography of the anterior horn cell loss and thus
of the muscular wasting (see Brain 1962). This term has become commonly used in
the United Kingdom, although Charcot’s designation amyotrophic lateral sclerosis is
preferred in French-speaking countries, and in the United States.

Rowland (1982) recognised the utility of the term motor neuron disease (MND)
in describing the whole clinical syndrome but stressed the importance of retaining
the general usage of the term motor neuron diseases (plural) to describe all the
diseases of the anterior horn cells and motor system, including the inherited spinal
muscular atrophies which are clinically and pathologically distinct from motor
neuron disease (MND) itself. Similarly, heredo-familial diseases causing upper and
lower motor neuron involvement, e.g. familial spastic paraplegia, do not form part
of the MND syndrome itself, but are separate entities. The clinical syndrome of
MND is sufficiently distinct to allow recognition of familial cases of MND, but
uncertainty still arises in considering certain atypical syndromes, such as monomelic
motor neuron diseases, and some juvenile onset cases. These problems in classifica-
tion are considered below.

Classification of Motor Neuron Diseases

Diseases affecting anterior horn cells and bulbar motor neurons may present at any
age from infancy to the senium. Those diseases beginning in infancy, childhood or
adolescence are usually limited to the anterior horn cells, but in adults other parts of
the motor system, including the upper motor neuron, may be involved, as in MND
itself. Certain viruses, particularly poliomyelitis, show a predilection to infect
anterior horn cells but other viruses, e.g. Herpes zoster and Coxsackie viruses may
also affect anterior hom cells. In most motor neuron diseases motor nuclei in the
brainstem are also involved; the term spinal muscular atrophy (SMA), usually used
to denote a familial disorder without corticospinal tract involvement, does not
therefore exclude bulbar involvement.

The cardinal features of neurogenic disorders are muscular weakness and
wasting. In addition, disorders of anterior hom cells and bulbar motor nuclei are
often characterised by prominent fasciculation at rest. This is particularly evident in
more rapidly progressive disorders, e.g. MND in adults and Werdnig—Hoffmann
disease (SMA Type 1) in infants. When there is involvement only of the lower
motor neuron the tendon reflexes are reduced or absent but in MND itself, in which
lower and upper motor neuron degeneration coexists, the tendon reflexes are
characteristically brisker than normal, even in wasted muscles. The major forms of
spinal muscular atrophy and MND are clearly defined clinically and pathologically;
and in spinal muscular atrophies also by their pattern of inheritance.

Spinal Muscular Atrophies

Spinal muscular atrophy consists of a syndrome of progressive muscular atrophy
and weakness due to anterior horn cell degeneration without involvement of
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corticospinal or sensory tracts. Weakness is usually predominantly proximal, and
ocular and sphincter muscles are clinically uninvolved. The spinal muscular
atrophies are classified into different but related syndromes according to their age of
onset, progression and outcome. They are all inherited, with only a rare exception,
as autosomal recessive disorders (Table 1.1).

A number of other clinical types of spinal muscular atrophy have been described
(Table 1.2). The classification of these disorders under this heading is less certain in
many instances, being dependent principally on the distribution of neurogenic

Table 1.1. Spinal muscular atrophies (from Swash and Schwartz 1988)

SMA

Inheritance

Age of onset

Course and outcome

Type 1
Werdnig-Hoffmann disease

Type II
Intermediate SMA

Type 11T
Kugelberg-Welander disease

Type IV
adult-onset SMA

Autosomal-recessive

Autosomal-recessive

Autosomal-recessive

Autosomal-recessive,
Dominant

X-linked (Kennedy)

30% in
utero 100%
by 5 months

3-24 months

2-17 years

40-60 years
20-50 years

20-40 years

Severe, generalised
and bulbar weak-
ness; 95% dead by
18 months

Severe disability in
infancy; little pro-
gression, later un-
able to walk; scolio-
sis

Variable; slowly
progressive over
many years; mild or
severe course

Unable to walk af-
ter 20 years.

Slowly progressive
proximal weakness.
Bulbospinal weak-
ness; gynaecomastia
common

Table 1.2. Spinal muscular atrophies: other forms (modified from Swash and Oxbury (1991) Clinical
neurology. Churchill Livingstone, Edinburgh)

Distal

Chronic asymmetrical
Monomelic
Scapuloperoneal
Bulbar SMA with
deafness

Bulbar SMA
(Fazio—Londe)
Oculopharyngeal

Facio-scapulo-
humeral

Dominant 2-20 yr

or recessive

Recessive 1645 yr Mild
? Variable Mild
Recessive 40-50 yr

? Childhood

Recessive 2-12 yr

Dominant 4th decade Mild
Dominant 2nd decade

Mild, normal life expectancy

Moderate; may shorten life
Severe or mild

Death in 10 yr from onset

May shorten life
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weakness, the absence of corticospinal or sensory pathway involvement, and
exclusion of other causes, especially axonal motor neuropathies. The latter may be
especially difficult, especially in the syndromes of distal spinal muscular atrophy,
and scapuloperoneal muscular atrophy (Dyck 1982). Clearly, features inconsistent
with anterior horn cell loss, or loss of bulbar motor neurons are important in
establishing diagnosis in these syndromes.

Motor Neuron Disease (Amyotrophic Lateral Sclerosis)

Motor neuron disease is a progressive disorder, characterised by muscular weakness
and wasting, with fasciculation, and by spasticity, hyperreflexia and extensor plantar
responses. Bulbar involvement is frequently prominent, leading to dysphagia and
dysarthria, but external ocular muscles and pelvic sphincter muscles are almost
invariably spared. Sensory symptoms, especially paraesthesiae, may occur but there
are no objective sensory signs. The first symptom is usually weakness, although
some patients note fasciculations as an early feature and sometimes muscle cramp
may antedate other symptoms by several months. The onset of the disease is
difficult to delineate since the clinical manifestations develop gradually; retro-
spective analysis may suggest that the disease began several years before presenta-
tion with muscular weakness or wasting (Swash and Ingram 1988), perhaps with a
long preclinical phase during which the disease, although active, is not sympto-
matic. Clinical presentation with weakness or atrophy thus implies failure of
compensatory reinnervation, and loss of substantial numbers of motor cells from the
relevant part of the motor system. The onset and progression of this, clinically
evident phase of the disease has been documented in the case of Lou Gehrig, the
famous American baseball player, who died of the disease in 1941, from a study of
his batting averages in the 1938 and 1939 seasons (Kasarskis & Winslow 1989).

Clinical Features

Common symptoms at presentation are undue fatiguability, cramps, dragging of a
leg usually due to foot drop, or difficulty manipulating objects with the fingers of
one hand. These early symptoms are usually asymmetrical and frequently involve
only one limb, although even at this time examination may reveal features of more
widespread neurogenic abnormality. Two-thirds of patients present in this way, with
weakness of one limb (Gubbay et al. 1985; Jokelainen 1977). Jokelainen (1977)
found that weakness of a leg was slightly more common than weakness of an arm.
Monoparesis affected 23%, and hemiparesis 4% of the 318 patients reported by
Gubbay et al. (1985); weakness of both legs was the presenting feature in 20% and
bulbar features in 22%. Other presenting features include muscle atrophy (10%),
muscle pains and cramps (9%), fasciculations (4%) and stiffness of gait (1%).
Weight loss and paraesthesiae are rare presenting complaints. Exertional dyspnoea
is a rare presenting feature. When there is a relative predominance of upper motor
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neuron features, spasticity, stiffness and even ankle clonus, may be the major
clinical features at presentation. Bulbar involvement usually consists of a combina-
tion of upper and lower motor neuron involvement, causing hoarseness of the voice,
subtle changes in articulation and a hypernasal speech timbre.

The tongue is usually symmetrically involved; there is symmetrical weakness,
slowed movement, fasciculations and atrophy. In the early stages there is only slight
weakness and speech articulation is relatively preserved. The development of
weakness and spasticity results in reduced rate, range and force of articulatory
tongue movements. Dysphagia develops as the weakness and spasticity progresses,
leading to inability to progress a food bolus to the back of the mouth, choking,
dribbling and inability to swallow. Sometimes spasticity of the cricopharyngeus
muscle leads to obstruction of swallowing during contraction of the pharyngeal
muscles, but surgical myotomy of the cricopharyngeus muscle is only useful in
carefully selected patients, and has a high mortality due to respiratory complications
(Lebo et al. 1976; Mady 1984). Cha and Patten (1989) used magnetic resonance
imaging (MRI) to show that the tongue may be reduced in size by 60%, that it
becomes rectangular rather than curved in shape, and that its internal structure
becomes disorganised as it atrophies.

Fatiguability is a common early symptom (Swash and Ingram 1988) but is not
specific since it is common in other denervating conditions and especially in
multiple sclerosis. Muscle cramp is a frequent complaint and is often observed at
clinical examination, when maximal muscle contraction may induce a sustained
painful cramp in the muscle tested. Fasciculations are less commonly observed by
the patient but are a cardinal feature of the disease, although they also occur in other
myelopathies, e.g. cervical spondylotic myelopathy or in old poliomyelitis. Cramps
may be severe and painful, leading to persistent aching painful discomfort in some
patients (Newrick and Langton Hewer, 1985). Newrick and Langton Hewer (1985)
noted that pain, often pricking, burning or dysaesthetic in quality, was a significant
feature in 27 of 42 patients at some stage in the illness, and pointed out that Charcot
described this in 1895. Cramps and even fasciculation may precede the develop-
ment of weakness and wasting by many years (Fleet and Watson 1986). Fascicula-
tions are common in normal people (Reed and Kurland 1963), but in MND they
occur randomly in different parts of muscles, whereas benign fasciculations tend to
occur repetitively in the same fascicle of a muscle.

Although sensory abnormalities are not normally considered part of the clinical
syndrome of MND, paraesthesiae, coldness and even numbness are sometimes
noted in the disease. However, objective sensory abnormalities are virtually never
found in the disease and, indeed, would be considered grounds for excluding the
diagnosis by most neurologists (Mulder 1982). Nonetheless, Shahani et al. (1971)
reported abnormal resistance of peripheral sensory nerves to ischaemia in MND,
and Jamal et al. (1985) noted that thermal thresholds were increased in 80% of 40
patients with MND, suggesting an abnormality in small sensory fibres in the
peripheral nervous system. Mulder et al. (1983) found an abnormality in vibration
thresholds in 18% of patients.

Even in the most advanced stages of the disease certain motor systems show little
evidence of involvement. Thus urinary and anorectal continence is almost invariably
unaffected, despite severe paralysis and wasting of skeletal muscles, including
gluteal and other sacral myotomes. Absence of involvement of the pelvic sphincter
and perineal muscles is evident clinically, by electromyelography (EMG) and by
preservation of the motor neurons in the Onuf nucleus of the anterior horn of the
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spinal cord at S2 and S3 (Mannen et al. 1977). This relative resistance of sphincter
muscles to denervation in MND contrasts with the selective vulnerability of these
neurons in progressive autonomic failure (Sakata et al. 1978; Chalmers and Swash
1987). Extraocular movements are similarly uninvolved in MND but abnormalities
of pursuit movements, consisting of saccadic interruption and of smooth tracking
movements (Jacobs et al. 1981), and even partial ophthalmoplegia have been
described as rare, atypical manifestations with loss of neurons in the motor nuclei
subserving ocular muscles (Harvey et al. 1979). However, as a clinical rule, even the
totally paralysed and bedfast patient remains continent and can move his eyes, and
any impairment of these functions should raise questions as to the diagnosis.

Autonomic function is also generally normal, at least to clinical examination,
although sympathetic hyperfunction with vagal hypofunction has been reported in
cardiovascular tests (Chida et al. 1989); these findings accord with slight reduction
in numbers of intermediolateral neurons noted by Kennedy and Duchen (1985).
Patients with MND do not develop bedsores, even in the terminal stages of the
disease, a feature consistent with sparing of sensation and autonomic regulation of
skin blood flow. Ono et al. (1986) reported reduction in numbers and changes in
arrangement and diameter of collagen fibrils in the dermis, and a delay in return of
skin turgor after displacement, e.g. a pinch.

Dementia has long been recognised as an occasional associated feature in MND,
but its frequency is difficult to define. David and Gillham (1986) found that patients
with MND were slightly impaired in tests of cognitive function, particularly with
picture recall, learning novel material and card sorting. These findings correlated
with cerebral atrophy on computed tomography scanning. In both sporadic and
familial MND the association with dementia has often been attributed to co-existent
Alzheimer’s disease. However, it usually develops late in the course of MND and
is thus then probably directly associated. Hudson (1981) found that MND was
associated with dementia in 15% of cases. Interpretation of this association is
difficult because of the known relation of these two features in Western Pacific ALS
(see Chapter 9), and in Creutzfeldt—Jakob disease. Brownell et al. (1970) found that
there was vacuolar degeneration of cortical layers in 2 of 45 cases of MND, raising
the possibility of clinical overlap in recognition of these syndromes.

Other Clinical Syndromes of MND

While amyotrophic lateral sclerosis accounts for 80% of cases of idiopathic MND,
other clinical forms of the disease occur (Table 1.3). Progressive bulbar palsy is the
presenting syndrome in 10%, progressive muscular atrophy in 8% and primary
lateral sclerosis in 2% (Caroscio et al. 1984).

In progressive bulbar palsy the main presenting features are dysarthria, dyspho-
nia, difficulty in chewing, salivation and dysphagia. The tongue is weak and
atrophic and fasciculations are prominent. Facial weakness is sometimes present.
There is usually clinical evidence of both upper and lower motor neuron involve-
ment of the bulbar musculature, with spasticity of the tongue and a brisk jaw jerk,
and similar abnormalities usually develop in the limbs during the course of the
disease. At presentation, however, there may be no symptoms or signs of limb
involvement. The prognosis is determined, as in amyotrophic lateral sclerosis, by
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Table 1.3. Motor neuron diseases

Spinal muscular atrophies (see Tables 1.1 and 1.2)

Idiopathic motor neuron disease
Amyotrophic lateral sclerosis

Progressive bulbar palsy

Progressive muscular atrophy

Primary lateral sclerosis

Juvenile motor neuron disease
Monomelic motor neuron disease
Familial motor neuron disease
Excitotoxin-induced motor neuron disease
Guam-type MND (Western Pacific ALS), with or without Parkinson-Dementia Complex
Lathyrism

Metabolic and immunological
Hexosaminidase deficiency

Monoclonal gammopathy

Viral and transmissible

Poliomyelitis

Creutzfeldt-Jakob disease

AIDS

Post-encephalitic myelopathy

Herpes zoster myelitis (segmental)

? Other viruses, e.g. Coxsackie virus infection

System degenerations
Spino-cerebellar degenerations
Shy-Drager syndrome
Olivo-ponto-cerebellar degeneration
Joseph-Machado disease
Huntington’s disease

Heavy metal poisoning

Lead and other heavy metals
Mercury

Manganese

Others

Stiff man syndrome

Post-traumatic

Syringomyelia

Post-irradiation syndromes

Electric shock and lightening injuries

the severity of bulbar involvement. Progressive muscular atrophy consists of lower
motor neuron involvement of limb muscles, without definite evidence of upper
motor neuron features. Nonetheless, the tendon reflexes are brisk even in the wasted
muscles, a feature that seems to differentiate this rather poorly defined syndrome
from progressive spinal muscular atrophy, in which the tendon reflexes are usually
reduced. The progressive muscular atrophy variant of MND commences after age
20 years, and is not associated with a family history of a similar disorder (Mortara
et al. 1984).

Primary lateral sclerosis consists of a slowly progressive spastic paraparesis,
beginning in adult life, with no signs on examination other than those of cortico-
spinal tract involvement, including sparing of the sphincters. In addition, familial
spastic paraplegia is excluded by the absence of a family history of the disorder, and
investigation reveals no other abnormality. EMG evaluation reveals no evidence of
lower motor neuron disturbance. Multiple sclerosis, HTLV-1 associated tropical
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spastic paraparesis and AIDS myelopathy must be excluded by MRI and serological
tests. In some patients there is an associated pseudobulbar palsy, and there are
usually mild corticospinal abnormalities in the upper limbs. The disorder progresses
slowly, for up to 20 years in some studies (Younger et al. 1988; Norris et al.
1993).

A predominantly distal form of MND, of juvenile onset, usually confined to one
upper limb has been recognised (Hirayama et al. 1963). It is particularly associated
with Japan (Hirayama et al. 1963; Sobue et al. 1978), Sri Lanka (Peiris et al. 1989)
and India, and only a few cases have been recognised in Europeans (Meadows and
Marsden 1969; Chaine et al. 1988). In India these cases may show involvement of
both arms, or of a leg. There is a marked male predilection, especially for cases
involving the upper limb (12 : 1; Virmani and Mohan 1985). This disorder begins
before the age of 30 years and is often of juvenile onset, being below the age of 20
years in 40% of the Southern Indian cases described by Virmani and Mohan (1985).
All the 102 cases of Peiris et al. (1989) began before age 29 years, and 90% were
male. Ben Hamida et al. (1988) reviewed 101 patients from Tunisia with chronic
proximal neurogenic muscular atrophy, 54% with onset before 5 years. Two-thirds
of the latter patients showed autosomal recessive inheritance and these showed no
predominance of males, although 70% of the sporadic cases were male. In contrast
to this experience the Indian and Japanese patients showed distal involvement,
affecting one limb, and without evidence of a genetic origin.

This disorder is usually confined to one upper limb for a period of about 2 years
before progression occurs with involvement of proximal forearm muscles, and of
the opposite arm. Tremor develops in the affected limbs and the tendon reflexes are
reduced. In 15% of cases the disease arrests within 5 years of its onset. This
syndrome is sporadic, without any recognised genetic basis. The period of progres-
sion distinguishes this disorder from poliomyelitis (Chopra et al. 1984). The Madras
form of MND is a sporadic disorder of young adults, with generalised neurogenic
atrophy, bulbar palsy and sensorineural deafness, but with a benign course (Jagga-
nathan 1973; Sayeed et al. 1975). The nosological position of this disorder in
relation to the similar autosomal recessive syndrome described by Vialetto (1936)
and Van Laere (1966) is uncertain (Summers et al. 1987) since detailed family
studies of sporadic cases are lacking.

Outcome of MND

Although the prognosis of MND is generally regarded as poor, it is important to
recognise differences between the clinical forms of the disease and that long
survival is possible in some patients. The duration of the disease from diagnosis is
generally 1 to 5 years, with a median survival of about 2 years (Mulder and Howard
1976; Juergens et al. 1980). Mulder and Howard (1976) and Mortara et al. (1984)
found that 20% of patients were still alive 5 years after onset of the disorder and
10% at 10 years. Jokelainen (1977) noted that some patients were living 12 years
after the onset, and Mackay (1963) reported survival ranging from 6 months to 21
years. Patients with predominantly spinal forms of the disease, i.e. amyotrophic
lateral sclerosis, had a mean survival of 3.3 years, and those with bulbar symptoms
survived 2.2 years (Jokelainen 1977). Generally, the earlier age of onset the longer
the survival, and atypical juvenile-onset, monomelic MND has a benign course.
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Progressive muscular atrophy and primary lateral sclerosis also have a relatively
benign outcome with survival for 10 years or more (Mortara et al. 1984; Younger
et al. 1988). There is some evidence that survival in MND might be increasing
(Caroscio et al. 1984). Mulder and Howard (1976) described a case in which the
disease appeared to arrest and remit, but this exceptional clinical course is so
exceptional that it must be suggested that the diagnosis may have been other than
MND. However, plateaux in the progressive course of the disease have been
recognised (Tyler 1979; Swash and Schwartz 1984). Jablecki et al. (1989) have
suggested an algorithm for prediction of the approximate survival time of individual
patients based on the age of onset, the duration of the weakness and an estimate of
the clinical disability at the time of diagnosis.

Possible Associations of MDN with Other Diseases

A number of clinical associations of MND with other diseases, or with previous
exposures, have been put forward sometimes in the context of causation and
sometimes as apparently related disorders. In most instances it is clear that these
apparent associations are spurious, the other disorder simply mimicking the clinical
syndrome of MND/ALS, but in others there remains a possibility of a real association
that may be relevant in considering causation and clinical management.

Poliomyelitis

Since the polio virus exhibits a specific neurotropic effect on motor neurons in the
brain stem and spinal cord it has for long been thought that MND might in some
way be related to previous poliomyelitis (Potts 1903; Salmon and Riley 1935;
Zilkha 1962). Modern epidemiological investigations have not strongly supported
this concept. For example, Poskanzer et al. (1969) found only 2.5% of patients with
MND/ALS, and Juergens et al. (1980) found no evidence of previous poliomyelitis
infection in 35 consecutive cases. More recently, Martyn et al. (1988) noted that the
geographical and social clan distribution of motor neuron disease in England and
Wales, based on death certification, resembled that of poliomyelitis 30-40 years
earlier, and suggested that this might be evidence that MND might be a delayed
effect of earlier subclinical poliovirus infection. However, no evidence of persistent
or past infection with polio inpatients with MND has yet been ascertained (see
Chapter 6).

The term “post-polio syndrome” (Brooks et al. 1978) describes new muscle
weakness and atrophy developing either in muscles previously affected or pre-
viously spared during the acute phase of poliomyelitis infection. The rate of decline
of muscle strength is very slow, and some patients show periods of stabilisation. The
syndrome develops at least 15 years after the acute disease. Muscle aches and pains,
and muscle fatigue are common additional features. This syndrome differs from
MND in that rapid progression, bulbar weakness and signs of corticospinal tract
involvement are absent. Fasciculations are common in patients with old poliomyeli-
tis, especially after exercise, but do not denote progression of the disease. It has been
suggested that the post-polio syndrome results from loss of individual motor end
plates and nerve terminals rather than death of anterior horn cells, together with age-
related impairment of the capacity for collateral sprouting, resulting in fractional
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loss of parts of motor units (Dalakas et al. 1986). There is no evidence of an
increased incidence of MND in these patients, despite its frequency in affecting
about a quarter of patients with poliomyelitis.

Hexosaminidase Deficiency (GM, Gangliosidosis)

In this autosomal recessive disorder the enzyme deficiency is associated with a
heterogeneous clinical syndrome consisting of encephalopathy, dementia, ataxia
and a disorder resembling motor neuron disease. Indeed, neurogenic muscular
atrophy is a feature of the disease. Both upper and lower motor neurons may be
involved, but in some cases only the lower motor neuron is affected. Complex
repetitive discharges have been noted in EMG recordings. The disorder progresses
as part of the multisystem degeneration associated with ganglioside storage (Mitsu-
moto et al. 1985). The enzyme defect is likely to present in younger patients (less
than 50 years of age) with lower motor neuron syndromes, and investigation should
be limited to this age group.

MND and Plasma Cell Dyscrasia

Paraproteinaemia, consisting of IgG or IgM protein, has been associated with MND
in about 5% of patients presenting with the typical syndrome of MND/ALS. The
paraproteinaemia in these patients is benign and is usually present only in low
concentration (Shy et al. 1986). In some additional patients with MND the blood
IgM level is raised but the protein is not associated with plasma cell dyscrasia (Shy
et al. 1989). The clinical syndrome in these patients is non-specific, consisting of a
predominantly lower motor neuron disturbance. Assessment of these patients is
difficult since motor neuropathy, or sensorimotor neuropathy, is a well-recognised
feature of plasma cell dyscrasia associated with monoclonal gammopathy, and the
recognition of this syndrome in a patient with progressive proximal and distal
muscle wasting may not be easy (Kelly et al. 1981; Rowland et al. 1982; Rowland
1988). The finding of slowed motor conduction does not necessarily exclude
anterior horn cell involvement, but disturbance of sensory conduction is an
important clue to the presence of the underlying neuropathy (Gherardi et al. 1988).
No specific immunocytopathological relation between benign paraproteinaemia and
MND has yet been demonstrated (Doherty et al. 1986), although Shy et al. (1989)
have shown that 59% of patients with MND have IgG antibodies to ganglioside
GM,, a feature of only 25% of control subjects. A causal relation between this
immune reaction and MND remains to be demonstrated. Treatment of the para-
proteinaemia is of no proven benefit in patients with MND associated with
paraproteinaemia.

Hyperparathyroidism and Thyrotoxicosis
In severe hyperparathyroidism a syndrome resembling motor neuron disease may

develop, with weakness, fatiguability and hyperreflexia. Atrophy and fasciculation
may also occur. This functional disorder is rapidly reversible, with improvement in
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hours or days following surgical hyperparathyroidism (Patten and Engel 1982). This
syndrome may be difficult to differentiate from MND itself on clinical and
electrophysiological grounds, but the findings of a raised blood calcium and alkaline
phosphatase are important clues.

Thyrotoxicosis may rarely be associated with clinical features suggestive of
fasciculation.

AIDS

A vacuolar myelopathy, often causing paraparesis, is common in patients with
AIDS, and HIV has been isolated from the cerebrospinal fluid (CSF) of a patient
with AIDS who developed MND (Hoffman et al. 1985). This observation is of
uncertain significance, but a related retrovirus, HLTV-1 is the causative agent
associated with progressive tropical spastic paraplegia (Johnson 1987), a disorder
not clearly associated with lower motor neuron features.

Creutzfeldt-Jakob Disease

Fasciculation, weakness and muscular atrophy are features of some patients with
this syndrome (Allen et al. 1971), well known for its transmissibility by brain
inocula into primates, and for the characteristic spongiform degeneration found in
cerebral cortex. The amyotrophic form of this disease is less clearly associated with
spongiform change (Salazar 1982) but spongiform change in cortical layers occurs
in some patients with otherwise typical MND (Brownell et al. 1970). Connolly et al.
(1988) have reported transmission of the amyotrophic form of Creutzfeldt-Jakob
disease to primates by brain inoculation after a long latent interval, of more than a
year. Another presumed viral infection, encephalitis lethargica, was associated with
amyotrophy in some survivors (Greenfield and Matthews, 1954).

Other Disorders

Neurogenic atrophy is associated with other degenerative diseases, but these
conditions can be separated on clinical or other grounds from MND itself, and
appear unrelated to the latter disease, despite the presence of motor neuron
involvement (Table 1.3).

Diagnosis and Investigation

The diagnosis of MND is essentially clinical, since there is no specific diagnostic
test. Definitive diagnosis can only be made after death by autopsy examination of
the brain, spinal cord and muscles. The characteristic clinical features for diagnosis
are determined by the clinical limits of the disease, including the well-recognised
classical forms, and the rarer variants discussed above. The major features suggest-
ing the diagnosis are the presence of upper and lower motor neuron signs in a
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distribution extending beyond a discrete spinal level, without sensory abnormality,
and usually with spontaneous fasciculation. The combination of upper and lower
motor neuron signs in the limbs with fasciculation and wasting of the tongue is
especially characteristic (Li et al. 1986). Patients with clinical syndromes limited to
bulbar muscles, or to upper neuron disturbance, pose special problems in
diagnosis.

The implication of a diagnosis of MND is that the disorder will progress to death,
and that all forms of treatment currently available will prove ineffective. It is
therefore important to establish the diagnosis firmly by excluding other diagnoses,
especially those that are amenable to medical or surgical treatment, by full and
appropriate investigation. The diagnosis can then be fully discussed with the patient
and family, and appropriate management decisions can be made, or planned for.
Motor neuron disease affects people at an age at which other diseases are quite
likely to occur as coincidental problems, including disorders that also result in
muscle weakness and wasting such as peripheral nerve entrapment syndromes,
peripheral neuropathies and cervical myelopathy due to spondylosis. These
possibilities must be considered and treated as necessary.

Electrophysiological, radiological,  biochemical, = immunological and
histopathological investigations may be necessary to firmly exclude alternative
diagnoses. Electrophysiological investigation is particularly useful since it can be
used to establish the distribution of neurogenic change, even in the early stages of
the disease, and can provide information about the effectiveness of collateral
sprouting and reinnervation that is useful in assessing prognosis (Swash and
Schwartz 1984; Stalberg and Sanders 1984). Electrophysiological evidence of
denervation and reinnervation in muscles in at least two limbs, not corresponding to
a single nerve root or peripheral nerve distribution, is strongly supportive of a
diagnosis of MND. Fasciculations can be recorded by EMG, and occur at a slow
rate, usually not faster than 0.3 Hz in MND, and tend to fire randomly in single units
rather than at a regular rate (Trojaborg and Buchthal 1965). Although motor
conduction may be slightly slowed in recordings made in the innervation of atrophic
muscles, sensory conduction is normal.

Most biochemical tests are normal in MND, but the CSF protein is often mildly
raised; in fact this investigation does not contribute to the management of the
disease. The blood creatine kinase (CK) level is raised to two or three times the
normal level in about 50% of patients (Williams and Bruford 1970), and this
abnormality is associated with the presence of regenerating fibres in the biopsy, a
feature that is one component of the secondary myopathic change that develops in
chronic partial denervation of muscle (Achari and Anderson 1974; Schwartz et al.
1976). Another muscle-derived enzyme, carbonic anhydrase III (CAIII) is a more
sensitive index of this abnormality (Heath et al. 1983). The relation between
abnormalities in immunoglobulins and MND is discussed above.

Radiological investigations are useful in excluding other diagnoses. Myelography
has been much used in the past in order to exclude lumbosacral spondylosis with
cord and root compression and the presence of tumours or developmental anomalies
at the foramen magnum or in the high cervical region. This investigation is currently
being superseded by MRI scanning. MRI or CT scanning of muscle can be useful
in differentiating neurogenic muscular atrophy from myopathic disease, and also is
capable of demonstrating the distribution of the abnormality and, for example,
sparing of the perineal muscles in MND. The scope of modern imaging techniques,
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and their non-invasive methodology, is such that investigations of this type are
indicated in order to be quite certain that treatable lesions have been excluded.

Differential Diagnosis

A number of diseases may present with clinical manifestations that, in some
respects, resemble the clinical syndrome of classical MND/ALS. For example,
wasting of upper limb and bulbar musculature occurs in syringomyelia, and in
cervical spondylosis there may be a combination of upper and lower motor neuron
lesions in upper limb muscles. However, in these conditions sensory disturbances
are frequent and these exclude a diagnosis of MND. Furthermore, investigation
discloses the abnormality in the spinal cord, or in the spinal canal. Similarly, in
motor neuropathies there are abnormalities in motor nerve conduction, and the
clinical features generally suggest the diagnosis, especially when tendon reflexes are
absent and there are subtle sensory abnormalities. The diagnosis is particularly
difficult when weakness and atrophy are restricted to one limb, as in presentations
with a wasted hand, or with foot drop. In some such patients the clinical syndrome
may be restricted in distribution and in progression for many years before changes
suggestive of more generalised involvement develop (Swash and Ingram 1988). The
diagnosis of primary lateral sclerosis is very much a matter of exclusion of other
causes, including compressive, demyelinating and other degenerative conditions,
especially familial spastic paraplegia (Younger et al. 1988). Hyperthyroid myopathy
may present with weakness and with bulbar involvement, and fasciculations may
occur in this disorder; however, there are no corticospinal signs and the clinical
diagnosis of hyperthyroidism can usually be recognised. Hyperparathyroidism is
also said to be present, on occasion, with fasciculation. Myopathies, although not
associated with fasciculation, cause generalised atrophy and weakness with a
proximal predilection, and without the marked asymmetry or hyperreflexia so often
found in MND/ALS. Spinal muscular atrophy differs from MND in that there are
no corticospinal abnormalities, the disorder is usually only slowly progressive, and
there may be a family history of a similar disorder. Multiple entrapment neu-
ropathies can pose a difficult diagnostic problem, but the presence of sensory
disturbance, pain and Tinel’s sign are important clinical features that serve to
distinguish this syndrome from MND/ALS. Electrophysiological investigation
should clearly suggest this diagnosis by the abnormalities in nerve conduction.
Multiple sclerosis presents with other features, especially optic neuritis, diplopia
and disturbances of ocular movement, and cerebellar signs, that usually allow ready
diagnosis. In cases of difficulty investigations utilising evoked potential studies and
MR imaging of the brain disclose evidence of demyelinating lesions in the brain and
brain stem. Multifocal vascular disease may cause a pseudobulbar palsy with a
spastic quadriparesis, without detectable sensory abnormalities, but the history
usually suggests response progression associated with recurrent minor strokes and
there are often signs of abnormality in ocular movement. CT or MR imaging of the
brain is important in diagnosis, and electrophysiological tests fail to disclose the
characteristic combination of denervation and reinnervation found in MND. In the
elderly, a combination of peripheral nerve palsies, e.g. median or ulnar entrapment
syndromes, with coexistent lumbosacral radiculopathy and canal stenosis, or with
multifocal vascular disease, can present a syndrome closely resembling MND. Only
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careful history taking and investigation allows a diagnosis to be made. Post-polio
syndrome (see above) can also be confused with MND.
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2 Epidemiology of Motor Neuron Disease

K. Kondo

Epidemiology can give fundamental information about the frequency and other
determinants of disease, including biological, geographical, and sociological risk
factors. These data may give clues regarding both aetiology and prevention. In this
chapter current epidemiological data on motor neuron disease are reviewed in
relation to ideas concerning possible causation of the disease.

Some Important Clinical Patterns of Motor Neuron
Disease/ Amyotrophic Lateral Sclerosis (MND/ALS)

The clinical classification and nosology of MND/ALS is still a matter for debate. In
most epidemiological studies, and in this chapter the term MND/ALS is used to
define three major clinical entities. These are amyotrophic lateral sclerosis itself
(ALS), progressive bulbar palsy (PBP) and spinal progressive muscular atrophy
(SPMA). The term MND, however, is often used as equivalent to ALS, especially
in the United Kingdom and related countries, covering ALS in its narrower sense
together with PBP and SPMA. In a study of patients dying of MND/ALS in Japan
there were 403 cases of ALS, 10 of PBP and 102 of SPMA (Kondo 1984a,b). MND/
ALS is defined both clinically and pathologically in the absence of aetiological
information. Its distinction from diverse forms of amyotrophies is sometimes
confusing. Of these, the clinically recognisable primary degenerative diseases of
motor neurons are summarised in Table 2.1. In this chapter the classical sporadic
forms of MND/ALS, listed in group 1 in Table 2.1 are considered from the
epidemiological standpoint, and evidence is presented that supports the distinction
of motor neuron disease with posterior column involvement from so called familial
MND/ALS. Many investigators still consider that the Guamanian form of motor
neuron disease has a different causation from other sporadic forms of motor neuron
disease, but cases in the Kii peninsula in Japan can scarcely be distinguished from
other Japanese cases.

MND/ALS is known to occur only in the human, in whom the voluntary
pyramidal motor system is highly evolved. It often presents with distal involvement
of the upper extremity but may also present with early involvement of the distal
parts of one or other leg. The right hand is more likely to be involved than the left.
The extraocular and pelvic sphincter muscles, and their motoneuronal innervations
are almost invariably spared, but these clinical points remain unexplained. It is
tempting to suggest that motor neurons utilised in more skilled movements are more
liable to degeneration in MND/ALS than other motor neurons.
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Table 2.1. Proposed classification of primary degenerative diseases of motor neurons

1. (Classical) motor neuron disease
Amyotrophic lateral sclerosis
Progressive bulbar paralysis
Spinal progressive muscular atrophy

2. Motor neuron disease with parkinsonism

(a) Sporadic
(b) Familial (AD?)
3. Motor neuron disease with dementia
(a) Sporadic
(b) Familial
i. Adult onset (AD?)
ii. Juvenile onset (AR)
4. Guam motor neuron disease

(%3

. Motor neuron disease with posterior column involvement (AD)

6. Proximal spinal muscular atrophies
Kugelberg—Welander disease (AD, AR, XR)
Werdnig-Hoffmann disease (AR)

7. Others

AD, autosomal dominant; AR, autosomal recessive; XR, X-linked recessive.
So-called familial motor neuron disease includes Group 5 and a part of Group 1 which run in
families.

Of the clinical features, the duration of the disease is especially important. It is
commonly stated that MND/ALS is steadily progressive. A life table analysis,
applied to 379 fatal cases, however, disclosed that life expectancies, given that a
patient had already lived a number of months after the onset of the disease,
decreased until about 20 months after the onset but then, somewhat surprisingly,
increased (Fig. 2.1). MND/ALS, therefore, follows the classical teaching only in the
initial stages but seems to have an increasingly benign prognosis once the initial
dangerous period is safely passed (Kondo and Hemmi 1984). This finding raises the
hope that if it were possible to improve the natural history in the early stages, by
medical care, rehabilitation, attention to day-to-day living, etc., it might be possible
to help patients to survive the initial months and therefore to enter the subsequent,
apparently safer period of the disease.
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Fig. 2.1. Survival rates and average life expectancy of males with amyotrophic lateral sclerosis.
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Of the determinants of duration (Y months), age (X years) is an important factor.
In 515 cases, Kondo and Hemmi (1984) reported that:

Y= 0.6732X+77.8 in ALS males
Y =—-0.4500X+62.3 in ALS females
Y =-2.592X +188.1 in SPMA, sexes pooled.

Frequency of MND/ALS and its Determinants

Descriptive epidemiology measures the magnitude and distribution of a disease
under study.

Prevalence Rate

The point prevalence rate, or the number of surviving patients ascertained at an
agreed time in a given population, is used as a convenient measure in chronic
incurable diseases such as MND/ALS. Table 2.2 summarises the available crude
data for the disease classified according to the reports in the literature. In Japan there
are 17 reports coming from parts of the country not known to be of particularly high
risk for MND/ALS, with a range 0.8-19.7. The values reported are relatively
consistent, even in areas with widely varying climatic geographical socioeconomic
conditions, regardless of the three major racial types, i.e. Caucasoid, Mongoloid and
Negroid. When the values from Guam and from the Kii peninsula in Japan, as well
as the extreme values reported from the areas of the world not known to be at high
risk, are eliminated a range 1.0-13.4 (mean 4.09) is found, based on 33 reports,
pooling males and females (Table 2.2).

Incidence Rate

This is calculated in one of two ways in MND/ALS. It can be calculated from data
collected from new cases that occurred in the year prior to prevalence day in a
population study or can be derived from the formula : prevalence rate = duration of
disease X incidence rate. In the literature there are 21 reported crude values of
incidence rate ranging from 0.1 to 0.58 per 100 000 per year for areas other than
those known to be high risk foci of the disease. Eliminating the upper and lower
extremes from these values the average was 1.36 per 100,000 per year.

Age-specific incidence rates are more difficult to calculate. The best available
data are probably those from Israel (Kahana et al. 1976). In this study MND was
found to be highly age-dependent, its incidence rate steadily increasing with age.
There is some controversy concerning the age-specific incidence rates in the older
age groups. Most studies have found a slightly reduced age-specific incidence rate
in the 8th and 9th decades.
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Table 2.2. Crude prevalence rate, motor neuron disease or amyotrophic lateral sclerosis, areas except
Japan and Guam

Areas Authors Period of Prevalence
case finding rate per 100 000
Europe
Iceland Gudmundsson (1968) 1965 6.4*
Finland Jokelainen (1976) 1969-73 3.6"
Finland, Middle Murros & Fogelholm (1983) 1976-81 6.4
Sweden, North Forsgren et al. (1988) 1980 4.8
Scotland Holloway & Emery (1982) 1968 M 5.26 F 3.30
—Lothian Holloway & Mitchell (1986) 1977 M 4.84 F 2.58
England, Carlisle Brewis et al. (1966) 1955-61 7.0
Germany, Westphalia Haberlandt (1959) 1941-55 2.5
Switzerland, North Lorez (1969) 1951-67 6.6
Poland, Poznan Cendrowski et al. (1970) 1955-63 22
Rumania Kreindler et al. (1964) 1950-62 3.7
Italy — Florence Bracco et al. (1979) 1967-76 2.1*
-~ Messina Domenico et al. (1988) 1976-85 2.5°
~Modena Scarpa et al. (1988) 1976-86 2.4
—~Parma Juvarra et al. (1983) 1960-80 2.3
— Sardinia Rosati et al. (1977) 1965 1.6*
USA, Canada and Mexico
Rochester, MN Kurland (1958) 1925-64 6.7
Lehigh, PA Zack et al. (1977) 1968-75 6.4
Hawaii Matsumoto et al. (1972) 1952-69 24
Ontario, Southwest Hudson et al. (1986) 1978-82 4.9*
Mexico DF Olivares et al. (1972) 1952-69 0.8
Other areas
Israel Kahana et al. (1976) 1960-70 3.0
Libya, Benghazi Radharkrishnan et al. (1986) 1980-85 M44F25

*ALS; unmarked values are for MND; M, male; F, female.
References which were quoted by Kondo (1978) are not given.

Mortality Rate

While prevalence as well as incidence rates require population studies for measure-
ment, mortality rates can be calculated from existing national vital statistics, since
MND/ALS is always fatal and the validity of death certificates is well established
(Kondo and Tsubaki 1977). MND/ALS has been specifically coded in death
statistics since 1949 in the revisions of the International Classification of Dis-
eases.

World Patterns of Mortality Rate

The patterns of MND/ALS mortality in different countries were reviewed by
Goldberg and Kurland (1962) and later by Kondo (1978). The adjusted mortality
rates were greater in the latter part of this period (1966/1971) when compared for
those in the earlier period (1953/1958). The difference was modest and could have
been due, in part, to improved death certification. In Scotland, Holloway and Emery
(1982) reported a rising trend. A similar report was made by Buckley et al. (1983)
in England and Wales, an observation that has been confirmed recently by Martyn
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Fig. 2.2. Motor neuron disease standardised mortality ratio for Japan by sex and prefecture in the period
1969-1973, 1974-1978 and 1979-1983.
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et al. (1988). In the United States Lilienfeld et al. (1989) observed that age-specific
mortality rates rose in all areas from 1962 to 1984 in both sexes, whether white or
non-white, suggesting an environmental aetiology for the disease. Increasing trends
for mortality from MND/ALS had also been noted in Italy, Canada, Kentucky,
Rochester, Minnesota and in Sweden (Stallones et al. 1989).

Japanese Experiences

The age and sex-adjusted mortality rate for MND/ALS, calculated annually in
Japan, has disclosed a marked declining trend up to 1977. The increasing trend in
mortality rate observed until 1960 might have been due to diagnostic practice at
least partly, but the decline after this peak in such a short period seems unlikely to
be due to purely genetic or purely environmental factors. The mean duration of the
disease remained unchanged during this period. It is tempting to suggest that the
determinants of such a change in mortality trends, and therefore in the underlying
disease process in MND/ALS, is sensitive to socioeconomic change since during
this period there were marked socioeconomic changes in Japan. The rise after 1977
is similar to the patterns seen in many other countries.

Changing patterns in mortality rate in MND/ALS have been further evaluated in
Japan by analysing the data according to prefecture and by cohorts, using a
standardised mortality ratio (SMR). The SMR represents a change in the mortality
rate relative to the standard value. The values of SMR and their regional differences
have declined in both sexes in Japan recently (Fig. 2.2). This decrease was more
obvious in the younger cases, suggesting a cohort effect (Kondo and Minowa
1988).

Recently, mortality analyses in Japan were updated along with data from the
United Kingdom and the United States (Neilson et al. 1993). As seen in Fig. 2.3, the
declining trend stated above was reversed in 1977, as the trends in the two other
countries showed. Analysis based on the Gompertz law indicated that the rise and
fall in Japan only was due to environmental causes unique to that country, possibly
due to the postwar difficulties.

High-Risk Foci

An increased occurrence of a disease might be caused by an increase in one or more
of a number of factors; a causative agent, a change in host predisposition, or a change
in modifying factors. Changes in the occurrence of MND/ALS in high-risk foci are
particularly interesting in the assessment of the role of these factors in the disease.
As is well known there are three high-risk foci that have been well documented.
These consist of a focus in the island of Guam, a focus in the few villages in the Kii
peninsula of Japan, and a focus in West New Guinea (Gajdusek and Salazar 1982).
These sites have been extensively studied. The villages involved are semi-closed
ecosystems. The native residents are relatively primitive, impoverished, endoga-
mous and engaged in local primary industries and in the production of their staple
diet. MND/ALS in the first two foci consists of a disease that affects relatively
young people at onset, is atypical clinically, and is associated with the presence of
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a parkinsonism-dementia complex occurring in different patients in the same areas.
The cases in West New Guinea are not well documented and, to the author’s
knowledge, no autopsy has been reported from this region.

A number of foci of very high incidence in Guam and the Kii peninsula are now
almost extinct, only a few decades after they were first recognised. Since the high
incidence had been traced as far back as the nineteenth century, such a decline in
frequency of the condition strongly suggests a role for changing socioeconomic
variables, or at least for environmental factors closely associated with human
activities, rather than purely natural-environmental and purely genetic variables. It
may be that the traditional life of the indigenous residents contained risk factors
which are still unknown, but which have been eliminated as a consequence of the
recent profound socioeconomic changes in these isolated populations.

It is noteworthy that the clinical picture of parkinsonism-dementia has changed
along with the decline of its incidence. While extrapyramidal symptoms ameli-
orated, the patients now increasingly resemble those with Alzheimer’s disease.

Identification of the specific local factors leading to the development of MND/
ALS in these high-risk foci has been extensively investigated in order to try to
elucidate the mechanism of sporadic MND/ALS, and of the neurodegenerative
conditions in general. However, such attempts have not proved very rewarding.

Ingestion of cycad nuts was suspected as the cause of Guamanian ALS. A recent
resurgence of this hypothesis requires special comment. Cycad and its toxic
element, B-amino-a-amino-methylaminopropionic acid (BMAA), has been pro-
posed as a causative agent in both MND/ALS and parkinsonism-dementia complex
in three high-risk foci (Spencer et al. 1987). However, Dr. K-M Chen, a neurologist
in Guam, is aware of many patients who have never eaten cycad. Although BMAA
produces acute neurological signs no chronic disorder was observed in juvenile
Cynomolgus monkey fed with cycad combined with a low-calcium diet, and no
synergism was evident between cycad and metal exposure in the environment
(Garruto et al. 1979). This problem has been addressed by Steele and Williams
elsewhere in this volume.

Tsubaki et al. (1963) observed a high incidence of ALS among 20 356 inhabitants
in the South-Western part of Amami-Oshima, in South-Western Japan, but an
investigation of the remainder of this part of South-Western Japan, and of three
more adjacent islands in the Amami island chain disclosed no further cases of ALS
but 32 cases of the Ryukyu-type spinal muscular atrophy in a total population of
148 904 inhabitants. The prevalence rate of ALS in this region of Japan was thus
about 1.6 per 100 000 per year, a value which is similar to that pertaining to other
regions of Japan. No increase in the frequency of ALS was observed by Tsubaki et
al. (1963) or by Kondo et al. (1970) in those areas of Japan in which the cycad nut
was widely ingested as part of the staple diet.

Risk Factors

Risk factor analysis in epidemiological studies can be important in detecting the
cause, or at least detecting clues to the cause of the disease, in the identification of
individuals at high risk, and perhaps in the prevention of the disease. Risk factors
are identified by showing statistical associations of an event with the subsequent
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Table 2.3. Case—control studies of motor neuron disease

Authors

Cases, controls and
methods

Associated factors

Unassociated factors

Felmus et al. 1976

Campbell et al.
1970

Hanish et al. 1976

Kurtzke and Beebe
1980

Kondo and Tsubaki
1981 (Study A)

Kondo and Tsubaki
1981 (Study B)

Pierce-Ruhland and
Patten 1981

16M, 9F hospital cases®,
controls were age (£ 7
yr) and sex-matched
normals (also used
diseased controls, but
unquoted in this table),
interview

74 hospital cases®, age-
and sex-matched
controls, interview

109 cases® in Los
Angeles ALS registry
who returned
questionnaires, nearest-
neighbour controls
matched for age and sex,
questionnaires sent

504 male veterans®,
matched with like-aged
veterans, record analysis

458M, 254F cases from
death certificates, 216
surviving husbands and
421 widows as controls,
and informants for
interview

104M, 54F hospital
cases®, normal controls,
individually matched for
age and sex, interview

53M, 27F hospital cases,
52M, 26F friends as
controls, aged * 5 yr,
from same area interview

Exposures to Pb and Hg,
athletic participation,
ingestion of large
amounts of milk, fracture
within 5 yr (32% cases,
12% controls)

Fracture within 5 yr
(12/74 vs. 4/74)

Exposures to animal
carcasses and hides

Pre-service mechanical
injury and surgical
operations,
hospitalisation for trauma
esp. fractures of the
limbs in service, truck
drivers, baseball
participation

Mechanical injury

Mechanical injury

Exposures to Pb and Hg,
ingestion of milk (>3
glasses/day)

Income, education, major
trauma within 5 yr,
surgery, Sabin vaccine, 5
child diseases, 23 adult
diseases, dental filling,
exposures to toxic
elements

Diseases of the axial
skeleton, upper
gastrointestinal disease,
World War II POW,
poliomyelitis, sarcoidosis
Urban-rural birthplace,
service on Guam or
Japan, outdoor activity,
consumption of sheep,
calf brain, hay fever,
asthma, tonsillectomy

Race, birthplace,
religion, intelligence
score, sports, education,
occupation/industry,
residence, marital status,
pre-service diseases,
examination at induction,
medical history during
service

Smoking, drinking,
POW, stay in Guam,
retention of fragmented
shrapnel since World
War II, atomic bombing,
electric injury, surgical
operation, occupation
Smoking, drinking,
residence, home space,
drinking water, animals,
POW, parental
consanguinity, measles,
polio, mumps,
tuberculosis, rheumatism,
total artificial denture,
occupation, exposures to
radiation, chemicals and
gases

Allergy, operation,
anaesthesia, injury
(within 10 yrs; 37/80 vs.
28/78), dog ownership,
PhD, MA, BA or BSc,
education, athletic
participation, smoking,
drinking
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Authors

Cases, controls and
methods

Associated factors

Unassociated factors

Gawel et al. 1983

Kondo 1984b

Kondo and Fujiki
1984, 1989

Roelofs—Iverson et
al. 1984

Deapen and
Henderson 1986

32M, 31F hospital cases®
age- and sex-matched,
33M, 28F normals,
questionnaires given

430M, 203F cases from
the autopsy records,
1964-78, control
autopsies with
myocardial infarction,
pulmonary tuberculosis
and craniocervical
injuries, comparisons of
complicating pathological
findings

188M, 105F cases from
death certificates, 89
husbands and 136 wives
as controls, Koseki
(family registry) as
materials

58M, 47F who replied to
interview among 145
hospital cases®, three
control groups were sibs,
spouses and others
(neighbours, friends, etc.)

An ALS society
questionnaired patients®
with 678 (85.6%)
adequate answers, who
also furnished “controls”
with same age and sex
(£5 yr), 518 (76.4%)
answers were returned by
the controls

Injury to back (30/63 vs.
11/61), electric shock
(15/63 vs. 5/61)

None

None

Job exposures to As, Mn,
Hg; other heavy metals
in male

Electric shock with
unconsciousness,
electricity-related jobs,
physical trauma with
unconsciousness

Injury to head, fractures,
diseases

Complications %, by
topography, morphology,
aetiology, % neoplasms,
% organ resections

Parental age, birth order,
sib size, interval between
the birth of a case and
his elder sib, season of
birth

Family history,
environmental, athletic,
dietary histories, body
height, weight, hair
colour, eye colour, back/
neck/other injuries,
anaesthesia, blood
transfusion, immunologic
history

Surgical procedures,
neurological diseases,
exposures to Pb, Hg Cr,
Ni, As, plastic
manufacturing,
pesticides, hides

*ALS; M, male; F, female.

occurrence of the disease. Much information has been gathered with this concept in
mind in relation to MND/ALS (for review see Kondo 1987; Tandan and Bradley
1985). However, none of these observations, although provocative, have resulted in

practical benefits in understanding, or preventing the disease.

Case—Control Studies

In this technique, the medical and socioeconomic history prior to the onset of the
disease are compared between cases and controls. This methodology may be useful
in providing a quick evaluation of a problem, but is often inaccurate, especially
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Table 2.4. Characteristics, risk factors, aetiological hypotheses of Guam ALS and parkinsonism-

dementia

Area

Ethnic background

Lifestyle characteristic

Epidemiology of ALS
and PD

Clinical characteristics

Neuropathology
Family patterns
Virology

Toxicology
Immunology

Possible cause

Small, isolated volcanic islands in the Marianas in the South-Western
Pacific, monsoon climate

Guamanian Chamorros are hosts of ALS/P-D. Chamorros in other
Mariana islands show no increase in rates for ALS/PD (Yanagihara et al,
1983). Ethnically Guamian Chamorros are closer to South-East Asians
than other Carolinians, but blood groups, haptoglobin and HLA data are
insufficient to exclude the possibility that the two groups were of the
same origin

Patients lower socioeconomically, less educated, ate more homegrown
foods and raw meats, have more contacts with animals (Reed and Brody
1975)

High prevalence in isolated villages in southern area, prevalent probably
since 19th century, but less common recently. Age at onset older than
sporadic ALS, and sex ratio nearly 1: 1. Chamorros developed ALS 1-34
years even after they migrated from Guam. Filipinos six times more liable
to ALS or PD, 1-29 years after their arrival at Guam yet 50% of the risk
of the local Chamorros

Combined features of ALS and PD. Compared with other countries, ALS
younger onset, shows protracted course, even with bulbar onset, more
pyramidal signs and dementia. Compared with Parkinson’s disease, PD
combined with dementia, often elevated TR, distal muscle atrophy, L-dopa
effective for extrapyramidal symptoms.

Characterised by neurofibrillary tangles and granulovacuolar inclusions.
ALS and PD probably represent a spectrum of a single disease

ALS and PD familial but non-Mendelian, probably multifactorial (Reed et
al. 1975). More recently, familial aggregation less evident

Titre and isolation studies negative for conventional viruses. Transmission
experiments negative for slow virus (Gibbs and Gajdusek 1982)

See text for cycad data

Blood groups and secretor factors unassociated with ALS/PD. Association
of PD with HLA Bw 16. Elevated serum IgA and IgG in ALS and PD.
ALS cases hyporesponsive to skin test, with low T cell mitogen
responses. Patients with HLA Bw 35 showed a shorter clinical course
Low heavy metals in soils and water (Garruto et al. 1984), disturbances in
calcium and vitamin D metabolism (Yanagihara et al. 1984), intraneuronal
co-localisation of calcium, aluminium and silicon in affected CNS tissues
(Perl et al. 1982), support a basic defect(s) in mineral metabolism and
secondary hyperparathyroidism related to the intestinal absorption of toxic
metals and their deposition possibly as hydroxyapatites and
aluminosilicates in neurons. Such may disrupt the axonal transport
resulting in excessive intraneuronal accumulation of the neurofilament
protein and formation of neurofibrillary tangles. Mechanism of these
changes in relation to early neuronal death are unknown

since it relies on memory. The major results are summarised in Table 2.3. The
results are quite varied, although trauma appears frequently as a putative risk factor
in sporadic MND/ALS from different countries.

Ecological Studies

In this approach the ecological characteristics of communities at risk are compared
with those communities showing different frequencies of the disease under study.
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This method is indirect, but it is useful for objective evaluation of the regional
characteristics that might be associated with a disease, even if these do not appear
as individual memories. This approach has been applied in two high-risk foci of
MNDY/ALS in the Pacific (Table 2.4) but not in other areas, except for the study of
Kondo and Minowa (1988) in Japan.

They studied death certificates from patients dying of MND/ALS for the 15-year
period 1969-1983. Information was available according to age and sex for 2739
municipalities. A total of 600 statistics were collected for each of these municipal-
ities. Standardised mortality ratios were calculated for each of the categories of a
given item by pooling the deceased cases and the respective populations. Mountain
residence was found to be a risk factor for MND/ALS. It is possible that traditional
life in Japan, especially in mountain villages, carried with it certain risk factors for
MND/ALS which have been eventually eliminated in more recent developments.
The focus in the Kii peninsula may be an extreme example of such a situation.

Definite Risk Factors for MND/ALS

Of various suggestions put forward, three risk factors for MND/ALS are acceptable
beyond doubt. These are as follows:

1. Age. This is the strongest known risk factor. In both sexes incidence rates rise
sharply from around the age of 50 to a peak in the 8th decade of life. However, an
elderly onset is correlated with a shorter duration of disease (Kondo and Hemmi
1984). A numerical decline of motor neurons in the elderly may underline such a
pattern. Clinicians have been impressed that aged onset is increasing for MND/ALS
of sporadic type, particularly in developing countries. Such a trend has also been
observed in Guam, despite a gradual decline in the overall incidence rate.

2. Sex. This is a particular factor in MND/ALS because a male predominance in this
disease appears unique among the neurodegenerative diseases as a whole. The sex
ratio, the number of male cases divided by the number of female cases, was 1.42 in
384 fatal cases. It was 1.49 in ALS, 1.18 in PBP and 1.52 in SPMA. The sex ratio
for cases manifesting in bulbar muscles was 1.21, but 1.88 in those manifested in
one or both upper limbs and 1.75 in those manifested in upper and lower limbs
simultaneously. For those beginning in the lower limbs it was 1.18 (Kondo
1975).

Males are more likely to sustain physical injury, a suspected risk factor for MND/
ALS, but this factor alone does not explain male predominance because males also
predominate among patients with MND/ALS not known to be injured (Kondo and
Tsubaki 1981). On the other hand a decline has been noted in the sex ratio of
Guamanian ALS, together with a decline in the incidence of this condition on the
island of Guam, a finding suggesting that sex-related factors might be correlated
with the socioeconomic or other changes underlying the recent change in incidence
patterns of MND/ALS in Guam.

3. Mechanical injuries. One of Charcot’s patients believed that his ALS was due to
a fracture of the clavicle he had sustained 2 to 3 months before the onset of the
disease. Post-traumatic cases were reviewed by Erb (1897) who accepted trauma as
a possible causative agent. Bodechtel and Schrader (1953) considered that trauma
might be causative in ALS if it was severe enough, if the neurological syndrome
occurred within 3 to 4 months of the injury, and if the site of injury was correlated
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with the site of origin of the first symptom of ALS. Peters (1954), in an extensive
review of the neurodegenerative disorders after trauma, viewed from the standpoint
of insurance medicine, emphasised the apparent significance of repeated injuries in
the development of “post-traumatic” ALS. He reviewed more than 100 such post-
traumatic cases. However, it is clear that such unilateral observations, lacking in
control observations, are not adequate to establish trauma as a risk factor in the
origin of this disease.

In two case—control studies, Kondo and Tsubaki (1981) found that mechanical
injuries, not surgery, were associated with the subsequent development of ALS,
both in men and women provided that the mechanical injury had occurred within 5
years prior to the onset of the motor syndrome. Injury to any particular part of the
body was equally associated with MND/ALS, and no correlation between the site of
the injury and the initial symptom attributed to the motor neuron disease syndrome.
Subsequent reports by other authors are summarised in Table 2.3.

The odds ratio for a relationship between previous trauma and MND/ALS, based
upon the above data, is about three, meaning that MND/ALS occurs about three
times more frequently among a traumatised population. Thus, taking 1.0 as the
annual incidence rate per 100 000 individuals, only three of 100 000 traumatised
individuals would develop MND/ALS or only 15 at best during a 5-year period after
such trauma. This analysis suggests that MND/ALS can never be considered a usual
consequence of trauma. MND/ALS clearly occurs without trauma indicating that
trauma can at best be only one of many factors precipitating the underlying disease
process, not a cause of that process.

Familial Aggregation of MND/ALS and Separation of
Genetic Entities

There is a family history of MND/ALS in 1.8% to 8.6% of cases, as shown in ten
reports. Familial cases sometimes show atypical clinical-pathological features when
compared with sporadic cases. Indeed, familial ALS may not represent a single
disease entity and it is unclear whether such cases are otherwise entirely identical to
sporadic cases. Twins with MND/ALS have only rarely been reported. In dizygotic
twins Estrin (1977) noted that MND was concordant, but in monozygotic twins
reported by Jokelainen et al. (1978) was discordant. Conjugal cases are also known
(Chad et al. 1982; Paolino et al. 1983) but these rare incidences are no more
significant than clusterings of cases in small areas.

The formal genetics of familial MND/ALS have been studied based on collected
pedigree reports involving autopsies. There are a number of pedigrees of familial
MND with classical pathology and others in which the classical pathology is
combined with degeneration of the posterior columns, of the spinocerebellar tracts,
and of Clarke’s columns. The latter groups of cases tended to be younger at onset,
to show a 1:1 sex ratio, to begin in the legs, and less frequently to have bulbar
signs. These cases showed family patterns compatible with autosomal dominant
inheritance.

In classical ALS, familial onset is very rare and the family patterns suggested a
multifactorial hypothesis. Thus it seemed likely that so-called familial MND/ALS
includes at least two groups of cases (Kondo 1989).
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Aetiological Hypotheses

Any disease is a product of the interplay of agents, host factors and environmental
factors. Apart from a few cases, classical MND/ALS is usually sporadic. The recent
changes in its frequency in certain populations in a short period of time, particularly
those formerly showing high-risk foci, suggested that the underlying process may be
sensitive to environmental factors. However, specific identification of any such
factors has not so far proved possible. Some aetiological hypotheses are summarised
in Table 2.4. One of these concerns the relationship to disturbed parathyroid
metabolism (Patten et al. 1974). However, this hypothesis, like many others, is
essentially speculative, despite reports of abnormalities in aluminium and man-
ganese metabolism in patients in some high-risk foci.

Since the time of Gowers, ageing has been assumed as a cause of the neuro-
degenerative conditions. Thus, cell death is a common factor in such diseases as a
whole, including MND, Parkinson’s disease, Alzheimer’s disease, olivoponto-
cerebellar atrophy. The molecular mechanisms of ageing are poorly understood at
present. The changes observed in ageing neurons and in the age-dependent neuro-
degenerative conditions are not necessarily specific and show quantitative change in a
number of variables, particularly relating to DNA and RNA metabolism (see Bradley
and Krasin 1982).

Neurons are fixed post-mitotic cells that are no longer capable of undergoing
mitosis, and thus have limited life spans. Cumulated somatic mutations may interfere
with their longevity. With ageing, there is a reduction in their number, while surviving
neurons may remain seemingly normal, or even become hypertrophied. The function
of any neuronal system must therefore decline with age, at least in relation to a
reduction in neuronal number, and also possibly in relation to declining neuronal
function in the remaining neurons. A simple model illustrates how functional
requirements per neuron drastically increase when neurons are subject to ageing
(Kondo 1984a). The compensation apparently has its limits, but it is unknown what
morphological or metabolic changes occur in the neurons involved, how these changes
are manifest clinically, whether neurons rapidly die or whether neuronal death is a
slow process. Furthermore, it must be asked whether such degenerative diseases are in
fact caused in this way.

A multifactorial concept of causation in MND/ALS is useful when contributing
factors are individually identified.
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3 Familial Motor Neuron Disease

J. de Belleroche, P. N. Leigh and F. Clifford Rose

Introduction

Familial motor neuron disease (FMND) constitutes approximately 5%—10% of
cases of motor neuron disease (MND). Whilst in most families the pattern of
inheritance is consistent with an autosomal-dominant trait, with age-dependent
penetrance, a few cases appear to show an autosomal-recessive mode of inheritance.
Statistical analysis shows that the likelihood of chance aggregation is improbable
because affected members span several generations, come from different environ-
mental and geographical regions, and the condition does not develop in spouses.

Clinically, FMND can be distinguished from the sporadic form only by taking a
family history. Although it is claimed that the onset of FMND is earlier, the same
wide range in the age of onset is seen to occur in sporadic forms. Whilst the duration
of illness is said to be shorter in FMND, it is usually between 1 and 5 years, as
occurs in sporadic cases, with occasional cases living up to 20 years. Some familial
cases show a distinctive pathology with degeneration of the posterior columns and
spinocerebellar tracts, but this is not a pathognomonic feature of FMND. The
similarity in the range of manifestations of both the familial and sporadic forms of
MND indicates that both forms probably have a similar pathogenesis.

The Case for Studying Familial Motor Neuron Disease: Rapid
Development of Techniques of Molecular Genetics and their
Successful Application

The familial form of the disease offers the means of identifying a gene which is
defective in FMND and vulnerable to acquire damage in sporadic cases. Enormous
advances have occurred in recent years in molecular biology which have made it
possible to identify defective genes in a number of fatal inherited disorders such as
Duchenne muscular dystrophy and cystic fibrosis. In an even larger number of such
conditions, the approximate location of a defective gene has been established by
linkage of the disease locus to the positions of specific DNA markers. Once
defective genes have been localised, prenatal and presymptomatic detection
becomes possible, so that when the gene has been characterised and its function
established, more specific targeting of treatment becomes feasible.

The Problems: Few Families, Clinical and Pathological
Heterogeneity and Incomplete Penetrance

There is little doubt that FMND offers a challenge because of its rarity, the rapid
progression of the disease, and the incomplete penetrance. Obligate gene carriers
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may live into their eighties without being affected. An additional confounding issue
for linkage analysis is that the phenotypic variation may arise out of genetic
heterogeneity, as occurs in hereditary sensory motor neuropathy, type 1. However,
considerable variability in age of onset (24-70 years), duration of illness (3-11
years) and clinical presentation is found within individual families (Mulder et al.
1986; Siddique et al. 1989). Members of the same family can present with
progressive bulbar palsy (PSB), amyotrophic lateral sclerosis (ALS) or progressive
muscular atrophy (PMA) (Hawkes et al. 1984; Siddique et al. 1989; Veltema et al.
1990). Genetic heterogeneity may thus not necessarily explain the high degree of
phenotypic variation, since this can be shown within individual families. Further,
the appearance of ALS, PBP and PMA in the same family indicates that the
pathogenesis of these conditions is likely to be very closely related. Hence
segregation of these conditions into subtypes is not indicated in initial studies.

Variable expression of a single gene defect as clinically overlapping phenotypes
is now thought to occur in some cases of spinal muscular atrophy. Although genetic
heterogeneity was indicated for the two clinically distinct forms of childhood-onset
chronic spinal muscular atrophy (intermediate SMA or SMA type II and Kugel-
berg—Welander or SMA type III) which show a variable age of onset (6 months to
17 years) and a degree of severity (death in adolescence to minor impairment of
function), these conditions have now been shown to be genetically homogeneous,
mapping to chromosome region 5q11.2-13.3 (Brzustowicz et al. 1990). These
chronic forms are thus likely to occur as a result of allelic heterogeneity, as in
Duchenne and Becker muscular dystrophies. There is an indication too that the more
severe acute form of SMA (Werdnig-Hoffmann type), which is usually fatal within
the first 4 years, may also be mapped to the same locus on chromosome 5q.

The early establishment of collaboration between research groups is clearly of
vital importance for efficient future advancement in research on genetic factors in
motor neuron disease. Currently about 300 families are known worldwide.

Profile of Familial Motor Neuron Disease

The typical picture of a familial MND pedigree is shown by the two examples in
Fig. 3.1, where affected individuals are seen in at least two generations and there is
an autosomal-dominant mode of inheritance. In a study of 35 families in the UK,
affected individuals typically presented with both upper and lower motor neuron
signs. In this series, the average age of onset was 51 years, and the male : female
ratio was 0.9 : 1.0.

Estimates of the frequency of familial cases have varied between 0.8% in Finland
(Jokelainen 1977) and 12% (Murros and Fogelholm 1983), but in most surveys, the
prevalence of familial cases is around 5% (Kurland and Mulder 1955; Emery and
Holloway 1982; Mulder et al. 1986; Li et al. 1988; Williams et al. 1988; Brown
1989; Chancellor et al. 1992; Chancellor and Warlow 1992). Most studies indicate
that the age of onset in familial cases is generally earlier than in sporadic cases of
MND, although some have found a similar age of onset for both forms of the disease
(Williams et al. 1988). Several studies indicate that FMND is not homogeneous
clinically, and that some families have a rapidly progressive form of the disease,
whereas other families tend to show slow progression and long survival (Williams
et al. 1988).
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Fig. 3.1. Two typical familial MND pedigrees.

The clinical features of MND in familial and sporadic cases are virtually identical
(Table 3.1). This suggests that survival is shorter in most FMND patients compared
with the sporadic disease (Li et al. 1988) and between a half and two-thirds of
patients will die within 2 years of onset.

Penetrance of typical autosomal-dominant FMND is high, particularly in those
families with early onset. Emery and Holloway (1982) calculated that by the age of
55, 82% of familial cases compared with 43% of sporadic cases would have
developed the disease. Siddique et al. (1991) estimated a penetrance of 90% by the
age of 70. Variations in the age of onset within families make it inevitable that some
obligate carriers survive into the fifth and sixth decades without manifesting the
disease. Williams et al. (1988) found that the majority of the families they studied
had low penetrance, with at least one obligate carrier dying after the age of 50
without evidence of disease. These families showed an average age of onset of 61
years, albeit with a wide range between 39 and 84 years. In contrast, families with
high penetrance had earlier onset, with an average age of onset of 48 years, and a
range of 24-71 years. These latter figures are very similar to those reported by
Kurland and Mulder (1955) and Emery and Holloway (1982) for high-penetrance
families. Low penetrance of FMND may lead to underestimation of the incidence of
this condition.

Phenotypic Variation in FMND

As in sporadic MND, there is significant phenotypic variation in FMND. In the large
kindred reported by Veltema et al. (1990), most individuals had the typical
combination of upper and lower motor neuron signs, but some had only lower motor
neuron signs (progressive muscular atrophy). This can cause problems with classifi-
cation, because research diagnostic criteria tend to demand the combination of upper
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Table 3.1. Clinical features of FMND compared with sporadic MND

Emergy and Holloway Mulder and Chio et al. Li et al. 1988 Veltema
1982* Kurland 1986  1987° et al. 1990°
SMND FMND FMND FMND SMND FNMD FMND
Number 967 231 103 27 553 27 13
of cases
Mean age
of onset
(*£SD)
Males - - 479+ 129 - - - 32.8
Females - - 48.8 +10.2 - - - 28.5
Both 562 (11.8) 45.1 (10.5)" 483 (11.7) 503 (124) 56 (12.4) 52 (14.3) 31
(NS)
Survival 3.0 1.5 (median) 2.4 (median) 2.0 (median) 2.6 (3.1) 1.1 (1.74) 1.7
(years) (means + SD)  (NS) (median)
Male:female  1.57 1.2 (NS) 1.2 1.08 1.6 0.8 (NS) 13
ratio
Site of (n=854) (n=137) (n=100)
onset
Legs 37.9% 48.2% 48% 37.0% 373%  37.0% 38.5%
Arms 417% 35.0% ¢ NS 23% 48.1% 43.6%  48.1% (NS 61.5%
Bulbar 204% 16.8% 29% 14.9% 19.0% 14.8% -
LMN - - 100% - - 100%
signs
UMN - - 80% - - 69%
signs

*Cases collected from the literature; one family; ‘eight families; *p = <0.001; NS, not significant.

and lower motor neuron signs for a definite or probable diagnosis of MND (ALS) —
for example, the European FALS group has adopted a synopsis of the World
Federation of Neurology criteria (Swash and Leigh 1992). For the purposes of
classifying families on clinical grounds, it is important that at least one affected
member should have definite or probable MND (ALS) by these criteria. There are,
however, reports of even more striking intrafamilial heterogeneity (Appelbaum et
al. 1992). These authors reported four families with various combinations of what
was termed late-onset spinal muscular atrophy (SMA 4) associated with progressive
lateral sclerosis in a cousin; typical MND associated with SMA 3 in her grand-
daughter; typical MND (ALS) in a patient who had three children with SMA 2; and
a family with suspected ALS associated with SMA 3 in the patient’s niece. Shaw et
al. (1992) described a patient with MND of PMA type progressing to death over 2
years, and associated with Werdnig-Hoffmann disease in four grandchildren.
Similar associations have been reported by Camu and Billiard (1993) and by
Harding et al. (1983). The significance of such associations is at present uncertain,
but it seems unlikely that they can be attributed solely to chance.

Neuropathology

Most cases of FMND show similar pathology to that of sporadic cases, with marked
loss of anterior horn cells and degeneration of the corticospinal tracts. It has been
suggested, however, that cases of FMND more frequently show degeneration of the
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posterior columns, the spinocerebellar tracts, and Clarke’s column (Engel et al.
1959; Hirano et al. 1967; Horton et al. 1976; Emery and Holloway 1982). It is now
recognised, however, that involvement of the spinocerebellar tracts and the column
of Clarke is common in sporadic MND (Swash et al. 1988; Williams et al. 1990).
Pathological studies on patients who have been maintained alive with assisted
ventilation indicate that pathological changes are often found in the posterior
columns and spinocerebellar tracts in patients with sporadic MND. Indeed, in these
cases there may be quite extensive involvement of subcortical structures, including
the basal ganglia, thalamus, and various brainstem nuclei (Hayashi and Kato 1989;
Mizutani et al. 1992). To our knowledge, no attempt has been made to carry out a
systematic study of pathological involvement of structures other than the cortico-
spinal tracts and lower motor neuron by comparing sporadic and familial MND
cases matched for age of onset, duration of disease, and other relevant clinical
features. Thus it remains uncertain whether more extensive or severe involvement
of sensory systems really is a marker of FMND.

Dementia occurs in both sporadic and FMND, but it is said to be more common
in the latter, as are extrapyramidal features (Hudson 1981). When dementia is
associated with motor neuron disease, it is usually an “anterior” dementia (dementia
of frontal lobe type), with a characteristic pathology that has been extensively
documented in the Japanese and European literature (Kew and Leigh 1992). A
minority of the cases reported have had a family history suggestive of an autosomal-
dominant mode of inheritance (Robertson 1953; Finlayson et al. 1973; Gunarsson et
al. 1991; Wightman et al. 1992). The pathology is virtually always that of mainly
frontotemporal cortical atrophy associated with cell loss that is particularly striking
in cortical layers II and III, and is associated with striking cortical and subcortical
gliosis. There may also be neuronal loss in subcortical structures, particularly in the
substantia nigra, although Lewy bodies are not found in such cases. Some reports
suggest that MND and dementia may occur together or separately in individual
families. For example, in a family described by Gunarsson et al. (1991), dementia
occurred in three generations, and in the fourth generation, one individual was
demented, but four individuals developed MND; in one of these the signs of MND
were preceded by paranoid schizophrenia, and in three others there were changes in
personality and cognitive function. Autopsy in one demented case showed the
pathology referred to above. Most such cases have now been screened for mutations
of the prion gene, and have been negative.

Immunocytochemistry with antibodies against ubiquitin has revealed character-
istic ubiquitinated inclusions in lower motor neurons in both sporadic and familial
cases (Leigh et al. 1991). These inclusions take the form of “skeins” or Lewy body-
like inclusions. Both types of ubiquitinated inclusion have been detected in FMND
(Leigh et al. 1991; Murayama et al. 1989; Kusaka et al. 1988). Neurofilamentous
accumulations are also seen, both in sporadic MND and FMND, although they may
be particularly abundant and striking in the latter (Hirano 1991).

Neurofilamentous accumulations in sporadic MND and FMND tend to stain
intensely with antibodies directed against phosphorylated neurofilament epitopes.
Although this may well be a secondary phenomenon, the observation has been made
that overexpression of the 68 kDa neurofilament subunit (NF-L) in transgenic mice
leads to accumulation of neurofilaments in spinal motor neurons, degeneration of
motor axons, and evidence of muscle atrophy (Xu et al. 1993). Furthermore, Coté
et al. (1993) also in transgenic experiments, have introduced the human 200 kDa
neurofilament subunit (NF-H), and regulatory elements into mice, and have induced
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a delayed-onset form of motor neuron degeneration. There are thus good reasons to
investigate further the role of neurofilaments and neurofilament genes in the
pathogenesis both of sporadic MND and FMND.

Linkage Analysis in Familial Motor Neuron Disease

What is Involved in Locating a Defective Gene?

The human genome contains an estimated number of 100 000 or so genes, and about
2000 human genes have already been identified. Most of these genes have been
identified quite recently, as a result of the phenomenal development in molecular
biology over the last few years. The optimism about the speed at which the human
genome can now be sequenced is indicated by the fact that the Human Genome
Mapping Project aims to sequence the human genome in the next 15-20 years. Even
if this is an optimistic estimate, it is certain that a lot of information about human
genes will emerge in the near future. It is therefore highly appropriate to tackle
linkage of as many human neurological disorders as possible, and the MND disease
gene is therefore an important target for research.

The first stage in identifying a disease gene is to find the chromosomal location
of that disease gene. This is carried out by linkage analysis in which the co-
inheritance of genetic markers with the disease is studied. The closer the genetic
marker is to the disease, the more likely it is to be co-inherited with the disease, and
the marker is said to be linked to the disease. An extensive list of DNA markers has
been used to screen MND families. The first probes that have been used are
restriction fragment length polymorphism (RFLP) probes. These polymorphisms
arise out of mutations in the genome which do not result in a significant alteration
in function. When the mutation occurs at a site for restriction enzyme, then its
presence can be detected following digestion of DNA with restriction enzymes
(restriction endonucleases) and identification of the resulting fragments.

This approach has largely been replaced by the use of microsatellite polymorph-
isms for genome screening which has greatly improved the quality of DNA markers
(discussed below).

Linkage to Chromosome 21 Markers

The first assignment of a chromosomal location to the MND/ALS gene has emerged
recently with the publication in May 1991 (Siddique et al. 1991) of a joint paper
produced from the collaboration of three laboratories in North America, those of Drs
Siddique, Rouleau and Brown. Siddique has access to approximately 150 families,
and the laboratories of Rouleau and Brown account for about 150 families as well,
although there is thought to be some overlap between these families. In this study,
23 families were focused on for analysis of restriction fragment length polymorph-
isms on chromosome 21. In view of earlier indications of slight positive lod scores
in this region, four polymorphisms were analysed. These were D21S52, D2151/S11,
amyloid precursor protein gene (APP) and D21S58. Overall, no single probe gave
a significant result using two-point linkage analysis. The highest value obtained was
2.89 for D21S1/S11. However, these high positive values were sufficiently encour-
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aging for analysis by two further approaches to be considered. First of all the data
for all probes were subject to multipoint analysis. This type of analysis requires
information about the order of probes on chromosome 21. The result obtained was
a significant lod score value of 5.03 10 centimorgans telomeric to the DNA marker
D21S58. The highest lod score for a single family was 2.58. The effect of the age
curve was shown to affect markedly the multipoint lod score value, and to reduce
it to 2.82 when the age of onset was shifted up by 20 years. This indicated that the
linkage data were significantly influenced by older age of onset individuals.

This result prompted the authors to investigate whether the lack of significance in
the earlier results was due to genetic heterogeneity. This was tested by the use of a
programme known as HOMOG. Analysis of the multipoint lod scores showed a
significant probability of heterogeneity with at least two genetic subgroups, the
proportion of families with linkage to chromosome 21 being 0.55, while the
confidence intervals (95%) were quite large, between 0.2 and 0.93.

Identification of Mutations in FMND

The link between FMND and markers on 21q has been amply confirmed with the
identification of mutations of the gene encoding Cu,Zn superoxide dismutase
(Cu,Zn SOD; SOD 1). Cu,Zn SOD was identified as a candidate gene because it
serves to remove harmful superoxide (O, ") radicals, thus:

20, + 2H'->H,0,+ O,

Free radical damage has been implicated in the pathogenesis of many neurological
disorders, including MND, although proof is lacking. When individuals from 150
families were screened for mutations in exons 2 and 4 of the Cu,Zn SOD gene, using
single-strand conformational polymorphism (SSCP) analysis, 11 different missense
mutations were identified in 13 families (Rosen et al. 1993) (Table 3.2).

Subsequently, Deng et al. (1993) reported these and other mutations in exon 1 (8
families) and in exon 5 (2 families) so that only in exon 3 have no mutations been
found to date.

Mutations of Human Cu,Zn SOD in FMND

The mutations are likely to be causative, for the following reasons:

1. They have not been identified in several hundred normal controls, in a similar
number of sporadic MND cases, or in patients with Parkinson’s disease.

2. They are present in all families showing clear linkage to chromosome 21.

3. The mutations alter red cell Cu,Zn SOD enzyme activity, as predicted by
structure—function analysis; the enzyme activity is reduced to less than half
normal (Deng et al. 1993).

The Significance of Mutations of Cu,Zn SOD

It is now clear that only between 10% and 20% of all families with autosomal-
dominant FMND can be attributed to mutations of the Cu,Zn SOD gene. This helps



42 Motor Neuron Disease: Biology and Management

to confirm the longstanding impression that FMND is clinically and genetically
heterogeneous. However, phenotypic variation may be just as wide in families with
the various Cu,Zn gene mutations as between these families and those with other,
as yet unknown mutations.

The Cu,Zn SOD enzyme is a homodimer, and Deng et al. (1993) have illustrated
how the mutations in FMND could be predicted to destabilise folding of the subunit,
or contact between the dimers. The most frequent mutation in exon 1 (Table 3.2)
would do both. It is interesting that exon 3, in which no mutations have yet been
found, encodes the zinc-binding loop of the active site. Presumably mutations in that
region could lead to a completely inactive enzyme, incompatible with survival.
Presumably the impaired activity of the Cu,Zn SOD enzyme in patients with the
mutation leads to increased generation of superoxide radical, although this may not
be so damaging to neurons as hydroxyl radicals, which could be generated by the
Fenton and Haber vice reactions catalysed by transition metals (Halliwell et al.
1992; Coyle and Puttfarcken 1993). There is no convincing evidence that intra-
cellular iron is increased in MND, although increased levels of selenium and
manganese have been found in MND spinal cord (Mitchell and Jackson 1992). The
enzyme glutathione peroxidase contains selenium, and another superoxide dis-
mutase contains manganese (Mn SOD). Levels of these enzymes may be elevated
in response to increased free radical production.

It has been suggested (Beckman et al. 1993) that the mutant Cu,Zn SOD enzyme
may result in increased interaction between the active site of the molecule, nitric
oxide in its reduced form, and superoxide radicals, with production of peroxynitrite.
Peroxynitrite can decompose to OH:, the hydroxy radical, but it might also form
nitronium intermediates which could react with tyrosine residues which are impor-
tant in cellular transduction as components of tyrosine kinases. Furthermore, there
is increasing evidence linking excitotoxicity to the generation of free radicals
(McNamara and Fridovich 1993; Coyle and Puttfarcken 1993). Free radicals can be
generated following activation of NMDA receptors, but also AMPA receptors, and
the latter seem particularly pertinent to motor neuron death (Rothstein et al. 1993;
Willis et al. 1993).

There are many possible pathways by which impaired removal of free radicals
could lead to neuronal death, including lipid peroxidation leading to membrane
damage, damage to DNA repair mechanisms, and damage to key neuronal proteins.
Evidence for the latter has been found in sporadic MND; protein carbonyl content
was elevated 85% in patients compared to controls (Bowling et al. 1993).

The Next Steps: Identification of Other MND Genes

Improvements in DNA Markers

RFLP markers have a limited use, being only diallelic, and are often completely
uninformative for a high proportion of families. However, recently, significant
improvements have occurred in the development of more useful probes with the
identification of tandem-repetitive DNA sequences, e.g. [TG], and variable number
tandem repeats loci (VNTR) which arise out of uneven recombination at meiosis
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Table 3.2. FMND mutations in human Cu,Zn SOD gene

Amino acid Point Structural Structural
change mutation location role
Exon 1
Ala*-Val GCC-GTC B strand B barrel and
dimer packing
Exon 2
Gly”-Arg GGA-AGA Greek key Conserved left-
connection handed Gly
Leu®-Val CTG-GTC Greek key B barrel plug
connection
Gly*-Ser GGC-AGC B strand Conserved left-
handed Gly
Gly*'-Asp GGC-GAC B strand Conserved left-
handed Gly
His"-Arg CAT-CGT B strand Hydrogen
bonding
Exon 4
Gly®-Arg GGC-CGC B strand Conserved left-
handed Gly
Gly”-Ala GGT-GCT Loop 5 Conserved left-
handed Gly
Gly*-Cys GGT-TGT Loop 5 Conserved left-
handed Gly
Glu'®-Gly GAA-GGA B strand Stability for
Greek key loop
Leu'*-Val CTC-GTC Greek key Conserved B
loop barrel plug
Tle'-Thr ATT-ATC Greek key Dimer interface
loop packs self-
symmetrically
Exon 5
Leu'*-Phe TTG-TTC B strand loop Packs with leu®®
connection
Val'®-Gly GTA-GCA B strand Dimer interface
packs self-
symmetrically

Modified from Deng et al. (1993) with permission.

and give rise to variable numbers of the repeat sequence and hence multiple alleles,
typically 6-8. Several hundred VNTR sequences have already been identified, and
more than half show a heterozygosity of greater than 70% in the population. These
are highly polymorphic markers, with substantial variability in the number of repeat
units, and hence provide extremely informative markers which have been applied to
linkage analysis (Nakamura et al. 1987), and to individual identification in forensic
medicine (Jeffreys et al. 1985). The most abundant repetitive sequences are of the
form [CA], where n = 6-30, and it has been estimated that there are in the order of
50 000-10 000 [CA],, blocks in the human genome (Weber & May 1989), and hence
these represent a vast pool of genetic markers.

The development of dinucleotide repeat (microsatellite) polymorphisms has
revolutionised screening procedures, especially when combined with the polymer-
ase chain reaction to amplify genomic DNA. For this method only small amounts of
genomic DNA are necessary (10200 ng), and the amplified product can be detected
following polyacrylamide gel electrophoresis.
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The majority of MND families do not have SOD-1 mutations and hence do not
demonstrate linkage to chromosome 21 markers (King et al. 1993). The search for
other MND genes is therefore being actively pursued using this approach.

Complementing the development of microsatellite probes has been the local-
isation and cloning of a number of candidate genes relevant to the function of the
nervous system, e.g. GABA, glycine, nicotinic, muscarinic and adrenergic receptors
and disease genes affecting anterior horn cells, e.g. SMA. We have recently
excluded this locus and mouse models of MND from linkage to FMND (King et al.
1994). A single recombination between a DNA marker in a candidate gene and the
disease is sufficient to eliminate the candidate as a disease-causing gene.

Choice of Families: Informative Families

Ascertainment of diagnosis is vital for any linkage analysis. When the affected
individual has died, or when earlier family members are traced back, death
certificates must be sought. Some definitions such as “bulbar and spinal paralysis”
may be more acceptable than others, such as “wasting disease”.

Statistical Analysis

Significant linkage is established by maximum likelihood analysis of the inheritance
of marker alleles with the disease. Information from a large number of family
members is required, their disease status and likelihood of accurate typing of
normals obtained from age of onset curves. A 30-year-old “normal” individual
cannot be as accurately typed as normal compared to a “normal” 80-year-old. Allele
frequency also influences analysis. Analyses of this kind are very time-consuming,
and are usually carried out using computer programs such as LINKAGE. An
estimate of the significance of linkage is obtained when the log of the odds in favour
of linkage (lod score) is 3 or more at a particular recombination fraction. A lod score
of 3 represents the odds of 1000:1 in favour of linkage. It may be necessary to test
out several hundred DNA markers before such a linkage is obtained. Multipoint lod
scores can be calculated using multiple markers in close vicinity to one another on
a chromosome.lt often proves necessary to screen several hundred evenly dis-
tributed polymorphisms (2-5 cm apart) before linkage is obtained.

Candidate Genes

The finding of Cu,Zn SOD mutations in FMND immediately focuses attention on
genes encoding enzymes important in free radical scavenging mechanisms. Mn
SOD and extracellular Cu,Zn SOD have been excluded as candidates, and other
enzymes such as glutathione peroxidase and catalase are under investigation. It is
nevertheless important to continue the use of classical linkage techniques described
above.

A second stage at which candidate genes can be useful is after linkage has been
established. An example is seen in the case of SMA, where linkage to a region of
chromosome 5 was established (Brzustowicz et al. 1990), which is known to
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coincide with the gene for hexosaminidase B, whose alpha and beta subunits have
been shown to be deficient in chronic SMA. Another gene in close proximity to the
SMA locus is that encoding the microtubule-associated protein 1B (MAP-1B)
which has been mapped to the chromosomal location, 5q13. Genetic linkage
analysis of SMA families using a dinucleotide repeat polymorphism 3' to the MAP-
1B gene shows tight linkage to SMA mutations (Lien et al. 1991). A highly
significant maximum lod score of +20.2 at a recombination fraction 0.02 was
obtained between SMA and MAP-1B. A MAP-1B mutation would be a good
candidate for SMA, since MAP-1B is involved in neuronal morphogenesis and
localised in anterior horn cells. However, two possible recombinants between these
loci have been detected, so it is unlikely that the MAP-1B gene is the site of
mutations in SMA, and the mutations of the Hex B gene have now been excluded
in SMA.

Other Motor Neuron Disorders: the Spinal Muscular
Atrophies

The spinal muscular atrophies (SMA types 1, 2 and 3) have been linked to
chromosome 5q13 (Brzustowicz et al. 1990; Melki et al. 1990a, b; Gilliam et al.
1990). The clinical variants of SMA are thus likely to be allelic disorders. At one
stage, candidate genes located on chromosome 5q included hexosaminidase B, and
the microtubule-associated protein 1B (MAP-1B) (Lien et al. 1991), but both these
genes have now been excluded, although hexosaminidase deficiency can be asso-
ciated with an SMA-like phenotype (Troost, 1991). Although the gene for autoso-
mal-recessive SMA has not yet been identified, a mutation has been identified in
another rare form of spinal muscular atrophy known variously as Kennedy’s
syndrome (Kennedy et al. 1968), X-linked recessive bulbospinal neuronopathy
(Harding et al. 1982), or X-linked spinal and bulbar muscular atrophy (Arbizu et al.
1983). Typically, patients present in the fourth or fifth decades (although they may
present in their teens, or in their sixties or seventies) with slowly progressive,
mainly proximal weakness of the limbs associated with facial weakness and
fasciculation, atrophy of the tongue, and often dysarthria and dysphagia, although
the latter may only appear later in the course of the disease. Gynaecomastia is
present in most but not all cases, and there may be testicular atrophy. Muscle cramps
induced by exercise may precede the development of weakness, and many patients
also notice postural tremor before the onset of weakness. The condition is some-
times associated with diabetes mellitus, and some patients are subfertile. Although
patients do not usually have sensory symptoms, sensory action potentials are often
abnormal, even without the co-existence of diabetes mellitus. Otherwise the EMG
changes are those of chronic partial denervation, although muscle biopsy may show
“secondary” myopathic changes, and there may be raised plasma creatine kinase
levels. The prognosis is usually good, and the disease is compatible with a normal
life span. Pathological findings include loss of brainstem and spinal motor neurons,
with preservation of the oculomotor nuclei and the neurons of Onuf’s nucleus in the
sacral spinal cord (Sobue et al. 1989). Sural nerve biopsies show evidence of
axonopathy which is mainly distal. Teased-fibre studies (Sobue et al. 1989) have
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shown evidence of segmental demyelination and remyelination in the sural nerves
in most cases. Dorsal root ganglion cells are well preserved, but the distal
axonopathy is presumably attributable to dysfunction of the primary sensory
neurons.

The Kennedy’s disease mutation has now been identified (La Spada et al. 1991).
The abnormality consists of an expansion of a polyglutamine tract encoded by a
series of CAG repeats in exon 1 of the gene. In normal individuals there are between
15 and 32 CAG repeats, with most individuals having between 20 and 29 repeats
(Garofalo et al. 1993), but in Kennedy’s syndrome there are usually 40 or more
CAG repeats.

This expanded CAG repeat in exon 1 is not in the DNA or hormone-binding
region of the gene, and probably exerts its deleterious effect on lower motor neurons
by altering transcriptional regulation (Mhatre et al. 1993). It is unlikely that
impaired androgen-binding activity is of major pathogenic significance in Ken-
nedy’s disease — indeed, androgen-binding activity in genital skin fibroblasts may be
normal (Wamner et al. 1992). The altered transregulatory performance of the
abnormal androgen receptor presumably affects some normal function of the
androgen receptor that is relatively specific to lower motor neurons.

Kennedy’s disease joins the fragile X syndrome, myotonic dystrophy, Hunting-
ton’s disease and spinocerebellar atrophy type 1 as a neurological disorder caused
by expansion of trinucleotide repeats — so-called dynamic mutations (Richards and
Sutherland 1992; Orr et al. 1993).

Several groups have noted positive correlations between the number of CAG
repeats in the androgen receptor and clinical features of Kennedy’s disease. Thus
there are positive correlations between the age of onset and with age-adjusted
disability scores (Igarashi et al. 1992; Doyu et al. 1992).

The identification of the androgen receptor mutation has important clinical
implications. Firstly, it can be used to confirm or refute the diagnosis in suspected
cases. Since the disease is compatible with a normal life span, and patients not
infrequently are initially diagnosed as typical motor neuron disease, accurate
diagnosis is of clinical benefit. At present, as in other forms of motor neuron disease,
there is no treatment to alter the rate of progression, but if therapy does become
available, then it may be important to detect presymptomatic men. It is of course
possible to identify female carriers. Bearing in mind that this is usually a relatively
mild disorder, it could be argued that there is little indication for pre-natal screening
of pregnant mothers in order to terminate affected foetuses, but as Troy et al. (1990)
have pointed out, there are severely affected individuals, and we cannot as yet
predict exactly how severe the disease will be in an individual carrying the mutant
gene. The key to such decisions must be detailed counselling before any test is
carried out, so that a mother should be able to make a fully informed choice.

Androgen Receptors and Typical Motor Neuron Disease (ALS)

Most studies of sporadic MND show an excess of males, raising the possibility that
androgens are important in some way in the pathogenesis of typical MND. This
remains a possibility, but we found no evidence for an association between alleles
coding for larger CAG repeats and MND, either in males or females (Garofalo et al.
1993; Figure 3.3a,b).
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Summary and Future Prospects

The identification of mutations in Kennedy’s syndrome, and particularly in FMND,
has introduced new possibilities for understanding pathogenic mechanisms of motor
neuron degeneration. Fortuitously, in both situations, a great deal was already
known about both the genes and their products. This has had the salutary effect of
concentrating research into specific areas of molecular cell biology, although much
remains to be done. Although free radicals are likely to be involved in some way in
patients with the Cu,Zn SOD mutations, the precise mechanisms by which free
radicals cause relatively selective motor neuron cell death is unknown, and the
majority of familial cases are not caused by such mutations. We do not know yet
how heterogeneous the non-chromosome 21-linked families will turn out to be.
There may be several other genes causing autosomal-dominant FMND. The
candidate gene approach may prove fruitful, but there may be many surprises, and
some of the mutations may be in as yet unknown genes, in which case reconstruct-
ing the mechanisms of pathogenesis may take many years. Nevertheless, the new
insights will undoubtedly advance our understanding of the molecular mechanisms
of motor neuron death, and may be helpful in identifying rational new treat-
ments.

Large areas of the genome have been excluded in non-chromosome 21-linked
families, and a number of candidate genes have been tested and excluded, including
the genes for glutamate dehydrogenase and the GluR-5 receptor subunit. Collabora-
tive studies will still be necessary to characterise other genes in FMND, and co-
operation between the centres involved in this research is still of crucial importance
for further advance.

References

Appelbaum JS, Roos RP, Salazar-Grueso EF et al. (1992) Intrafamilial heterogeneity in hereditary motor
neuron disease. Neurology 42:1488-1492

Arbizu T, Santamaria J, Gomez JM et al. (1983) A family with adult spinal and bulbar muscular atrophy,
X-linked inheritance and associated testicular failure. J Neurol Sci 59:371-382

Beckman JS, Carson M, Smith CD (1993) ALS, SOD and peroxynitrite. Nature 364:584

Bowling AC, Schulz JB, Brown RH Jr et al. (1993) Superoxide dismutase activity, oxidative damage, and
mitochondrial energy metabolism in familial and sporadic amyotrophic lateral sclerosis. J Neurochem
61:2322-2325

Brown RH (1989) Gene analysis in familial amyotrophic lateral aclerosis: the problems and the
prospects. Int ALS/MND Update 4:13-15

Brzustowicz LM, Lehner T, Castilla LH et al. (1990) Genetic mapping of chronic childhood-onset spinal
muscular atrophy to chromosome 5q11.2-13.3. Nature 344:540-541

Camu W, Billiard M (1993) Coexistence of amyotrophic lateral sclerosis and Werdnig—Hoffmann
disease within a family. Muscle Nerve May 1993:569-570

Chancellor AM, Warlow CP (1992) Adult onset motor neuron disease: worldwide mortality, incidence
and distribution since 1950. J Neurol Neurosurg Psychiatry 55:1106-1115

Chancellor AM, Swingler RJ, Fraser H et al. (1992) A prospective study of adult onset motor neuron
disease in Scotland. Methodology, demography and clinical features of incident cases in 1989. J
Neurol Neurosurg Psychiatry 55:536-551

Chio A, Brignolio F, Meineri P et al. (1987) Phenotypic and genotypic heterogeneity of dominantly
inherited amyotrophic lateral sclerosis. Acta Neurol Scand 75:277-282



Familial Motor Neuron Disease 49

Choi W-T, MacLean HE, Chu S (1993) Kennedy’s disease: genetic diagnosis of an inherited form of
motor neuron disease. Aust NZ J Med 23:187-192

Constantinidis J, Richard J, Tissot R (1974) Pick’s disease: histological and clinical correlations. Eur
Neurol 11:208-217

Coté F, Collard JF, Julien P (1993) Progressive neuronopathy in transgenic mice expressing the human
neurofilament heavy gene: a mouse model of amyotrophic lateral sclerosis. Cell 73:35-46

Coyle JT, Puttfarcken P (1993) Oxidative stress, glutamate, and neurodegenerative disorders. Science
262:689-695

Deng H-X, Hentati A, Tainer JA et al. (1993) Amyotrophic lateral sclerosis and structural defects in
Cu,Zn superoxide dismutase. Science 261:1047-1051

Doyu M, Sobue G, Mukai E et al. (1992) Severity of X-linked recessive bulbospinal neuronopathy
correlates with size of the tandem CAG repeat in androgen receptor gene. Ann Neurol 32:707-710

Emery A, Holloway S (1982) Familial motor neurone disease. In: Rowland LP (ed.) Human motor
neurone diseases. Raven Press, New York, pp 139-147

Engel WK, Kurland LT, Latzo I (1959) An inherited disease similar to amyotrophic lateral sclerosis with
a pattern of posterior column involvement: an intermediate form? Brain 82:203-303

Finlayson MH, Guberman A, Martin JB (1973) Cerebral lesions in familial amyotrophic lateral sclerosis
and dementia. Acta Neuropathol (Berlin) 26:237-246

Garofalo O, Figlewicz DA, Leigh PN et al. (1993) Androgen receptor gene polymorphisms in
amyotrophic lateral sclerosis. Neuromusc Disord 3:195-199

Gilliam TC, Brzustowicz LM, Castilla LH et al. (1990) Genetic homogeneity between acute and chronic
forms of spinal muscular atrophy. Nature 345:823-825

Gunarsson L-G, Dahlbom K, Strandman E (1991) Motor neuron disease and dementia reported among
13 members of a single family. Acta Neurol Scand 84:429-433

Halliwell B, Gutteridge JMC, Cross CE (1992) Free radicals, antioxidants, and human disease: where are
we now? J Lab Clin Med 598-620

Harding AE, Bradbury PG, Murray NMF (1983) Chronic asymmetrical spinal muscular atrophy. J
Neurol Sci 59:69-83

Harding AE, Thomas PK, Baraitser M et al. (1982) X-linked recessive bulbospinal neuronopathy: a
report of ten cases. J Neurol Neurosurg Psychiatry 45:1012-1019

Hawkes CH, Cavanagh JB, Mowbray S (1984) Familial motor neurone disease: report of a family with
5 post-mortem studies. In: Clifford Rose F, (ed), Research progress in motor neuron disease. Pitman,
London, pp 70-98

Hayashi H, Kato S (1989) Total manifestations of amyotrophic lateral sclerosis (ALS) in the totally
locked-in state. J Neurol Sci 93:19-35

Hirano A, Kurland LT, Sayre GP (1967) Familial amyotrophic lateral sclerosis. Arch Neurol
16:232-243

Hirano A (1991) Cytopathology of amyotrophic lateral sclerosis. In: Rowland LP (ed.) Amyotrophic
lateral sclerosis and other motor neuron diseases. Raven Press, New York, pp 91-101 (Advances in
neurology 56)

Horton WA, Eldridge R, Brody JA (1976) Familial motor neuron disease. Neurology 26:460—465

Hudson AJ (1981) Amyotrophic lateral sclerosis and its association with dementia, parkinsonism, and
other neurological disorders: a review. Brain 104:217-253

Igarashi S, Tanno Y, Onodera O, et al. (1992) Strong correlation between the number of CAG repeats
in androgen receptor genes and the clinical onset of features of spinal and bulbar muscular atrophy.
Neurology 42:2300-2303

Jeffreys AJ, Brookfield JFY, Semeonoff R (1985) Positive identification of an immigration test-case
using human DNA fingerprinting. Nature 317:818-819

Jokelainen M (1977) Amyotrophic lateral sclerosis in Finland. I. An epidemiological study. Acta Neurol
Scand 56:185-193

Kennedy W, Alter M, Sung K (1968) Progressive proximal spinal and bulbar muscular atrophy of late
onset: a sex-linked recessive trait. Neurology 18:671-680

Kew J, Leigh N (1992) Dementia with motor neuron disease. In: Rossor MN (ed.) Unusual dementias,
Bailliere Tindall, London (Bailliéres clinical neurology 1(3))

King A, de Belleroche J (1991) Molecular genetics of familial motor neurone disease: studies in the UK.
Cytogenet Cell Genet. 58:2100-2101

King, A, Houlden H, Hardy J, Lane R, Chancellor A, de Belleroche J (1993) Absence of linkage between
chromosome 21 loci familial amyotrophic lateral sclerosis. J Med Genet 30:318

King A, Orrell R, Lane R, de Belleroche J (1994) More than one locus for familial amyotrophic lateral
sclerosis: absence of linkage to the SMA locus. Biochem Soc Trans 22:1495

Kurland LT, Mulder DW (1955) Epidemiological investigations of amyotrophic lateral sclerosis. 2.



50 Motor Neuron Disease: Biology and Management

Familial aggregrations indicative of dominant inheritance, parts I and II. Neurology 5:182-196,
249-268

Kusaka H, Imai T, Hashimoto T et al. (1988) Ultrastructural study of chromatolytic neurons in an adult-
onset sporadic case of amyotrophic lateral sclerosis. Acta Neuropathol (Berlin) 75:523-528

La Spada AR, Wilson EM, Lubahn EB et al. (1991) Androgen receptor gene mutations in X-linked spinal
and bulbar muscular atrophy. Nature 352:77-79

Leigh PN, Whitwell H, Garofalo O et al. (1991) Ubiquitin-immunoreactive intraneuronal inclusions in
amyotrophic lateral sclerosis: morphology, distribution and specificity. Brain 114:775-788

Li T-M, Alberman E, Swash M (1988) Comparison of sporadic and familial disease amongst 580 cases
of motor neuron disease. J Neurol Neurosurg Psychiatry 51:778-784

Lien LY, Boyce FM, Kleyn P et al. (1991) Mapping of human microtubule-associated protein 1B in
proximity to the spinal muscular atrophy locus at 5q13. Proc Natl Acad Sci USA 88:7873-7876

McNamara JO, Fridovich I (1993) Did radicals strike Lou Gehrig? Nature 362:20-21

Melki J, Sheth P, Abdelhak S et al. (1990a) Mapping of acute (type 1) spinal muscular atrophy to
chromosome 5q12-q14. Lancet 336:271-273

Melki J, Abdelhak S, Sheth P et al. (1990b) Gene for chronic proximal spinal muscular atrophies maps
to chromosome 5q. Nature 344:767-768

Mhatre AN, Trifiro MA, Kaufman M et al. (1993) Reduced transcriptional regulatory competence of the
androgen receptor in X-linked spinal and bulbar muscular atrophy. Nature Genet 5:184-188

Mitchell JD, Jackson MJ (1992) Free radicals, amyotrophic lateral sclerosis, and neurodegenerative
disease. In: Smith RA (ed.) Handbook of amyotrophic lateral sclerosis. Marcel Dekker, New York, pp
533-541

Mizutani T, Sakamaki S, Tsuchiya N et al. (1992) Amyotrophic lateral sclerosis with ophthalmoplegia
and multisystem degeneration in patients on long-term use of respirators. Acta Neuropathol
84:372-377

Mulder DW, Kurland LT, Otford KP (1986) Familial adult motor neuron disease: amyotrophic lateral
sclerosis. Neurology 36:511-517

Murayama S, Okawa Y, Mori H et al (1989) Immunocytochemical and ultrastructural study of Lewy
body-like hyaline inclusions in familial amyotrophic lateral sclerosis. Acta Neuropathol 78:143-152

Murros K, Fogelholm R (1983) Amyotrophic lateral sclerosis in middle Finland: an epidemiological
study. Acta Neurol Scand 67:41-47

Nakamura Y, Leppert M, O’Connell P et al. (1987) Variable number of tandem repeat (VNTR) markers
for human genetic mapping. Science 235:1616-1622

Neary D, Snowden JS, Mann DMA et al. (1990) Frontal lobe dementia and motor neuron disease. J
Neurol Neurosurg Psychiatry 53:23-32

Okamoto K, Murakami N, Kusaka H et al. (1992) Ubiquitin-positive intraneuronal inclusions in the
extramotor cortices of presenile dementia patients with motor neuron disease. J Neurol
239:426-430

Orr HT, Chung M, Banfi S et al. (1993) Expansion of an unstable trinucleotide CAG repeat in
spinocerebellar ataxia type 1. Nature Genet 4:221-226

Richards RI, Sutherland GR (1992) Dynamic mutations: a new class of mutations causing human disease.
Cell 709-712

Robertson EE (1953) Progressive bulbar paralysis showing heredofamilial incidence and intellectual
impairment. Arch Neurol Psychiatry 69:197-207

Rosen DR, Siddique T, Patterson D et al. (1993) Mutations in Cu/Zn superoxide dismutase gene are
associated with familial amyotrophic lateral sclerosis. Nature 362:59-62

Ross CA, Mclnnis MG, Margolis RL, Li S-H (1993) Genes with triplet repeats: candidate mediators of
neuropsychiatric disorders. TINS 7:254-260

Rothstein JD, Jin L, Dykes-Hoberg M et al. (1993) Chronic inkibition of glutamate uptake produces a
model of slow neurotoxicity. Proc Natl Acad Sci USA 90:6591-6595

Shaw PJ, Ince PG, Goodship J (1992) Adult-onset motor neuron disease and infantile Werdnig—
Hoffmann disease (spinal muscular atrophy type 1) in the same family. Neurology 42:1477-1480

Siddique T, Pericak-Vance MA, Brook BR, et al. (1989) Linkage analysis in familial amyotrophic lateral
sclerosis. Neurology 39:919-926

Siddique T, Figlewicz DA, Pericak-Vance MA et al. (1991) Linkage of a gene causing familial
amyotrophic lateral sclerosis to chromosome 21 and evidence of genetic-locus heterogeneity. N Engl
J Med 324:1381-1384

Sobue G, Hashizuma Y, Mukai E et al. (1989) X-linked bulbospinal neuronopathy. A clinicopathological
study. Brain 112:209-232

Swash M, Leigh N (1992) Workshop report. Criteria for diagnosis of familial amyotrophic lateral
sclerosis. Neuromusc Disorders 2:7-9



Familial Motor Neuron Disease 51

Swash M, Scholtz CL, Vowles G et al. (1988) Selective and asymmetric vulnerability of corticospinal
and spinocerebellar tracts in motor neuron disease. J Neurol Neurosurg Psychiatry 51:785-789

Ting-Ming L, Alberman E, Swash M (1988) Comparison of sporadic and familial disease amongst 580
cases of motor neuron disease. J Neurol Neurosurg Psychiatry 51:778-784

Troost J (1991) Spinal muscular atrophy of infantile and juvenile onset, due to metabolic derangement.
In: de Jong JMBV (ed.) Diseases of the motor system. Elsevier, Amsterdam, pp 97-105 (Handbook
of clinical neurology 59)

Troy CM, Muma NA, Greene LA et al. (1990) Regulation of peripherin and neurofilament expression in
regenerating rat motor neurons. Brain Res 529:232-238

Veltema AN, Roos RAC, Bruyn GW (1990) Autosomal dominant adult amyotrophic lateral sclerosis. A
six generation Dutch family. J Neurol Sci 97:93-115

Warner CL, Griffin JE, Wilson JD (1992) X-linked spinomuscular atrophy: a kindred with associated
abnormal androgen receptor binding. Neurology 42:2181-2184

Weber JL, May PE (1989) Abundant class of human DNA polymorphisms which can be typed using the
polymerase chain reaction. Am J Hum Genet 44:388-396

Wightman G, Anderson VER, Martin J et al. (1992) Hippocampal and neocortical ubiquitin-immuno-
reactive inclusions in ALS with dementia. Neurosci Lett 139:269-274

Williams C, Kozlowski MA, Hinton DR et al. (1990) Degeneration of spinocerebellar neurons in
amyotrophic lateral sclerosis. Ann Neurol 27:215-225

Williams DB, Floate A, Leicester J (1988) Familial motor neuron disease: differing penetrance in large
pedigrees. J Neurol Sci 86:215-230

Willis CL, Meldrum BS, Nunn PB et al. (1993) Neuronal damage induced by 3-N-oxalylamino-L-alanine
(BOAA) in rat hippocampus can be prevented by a non-NMDA antagonist, 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo(F)quinoxaline (NBQX). Brain Res 627:55-62

Xu Z, Cork LC, Griffin JW et al. (1993) Increased expression of neurofilament subunit NF-L produces
morphological alterations that resemble the pathology of human motor neuron disease. Cell
73:23-33



4 Pathology of Motor System Disorder

Samuel M. Chou

Introduction

Motor neuron disease (MND) or amyotrophic lateral sclerosis (ALS), the com-
monest form of motor system degeneration in man, occurs sporadically in middle or
late adult life and can be divided into three clinical subtypes irrespective of bulbar
or spinal predominance. This classification, convenient for conceptualization of the
pathology germane to MND, includes: (1) lower motor neuron type, or primary
muscular atrophy (PMA) (Aran’s disease 1850); (2) upper motor neuron type, or
primary lateral sclerosis (PLS) (Erb’s disease 1891); and (3) upper-lower motor
neuron type, or classic ALS. On the basis of some 20 clinical and 5 autopsy cases,
Charcot (1869, 1885) coined the term “la sclérose laterale amyotrophique”, recog-
nizing that the disease started in the lateral columns of the spinal cord, hence “lateral
sclerosis”, propagated to the bulbar gray and anterior horns, and secondarily
produced muscle atrophy as shown by the term “amyotrophic”. Many atypical forms
of MND, all with a high familial incidence, have been recently added. They include:
(a) familial ALS, (b) Guamanian ALS, (c) Kii-peninsula ALS in Japan, (d) ALS in
Auyu and Jaki people of West New Guinea, and () familial juvenile ALS. Gowers
(1888) believed that the degeneration in both upper and lower motor neurons might
occur simultaneously or independently and, following this concept, pure lower
motor neuron diseases have been regarded as separate entities. With this notion, one
is obliged to compare the pathology of ALS with other MNDs such as Werdnig—
Hoffmann disease, Fazio-Londe disease, Kugelberg—Welander disease, familial
spastic paraplegia of Striimpell and the neuronal type of Charcot-Marie-Tooth
disease. Striimpell disease is chosen for comparison in this chapter.

The aim of this chapter is to provide an overview of ALS pathology based on a
number of reviews (Bertrand and Van Bogaert 1925; Brownell et al. 1970;
Castaigne et al. 1972; Comant & Marie1958; Lawyer and Netsky 1953; Hirano and
Iwata 1979; Chou 1979) and the data from more recent studies on the pathology of
ALS/MND.

Physiological Anatomy of the Motor System

Whether the disease process of ALS involves only the motor system remains to be
seen. However, there is little doubt that the motor system is the cardinal target of the
pathologic insult. The organisation of the motor system in the CNS is complex. The
systematized concept of Kuypers (1973) is particularly useful in explaining the
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clinical and pathologic features of MND. Kuypers emphasized that in order to gain
a functionally meaningful understanding of the motor system, the destinations of the
various descending pathways to the spinal motoneurons and to the interneurons
should be defined. In the monkey, and therefore probably in humans, three major
termination patterns of descending motor pathways have been recognized. Their
modularity roles in motor functions in terms of their final common pathways after
directly or indirectly synapsing with lower motor neurons are summarized in Fig.
4.1. In addition to the well-known direct corticospinal (or pyramidal) tract arising
from the upper motor neurons (Fig. 4.1a), there are two groups of brainstem fibers
which terminate in the intermediate zone of the spinal gray matter and indirectly
synapse with motoneurons, via interneurons. These are the anteromedial (Fig. 4.1b)
and lateral brainstem pathways (Fig. 4.1c); both receive projections from premotor
and precentral cortical fibers. The lateral pathway originates mainly in the con-
tralateral red nucleus, descends in parallel to the direct corticospinal tract, and is
termed the indirect corticospinal tract. Its fibers terminate on interneurons in the
contralateral posterolateral intermediate zone of the spinal gray matter, whereas the
direct corticospinal tract fibers terminate monosynaptically at the contralateral
antero-posterolateral and bilateral anteromedial intermediate zones of the spinal
gray matter, as shown in Fig. 4.1. The anteromedial brainstem pathway originates
in many brainstem nuclei including the interstitial nucleus of Cajal, superior
colliculus, vestibular complex and bulbar medial reticular formation; it projects to
the anteromedial intermediate zones of the spinal gray, bilaterally (Fig. 4.1b). It is
important to recognize that the nerve fibers of the anteromedial pathway distribute
rather diffusely throughout the anterolateral funiculi of the spinal cord before they
synapse either monosynaptically, or less directly, with o motoneurons. This
anatomical concept is crucial to understanding the diffuse degeneration of ante-
rolateral funiculi commonly seen in the ALS spinal cord (Fig. 4.2).

Lower motoneurons in the anterior horns throughout the spinal cord as well as the
brainstem (Cranial nerves III-VII, IX—XIII) separately innervate corresponding
skeletal muscles. Each a motoneuron innervates a number of extrafusal striated
muscle fibers, forming the motor unit. The major part of synaptic input to a and
other motoneurons is contributed by interneurons of the intermediate zone in the
spinal cord rather than by direct corticospinal projections.

Axonal Transport in the Motor System

Pertinent to the discussion of pathology in ALS is the concept of axonal transport
and primary impairment of axonal transport or “axostasis” (Chou and Hartmann
1964, 1965). The motoneurons, both Betz cells and anterior spinal neurons, are
among the largest cells in the human body. The reason for the large cell body is
evident, for the motoneuron has to maintain the integrity of its dendritic branches,
which often extend more than 1 cm, and its axon which may project more than 100
cm from the cell body. The cell body communicates with the periphery by its
electrical activity, and also by different types of axaplasmic flow. The latter is a
mechanism by which structural and functional proteins are transported to the
periphery along the axon and by which the cell body receives chemical feedback
signals (retrograde flow). Two major types of orthograde axonal transport include:
(1) the fast (400 mm/day) bidirectional flow which transports membrane-associated
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Fig. 4.1. Schematic representation of three motor pathways in primates.

proteins and glycoproteins and (2) the slow (a few mm/day) flow which transports
a network of interconnected microfilaments, microtubules and neurofilaments as
component “a” (0.1-2 mm/day) and a large complex of soluble proteins as
component “b” (2-4 mm/day) (Lasek 1986). In addition, retrograde axonal transport
carries both endogenous (e.g. amino acids, nerve growth factor) and exogenous
substances (e.g. tetanus toxin, polio virus, herpes-simplex virus, rabies virus,
horseradish peroxidase, lectins, etc.) from the terminal axons to the cell body at a
rate of more than 75 mm/day. Pertinent to the possible etiology of ALS is the
concept of “suicide transport”. This concept implies that a neurotoxic factor as a
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Fig. 4.2. “Total” tract degeneration in the cervical, dorsal and lumbar cords from a sporadic ALS case
survived beyond the usual terminal point, involving the gracile, anterolateral, posterior spinocerebellar,
corticospinal tracts. Note the involvement of Flechsig’s middle root zone in the posterior column of the
dorsal and lumbar cords and atrophic anterior roots.
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virus can be transported retrogradely to the cell body and so selectively kill those
neurons that transport it (Wiley et al. 1982).

Selective alterations in axonal transport induce predictable patterns of axonal
pathology. Impairment of slow transport in axons leads to neurofilament accumula-
tion and proximal axonal swelling (Chou and Hartmann 1964; Troncoso et al. 1982;
Gajdusek 1985). The resulting proximal axonopathy may induce distal axonal
atrophy as well as secondary demyelination (Griffin et al. 1978; Griffin and Watson
1988) consistent with central-distal axonopathy (Thomas et al. 1984) or “dying
back” degeneration (Cavanagh 1979), as depicted in Fig. 4.3. There is ample
evidence suggesting that the basic properties of axonal transport in the CNS differ
from those of large peripheral sensory or motor axons (Reh et al. 1987; Oblinger
1988). Accordingly, certain cytopathological differences should exist between the
upper and lower motor neurons in ALS (Chou 1991). Transneuronal degeneration
from the upper to lower motor neurons may be expected, especially if they are
monosynaptically linked, from impairment in axonal transport analogous to dener-
vation atrophy occurring in skeletal muscles (Chou & Norris 1993).

Macroscopic Pathology of ALS

In many cases, both the brain and spinal cord will appear normal except for the
alterations related to the normal aging processes. In some cases, selective atrophy of
the precentral gyri (Fig. 4.4), first described by Kahler and Pick in 1879, may be
conspicuous. Generalized atrophy of the spinal cord may be noted only in very
chronic forms, but atrophic and grayish anterior spinal nerve roots, in contrast to the
normal-appearing posterior spinal nerve roots are common features. Sclerotic
discoloration and shrinkage of lateral corticospinal tracts may be detected on the cut
surfaces of chronic ALS spinal cords. Perhaps most striking is the atrophied, distal
skeletal muscles which are usually shrunken, pale and fibrotic.

Microscopic Pathology of ALS

The cardinal and characteristic histopathological features of ALS include:

. Loss of large motoneurons with focal astrogliosis

. “Senescent changes” with lipofuscin pigment atrophy
. Various cytoplasmic inclusions with chromatolysis

. Proximal and distal axonopathy with axonal spheroids
. Tract degenerations

. Degeneration of motor nerve fibers, motor end-plates and muscle atrophy (see
Chapter 7).

AN AW N

Motoneuron Loss

Motoneuron loss in the cortex, brainstem and spinal cord varies from case to case,
and the literature on this concept is inconsistent. One way to explain this incon-
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Fig. 4.4. Lateral view of the brain from a sporadic ALS case of 3-year duration, showing atrophic and
sunken motor strip (arrow heads).

sistency is to consider that the disease process in ALS may start in any upper or
lower motoneuron group, whether in the motor cortex, bulbar motor nuclei or spinal
cord, and may spread eventually to other motoneuron groups at different organisa-
tional levels with diverse intensity. Premature death of motoneurons is in keeping
with the concept of “abiotrophy” (Cavanagh 1979). However, motoneuron loss in
ALS is more likely to constitute a selective loss with pathogenetic significance.

Loss of Betz cells in the motor cortex was first described by Charcot and Marie
in 1885. They demonstrated degeneration of corticospinal tracts from the motor
cortex through the internal capsule, cerebral peduncles, pons, medulla oblongata and
spinal cord.

Scattered foci of patchy astrocytosis were described in the second to third layers of
the motor cortex in 8 of 11 ALS cases by (Kamo et al. 1983, 1987). We were unable
to verify this finding, but noted marked astrocytosis confined to the motor subcortex,
deep from the Betz cell layer and intensifying along the gray-white junction, especially
in a group of relatively young ALS patients, aged 32 through 52 years. Foci of patchy
astrocytosis were found, in our experience, only in association with early or late senile
degeneration. The reason for this focal distribution of reactive astrocytosis is unclear.
However, as will be discussed below, the astrocytosis may be related to distal axonal
swelling, and to degeneration of cortical Betz cells. Myelin sheaths are relatively well
preserved in the white matter of the motor subcortex in ALS, supporting the concept
of “dying back” axonopathy in the disease.

It has been questioned whether the motor cortex is singularly involved or if a
more diffuse involvement of the entire frontal cortex occurs (Bertrand and van
Bogaert 1925). We have seen cases of ALS in which Betz cells of the motor cortex
are well preserved and others in which anterior spinal motoneurons are relatively
well preserved. This variation may be due to tissue sampling since the motor system
involvement in ALS is seldom uniform and symmetrical (Swash et al. 1986, 1988)
In the motor cortex, Davison (1941) found involvement of the Betz cells with
complete and continuous degeneration of the pyramidal tracts in only 12 of 42 ALS
patients; Friedman and Freedman (1950) in only one third of 50 patients.

Of interest is the observation that among motor neuron groups at the same level,
certain groups are more susceptible or more resistant to the disease process. In the
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brainstem, the hypoglossal nucleus, the nucleus ambiguus, and the trigeminal and
facial motor nuclei are most susceptible, whereas the oculomotor, trochlear and
abducent nuclei are rarely involved (Lawyer and Netsky 1953). In the spinal cord,
there is a tendency to involve motoneurons of the posterolateral group but cases
with predominant involvement of the anteromedial group have been described. Here
again, the different termination patterns of each descending motor pathway must be
taken into consideration.

Selective lack of involvement, often dramatic, of Onuf’s nuclei in the sacral (S2)
cord (Fig. 4.5a) is correlated with the well-known clinical feature of lack of
abnormality of vesicorectal sphincter function in ALS patients (Mannen et al. 1977).
It is intriguing that there is similar lack of involvement of Onuf’s nuclei in both
acute and chronic cases of poliomyelitis (Kojima et al. 1989). While one may infer
that polio viral-specific receptor protein may exist on certain motoneuron groups, a
recent immunohistochemical study has indicated that Onuf’s neurons in some
respects resemble autonomic neurons more than motoneurons (Katagiri 1988).
Similarly, the well-preserved extraocular muscles in ALS patients are consistent
with sparing of the corresponding bulbar nuclei. Although there are rare cases of
ALS with ophthalmoplegia, as well as abnormalities in the oculomotor nuclei in
some cases (Takahata et al. 1976; Harvey et al. 1979; Akiymama et al. 1987) these
findings are exceptional. This selective sparing of certain motor nuclei has been
speculatively explained as due to the inherent absence of androgen receptors in
neurons of those motor nuclei (Weiner 1980).

“Senescent Changes” in ALS

The most consistent and readily discernible microscopic finding of aging is
“accumulation” of lipofuscin granules in atrophied perikarya, the so-called pigment
atrophy. This change can be misinterpreted as a “senescent change” since these
wear-and-tear pigments are characteristically present in neurons, particularly neur-
ons of the aged. Lipofuscin granules also ostensibly increase in quantity in many
atrophic mammalian cells, for example, in myofibres in brown atrophy and in
adrenal cortex cells in brown degeneration. Hence, an apparent increase of lipo-
fuscin granules at the expense of lost cytoplasmic components including Nissl
granules in neuronal perikarya must not be construed as a phenomenon necessarily
closely related to senescence. In the motoneurons in ALS, it is the perikaryal
atrophy which produces an apparently increased amount of perikaryal lipofuscin.
Although a relative increase in the incidence rate of ALS with increasing age has
been found in population-based studies (Juergens et al. 1980; Mulder 1987), there
is no unequivocal pathological evidence indicating that the pathogenic process of
ALS is related in any way to that of aging.

Similarly, the presence of neurofibrillary tangles (NFT) in both brain and spinal
cord, unassociated with senile plaques, described by Hirano (1973) in all 70
Guamanian ALS patients, suggested that an aging process might be a contributory
factor in the high prevalence of ALS in Guam. Similar findings were reported in
ALS occurring in the Kii peninsula in Japan (Shiraki and Yase 1975) and in the
Guam parkinsonism-dementia (PD) complex (Hirano 1973). NFT may be a charac-
teristic finding in the general Guam population and therefore a characteristic feature
of Guamanian ALS and PD. Indeed, a control study of 69 members of the
Guamanian Chamorro without dementia, ALS, or parkinsonism (Anderson et al.
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Fig. 4.5. a Well-preserved small neurons of Onuf’s nucleus; all the large alpha-motonerons in the
anterior horn disappeared. Kliiver-Barrera stain. X150. b Rounded spinal motoneuron soma with attrition
of dendrites and Bunina bodies (arrow head) in the cytoplasm in comparison to the relatively preserved
motoneuron above. (Bielschowsky stain. X900.)

1979) disclosed a very high rate of NFT at an early age in this population.
Furthermore, it has been well established that NFT by itself is not an aging process
(Mandybur et al. 1977), although this change may promote the pathogenic process
of ALS by contributing to the phenomenon of disturbed axonal flow.

Although non-specific neuronal alterations including abnormal Nissl granules,
pyknosis, ischaemic change, neuronophagia, satellitosis, pigment atrophy, etc. were
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described in ALS Betz cells by Davison (1941), no specific alteration has been
described. Golgi-stained Betz cells revealed dendritic fragmentation with numerous
irregularities and loss of dendritic spines (Hammer et al. 1979), with encroaching
gliosis related to the soma. These findings were considered similar to those found in
Betz cells in normal aging. Such preterminal dendritic alterations (Fig. 4.5b) have
been described in various clinical situations (Carpenter et al. 1988) but appear more
frequently in ALS.

Cytoplasmic Inclusions in ALS

Among the wide variety of neuronal changes described in the ALS literature, most
intriguing is the presence of intracytoplasmic inclusions of variegated tinctorial
characteristics and shapes (Chou 1979). These inclusions include (a) eosinophilic
inclusions, or Bunina bodies, (b) basophilic inclusions, (c) hyaline inclusions, and
(d) conglomerate inclusions.

Bunina bodies are small (2-7 pm diameter), intracytoplasmic, eosinophilic,
refractile inclusions (Fig. 4.6a,b). They were first described by Bunina in 1962 in
two cases of familial ALS and later by Hirano (1965) in two Guamanian ALS, two
sporadic ALS and one familial ALS case. In reviewing 82 ALS cases of three
clinical subtypes, we found these eosinophilic inclusions in 67% (55 cases)
including all three clinical subtypes PLS (1), PMA (22), and ALS (28) (Chou 1979).
Several reports (Hart et al. 1977; Tomonaga et al. 1978; Okamoto et al. 1980) have
described the ultrastructure appearance of Bunina bodies as honeycombed, densely
granular bodies resembling the autophagosomes that are often found among
lipofuscin granules (Fig. 4.7a,b). Within honeycombed vacuolar spaces are accumu-
lations of trapped filaments or other granular or vesicular organelles. Small Bunina
bodies are seldom ubiquitinated (Murayama et al. 1990), but those appearing larger
and reticular are more often ubiquitinated (Fig. 4.6c). The presence of Bunina
bodies in motoneuron somas in the vicinity of large proximal axonal spheroids
raises a possible causal relationship (Fig. 4.6d) between these two structures.

Basophilic inclusions were first described by Wohlfart and Swank in 1941 as
“peculiar-shaped intracellular bodies in a few ventral horn cells of the lumbar
region. They varied in size and shape, were homogeneous and weakly basophilic.
Frequently they appear like coagulated fluid”. Basophilic inclusions vary greatly in
shape and size (Fig. 4.8a) may be globoid, and are much larger (4 to 16 pm in
average diameter) than Bunina bodies (Fig. 4.8b). They tend to occur in relatively
well-preserved motoneurons in juvenile-onset or young adult ALS patients. Occa-
sionally, they appear in motoneurons that show changes in Nissl granules consisting
either of central chromatolysis or tigrolysis (Fig. 4.8d). They were described in
detail by Nelson and Prensky (1972) as RNA-rich inclusions (Fig. 4.8c) and are
probably identical to those described in sporadic juvenile ALS cases by others
(Wohlfart and Swank 1941; Berry et al. 1969; Tsujihata et al. 1980; Oda et al.
1978). We described large basophilic inclusions in two familial ALS patients (father
and son) who died, both at the age of 33 (Chou 1979) and in an adult male of 31
years of age from Australia (Chou et al. 1988). Rarely, both eosinophilic and
basophilic inclusions coexist in the cytoplasm of the same neurons. Of great interest
is the description in the original article by Bunina (1962) of the dimension of the
inclusions measuring 5 to 20 pwm in diameter, an observation which hints at the
possibility of a relationship with hyaline inclusions (see below). Electron microscopy
of basophilic inclusions (Oda et al. 1978; Chou 1979) revealed aggregates of fuzzy
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Fig. 4.6. a Two aggregates of eosinophilic refractile Bunina bodies (arrow heads) in a relatively well-
preserved Betz cell. (H&E stain. X1700.) b Spinal motoneuron from a sporadic ALS case, showing
“pigment atrophy” of the perikaryon with abundant lipofuscin accumulation in the center with two
aggregates of Bunina bodies. (H&E stain. X1700.) ¢ Ubiquitinated granules of irregular and reticular shape
apparently related to Bunina body formation in a large spinal motoneuron soma. (AEC-hematoxylin
counterstain. X1700.) d Two chromatolytic motoneurons with a Bunina body in each perikaryon (arrow
head) with a large axonal spheroid each (ax) neighbouring the perikaryon. (H&E stain. X900.)
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Fig. 4.7. a A single Bunina body in a lake of lipofuscin granules in a motoneuron soma, showing its
characteristic high electron density and multivacuolation. (X15 000.) b Higher magnification of the
Bunina body showing multiple vacuoles containing variegated structures including filaments, granules
and vesicles, suggestive of autophagosomal nature. (X45 000.)
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Fig. 4.8. a Chromatolytic motoneuron soma containing “peculiar-shaped” basophilic inclusions admixed
with Bunina bodies (arrow heads). (H&E stain. X1700.) b Two bulbar reticular neurons: one containing
reticulated or filigree-shaped inclusion and another, more solid spheroidal inclusion. (H&E stain. X900.)
¢ Strongly Nissl-stained positive basophilic globose inclusions suggesting possible presence of Nissl
granules or ribosomes in the inclusions. (Kliiver—Barrera stain. X900.) d Three Betz cells with a top Betz
cell containing two basophilic inclusions; marked central chromatolysis in the middle showing faintly
basophilic inclusions at the periphery; and the bottom with condensation of Nissl’s granules (“tigrol-
ysis”). (Kliiver-Barrera stain. X900.)
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Fig. 4.9. a Chromatolytic motoneuron containing multiple filigree-shaped inclusions at the center of the
perikarya pushing the nucleus (N) and lipofuscin granules to the periphery. (X6500.) b Higher
magnification of the basophilic inclusion showing granule (ribosome and/or glycogen) coated micro-
tubules (15 nm in diameter) and a few vesicles. (X75 000.)
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Fig. 4.10. a Anterior horn with relatively populated motoneurons from a subacute ALS case showing at
least five motoneurons containing hyaline inclusions (arrow heads) and one of them with Bunina body
in the center (arrow). (H&E stain. X 150.) b Intensely ubiquitinated hyaline inclusion in each of three
motoneuron somas. AEC-hematoxylin counter-stain. (X300.) ¢ Immunostained anterior horn for phos-
phorylated neurofilament (250 kD) showing intensely stained large axonal spheroids but not in the
perikaryon nor the hyaline inclusion (arrow head). (AEC-hematoxylin. X200.) d Semi-thin resin section
showing a hyaline inclusion with a central Bunina body (arrow) encroaching on lipofuscin aggregate in
a motoneuron soma. (Toluidine blue stain. X1200.)
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microtubules, with an outer diameter of 12-15 nm, closely associated with ribosomes
and rough endoplasmic reticulum (Fig. 4.9a,b), in reticular or filigree patterns.
Hyaline inclusion, described first by Hirano et al. (1967) and later by others
(Metcalf and Hirano 1971; Takahashi et al. 1972; Tanaka et al. 1980, 1984) was at
first thought to occur only in familial ALS. They consist of a hyaline-like, or Lewy
body-like, poorly stainable substance, occasionally with a central core which stains
basophilic but is seldom concentrically laminated (Fig. 4.10a). They measure up to 3
or 5 um in diameter, rarely resemble Lewy bodies, and are surrounded by a clear zone
or halo. Twelve of 82 cases demonstrated this inclusion including 3 PMA cases, 7
sporadic ALS cases and 2 familial ALS cases (Chou 1979). In 10 of these, hyaline
inclusions were seen in association with Bunina bodies. Hyaline inclusions have also
been observed frequently in sporadic ALS (Delisle and Carpenter 1984; Munoz et al.
1988; Kuroda et al. 1986; Kato et al. 1988). It has also been suggested that hyaline
inclusions along with large proximal axonal spheroids may be more prominent and
abundant in ALS patients with shorter clinical courses (Chou 1987a). Many his-
tochemical characteristics of these inclusions overlap with those of other neuronal
inclusions (Chou 1987b; Leigh et al. 1989) and an inescapable impression is gained
that these three inclusions are interrelated, i.e., that both basophilic and hyaline
inclusions may undergo an evolutionary change terminating as Bunina bodies. This
course might be comparable to the development of autophagic vacuoles. Immunohis-
tochemically, hyaline inclusions are strongly decorated by ubiquitin but not neces-
sarily by neurofilament antibodies (Leigh et al. 1988; Lowe et al. 1988; Murayama et
al. 1989, 1990; Kato et al. 1989; Sasaki et al. 1988) both in sporadic and familial ALS
cases (Fig. 4.10b,c). Ultrastructurally, hyaline inclusions do not show a uniform
appearance, reflecting the variance in the immunohistochemical data. Basically,
granule-coated microtubules, sheaves of microfilaments, vacuoles and miniature
Bunina bodies all coexist in hyaline inclusions (Fig. 4.11a,b). Immunoelectron
microscopy shows that granule-associated filaments are highly ubiquitinated (Mur-
ayama et al. 1989, 1990; Lowe et al. 1988). Indeed, the concurrence of both Bunina
body and hyaline inclusions is not uncommon (Fig. 4.10a,d). By comparing the
histochemical, immunohistochemical and ultrastructural characteristics of these inclu-
sions, one may propose the following scheme of evolution as . . . basophilic > hyali-
ne > eosinophilic (Bunina)...as summarized in Fig. 4.3. A high frequency of
occurrence of basophilic inclusions in unusually young adults or juvenile patients with
ALS is in keeping with this scheme, in that this inclusion seems to represent an early
stage in the evolution of intracytoplasmic neuronal inclusions in this disease.
Hyaline conglomerate inclusions, first described by Schochet et al (1969) in a
sporadic ALS case and later also in a sporadic ALS case by Hughes and Jerrome
(1971) are relatively rare. This inclusion (Fig. 4.12a,b) was found in only 2 of 82 cases
reviewed by Chou (1979). The clinical features in these two cases, one with sporadic
ALS and the other with familial PMA, suggest that these inclusions are not specific
for any particular motor syndrome. Electron microscopic studies indicate that hyaline
conglomerate inclusions consist mainly of neurofilaments and mitochondria, and that
they may thus be interpreted not as cytoplasmic inclusions in a strict sense, but as focal
intracytoplasmic accumulations of axoplasmic components (Kusaka et al. 1988). Such
an intracytoplasmic accumulation has been described not only in motoneurons but also
in other neurons including those in the pontine reticular formation of a sporadic ALS
case (Kondo et al. 1986). While it is possible that such a neurofilamentous aggregate
is secondary to over production of overexpression of neurofilament subunits it is more
likely that it is secondary to the retrograde “axoplasmic damming” due to an
impairment in slow anterograde axonal transport. This would explain why phosphory-
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Fig. 4.11. a Early hyaline inclusion (arrow heads) in the relatively intact perikaryon positioned between
nucleus (N) and lipofuscin granules. (X9500.) b Higher magnification of the hyaline inclusion consisting
of small Bunina body, sheaves of filaments, ribosome-coated microtubules (12-15 nm), and a few
vesicles. (X28 500.)
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Fig. 4.12. a Spinal motoneuron filled with conglomerated hyaline inclusions at the periphery of the
perikaryon and the proximal axon. Note a Bunina body along the inclusion. (H&E stain. X2000.) b
Conglomerate hyaline inclusions in a large motoneuron soma accompanied by a large proximal axonal
spheroid (ax). (X1800). ¢ Ultrastructure of intracytoplasmic axoplasmic damming or regurgitation of
neurofilaments pushing lipofuscin granules to the periphery of a motoneuron cytoplasm. (X8200.)
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lated neurofilament epitopes (of distal axon type) tend to accumulate in the perikarya
of ALS motoneurons (Munoz et al. 1988; Chou 1987a,b; Leigh et al. 1989; Kurisaki
et al. 1983; Mannetto et al. 1988; Xu et al. 1993; Coté et al. 1993). However, this type
of retrograde intracytoplasmic damming of phosphorylated neurofilaments is not
specific for ALS, since it is found also in control anterior homn cells (Leigh et al.
1989). Similar, if not identical, intracytoplasmic conglomerate inclusions have been
induced in the upper motor neurons of IDPN-intoxicated monkeys; these experimen-
tally-induced inclusions are composed of whorled neurofilaments (Fig. 4.12c) asso-
ciated with mitochondria (Chou 1983).

Proximal and Distal Axonopathy in ALS

Large, proximal axonal swellings were first described by Carpenter (1968) in 11 cases
of subacute ALS (with clinical involvement of 10 months duration or less) and, later,
in our laboratory in two ALS patients who died 4 and 11 months after onset (Chou et
al. 1970), and by others (Inoue and Hirano 1979). A direct connection between the
proximal axonal swelling and the perikarya has been unequivocally demonstrated (Fig.
4.13a—d) (Sasaki et al. 1989a,b). Similar axonal swellings packed with whirled
neurofilaments and mitochondria (Fig. 4.13e) can be induced by a single injection of
the neurotoxin IDPN ((-B'-iminodipropionitrile) a toxic dimer crystallized from
Lathyrus odoratus that causes neurolathyrism. An intra-axonal or primary impairment
of axonal transport has been thought to be important in the pathogenesis of the
resulting axonopathy, and the concept of “primary axostasis” was proposed (Chou and
Hartmann 1964, 1965). Indeed, a selective impairment of axoplasmic flow affecting
the slow component of the orthograde axonal transport system (Griffin et al. 1978,
1988; Chou and Klein 1972) without affecting the fast component or the retrograde
transport (Griffin et al. 1978; Kuzuhara and Chou 1981) has been demonstrated. It is
tempting to correlate the role of intracytoplasmic and intra-axonal inclusions in
inducing the impairment of the axonal flow with a “dying back” degeneration of both
upper and lower motor nerve fibers. Alternatively, a primary insult resulting in
axostasis may predispose to the formation of intracytoplasmic inclusions. Immunohis-
tochemical studies of various neurofilament subunits (Fig. 4.10c) in axonal spheroids
indicate the presence of neurofilament proteins of axonal or phosphorylated type and
fails to suggest any post-translational abnormalities (Chou 1987b; Kurisaki et al. 1983;
Schmidt et al. 1987; Dickson et al. 1986). This may be due to the lack of more specific
antibodies against neurofilament subunits. The ultrastructure of axonal spheroids is
characterized by densely packed neurofilaments with a few mitochondria, but with
rare microtubules (Fig. 4.13e).

Tract Degeneration

Corticospinal Tract Degeneration

Tract degeneration is most commonly found in the corticospinal tracts of the ALS
spinal cord. The extent of this degeneration, however, is not consistently correlated
with the clinical features of pyramidal signs. The involvement may be asymmetrical
(Fig. 4.14) (Swash et al. 1988). The atrophy and pyramidal tract signs occur in the
absence of corticospinal tract involvement at autopsy; the reverse has also been
reported (Lawyer and Netsky 1953; Friedman and Freedman 1950). A few authors
considered that corticospinal degeneration starts in the internal capsule and that the
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Fig. 4.13. a Proximal axon of a motor neuron from an MND patient, showing intra-axonal inclusions at
the junction beginning of myelinated segment (arrow heads); they are stained more densely with toluidine
blue (X1400). b Anterior motor neurons from an MND patient showing a globular swelling of the
proximal axon surrounded by a thin myelin sheath in direct continuation to the perikaryon. (Toluidine
blue. X1400.)
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Fig. 4.13. (continued) ¢ A large proximal axonal spheroid linked by a proximal axonal segment (arrow)
to the perikaryon and to the distal segment (arrow) accompanied by two large axonal spheroids. Bodian
stain. (X2000.) d Resin-embedded giant axonal spheroid nearby a spinal motoneuron, showing a thin
myelin sheath surrounding the spheroid and whorls of mitochondria within the dammed axoplasm.
(Toluidine blue stain. X2200.) e Ultrastructure of thinly myelinated axonal spheroid consisting of

densely packed neurofilaments, without microtubules and a few mitochondria. (X 15 000)
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Fig. 4.14. Asymmetrical right corticospinal tract degeneration at the bulbar pyramids and bilateral
degeneration with more severely involved left corticospinal tract in the spinal cord after decussation.
Note the well-preserved spinocerebellar tracts.
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cortical lesions are attributable to ascending degeneration. The credit for the first
description of the entire pyramidal tract degeneration is given to Kojwenikoff
(1883), who described degeneration occupying the anterior third quarter of the
posterior limb of the internal capsule in horizontal sections (Fig. 4.15a). Later, the
presence of this restricted area of pyramidal tract degeneration was confirmed by
Hirayama et al. (1962), who corrected the traditional misconception for the
topographic location of pyramidal tracts that largely originated from Dejerine’s
description (1901). In general, corticospinal tract involvement is uneven at various
levels, as stressed by Bertrand and Van Bogaert (1925). Of 37 ALS cases studied by
Davison in 1941, 12 showed total pyramidal degeneration from the motor cortex to
the spinal cord, 2 from the cerebral peduncle, 7 from the pons, 12 from the medulla,
and in 4 cases, the degeneration was limited to the spinal cord. Of 45 cases
examined by Brownell et al. (1970), less than half demonstrated complete pyramidal
degeneration from the cortex and in 10 corticospinal tract degeneration was
undetectable. Among 36 “classical” ALS cases, the same authors noted several
patterns of corticospinal tract degeneration: no pyramidal degeneration in 8,
degeneration in pyramidal tracts alone in 8, both pyramidal and anterolateral column
involvement in 17, and both pyramidal and anterolateral column involvement, with
some posterior column degeneration. This variation in involvement of the cortico-
spinal tracts, and of the anteromedial brainstem pathway can be explained, in part,
by the variable pattern of involvement of different motoneuron groups especially of
cortical, bulbar and spinal motoneurons, according to the functional organizational
scheme elucidated by Kuypers (1973). Furthermore, it is of critical importance to
recognize the clinicopathologic substrates of indirect and direct corticospinal tract
degeneration since these two tracts may be independently involved. Such a
clinicopathologic differentiation can better be understood by comparing ALS with
Striimpell’s disease.

However, corticospinal tract degeneration limited to different levels of the CNS
cannot be readily explained. In this regard, the finding of giant axonal spheroids
collected segmentally along the corticospinal tracts in internal capsules (Fig. 4.15b),
cerebral peduncles and medullary pyramids in two ALS cases from Guam and in two
sporadic cases with clinical courses ranging from 7 months to 2 years may provide a
plausible explanation (Chou et al. 1980, 1988). Those giant axonal spheroids, which
are immunoreactive with antibodies to neurofilaments and weakly so for ubiquitin
antibodies (Fig. 4.15¢) provide additional evidence suggesting an impairment in both
distal and proximal axonal transport in ALS. Because the axonal transport profiles in
the CNS are different from those in lower motoneurons, the process of formation of
these axonal spheroids in the distal part of the upper corticospinal tracts, although
pathogenetically similar, shows differences from spheroids formed in the proximal
axons of spinal motoneurons. Indeed, proximally located axonal spheroids have never
been observed, for example in or near Betz cells. However, spheroids in the upper
corticospinal tracts might have been derived from either Betz cells or upper brainstem
neuron somas, carried distally, and aggregated and conglomerated until they could be
transported no further, as strongly indicated by “tadpole” formation of spheroids in the
segments of corticospinal tracts showing a unidirectional conformation (Fig. 4.15d)
with the “tadpole” tails pointing proximally.

Selective involvement and loss of large myelinated motor fibers has been reported
by several authors at anterior spinal roots (Tsukagoshi et al. 1979; Sobue et al. 1983)
or peripheral motor axons (Dyck et al. 1975) and at various levels of the
corticospinal tract pathway (Hirayama et al. 1962). This selective involvement of
large motoneuron axons implies that a certain physiobiochemical property unique to
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Fig. 4.15 a Corticospinal tract degeneration in the internal capsule localized at the third quadrant of the
posterior limb characterized by myelin loss and vacuolation. (Kliiver—Barrera stain, X10.) b Large
axonal spheroids (70-80 pm in diameter) trapped at the internal capsule admixed with relatively
preserved myelinated axons. (Kliiver-Barrera stain. X250.) ¢ Axonal spheroids in the internal capsule
showing a strong immunoreactivity for phosphorylated neurofilaments (200 kD). (X200.) d Wet
formalin-fixed internal capsule sectioned along the axonal axis with a vibratome and stained with Bodian
stain, showing “tadpole” shaped spheroids with their tails (arrow heads) uniformly pointing towards the
proximal. (X150.)
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large motoneurons, which is potentially shared by some large sensory neurons, renders
them susceptible to such an axonopathy. This hypothesis may be applicable to certain
large neurons such as those in Clarke’s columns or large reticular neurons of the
brainstem and may further explain involvement of these systems in ALS, as described
below. However, gamma motoneurons are also affected, as shown by illustrations of
the motor innervation of muscle spindles in ALS (Swash and Fox 1974).

Anterolateral Column Degeneration

The relatively common observation of symmetrical and diffuse myelin pallor in the
anterolateral columns in the ALS spinal cord, especially in the cervical and dorsal
segment (Fig. 4.2), has puzzled neuropathologists for many years. This finding can
now be explained on the basis of degeneration in the anteromedial brainstem pathway.
The anteromedial pathway is poorly defined in man and the pathologic implication in
ALS is uncertain. This pathway comprises many tracts including reticulospinal,
vestibulospinal and interstitiospinal, all of which originate from brainstem reticular
neurons.

The presence of pale basophilic globose cytoplasmic inclusions (Fig. 4.8a,b) was
found to mark the distribution of certain motoneurons in the motor cortex, brainstem
and spinal cord in three young male adults with ALS (age 31, 32 and 33 years) who
died after relatively short durations of illness (7, 15 and 12 months respectively). The
basophilic inclusions served as a convenient marker for the neurons which were
selectively involved, presumably before their death and disappearance (Chou et al.
1988). The distribution of those inclusions in the brainstem reticular neurons was
almost identical in all three of these cases. Among the median, medial and lateral
groups of reticular formation in the brainstem, the median raphe or serotoninergic
reticular neurons, were intact without basophilic inclusions, but both the medial and
lateral reticular neurons displayed prominent basophilic inclusions readily detectable
in H&E sections. Additionally, both the medial and lateral vestibular groups of
neurons and, to a lesser extent, the neurons in the interstitial nucleus of Cajal,
contained basophilic inclusions (Fig. 4.16). These ALS cases showed distinct myelin
pallor in the anterolateral spinal funiculi, corresponding to the anteromedial pathway
discussed above. Thus, both the anteromedial pathway and its neuronal origin
appeared preferentially affected and provided us with a plausible explanation for the
previously unexplained pallor of myelin in the anterolateral spinal funiculi in ALS.
Neuronal loss in the brainstem reticular formation has seldom been mentioned in ALS.
The reason for the absence of earlier recognition of degeneration of the brainstem
reticular neurons may lie in the difficulty in quantitation and localization of reticular
neurons. The correlation of neuronal degeneration in the reticular formation and
degeneration of its tract becomes feasible when such affected neurons display the
rather specific change of intracytoplasmic basophilic inclusions (Fig. 4.7a,b). Loss of
reticular neurons and gliosis in the pontine reticular formation, as well as of the
periaqueductal gray (interstitial nucleus of Cajal) has been noted in two sporadic ALS
cases; these spinal cords showed severe and diffuse degeneration of the anterolateral
funiculi (Hayashi et al. 1986). Hyaline conglomerate neurofilamentous inclusions have
also been reported in bulbar reticular neurons from a case of sporadic ALS (Kondo et
al. 1986). Similarly a marked loss of neurons and astrogliosis were described in the
pontine reticular formation in a case of familial ALS by Tabuchi et al. (1983).
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Fig. 4.16. Diagrammatic representation for distribution of basophilic globose inclusion (BGI) in bulbar
reticular neurons in three ALS cases, sparing of the median group.

Spinocerebellar and Clarke’s Column Degeneration

Degeneration of the spinocerebellar tracts and Clarke’s columns has been described
and perhaps overemphasized in the past as one of the characteristic pathological
features unique to familial ALS. Earlier reports on the pathological findings in familial
ALS (Hirano et al. 1967, Metcalf and Hirano 1971; Takahashi et al. 1972; Tanaka et
al. 1980, 1984; Engel et al. 1959) contended that spinocerebellar tract, posterior
column and motor system degeneration was a unique patho-anatomical character-
ization of familial ALS that did not occur in sporadic ALS. However, many cases of
sporadic ALS with spinocerebellar degeneration have since been reported (Brownell
et al. 1970; Hughes and Jerrome 1971; Swash et al. 1988; Page et al. 1977; Averback
and Crocker 1981; 1982; Takasu et al. 1985), some with Clarke’s column involvement
{Hayashi et al. 1986; Okamoto et al. 1988). In 12 sporadic ALS cases, Averback and
Crocker (1982) found loss of over one-third of the neurons in Clarke’s column. A
recent study with a surface marker selective for neurons in the Clarke’s column has
demonstrated marked loss of spinocerebellar neurons in five sporadic ALS cases
(Williams et al. 1990).



Pathology of Motor System Disorder 79

Degeneration of the posterior spinocerebellar tracts has been related to a primary
lesion of Clarke’s column as best exemplified in Friedreich’s ataxia. In ALS also,
however, neurons in Clarke’s columns are involved, and this probably accounts for the
degeneration of the posterior spinocerebellar tract degeneration (Cavanagh 1979)
found in many cases of ALS (Swash et al. 1988). Furthermore, many pathognomonic
microscopic findings in lower motoneurons in ALS, e.g. proximal axonal swellings,
axonal globules, Bunina bodies and neuronal loss, have also been reported in Clarke’s
column in sporadic ALS (Averback and Crocker 1981, Okamoto et al. 1988). Thus,
it is fair to include spinocerebellar degeneration as a late concomitant of the
motoneuron system degeneration in sporadic ALS. In familial ALS, the phenotypic
expression of spinocerebellar degeneration may be more marked in the early stage
(Hayashi and Kato 1989).

Posterior Column Degeneration

Sensory complaints in ALS patients are not uncommon (Mulder 1975), but are usually
not accompanied by corresponding histopathologic findings in the sensory tracts.
Posterior column degeneration, especially of the fasciculus gracilis, is common with
aging. It has been estimated that approximately 5% of autopsied spinal cords from a
population older than 65 years show posterior column degeneration. Posterior column
degeneration in sporadic ALS has seldom been described in recent papers, probably
because its specificity might be doubted, although many earlier reports noted the
presence of such degeneration (Engel et al. 1959). The involvement of the middle root
zone of Flechsig in the lumbar cord was once considered characteristic for posterior
column involvement in familial ALS, but this finding simply means that the long and
large nerve fibers for proprioception are not entirely spared in ALS. As expected, in
many review articles on the pathology of ALS, one finds descriptions of posterior
column degeneration (Lawyer and Netsky 1953; Brownell et al. 1970; Castaigne et al.
1972; Chou 1979; Malamud 1968). These findings, however, were dismissed as
coincidental rather than unusual variants of ALS by some of those authors. A recent
morphometric study tends to suggest otherwise. Kawamura et al. (1981) described a
marked reduction in large cyton populations (54%) in lumbar (LS5) spinal ganglion
cells in five sporadic cases of ALS. The findings were interpreted as corresponding to
the posterior column and spinocerebellar tract degeneration that has been reported in
both sporadic and familial ALS. The organization and function of the dorsal columns
has recently been redefined. According to that scheme, the dorsal columns have a
major role in certain motor controls by transferring peripheral inputs to the motor
cortex (Davidoff 1989). Hence, one can no longer completely dissociate the dorsal
columns from the motoneuron system.

Basal Ganglia Degeneration

Mild diffuse degeneration is said to be common in the basal ganglia in ALS, including
the thalamus and substantia nigra (Comant & Marie 1958). Castaigne et al. (1972)
described basal ganglia involvement in 16 of 19 atypical ALS cases though extrapyr-
amidal signs were absent clinically. In rare instances, basal ganglia lesions with
corresponding extrapyramidal signs have been described in sporadic ALS cases.
Bertrand and van Bogaert (1925) described diffuse involvement of both the cerebral
cortex and basal ganglia. Involvement of thalamus has been occasionally mentioned
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(van Bogaert et al. 1965; Kosaka and Mehrein 1978) as well as substantia nigra
(Castaigne et al. 1972; Bonduell 1975; Serratrice et al. 1983). With the Marchi
technique, which is more sensitive in picking up degenerated fibers, Smith (1960)
noted degenerated fibers in the thalamus, the subthalamus, the globus pallidus, the
substantia nigra, the prerubal field, the semi-aqueductal gray, the superior colliculus,
and the brainstem reticular formation. Thus, Marchi staining may serve as a useful tool
for studying subtle involvement of the lateral and anteromedial brainstem pathways. In
keeping with the concept of “total” ALS (Hayashi and Kato 1989), to be discussed
below, it is of paramount importance to recognize degeneration of the neuronal groups
from which the affected brainstem pathways arise. These rare ALS syndromes with
both thalamic and substantia nigra involvement have sometimes been regarded as a
separate disease from ALS (van Bogaert et al. 1965). The nosological and semio-
logical position of ALS cases with involvement of basal ganglia and other systems has
not yet been resolved. Those motoneuron diseases that occur in association with
olivopontocerebellar, striatonigral or nigro-spino-dentate degenerations have, for the
present, been conveniently classified among the group of multiple system diseases
(Oppenheimer 1984).

Pathology of Atypical ALS and other MND

The characteristic pathologic features in each of the three major groups of atypical
ALS (i.e. familial ALS, ALS in Guam or in the Kii peninsula of Japan, and
Striimpell’s familial spastic paraplegia) will be briefly discussed.

Familial ALS. The inheritance patterns of familial ALS have been suggestive of
mainly autosomal-dominant transmission. Three different patterns of histopathological
heterogeneity are known (Horton et al. 1976), but these are not at variance from those
in sporadic ALS. They consist of involvement of: anterior horn cells with pyramidal
tracts, of anterior horn cells without lesions in the pyramidal tracts, and of such motor
system changes plus involvement of the spinocerebellar tracts, Clarke’s columns and
posterior columns.

In addition to the characteristic features of sporadic ALS, Engel et al. (1959)
described a unique pathological feature in three members of an autosomal-dominant
familial ALS syndrome. It was characterised by demyelination in the mid-root zones
of the posterior spinal columns. The pattern of the degeneration was similar to that in
tabes dorsalis except that no disturbance of proprioception was detected in those
patients. The spinocerebellar tracts were also involved. This clinically silent, ascending
degeneration is by no means the characteristic or essential pathological concomitant of
familial ALS, since many familial ALS cases later reported did not show this
ascending degeneration. It should again be emphasized that the posterior column
degeneration may occur as a normal aging process and, also, as a common finding in
patients with cachexia. Furthermore, in compression neuropathy of the posterior spinal
roots, large calibre proprioceptive fibers are preferentially involved, producing mid-
root zone degeneration. In addition, posterior column involvement has been described
in many sporadic ALS cases (one case by Lawyer and Netsky 1953; three cases by
Brownell et al. 1970, and three cases by Castaigne et al. 1972). Among our 82 cases,
there were three sporadic ALS cases which showed mid-root zone posterior column
degeneration; this was considered a complication rather than a patho-anatomic
concomitant of ALS (Chou 1979). Combined posterior column and spinocerebellar
tract degeneration has also been described in sporadic ALS cases (one case by Hughes
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and Jerrome 1971; two cases by Brownell et al. 1970; and one case by Page et al.
1977). These findings may be prominent in the absence of clear-cut pyramidal tract
degeneration (Power et al. 1974). At any rate, the ascending tract degeneration in ALS,
if it exists, should not be severe and should be considered a minor histopathological
concomitant, otherwise it may be difficult to differentiate ALS from other here-
dofamilial motoneuron diseases such as spastic familial paraplegia, Charcot-Marie—
Tooth disease or Friedreich’s ataxia.

Western Pacific ALS. Neurofibrillary tangles (NFT) in both brain and spinal cord,
unassociated with senile plaques, were described as characteristic features in 70 Guam
ALS patients studied (Hirano 1973; Kurland and Brody 1975). These cells were
compared with 90 sporadic ALS cases in New York City in which NFT were either
completely absent, or present in negligible number. The neurons affected were not
necessarily those of the motor system and included the hippocampal gyrus, amygda-
loid nucleus, hypothalamus, substantia innominata, and locus coeruleus. Similar
findings were reported in ALS in the Kii peninsula in Japan (Shiraki and Yase 1975).
NFT unassociated with senile plaques was also the characteristic feature in the Guam
parkinsonism-dementia (PD) complex (Hirano 1973). A control study of 69 members
of the Guamanian Chamorro people without dementia, ALS or parkinsonism by
Anderson et al. (1979) disclosed that NFT occurred at a very high rate and at an early
age in this population and suggested that while a causal relationship between NFT and
Guamanian ALS or PD exists, it may not be direct. By comparing histopathological
findings in 20 ALS cases from Western Australia and those among 22 Guamanian
ALS cases, Tan et al. (1984) concluded that NFTs are not a feature of ALS.

Familial Spastic Paraplegia (Striimpell’s Disease). What are the clinicopathological
characteristics which differentiate direct from the indirect corticospinal tract degenera-
tion? This hypothetical question is asked in order to address the confusing issues and
features sometimes encountered in ALS, e.g. primary lateral sclerosis without amyo-
trophy (Younger et al. 1988) or familial ALS without lateral sclerosis (Power et al.
1974). The issue is best discussed and explained by presenting a case of the “pure”
form of familial spastic paraplegia (FSP) or Striimpell’s disease and by corroborating
these findings with the clinicopathological features of FSP previously reported.

Case Report

Clinical history. A 63-year-old woman who died after a one-week history of “flu”, had first
been hospitalized at the age of 45 years for evaluation of a slowly progressive decline in the
strength and control of her lower legs beginning in her teens. By age 32 years, she was confined
to a wheelchair but, despite the lower extremity disability, the use of her hands and arms was
not impaired. She was able to play the piano, write letters, and knit and kept her cheerful
disposition. In her early 40s, however, she became increasingly taciturn, withdrawn and
irritable, probably because she developed increasing problems with faecal incontinence, became
obsessed with “germs” and “contaminations”, and developed compulsive hand washing. By this
time, there was virtually complete paralysis of her legs, but she continued to use her hands and
arms with remarkably good facility. Except for moderate dorsal kyphoscoliosis and distal
muscle atrophy in her legs, the general examination was unremarkable. Neurological examina-
tion revealed normal cranial nerve functions, but slurred speech. She was unable to stand and
the legs showed bilateral heel cord shortening and moderate equinovarus deformity. In contrast,
strength and coordination of the upper extremities was intact. The plantar responses were
bilaterally extensor; the deep tendon reflexes were hypoactive in the upper extremities, absent
in the ankles and bilaterally hypoactive in the knees. Sensory examination revealed loss of
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vibration sense below the iliac crests, but sensation was otherwise intact. Her second
hospitalization 11 years later, at the age of 56, was for drainage of large abscesses in her
buttocks. At the time, in addition to markedly hyperactive knee jerks, urinary incontinence and
spotty hypesthesia were recorded. The third hospitalization a year later was for recurrent
dysphagia and, for the first time, moderate spasticity and hyperreflexia in both upper extremities
were noted. Her final hospitalization at age 63, was for a week-long history of “flu” with
lethargy and she died 2 hours after admission.

At least three other members including her brother, father and paternal uncle suffered from
a similar disease with onset in the teens in three and in late middle age in the fourth. Each had
a normal life span and died from unrelated illness.
Brain autopsy. The brain (1100 g) showed mild generalized cortical atrophy and ventricular
dilatation. An old superficial cortical contusion (1 cm across) was noted over the left inferior
temporal gyrus. The spinal cord appeared markedly thin and showed mild grayish discoloration
of the spinal roots, especially of the posterior roots. Microscopically, a striking pattern of
degeneration in corticospinal tracts and dorsal columns was seen (Fig. 4.17). Corticospinal tract
degeneration was noticeable below the medulla and reached its maximum intensity at the lower
thoracic level and lost its bulk at the lumbar levels, whereas, the dorsal column degeneration
was slight at the lower lumbar level, pronounced at upper thoracic and cervical levels and
involved mainly the fasciculus gracilis with relative sparing of the cuneatus. The dorsal column
degeneration was slight at the lower lumbar level, pronounced at upper thoracic and cervical
levels and involved mainly the fasciculus gracilis with relative sparing of the cuneatus. Posterior
spinocerebellar tracts were equivocally degenerated but loss of neurons in Clarke’s columns was
rather distinct. In both corticospinal tracts and dorsal columns large axons were preferentially
involved and lost. Anterior horn cells, especially of the lateral groups in the lumbar cord, were
well preserved (Fig. 4.18a) despite more than a 40-year history of muscle weakness and atrophy
of the lower limbs. Very large proximal axonal swellings up to 90 wm in diameter were seen
near the anterior motoneurons and the latter showed central chromatolysis (Fig. 4.18b),
however, cytoplasmic neuronal inclusions were not detected.

This case illustrates clinicopathological features typical of FSP but distinctively
different from classic ALS in that there was extremely slow progress in the disease
course; only the lower limbs were involved; there was severe spasticity; muscle
weakness and atrophy was not marked; corticospinal tract involvement was limited to
a level caudal to the lower brainstem; “dying back” or distal axonopathy of long and
thick nerve fibers, including those of the funiculus gracilis, was a major feature
(surprisingly) and there was good preservation of motoneurons despite distal arroploy
and weakness. Over 200 cases of familial spastic paraplegia have been reported; of
those only 11 autopsied cases have been accepted as a “pure” form of familial spastic
paraplegia (Behan and Maia 1974; Harding 1983).

Striimpell (1880) first described two brothers presenting in middle age with muscle
weakness and spasticity that preferentially involved the lower extremities. Pathological
findings in one of the sibs and in another unrelated, but similar case were described
by Striimpell (1886, 1904), showing degeneration confined to the corticospinal tracts
and funiculus gracilis of the spinal cord with minor involvements of the spinocer-
ebellar tracts at the thoracic and cervical levels. In contrast to familial ALS, neurons
in the motor cortex and pyramidal tracts in the internal capsules, cerebral peduncles in
the midbrain, and bulbar pyramids were spared. This unique pathological finding was
soon substantiated by Schwartz and Liu (1956) who identified 7 similar cases in the
literature, added 2 cases of their own, reviewed the pathological findings in all 9 cases,
and concluded that the disease described by Striimpell was a different entity. This
conclusion was strongly supported by Behan and Maia (1974) who added 2 cases of
their own and summarized the pathologic features in FSP as consisting of corticospinal
tract degeneration from the medulla pyramids caudally, the funiculus gracilis degener-
ation increasing cephalad, and autosomal inheritance, usually dominant. The two tracts
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Fig. 4.17. Spinal cord sections from a patient with Striimpell’s disease showing degeneration of gracile
tract and indirect corticospinal tracts.
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Fig. 4.18. a Higher magnification of the lumbar spinal cord showing well preserved anterior horn
motoneurons, indicating that the indirect corticospinal tract degeneration did not affect the motoneurons
despite the 15-year history of spasticity and muscle weakness. (Kliiver—Barrera stain. X20.) b (see
opposite)Well-preserved anterior motoneurons with occasional giant axonal spheroids (arrow head)
suggestive of primary “axostasis” as the early pathogenetic event. (X150.)

which were constantly affected in FSP represent the longest and thickest in the CNS
and the pattern of degeneration fits best for a “dying back” or “entral-distal
axonopathy syndrome” (Cavanagh 1979; Thomas et al. 1984). Involvement of the
peripheral neuron does not occur in the classical syndrome. The clinicopathological
distinction between ALS and FSP may be due to involvement of different cortico-
spinal tracts, i.e., direct and indirect. As aforementioned, the indirect corticospinal
tracts originate from large neurons of the red nuclei and the lateral bulbar reticular
formation, and degeneration selective to this tract will show no abnormality in the
direct corticospinal tracts, including those above the medulla. Since the indirect
corticospinal tract fibers terminate at the posterolateral interneurons, degeneration
selective to this tract will not readily induce transneuronal degeneration of anterior
motoneurons, so that amyotrophy can ensue only as a result of disuse. Furthermore,
since the indirect corticospinal tracts control reflex and flexion movements of distal
muscles, especially of the legs, degeneration selective to this tract will cause
spasticity and hyperreflexia with little muscle weakness and atrophy. However, the
presence of large proximal axonal swellings and central chromatolysis in FSP
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Fig. 4.18b

suggests “axostasis” as a common underlying pathogenic mechanism in both ALS and
FSP, although intracytoplasmic inclusions have never been described in anterior horn
motoneurons in FSP. Of interest in this regard is the description by Hirano et al. (1976)
of the neuropathological findings in a case of neurolathyrism with more than 30-year
history of spastic paraparesis after ingestion of Lathyrus sativus; degeneration of both
pyramidal and gracile funiculi in the spinal cord and intracytoplasmic hyaline
inclusions in relatively well-preserved motoneurons were described.

“Total” ALS Degeneration

In the vast majority of ALS patients, the terminal point is respiratory failure
secondary to complete respiratory muscle paralysis. With the advent of modem
technology which greatly improved the quality of the life-support apparatus
including the respirator, ALS patients can now live beyond the previous terminal
point of respiratory failure. Both the clinical and pathological features of those ALS
patients who lived beyond the previous terminal point are unexpectedly different
from the classical findings. Four patients with sporadic ALS whose lives were
sustained with respirators far beyond the point of total voluntary muscle paralysis
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were described by Hayashi and Kato (1989). Clinically, these patients presented the
“totally locked-in state” and were considered to represent the ultimate complex of
clinical manifestations of ALS. In these patients, oculomotor muscles and sphincter
muscles, previously considered to be spared in ALS, were markedly involved. The
ophthalmoplegia was of supranuclear type and developed 9 months to 4 years after
the development of respiratory failure. Autopsies of two patients who died 5 and 4.5
years after the onset of ALS revealed, in addition to the histopathological findings
of classical motor system involvement, degeneration of the whole anterolateral
funiculi in the spinal cord, including the spinocerebellar tracts with neuronal loss
and gliosis in Clarke’s columns, and of the middle root zones in the posterior
columns, thus mimicking the changes of familial ALS. Of great interest, was
selective degeneration of areas in the brainstem reticular formation with neuronal
loss and gliosis in the periaqueductal gray, red nucleus, and of midbrain and pontine
reticular neurons. These findings have seldom been described in typical ALS but are
pertinent to the emerging concept of Kuypers’ motor system as discussed above.
The neuronal origins for both anteromedial brainstem pathway (i.e. periaqueductal
neurons, interstitial nucleus of Cajal, and vestibular neurons) and the lateral
brainstem pathway (i.e. red nucleus and brainstem reticular formation) were
virtually destroyed. Furthermore, neuronal loss and gliosis were also marked in the
globus pallidus, subthalamus, thalamus, substantia nigra, cerebellar dentate; unusual
sites of involvement in typical ALS. By adding 3 previously reported cases of
“total” ALS from Japan (Tabuchi et al. 1983; Takasu et al. 1985; Akiyama et al.
1987; Hayashi and Kato 1989), the authors have concluded that the previously
unrecognized areas of involvement in the “total” ALS represent the “parapyramidal
tract” (an archaic motor system) which were affected when the principal pyramidal
pathways were completely destroyed in the advanced stage of ALS. This para-
pyramidal system is, according to Ziilich (1975), situated in and arises from the
mesencephalon and more caudal brainstem and may be simultaneously involved in
the course of ALS (as in familial ALS) or subsequently involved, after the classical
pyramidal systems are destroyed in the “totally” advanced stages of ALS.

Clinicopathologic correlations

In the foregoing discussion, an attempt was made to rationalize the validity of the
classification into three clinical subtypes of ALS on a patho-anatomical basis. The
involvement of different components and levels of motoneurons of the direct and
indirect corticospinal tracts, and of the anteromedial brainstem pathway, as well as
the lower motoneuron system, should lead to clinical variance in ALS. In 1963,
MacKay reported a study of 70 ALS cases and clinically identified 23 cases of
PMA, 11 cases of qualified PLS and 36 classic cases of ALS; at autopsy, those 70
cases were reclassified as 61 ALS, 8 PMA and 1 PLS cases. MacKay considered
that the disorder represents a single degenerative disease with different clinical
expressions. This frequency of distribution of the ALS subtypes was also reflected
in the pathologically studied cases described by Lawyer and Netsky (1953) who
included 51 ALS, 2 PMA and 1 probable PLS, and by Castaigne et al. (1972) who
reviewed 42 typical ALS cases which included 5 chronic anterior poliomyelitis (i.e.
PMA) and 2 PLS cases. Our pathological review of 82 cases disclosed 47 ALS, 29
PMA, 2 PLS, 2 Guamanian, and 3 familial ALS cases (Chou 1979).
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Progressive lateral sclerosis (PLS) is characterized by involvement of cortico-
spinal tracts and posterolateral interneurons with well-preserved spinal motoneur-
ons, especially of the anterolateral group. This suggests involvement of the lateral
brainstem pathway which terminates in the posterolateral part of the spinal inter-
mediate zone and, unlike the direct corticospinal tracts, does not terminate mono-
synaptically in the anterior horn motoneurons. The latter neuron groups will be
better preserved if the indirect corticospinal tracts are primarily involved as
exemplified in Striimpell’s disease, presenting with severe spasticity.

Progressive muscular atrophy (PMA) is characterized by severe loss of spinal
motoneurons with intact or relatively well-preserved corticospinal tracts. The ante-
romedial brainstem pathway may be primarily involved in PMA, as in the bulbar form,
with relative preservation of corticospinal tracts, and thus movements of the head,
bulbar, axial and proximal limb muscles would be predominantly impaired.

If the direct corticospinal tracts are primarily involved, distal muscle weakness
and atrophy, especially of the finger muscles and distal flexor muscles, should be
more evident. Pathologically, the lateral motoneuron group should be more severely
affected since many lateral anterior horn motoneurons receive monosynaptic
terminations from direct corticospinal tract fiber projections. Thus, the clinical
features in the subtypes of MND may be correlated with the degeneration patterns
of both descending motor pathways.

Conclusions

While a certain personally biased view must inevitably be included in the foregoing
discussion, emphasis has been placed on the following:

1. In the light of the recently elucidated anatomical organization of primate
motor systems by Kuypers, the patho-anatomy of ALS/MND must be re-evaluated
individually in ALS cases according to the clinical symptomatology referrable to the
patterns of abnormality in the intermediate gray matter zones and anterior horns, as
well as the patterns of descending tract degeneration.

2. Clinicopathologic correlation becomes feasible if one correlates the descend-
ing motor pathway degeneration with its clinical features as exemplified by the
indirect corticospinal tract degeneration in Striimpell’s disease or PLS.

3. Diffuse myelin pallor and degeneration of anterolateral funiculi in the spinal
cord in ALS can be explained by involvement of the anteromedial brainstem
pathway. Other tract degenerations are explained by the concept of “total” degenera-
tion as found in ALS patients whose lives have been sustained beyond the natural
“terminal” point.

4. The basic mechanism involved in MND may start in different neuronal groups
(motor cortex, bulbar, and spinal) with their corresponding descending motor
pathways, inducing both proximal and central-distal axonopathy in their related
nerve fiber projections, comparable to “dying back™ degeneration.

5. Such an axonopathy may be closely related to the formation of various
intracytoplasmic and intra-axonal inclusions and the resultant “primary axostasis” in
motoneurons of ALS patients of all clinical subtypes.

6. The three major types of neuronal inclusions (i.e. basophilic, hyaline and
Bunina types) may represent different phases in the evolution of the ALS process.
Conglomerated neurofilament inclusions are epiphenomena closely related to for-
mation of those three inclusions.
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7. The recent elucidation of “total” histopathological manifestations in long
survivors maintained by sustained life-support strongly suggests that degeneration
of both spinocerebellar tracts and dorsal column is a patho-anatomic concomitant of
sporadic ALS. In familial ALS, the rate of ascending tract degeneration may be
faster than that in sporadic ALS.

8. More data from immunohistochemistry and immunoelectron microscopy of
the inclusion bodies in well-fixed specimens from ALS cases with relatively short
clinical course, and short post-mortem delay, are needed to elucidate the pathogene-
sis of human ALS.
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5 The Pathology of Motor Neuron Disease

J.E. Martin and M. Swash

Introduction

In the descriptions of progressive muscular atrophy by Aran (1850) and Duchenne
(1853) and of progressive bulbar palsy by Duchenne (1860) involvement of the
muscular and not the nervous system was implicated. This issue was hotly debated
(Cruveilhier 1853; Luys 1860), and an abnormality of the nervous system came to
be regarded as the prime pathogenetic mechanism. Consistent central nervous
system involvement in these disorders was described by Charcot and Joffroy (1869)
and Charcot (1870). The term amyotrophic lateral sclerosis was introduced by
Charcot (1874) following his demonstration of pyramidal tract lesions in cases of
progressive muscular atrophy. Dejerine (1883) championed the now generally
accepted view that progressive muscular atrophy, progressive bulbar palsy and
amyotrophic lateral sclerosis are clinical variants of the same disorder: motor
neuron disease (MND).

The cardinal pathological features of MND are loss of anterior horn cells, and of
motor cells in the lower cranial nerve nuclei, and degeneration of the crossed and
uncrossed corticospinal tracts. The classical descriptions of the pathology, based on
autopsied cases, represent the end-stage of the disease (Holmes 1909; Bertrand and
Van Bogaert 1925; Lawyer and Netsky 1953; Brownell et al. 1970; Castaigne et al.
1972). In addition to involvement of the motor system, there is loss of neurons in
Clarke’s column (Holmes 1909; Averback and Crocker 1982) and this is associated
with degeneration of the spinocerebellar tracts (Averback and Crocker 1982;
Williams et al. 1990). Although myelin is generally pale in the anterior and lateral
parts of the cord, the posterior column myelin is usually normal, apart from a minor
degree of pallor in the gracile columns. However, in familial cases, pallor of the
posterior columns may be more prominent (Iwata and Hirano 1979). Several variant
forms of MND are well recognised including an association with dementia and with
parkinsonism (Feller et al. 1966; Boudouresques et al. 1967; Farmer and Allen
1969; Mitsuyama and Takamatsu 1971; Reed and Brody 1975; Horton et al. 1976;
Hudson 1981; Mitsuyama 1984).

In most major series the presence of familial forms of MND and of atypical cases,
either in clinical picture or neuropathological findings, raises the question of the
relationship of classical MND to other neuronal degenerations (Lawyer and Netsky
1953; Brownell et al. 1970). Recent studies of the genetics of spinal muscular
atrophies and MND, together with advances in the pathological study of MND and
other disorders using immunohistochemical techniques, may help to clarify some of
these questions.
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General Autopsy and Neuropathological Findings

At autopsy the striking feature is often of profound muscular atrophy, this feature
being the basis of Aran’s and Duchenne’s belief in a myopathic process being
responsible for the condition (Aran 1850; Duchenne 1860). In earlier series the
muscular atrophy was compounded by cachexia, particularly in cases of bulbar
palsy, but this is less common with the advent of assisted feeding by nasogastric
tube or by gastrostomy where appropriate. Death often results from respiratory
failure, complicated in the majority of cases by the presence of bronchopneumonia
(Charcot and Joffroy 1869; Puscariu and Lambrior 1906; Dagnelie and Cambier
1933; Lawyer and Netsky 1953; Carpenter 1968; Brownell et al. 1970; Hughes
1982; Averback and Crocker 1982). Aspiration of food or gastric contents into the
respiratory tract is perceived as a clinical problem in the care of patients with MND,
and whilst aspiration of small quantities of food may contribute to pulmonary
infection or infarction (Lawyer and Netsky 1953), this is considered to result from
recumbency (Hughes 1982). In fact, aspiration of food or gastric contents does not
appear to be a direct cause of death in any major autopsy series. In two of the most
completely reported general autopsy series additional findings included cerebral
haemorrhage, atherosclerosis, thyroid adenomata, aortic aneurysm, trichinosis,
duodenal ulcer, carcinoma of the colon, carcinoma of the kidney and myelomatosis
(Lawyer and Netsky 1953; Brownell et al. 1970). These findings are consistent with
coincidental pathological findings in an autopsy series in this age group (Hughes
1982, Henson and Urich 1982).

There is a striking absence of bedsores in patients dying with MND, despite the
profound degree of incapacity prior to death (Charcot 1874; Forrester 1976;
Fukukawa and Tokoyura 1978). It has been suggested that bedsores develop in
patients with neurological disease due to vasomotor paralysis related to sympathetic
nervous system dysfunction and that sympathetic vasomotor activity is spared in
MND (Forrester 1976; Fukukawa and Tokoyura 1978). Preservation of sympathetic
vasomotor tone corresponds with preservation of sympathetic neurons in the lateral
horn of the spinal cord (Iwata and Hirano 1979).

Changes in skin collagen structure and in collagen and mucopolysaccharide
content have been reported in MND (Fullmer et al. 1960; Ono et al. 1986). Other
“systemic” structural alterations in MND include the association of abnormal liver
function tests with the presence in liver biopsy specimens of swollen mitochondria
and intramitochondrial inclusion bodies with a high copper content (Masui et al.
1985; Nakano et al. 1987).

Macroscopic abnormalities of the nervous system are well reported in MND.
Cruveihier (1853) noted thinning of the anterior roots in MND in the celebrated case
of Prosper Laconte, studied by Duchenne (described by Dejerine, 1883). Charcot
and Joffroy (1869) and Dejerine himself (1883) confirmed anterior root atrophy
occurring in cases of MND with both a clinical picture of progressive muscular
atrophy and of bulbar palsy. In both these studies the thinning of the anterior roots
is noted to be more pronounced in the cervical cord than in the lumbar region. Most
authors agree that posterior roots are unaffected (Holmes 1909). However, there is
some disagreement as to the appearance of peripheral nerves, some suggesting that
there is no gross alteration (Lawyer and Netsky 1953; Hughes 1982), others
claiming to observe atrophy (Dejerine 1883; Bertrand and Van Bogaert 1925). It is
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well recognised, however, that considerable loss of fibres may occur before atrophy
becomes apparent to the naked eye (Wohlfart and Swank 1941).

The spinal cord in MND has been described as normal, showing generalised
atrophy, or a chalkiness or greyness of the pyramidal tracts (Kojewnikoff 1883;
Lawyer and Netsky 1953). Macroscopic changes in the texture of the white matter
of the spinal cord are more readily appreciated after fixation. Some series report
haemorrhages in the anterior homns of the spinal cord, but these are regarded as
agonal (Lawyer and Netsky 1953). Flattening or shrinkage of the pyramids is well
described (Lawyer and Netsky 1953).

Visible atrophy of the cerebral cortex has been reported by several authors,
notably Kahler and Pick (1884), Bertrand and Van Bogaert (1925), Lawyer and
Netsky (1953) and Brownell et al. (1970). The atrophy has been described as
predominantly affecting the motor cortex, although generalised atrophy of the
cerebral hemispheres has also been reported (Brownell et al. 1970).

A consistent feature of many autopsy series of patients dying with a clinical
history of MND is the presence of cases found to have features of other disorders,
particularly disseminated sclerosis, or of atypical forms on neuropathological
examination (Lawyer and Netsky 1953; Brownell et al. 1970).

Motor Cortex

Loss of the giant pyramidal cells of Betz is accepted as a major pathological feature
of MND (Fig. 5.1) and was taken as evidence linking motor cortex with pyramidal
tracts in anatomical tracing studies (Kojewnikoff 1883; Holmes 1909; Hughes
1982), but the consistency of this finding has proved to be the subject of some
debate in the literature. Charcot and Marie (1885) are credited with the first
description of degeneration of large pyramidal cells in MND in the pre- (and post)
central gyrus, and particularly the paracentral lobule. In single case reports and in
larger series many authors describe the loss of giant pyramidal cells from lamina 5
of the cerebral cortex of the precentral gyrus (Rossi and Roussy 1906; Holmes 1909;
Bertrand and Van Bogaert 1925; Lawyer and Netsky 1953; Smith 1960; Hughes
1982). Other authors suggest that there may not always be evidence of loss of Betz
cells in typical cases with perhaps a shorter duration of illness than cases showing
a loss of such cells (Puscariu and Lambrior 1906; Brownell et al. 1970). Davison
(1941) however, stated that the length of illness or the age of the patient had no
influence on the severity or extent of the pathological process. It has been suggested
that changes in the motor cortex may be overlooked unless appropriate methods are
employed for staining, especially when seeking supporting evidence for upper
motor neuron degeneration such as subcortical white matter degeneration (Smith
1960; Hughes 1982). The presence or absence of Betz cell degeneration is relevant
to discussions of the relative susceptibility of proximal or distal parts of the upper
motor neuron (Davison 1941; Smith 1960; Brownell et al. 1970).

The presence of degeneration in areas of cerebral cortex other than the precentral
gyrus has provided the opportunity for speculation as to the origin of the pyramidal
tract and the true extent of the motor cortex in man (Holmes 1909; Smith 1960). In
particular, degeneration of pyramidal cells of the postcentral gyrus has been noted
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Fig. 5.1. Motor cortex from a patient dying with sporadic ALS showing loss of Betz cells and mild
gliosis. (Luxol fast blue X100.)

(Charcot and Marie 1885; Holmes 1909). However, it is generally accepted that the
motor area may extend anteriorly and posteriorly of the precentral gyrus or motor
cortex (Smith 1960), and changes have also been noted in the “pre motor” frontal
cortex, and opercular areas (Bertrand and Van Bogaert 1925; Davison 1941;
Friedman and Freedman 1950).

Reports of Betz cell degeneration in MND also comment on accompanying
gliosis (Holmes 1909; Hughes 1982). A specific plaque-like distribution of reactive
astrocytes in laminae 2, 3, 4 and 5 of the motor cortex has been described in MND,
but not in other neurological disorders (Kamo et al. 1987). Takahata and colleagues
(1976) have also described a case in which there was pronounced gliosis of the brain
stem in a patient presenting with MND. These studies have suggested that there may
be a primary abnormality of astroglia in MND.

Neuronal changes described include disappearance of the giant pyramidal cells,
or shrinkage of these cells, pyknosis, displacement of the nucleus, incrustations,
accumulation of pigment (lipofuscin), loss of dendrites, satellitosis and vacuolation
with fat deposition (Holmes 1909; Bertrand and Van Bogaert 1925; Davison 1941;
Lawyer and Netsky 1953; Castaigne et al. 1972). Chromatolysis, axonal change and
neuronophagia are also claimed in some reports to be common features (Davison
1941; Lawyer and Netsky 1953), but other authors have stated that true chromatol-
ysis is rare and may be related to agonal changes (Bertrand and Van Bogaert 1925)
and that neuronophagia is unusual (Holmes 1909; Hughes 1982).
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Other layers of the motor cortex may be affected; Bertrand and Van Bogaert
(1925), Davison (1941) and Lawyer and Netsky (1953) described loss of small
pyramidal cells in the motor cortex, as did Holmes (1909) who, in addition,
commented on the preservation of neurons in the multiform layer (lamina 6).

Subcortical White Matter and Ckortical Pyramidal
Tracts

Following the demonstration of degeneration of the spinal pyramidal tracts in MND
by Charcot (1874), several authors, including Kojewnikoff (1883), Charcot and
Marie (1885), Probst (1898, 1903), Rossi and Roussy (1906) and Marie et al. (1923)
showed degeneration of the pyramidal tract extending into the cerebral cortex, up to
the subcortical white matter adjacent to the origin of upper motor neurons (Holmes
1909).

In several pathological studies, even in the presence of MND with predominantly
lower motor neuron clinical signs (“progressive muscular atrophy”), there is usually
evidence of pyramidal tract degeneration (Lawyer and Netsky 1953; Brownell et al.
1970).

Hirayama et al. (1962) described loss of large calibre fibres with associated
demyelination of the corticospinal tract in the third quarter of the posterior limb of
the internal capsule in MND. These latter findings are, however, at variance with the
classical description of the pyramidal tract as being present solely in the anterior two
thirds of the posterior limb of the internal capsule (Hirayama 1978). This finding,
of degeneration in the posterior part of the posterior limb of the internal capsule, has
been described in other large studies (Rossi and Roussy 1906; Bertrand and Van
Bogaert 1925; Brownell et al. 1970).

Many studies have noted degeneration of fibres in the corpus callosum, chiefly in
the middle %-¥%. (Probst 1898, 1903; Spiller 1900, 1905; Holmes 1909; Smith 1960;
Brownell et al. 1970; Hughes 1982). This fibre degeneration is thought to be related
to degeneration of commissural fibres linking right and left motor areas (Brownell
et al. 1970).

Corticospinal tract degeneration can be traced through the middle third of the crus
in the midbrain, the corticospinal regions of the pons and the pyramids of the
medulla into the spinal cord (Holmes 1909; Davison 1941; Brownell et al. 1970;
Hughes 1982).

Changes have been noted in the white matter of the temporal lobe and in the long
tracts of the occipitotemporal and frontothalamic region, suggesting to some authors
that MND may be, whilst mainly affecting frontal and motor areas, a diffuse cortical
disorder (Bertrand and Van Bogaert 1925). Smith (1960) and Hughes (1982), also
noted degenerating fibres in frontal gyri, parietal, temporal and cingulate gyri.

Central Grey Matter and Basal Ganglia

Degenerating fibres and reactive gliosis have been described in several areas of the
cerebrum other than those generally associated with the pyramidal tracts. Areas
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reported to show such degenerative features include the thalamus (Holmes 1909;
Smith 1960; Brownell et al. 1970; Hughes 1982), globus pallidus (Smith 1960;
Brownell et al. 1970; Hughes 1982), ansa and fasciculus lenticularis (Bertrand and
Van Bogaert 1925; Smith 1960; Hughes 1982), field of Forel (Smith 1960; Hughes
1982) and hypothalamus (Smith 1960; Hughes 1982). Smith (1960) suggested that
many of these degenerating fibres may originate in the globus pallidus and that the
pallidal degeneration may contribute to the severity of the muscular paralysis in
MND.

Neuronal changes including atrophy, chromatolysis, vacuolar or pigmentary
degeneration have been documented in the basal ganglia, with astrocytosis or
products of degeneration present in the globus pallidus, putamen and caudate nuclei
(Bertrand and Van Bogaert 1925; Brownell et al. 1970). Other reports state that
degeneration of the caudate or lenticular nuclei is not a feature of MND (Holmes
1909).

Degenerating fibres have been reported in the substantia nigra, superior colliculus
and tegmentum in a small minority of cases of sporadic MND (Smith 1960;
Brownell et al. 1970; Hughes 1982), whereas other series note little pathology in the
substantia nigra (Kojewnikoff 1883; Bertrand and Van Bogaert 1925). Major
degenerative features are seen in the substantia nigra and globus pallidus in the high
incidence foci of MND on the island of Guam (Hirano et al. 1966). This is discussed
more fully later.

Brainstem and Cranial Nerve Nuclei

Degeneration of the motor nuclei of the 5th, 7th, 9th, 10th, 11th and 12th cranial
nerves is well documented in MND (Bertrand and Van Bogaert 1925; Davison
1941; Lawyer and Netsky 1953; Malamud 1968; Hughes 1982; Hartmann et al.
1989). In the facial nucleus the ventral and lateral parts of the nucleus are said to be
more affected than the dorsal region, correlating with the relative sparing of the
upper branch of the facial nerve (Holmes 1909). Degeneration of the nucleus
ambiguus, which supplies motor fibres to cranial nerve nuclei 9, 10 and 11 to
innervate the larynx, also occurs in up to 80% of patients with MND (Lawyer and
Netsky 1953; Malamud 1968; Brownell et al. 1970; Hartmann et al. 1989).
Degeneration of the paired nuclei may be symmetrical or asymmetrical (Lawyer and
Netsky 1953; Brownell et al. 1970).

Cellular changes described in the motor nuclei of the brainstem include cell loss,
gliosis, neuronal atrophy, cytoplasmic pallor, vacuolation and neuronophagia
(Brownell et al. 1970; Hirano and Iwata 1979; Chou 1979) (Fig. 5.2).

The 3rd, 4th and 6th cranial nerve nuclei are described as unaffected in classical
MND, even in later stages of the disease, so that ocular movements are usually
spared (Holmes 1909; Bertrand and Van Bogaert 1925; Malamud 1968; Brownell et
al. 1970; Castaigne et al. 1972; Le Bigot 1972; Iwata and Hirano 1979). Patho-
logical involvement of the oculomotor nuclei has been described in MND without
loss of oculomotor function (Carpenter 1968; Hughes 1982; Mann and Yates 1974),
but morphometric analysis of fibre density in the spinal roots of cranial nerves 3, 4
and 6 have shown minor alterations only (Sobue et al. 1981a). Ophthalmoplegia in
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Fig. 5.2. Hypoglossal nucleus showing neuronal degeneration in ALS, including two vacuolated neurons
(arrows). (Luxol fast blue X150.)

association with loss of oculomotor neurons (Bertrand and Van Bogaert 1925;
Harvey et al. 1979) has, however, been reported in MND. Reports of ocular changes
detectable on electro-oculography (Leveille et al. 1982) and in patients maintained
on respiratory support (Hayashi and Kato 1989) suggest that, whilst the motor
neurons subserving oculomotor function are initially relatively resistant to the
disease process, if the patient survives for a longer period these neurons may also
become involved.

Sensory nuclei have received less attention than the motor nuclei in most
pathological studies; however, Bertrand and Van Bogaert (1925) state that involve-
ment of the sensory nuclei is as common as that of the motor. Holmes (1909)
comments, however, that the sensory nuclei are spared.

The tractus solitarius is described as being spared in MND (Holmes 1909;
Bertrand and Van Bogaert 1925), but the associated nucleus is reported to show
chromatolytic changes in neurons (Bertrand and Van Bogaert 1925).

Degeneration is described in the vestibular nuclei and in the fibres of the medial
longitudinal fasciculus (Holmes 1909; Bertrand and Van Bogaert 1925; Smith
1960). Deafness has been reported in association with juvenile MND, but not in the
sporadic adult form of the disease (Wadia et al. 1987). Nystagmus has also been
reported in MND (Kushner et al. 1984).

Degenerating fibres have been demonstrated in the reticular formation of the
brainstem (Bertrand and Van Bogaert 1925; Smith 1960). The pontine nuclei and
olives are spared in MND or show minimal changes only (Holmes 1909; Bertrand
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and Van Bogaert 1925). Lawyer and Netsky (1953) describe degeneration in the
external arcuate nucleus in 2 of 53 cases of MND.

Lower Motor Neurons and Corticospinal Tracts

A variety of lesions of the lower motor neuron have been described in MND, from
atrophy with loss of dendrites (Cruveihier 1853; Charcot and Joffroy 1869) to total
disappearance of anterior horn cells (Luys 1860). Loss of anterior horn cells is most
prominent in the cervical region, in comparison to lumbar changes which may be
minimal or equally severe (Charcot and Joffroy 1869; Kojewnikoff 1883; Rossi and
Roussy 1906; Bertrand and Van Bogaert 1925; Castaigne et al. 1972) (Fig. 5.3).
Despite some variation in the degree to which levels of the cord are affected, most
groups of motor neurons show degeneration, with the exception of the nucleus of
Onufrowicz at the second sacral segment (Onuf 1889, 1890; Mannen et al. 1977,
Iwata and Hirano 1978; Schroeder and Reske-Nielsen 1984; Hudson and Kiernan
1988). Kawamura and colleagues (1981) showed a selective vulnerability of alpha
motor neurons with relative sparing of gamma motor neurons in MND. However,
other studies suggest that gamma motor neurons are also lost in MND (Tsukagoshi
et al. 1979). Clinical, electromyographic (Schwartz and Swash 1982) and patho-
logical studies (Tsukagoshi et al. 1980; Swash 1980) show that involvement of the

Fig. 5.3. Lumbar anterior horn in ALS showing loss of alpha motor neurons and gliosis. (Luxol fast blue
X60.)
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corticospinal tracts is asymmetrical, and that loss of anterior horn cells may be
diffuse or focal within individual spinal cord segments. In addition, the disease
tends to involve anterior horn cells that innervate distal muscles in the extremities
rather than those supplying proximal muscles. The loss of anterior horn cells is
thought to proceed in a random chronological manner (Sobue et al. 1983; Swash et
al. 1986) producing progressive functional deficit, despite the occurrence of axonal
sprouting tending to provide some degree of compensation for the denervation
atrophy (Wohlfart 1957; Sobue et al. 1983; Swash et al. 1986).

Cellular changes in lower motor neurons in MND vary, as stated above, from
atrophy with loss of dendrites to total loss of anterior horn cells (Cruveihier 1853;
Luys 1860; Nakano and Hirano 1987). In addition, the presence of increased
amounts of lipofuscin is a feature of many reports (Puscariu and Lambrior 1906;
Holmes 1909; Bertrand and Van Bogaert 1925; Lawyer and Netsky 1953; Hirano
and Iwata 1979). The presence of chromatolysis is described in MND (Puscariu and
Lambrior 1906; Holmes 1909; Bertrand and Van Bogaert 1925; Castaigne et al.
1972), but is regarded as a relatively unusual feature (Hirano and Iwata 1979).
Several different histological types of intracellular inclusion have been described in
the anterior horn in MND (Hirano et al. 1968; Hirano and Iwata 1979; Inoue and
Hirano 1979; Hirano and Inoue 1980; Sasaki et al. 1982; Sasaki and Hirano 1983;
Leigh et al. 1988) (Figs. 5.4-5.7). Eosinophilic cytoplasmic, intraneuronal inclu-
sions — Bunina bodies, have been reported in familial, sporadic and Guam-type
MND (Bunina 1962; Hirano 1965; Hirano and Iwata 1979). Hirano bodies are
eosinophilic rod-shaped inclusions in the perikarya, dendrites or axons of neurons
and whilst found in MND, they are not specific to this disorder (Chou 1979).
Hyaline bodies consist of eosinophilic accumulations of neurofilaments, 10 nm in
diameter, in the cell bodies or processes of motor neurons (Schochet et al. 1969;
Hirano and Iwata 1979; Hirano et al. 1984ab). Granulovacuolar cytoplasmic
degeneration has been noted in motor neurons in MND, especially in the Guamanian
form (Hirano et al. 1966). Lewy-like bodies have also been reported in familial
MND (Takahashi et al. 1972). Neuronophagia and vacuolation are described in
lower motor neurons in MND, but are unusual (Hirano and Iwata 1979). Although
it has been suggested (Munoz et al. 1988; Manetto et al. 1988) that phosphorylated
neurofilament epitopes were present in increased concentration in anterior horn cells
in MND, Leigh et al. (1989) could not confirm this.

Fig. 5.4. Anterior horn cell in ALS showing a Lewy-like inclusion. (Haematoxylin and eosin X150.)
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Fig. 5.5. Anterior horn cell in ALS showing a Bunina body (arrow). (Haematoxylin and eosin
X200.)

Fig. 5.6. Anterior horn cells in ALS, one showing increased lipofuscin, the other a hyaline inclusion.
(Haematoxylin and eosin X200.)
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Fig. 5.7. Anterior horn cells in ALS showing ubiquitinated inclusions (arrows). (Immunoperoxidase
X200.)

Accumulations of 10 nm neurofilaments occur in proximal axonal swellings
(spheroids); the latter are a common feature of MND and are found in the anterior
horn of the spinal cord and in the somatic motor nuclei of the brainstem (Wohlfart
1959; Carpenter 1968; Chou et al. 1970; Hirano et al. 1984a; Schmidt et al. 1987,
Sasaki et al. 1988, 1989). The neurofilamentous material in spheroids consists of
filaments arranged individually, or in small bundles with side arms. Other cellular
organelles are found in association with these neurofilamentous bundles. Axonal
swellings are, however, a common normal finding in the spinal cords of ageing
humans and other primates (Clark et al. 1984).

Other reported abnormalities of the spinal cord include the presence of aberrant
myelinated neurites (Troost et al. 1989), heterotopic neurons (Kozlowski et al. 1989)
and the presence of viral particles within motor neurons in a single case (Pena 1977).
Small perivascular lymphocytic infiltrates are also reported commonly in MND spinal
cord (Lawyer and Netsky 1953; Bunina 1962; Engelhardt et al. 1993).

Spinocerebellar Pathways

In 1909 Holmes reviewed the evidence for degeneration of the spinocerebellar tracts
in sporadic MND, having demonstrated such changes in his material. Holmes
(1909), and other contemporary authors, whilst showing spinocerebellar tract
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degeneration, were not able to demonstrate loss of cells in the dorsal nucleus of
Clarke (Rossi and Roussy 1906). Degeneration of the dorsal and ventral spino-
cerebellar tracts is currently regarded as an accepted finding in sporadic MND
(Bertrand and Van Bogaert 1925; Davison 1941; Swash et al. 1988; Hayashi and
Kato 1989; Leigh 1990), although some series report this feature only in a minority
of cases with atypical features (Brownell et al. 1970). Iwata and Hirano (1979),
however, comment on the absence of changes in the spinocerebellar tracts in 37
cases of MND.

There is a well documented higher incidence of spinocerebellar tract involvement
in familial MND than in sporadic MND (Hudson, 1981) and the tract involvement
is usually accompanied by degeneration of the dorsal nucleus of Clarke (Engel et al.
1959; Hirano et al. 1967; Kubo et al. 1967; Metcalf and Hirano 1971; Igisu et al.
1974). Pathological evidence of spinocerebellar degeneration and loss of neurons in
the nucleus dorsalis of Clarke in cases of familial MND is not usually accompanied
by clinical features of spinocerebellar dysfunction (Hirano et al. 1967; Hudson,
1981).

The incidence of degeneration of the nucleus dorsalis of Clarke was thought to be
very low in sporadic MND, with many reports describing no cellular loss or
degeneration in this disorder (Friedman and Freedman 1950; Lawyer and Netsky
1953; Brownell et al. 1970, Iwata and Hirano 1979). Holmes (1909) described
possible degeneration in Clarke’s nucleus, in the absence of cell loss, in one case,
and Bertrand and Van Bogaert (1925) described central chromatolysis, loss of cell
processes, cell loss and other cellular alterations in up to 30% of their cases of
MND. Averback and Crocker (1982), however, have described the loss of up to 30%
of neurons in the dorsal nucleus of Clarke in the spinal cord in sporadic MND using
morphometric methods, with all cases showing a reduction in numbers of neurons
in the nucleus. These findings have been supported by Swash et al. (1988) and by
Williams and colleagues (1990) who suggest in addition that degeneration of the
spinocerebellar system in MND may be accompanied by loss or internalisation of
specific spinocerebellar cell surface antigens.

Whilst degeneration is described in the fibres of the cerebellar peduncles in
sporadic MND (Holmes 1909; Bertrand and Van Bogaert 1925), the same reports
document normal cerebellar morphology (Holmes 1909; Bertrand and Van Bogaert
1925). Cerebellar changes including the loss of Purkinje cells and the presence of
hyalinised inclusion bodies in the vermis have, however, been reported in familial
MND (Hirano et al. 1967).

Sensory Systems

Whilst clinical evidence of sensory impairment is relatively unusual in sporadic
MND (Cruveilhier 1853; Davison and Wechsler 1936; Lawyer and Netsky 1953;
Mulder 1957; Mulder 1982; Toyokura 1979), clinical, physiological and morpho-
logical evidence of sensory impairment are well reported in the disorder (Wechsler
et al. 1929; Dagnelie and Cambier 1933; Davison and Wechsler 1936; Friedman and
Freedman 1950; Lawyer and Netsky 1953; Dyck et al. 1975; Kawamura et al. 1981;
Bosch et al. 1985; Jamal et al. 1985; Di Trapani et al. 1986; Ben Hamida et al.
1987).
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Demyelination of the posterior columns is seen occasionally in sporadic MND
(Charcot and Marie 1885; Bertrand and Van Bogaert 1925; Lawyer and Netsky
1953; Castaigne et al. 1972). This feature may be seen in conjunction with clinical
evidence of sensory disturbance (Dagnelie and Cambier 1933; Davison and Wechs-
ler 1936) or without clinical evidence of sensory abnormalities (Holmes 1909;
Brownell et al. 1970). Some authors have not reported alterations in the posterior
columns in sporadic MND (Iwata and Hirano 1979) or have regarded single
incidences of demyelination in the posterior columns as an incidental finding (Luys
1860; Lawyer and Netsky 1953).

Posterior column involvement is, however, more frequent in familial MND,
occurring in up to 70% of cases (Engel et al. 1959; Hirano et al. 1967; Iwata and
Hirano 1979; Hudson 1981). The degeneration of the posterior columns is usually
seen in the middle root zone (Iwata and Hirano 1979; Hudson 1981). Despite the
striking incidence of posterior column involvement in familial MND, sensory
symptoms are unusual (Hirano et al. 1967; Ohta 1975; Iwata and Hirano 1979). It
has been suggested that the posterior column lesions seen in MND are secondary to
degeneration of target neurons in the dorsal nucleus of Clarke, and that sensory
deficits do not develop since only proprioceptive neurons are involved (Ikuta et al.
1975). Not all cases of posterior column degeneration in MND affect the middle
root zone, however, and the cuneate and gracile fasciculi may be involved (Iwata
and Hirano 1979). In addition, cases of familial MND with posterior column
involvement do not always show evidence of degeneration in the dorsal nucleus of
Clarke (Takahashi et al. 1972).

Despite pathological observations of preservation of dorsal root ganglia (Iwata
and Hirano 1979), in morphometric studies cells of the posterior root ganglia are
consistently affected in sporadic MND, showing shrinkage of the cell body, but to
a lesser degree than alpha motor neurons (Kawamura et al. 1981). Posterior root
fibres and sensory peripheral nerves show morphological evidence of involvement
in sporadic MND (Dyck et al. 1975; Bradley et al. 1983).

The cells of the posterior horn of the spinal cord are generally regarded as being
well preserved in MND (Luys 1860), but some reports detail the loss of cells in the
dorsal horn of the spinal cord in MND in association with sensory loss (Charcot and
Joffroy 1869; Wechsler et al. 1929) or with no such loss (Holmes 1909).

Involvement of the ascending spinothalamic tracts has also been reported in MND
(Bertrand and Van Bogaert 1925; Wechsler et al. 1929; Dagnelie and Cambier 1933;
Davison 1941; Iwata and Hirano 1979). Degenerative features have been reported in
neurons and subcortical white matter related to the post-central gyrus, but interpretation
of such changes is confused by uncertainty as to the area of origin of the motor system
(Charcot and Marie 1885; Holmes 1909; Smith 1960).

Thalamic gliosis in the absence of posterior column involvement was noted in a
case of sporadic MND with sensory disturbance reported by Brownell and col-
leagues (1970). Thalamic fibre degeneration is commonly reported in sporadic
MND, although usually in the absence of sensory abnormality (Holmes 1909; Smith
1960; Brownell et al. 1970; Hughes, 1982). Parietal lobe fibre degeneration in the
absence of sensory problems is also well described in sporadic MND (Davison
1941), but the significance of this finding is also unclear.

In general, despite the often striking changes in the posterior columns or the
spinothalamic tracts, there is little correlation between the pathological findings of
sensory system degeneration in sporadic or familial MND and the presence of
clinically apparent sensory deficit.
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Autonomic Nervous System

Accounts of MND tend to emphasise preservation of autonomic function as typical
of the disorder (Toyokura 1979). Abnormalities of visceral function, including gut,
bladder and heart have, however, been reported in association with MND (Leri
1902; Oppenheim 1911; De Jong 1950; Bondin et al. 1954; Smith et al. 1957;
Tsubaki 1979; Chida et al. 1989). Preservation of the secretory function of the gut
may be related to sparing of the cells of the dorsal motor nucleus of the vagus
(Holmes 1909, Malamud 1968; Kerr and Preshaw 1969; Iwata and Hirano 1979).
Other reports, however, document degeneration in these neurons (Bertrand and Van
Bogaert 1925; Lawyer and Netsky 1953; Castaigne et al. 1972; Le Bigot 1972). A
certain degree of degeneration in this nucleus may be insufficient to cause clinical
problems or measurable abnormalities of gastrointestinal function.

The absence of bedsores in patients with MND is well established (Charcot 1874;
Forrester 1976; Fukukawa and Tokoyura 1978). It has been suggested that bedsores
develop in patients with neurological disease due to vasomotor paralysis related to
sympathetic nervous system dysfunction and that sympathetic vasomotor activity is
spared in MND (Forrester 1976; Fukukawa and Tokoyura 1978). Preservation of
sympathetic vasomotor tone corresponds with preservation of neurons in the
intermediolateral column of the spinal cord (Holmes 1909; Bertrand and Van
Bogaert 1925; Brownell et al. 1970; Castaigne et al. 1972; Le Bigot 1972; Iwata and
Hirano 1979). However, Probst (1898, 1903) and Kennedy and Duchen (1985)
reported a decrease in the numbers of cells in the intermediolateral column in
MND.

The preservation of bladder and anal sphincter function in MND is also a distinct
clinical feature of the disorder (Sakuta et al. 1978; Toyokura 1979) and appears to be
related to preservation of the nucleus of Onufrowitz in the second sacral segment of the
spinal cord (Mannen et al. 1977). The nature of the neurons of this nucleus is disputed,
however, with disagreement as to the classification of these neurons as motor neurons
or parasympathetic neurons. Further anatomical studies are awaited.

Peripheral Nerve

The macroscopic observations of pronounced anterior root atrophy (Cruveihier
1853; Luys 1860; Charcot and Joffroy 1869; Dejerine 1883) have their origin in the
loss of large diameter fibres with relative sparing of smaller diameter fibres
(Wohlfart and Swank, 1941) which in turn has been shown to be directly related to
the loss of anterior horn cells in the spinal cord with relative sparing of gamma
motor neurons (Tsukagoshi et al. 1979).

Other peripheral nerves have been described as of normal appearance or showing
simple atrophy (Kojewnikoff 1883). Axonal loss of greater or lesser degree has been
shown in studies of MND phrenic, sural, superficial and deep peroneal nerves as
well as cervical and lumbar ventral roots (Bradley et al. 1983; Dyck et al. 1975;
Hanyu et al. 1982; Sobue et al. 1981a,b). Demyelination was not prominent in these
studies. The changes reported tend to preferentially affect larger myelinated fibres,
with distal changes being little different from those seen proximally (Sobue et al.
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1981b; Bradley et al. 1983), supporting the concept of MND as a neuronopathy
(Thomas 1991).

Studies of peripheral nerve biopsies with a prominent motor component have
been conducted using the motor branch of the median nerve in the hand (Breuer et
al. 1987). These studies have shown loss of the normal fascicular structure, axonal
loss and an increase in numbers of Renaut bodies (Breuer et al. 1987; Asbury 1973).
The study by Breuer and colleagues (1987) also studied fast axonal transport in the
nerve biopsies using videomicroscopy and showed an increase in speed of antero-
grade organelle transport and a decrease in retrograde transport. Studies of micro-
tubular proteins in intercostal nerves of patients with MND suggest that, prior to
evidence of morphological damage there may be changes in B-tubulin and tau
proteins (Binet and Meininger 1988).

Muscle

Initial reports of MND described the marked muscular atrophy typical of the
disorder (Aran 1850). Histological studies of muscle in MND have described the
typical features of fatty infiltration of muscle (Cruveihier 1853; Lawyer and Netsky
1953) and the features of denervation atrophy, with groups of atrophic angular
muscle fibres (Charcot and Joffroy 1869; Kojewnikoff 1883).

The presence of atrophic fibres has been directly correlated with the loss of alpha
motor neurons in the spinal cord (Tsukagoshi et al. 1979). Occasional hypertrophic
fibres may be seen (Tsukagoshi et al. 1979; Adams 1975) as are occasional
dystrophic fibres (Lawyer and Netsky 1953).

Striated muscle biopsies show fibre type grouping in enzyme histochemical
preparations (Hughes 1982), and biopsies demonstrate axonal sprouting from the
residual intramuscular nerve fibres, secondary to denervation (Wohlfart 1957).

Studies of the motor end plate show increased segmentation and an increase in
area, but the primary significance of these changes in end plate morphology, if any,
is not clear (Bjornskov et al. 1975). Motor end plate changes are reviewed in detail
in Chapter 6.

Intellect, the Frontal Lobe and Parkinsonism

Cruveihier (1853), in his description of the clinicopathological features of pro-
gressive muscular atrophy to nerve cell degeneration, specifically commented on the
preservation of intellect in this disorder. Dementia is still regarded as an uncommon
manifestation of sporadic MND, although it may be more frequently observed in
familial MND (Jokelainen 1977; Toyokura 1979; Hudson 1981; Mulder 1982;
Mitsumoto et al. 1988; Leigh 1990). The clinical features of the dementia associated
with sporadic MND differ from those described in Alzheimer’s disease and suggest
a dementia of predominantly frontal lobe type (Neary et al. 1990). This is supported
by studies which suggest that patients with classical MND may show subclinical
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frontal lobe dysfunction on neuropsychological testing, in the absence of dementia
(David and Gillham 1986). The dementia associated with MND appears not to be
transmissible to primates, in contrast to the amyotrophic form of Creutzfeldt-Jakob
disease (Salazar et al. 1983).

Parkinsonism, or a combination of dementia and parkinsonism, is less common
than dementia alone in association with sporadic or familial MND (Hudson 1981).
Much debate has centred on the relationship of subgroups of patients with atypical
features to the classical form of MND and whether those patients with dementia or
parkinsonism in addition to MND are victims of coincidental disorders, novel
disorders or represent part of the phenotypical expression of MND (Wechsler and
Davison 1932; Brownell et al. 1970; Mitsuyama and Takamiya 1979; Salazar et al.
1983; Neary et al. 1990). The sex ratio, age of onset and duration of illness of
sporadic MND does not differ from the subgroups with dementia or parkinsonism,
or both, suggesting that the disorders are part of the same process (Hudson
1981).

Pathological findings in sporadic (and familial) MND with dementia include
typical findings of lower motor neuron and pyramidal tract degeneration (Wechsler
and Davison 1932; Hudson 1981). In addition, cases with dementia have been
reported to show macroscopic atrophy of the frontal and/or temporal lobes (Wechs-
ler and Davison 1932; Finlayson et al. 1973; Hudson 1981; Wikstrom et al. 1982;
Neary et al. 1990). Histologically, most reports document neuronal loss and gliosis
in layers 2 and 3, and occasionally laminae 5 and 6, of the frontal temporal lobes.
Spongy degeneration of the superficial layers of the cortex has also been reported.
In addition, changes are commonly reported in the globus pallidus, caudate nucleus,
putamen, thalamus and substantia nigra in the absence of clinical features related to
such degeneration (Hudson 1981; Morita et al. 1987; Neary et al. 1990). Hippo-
campal degeneration with neurofibrillary tangle formation is not a feature of the
dementia associated with MND, although an occasional, presumably incidental,
senile plaque may be found (Hudson 1981; Morita et al. 1987; Neary et al.
1990).

Histological findings in sporadic MND associated with dementia and parkinson-
ism are similar to those seen in MND with dementia alone, but with a higher (90%)
incidence of degeneration in the substantial nigra or globus pallidus, but no Lewy
body formation (Hudson 1981; Salazar et al. 1983). Greenfield and Matthews
(1954) reported a case of sporadic MND with parkinsonism, but no dementia, in
which there were degenerative changes in the substantia nigra which included the
presence of neurofibrillary tangles. Neurofibrillary tangles with cell loss have also
been reported in the substantia nigra in association with lower motor neuron loss
and in more extensive areas of the cerebrum in association with pyramidal tract
degeneration in two cases of post-encephalitic MND and parkinsonism (Hirano and
Zimmerman 1962; McMenemy et al. 1967).

High incidence foci of MND occur in the Western Pacific region, in the Auyu and
Jakai people of West New Guinea, the Kii peninsula of Japan and the Chamorros of
the Mariana Islands (Kurland and Mulder 1954; Hirano et al. 1966; Hudson 1981,
Garruto and Yase 1986). Clinical features of the disease in these foci are the same
as for classical descriptions of the sporadic disorder elsewhere (Garruto and Yase
1986). The Guam population of Chamorro people has been most extensively
documented. In the same population with a high incidence of MND, there is a high
incidence of parkinsonism and dementia, with a tendency to a combination of the
two disorders. Approximately 7% of patients with MND, dementia or parkinsonism
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have a combination of all three features (Stanhope et al. 1972). Studies of the sex
ratio, age of onset, duration of onset and overlap of symptoms have suggested that
these disorders may also be variants of the same disease process (Hirano et al.
1961a, 1966).

Neuropathological studies of the Guamanian form of MND show loss of anterior
hom cells and pyramidal tract degeneration. There is sparing of the posterior
columns and of the spinocerebellar tracts (Hirano et al. 1966). In addition to these
features, Hirano and colleagues (Malamud et al. 1961; Hirano et al. 1966) and
Anderson and colleagues (1979) described neurofibrillary changes of varying degree
in the substantia nigra, locus ceruleus, substantia innominata, other basal nuclei,
cerebral cortex and other areas. These features were present in all 34 cases of MND
occurring in the Chamorro population in one such study (Hirano et al. 1966).
Occasional anterior horn cells also showed neurofibrillary changes in 13 of 34 cases
(Hirano et al. 1966). Granulovacuolar degeneration of hippocampal neurons was
also a constant finding (Malamud et al. 1961; Hirano 1965; Hirano et al. 1966).
Cases of Guamanian parkinsonism-dementia complex show frontotemporal atrophy,
with marked cell loss in the substantia nigra, locus ceruleus, substantia innominata
and globus pallidus. Neurofibrillary change is widespread and hippocampal neurons
also show granulovacuolar degeneration. The presence of Lewy bodies in the
substantia nigra is not a feature of Guamanian parkinsonism-demential complex
(Hirano et al. 1961b, 1966; Hirano 1965). An important feature of the neuropatho-
logical findings in Guamanian MND and parkinsonism-dementia is the considerable
degree of overlap in the cellular pathology of these disorders (Hirano 1965; Hirano
et al. 1966; Hudson 1981).

Relation to Other Neuronal Degenerations

The diagnosis of MND, or of its clinical variants, requires the fulfilment of certain
clinical criteria, discussed elsewhere in this book, but also the exclusion of certain
conditions known to mimic MND. Such conditions include lead and mercury
intoxication, motor neuron degeneration associated with plasma cell dyscrasias or
with paraneoplastic syndromes, motor neuropathies, hexosaminidase deficiencies,
poliovirus infection (Fig. 5.8), the amyotrophic form of Creutzfeldt-Jakob disease,
hypoglycaemia, disorders of calcium metabolism, thyroid disorders, ischaemia and
syphilis (Roos et al. 1980; Johnson 1981; Rowland 1982; Salazar et al. 1983;
Mitsumoto et al. 1985, 1988; Bradley et al. 1991; Thomas 1991). In the determina-
tion of other causes of motor neuron degeneration clinical findings and history are
of paramount importance. Lawyer and Netsky (1953) specifically comment that the
findings in the spinal cord of a patient dying with old poliomyelitis may be similar
to those of progressive muscular atrophy, but that the clinical differences are
obvious. Neuropathological validation of a clinical diagnosis may be valuable,
particularly in cases with atypical features, for example pathological studies of
MND have commented that cases with a clinical diagnosis of MND may show
evidence of other pathological conditions, such as multiple sclerosis or multisystem
atrophy (Lawyer and Netsky 1953; Brownell et al. 1970; Tanaka et al. 1984).
The presence of inherited forms of MND, atypical forms, and of the high
incidence foci in the Western Pacific with neuropathological features that differ
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Fig. 5.8. Anterior horn in acute poliomyelitis showing intense perivascular lymphocytic infiltrate. (Luxol
fast blue X150.)

from the classical sporadic form of MND provides problems with the classification
of MND and thus with hypotheses of pathogenesis (Rowland, 1991). Advances in
the understanding of the genetic basis of the B-hexosaminidase deficiencies (Neote
et al. 1991), spinal muscular atrophy (Gilliam et al. 1990), X-linked spinal and
bulbar muscular atrophy (La Spada et al. 1991) and possibly familial MND
(Conneally 1991; Siddique et al. 1991) may help with the understanding of the
relationships between these disorders at a genetic level. As the molecular mecha-
nisms consequent on gene defects become understood it may be possible to relate
such defects to the neuropathological findings in MND.

The apparent heterogeneity of MND in clinical presentation and neuropatho-
logical findings has provided much speculation regarding the overlap of forms of the
disease, and whether they truly represent clinical variants of one disease, or are
different disorders (Hirano et al. 1966; Hudson 1981). Immunohistochemical
techniques have provided opportunities to study the expression of cytoskeletal and
stress protein expression in MND, MND variant forms and related motor neuronal
degenerations (Munoz et al. 1988; Leigh et al. 1988, 1989a, b; Leigh and Swash
1991). It has become apparent that, despite the presence of other differing
pathological features, the presence of ubiquitinated inclusion bodies within anterior
horn cells of the spinal cord is constant in sporadic, familial and Guamanian forms
of MND (Leigh et al. 1988; Lowe et al. 1988a). Such distinctive anterior horn cell
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inclusions (Fig. 5.7) are not seen in other neurodegenerative diseases, poliomyelitis,
spinal muscular atrophy and a range of other disorders, although other inclusions
such as neurofibrillary tangles and Lewy bodies are also stained with anti-ubiquitin
antibodies (Lowe et al, 1988b; Leigh et al. 1989b).

The apparently diffuse involvement of motor neurons in MND differs from the
neuronal changes seen in the lipidoses such as Hurler’s syndrome (Hirano and Iwata
1979), in that affected groups of neurons in MND may show individual neurons
which appear normal, implying a random process or a process of differential
susceptibility among an at-risk population (Hirano and Iwata 1979; Sobue et al.
1983). Alzheimer’s disease shows a similar pattern of individual cell loss and
preservation within a susceptible neuronal population (Hirano and Iwata 1979), as
does Werdnig-Hoffmann disease — infantile spinal muscular atrophy (Hirano and
Iwata 1979). Such pathology, with a specific at-risk population and individual cell
death, resembles few toxic or infective processes. In spinal muscular atrophy it has
been suggested that anterior horn cells may die due to skeletal muscle apoptosis and
subsequent lack of neurotrophic support to the related motor neurons (Fidzianka et
al. 1990). This hypothesis requires further investigation, and integration with
evidence of the gene defect in this disorder (Gilliam et al. 1990).

Recent interest in adult-onset neurodegeneration has been stimulated by the
discovery of a family of mutations in the genome of Caenorhabditis elegans, a small
nematode, which code for late-onset neuronal degeneration in specific neuronal
groups (Driscoll and Chalfie 1991). The morphology of the cell death caused by
mutations in this mec-4 gene family is that of neuronal swelling and vacuolation, in
contrast to the single cell or apoptotic cell death seen in programmed cell death
(Chalfie and Wolinsky 1990). Whilst the exact mechanisms underlying programmed
cell death are not yet clear, some of the genes controlling the process in Caeno-
rhabditis elegans have been identified. Mutations in these ced-3 and ced-4 genes can
prevent programmed cell death from occurring, but do not prevent the cell death
caused by mec-4 mutations which appear to operate through a transmembrane
protein abnormality (Yuan and Horvitz 1990; Bargmann 1991). Proteins associated
with this neurodegenerative process have been termed degenerins, and homologous
proteins have been identified in other species. Neuronal degeneration resembling
programmed cell death or apoptosis can be induced in vitro by the withdrawal
of neurotrophic factor support (Martin et al. 1988). Neurodegeneration caused
by a recapitulation of a programmed cell death mechanism has attractions as an
hypothesis for the pathogenesis of neurodegenerative diseases such as MND since
it affects specific neuronal populations, affects single cells within these specific
populations, and can be induced by a variety of stimuli such as trophic factor
withdrawal or genetic mutations (Appel 1981; Martin et al. 1988; Bargmann 1991).
Thus, like the occurrence of MND in sporadic, hereditary, juvenile and variant or
overlap forms, a common end-point of selective neuronal degeneration may be
reached by a variety of pathogenetic mechanisms involving a fundamental cellular
process.
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6 Alternative Approaches to the Pathology of
Motor Neuron Disease

J. E. Martin and M. Swash

The pathology of motor neuron disease (MND) is well recognised, but poses many
problems of interpretation and understanding. There is, as yet, no insight into the
pathobiological mechanisms that underlie the development of the specific neuro-
degenerative changes that must characterise the disease. In order to try to
understand this problem a number of other approaches have been tried. These
include:

1. A search for naturally occurring and experimental models of MND
2. Studies of the motor end plate including axonal sprouting
3. Studies of axonal transport in the peripheral nervous system in MND

4. Evaluation of the mechanism of selective neuronal death, and of selective
resistance of Onuf’s nucleus.

These alternative approaches to understanding of the pathology of MND are
reviewed in this chapter.

Animal Models in the Study of MND

Two basic groups of experimental approaches have been used in this study and
development of animal models designed to mimic human motor neuron disease. The
two groups comprise naturally occurring animal models and experimentally induced
MND-like disorders. At this time however, there is no animal model of MND that
is generally agreed to adequately mimic the range of clinical and pathological
features of the disease seen in man.

Naturally Occurring Animal Models of MND

The most extensively studied naturally occurring putative animal models of MND
occur in the Brittany spaniel and the wobbler mouse. An autosomal dominant form
of spinal muscular atrophy — hereditary canine spinal muscular atrophy (HCSMA)
may develop in the Brittany spaniel. This disorder resembles the progressive
muscular atrophy form of MND (Cork et al. 1979). In this model the affected dogs
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develop a rapidly progressive, predominantly proximal weakness if homozygous for
the trait, whereas heterozygotes have milder or more chronic disease (Sack et al.
1984). The pathology of the canine disease is notable for the prominence of axonal
spheroids in the anterior horn of the spinal cord (Cork et al. 1982), a feature also
seen in human motor neuron disease (Carpenter 1968; Sasaki et al. 1988). In
HCSMA there is thought to be a disturbance in the slow components of axonal
transport (Griffin et al. 1982) and neurofilaments accumulate in neuronal perikarya.
The model is useful in the study of genetic influence in human MND, and the
presence of axonal swellings in anterior homs suggests some relationship to the
pathology of human MND. It is well recognised, however, that in the commonest
form of human MND, i.e. sporadic MND, there is no simple relationship between
genetic history and disease (Mulder et al. 1986; Kurtzke and Beebe 1980).
Similarly, the pathological findings in motor neuron disease, whilst including axonal
swellings (Carpenter 1968), also include other features such as Bunina bodies
(Bunina 1962) and Hirano bodies (Hirano 1965), not found in HCSMA. In addition,
there is no loss of motor neurons in HCSMA.

Hirano bodies associated with degeneration of cortical and hippocampal neurons
may be found in a natural murine mutant, the brindled mouse, characterised by a
deficiency in copper metabolism (Nagara et al. 1980). The clinical and pathological
features of the neuronal degeneration in the brindled mouse are however, otherwise
unlike those found in human MND. A spontaneous lower motor neuron disease that
has been suggested as a possible model for the human disorder may also develop in
rabbits and pigs and an hereditary amyotrophic disorder in pointer dogs has been
described, although preliminary neuropathological studies failed to demonstrate
neuropathological abnormalities of anterior horn cells (Yamaguchi et al. 1978).

The wobbler mouse is another naturally occurring disorder which has been used
as a model of human MND (Duchen et al. 1968; Andrews et al. 1974). In this model
affected mice develop weakness, atrophy and contractures chiefly affecting forelimb
muscles, and the pathological changes are seen chiefly in the cervical cord (Duchen
et al. 1968; Andrews 1975). The disorder is inherited as an autosomal recessive trait
(Duchen et al. 1968). Affected mice are small for their age. The pathological
features consist of vacuolation and degeneration of anterior horn cells, although
only a small proportion of anterior horn cells are affected at any given clinical stage
(Mitsumoto and Bradley, 1982). Occasionally dorsal root ganglion cells may also
degenerate. There is abnormal protein synthesis in the anterior horn cells (Murakami
et al. 1980) with accumulation of neurofilaments. Further, there is reduced
regenerative capacity of these motor neurons after nerve crush (Mitsumoto 1985).
Slow axonal transport has been found to be reduced in the distal nerve segments
(Bird et al., 1971, Mitsumoto and Gambetti, 1983) representing data acquired from
the mixed sensorimotor axons found in limb nerves. These abnormalities in the
wobbler mouse have been ascribed to a primary neuronopathy according to the
classification described by Spencer and Schaumberg (1981); that is, the degenera-
tion starts in the neuronal perikaryon and then spreads to the proximal axon
(Mitsumoto and Bradley 1982). This animal model is useful because the rapid
timecourse of the degeneration permits many cycles to be studied, but it does not
provide an accurate model of human motor neuron disease from the pathological or
genetic point of view. However, it is useful in the study of neuronal degeneration
and regeneration.

Another murine mutant, the “wasted” mouse, has been described by Shultz et al.
(1982) and by Lutsep and Rodriguez (1989). The mutants, mice homozygous for the
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“wasted” recessive gene, develop tremor, ataxia, weakness of the hind limbs and
weight loss (Shultz et al. 1982). Neuropathological studies of this mutant show
vacuolar degeneration of anterior horn cells in the spinal cord and of motor neurons
in the brainstem motor nuclei (Lutsep and Rodriguez, 1989). There is no loss of
motor neurons, but prominent staining for phosphorylated 200 kD neurofilament
epitopes was demonstrated (Lutsep and Rodriguez 1989), a feature that together
with neuronal vacuolation may also be seen in human MND (Manetto et al. 1988;
Munoz et al. 1988), although not all workers have found such changes (Leigh et al.
1989; Fig. 6.1).

A murine mutant Mnd has been described by Messer and Flaherty (1986) and
subsequently by Messer et al. (1987) and Mazurkiewitz et al. (1988, 1990). In mice
homozygous for this dominant trait weakness and wasting of limbs develops leading
to paralysis, particularly of the hind limbs. degeneration of upper and lower motor
neurons occurs, and this neuronal degeneration is accompanied by intraneuronal
inclusion body formation (Fig. 6.2) and increased expression of ubiquitin within
anterior horn cells (Mazurkiewitz 1990). The pathological appearances of neuronal
degeneration in this mutant appeared to be similar to the human disorder in early
studies, but further studies have shown that there is a widespread accumulation of
Luxophilic inclusions of possible lysosomal origin within both sensory and motor
neurons in the spinal cord and cranial nerve nuclei (Mazurkiewitz et al.; Green and
Martin, data in press). The underlying defect in the Mnd mouse is unknown, but
there may be an abnormality of lysosomal processing within neurons.

Fig. 6.1. Vacuolated neurons from the hypoglossal nucleus in a patient dying with MND (Luxol-fast
blue/cresyl violet).
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Fig. 6.2. Anterior horn cells in the Mnd mouse mutant containing multiple Luxophilic inclusion bodies
(Luxol-fast blue/cresyl violet).

The progressive motor neuronopathy (pmn) mouse is another recently described
spontaneous mutant which develops paralysis of the hindlimbs in the early weeks of
life, followed by forelimb weakness and death by the age of six to seven weeks after
birth (Schmalbruch et al. 1991). This disorder is autosomal recessive and hetero-
zygotes are unaffected. There is progressive axonal degeneration, starting at the
motor end plates and progressing proximally, but with only mild neuronal changes
until late in the disease (Schmalbruch et al. 1991; Sendtner et al. 1992b). This

Table 6.1. Possible animal models of MND

Natural Neurotoxic

Brittany spaniel (HCSMA) Doxorubicin

Wobbler mouse Vitamin C deficiency (guinea pig)
Brindled mouse Poliovirus (with cyclophosphamide)
Wasted mouse Mouse neurotropic retrovirus

Mnd mouse Bovine akabane virus

pmn mouse Excitotoxins

Rabbit MND

Pig MND

Pointer amyotrophy
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model, together with the Mnd mouse, has been used in studies of the rescue of motor
neuronal function by ciliary neurotrophic factor (Sendtner et al. 1992a,b).

Neurotoxic Substances

Experimental animal models of MND chiefly involve the use of neurotoxic agents,
whether chemical or viral. A variety of chemical agents have been used to produce
neurological diseases in animal models that, in some way, resemble human
disorders. A recent example in this field has been the discovery of an acute
parkinsonian syndrome in drug addicts using heroin contaminated with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine-MPTP (Ballard et al. 1985). This human
neurotoxic model has been reproduced in experimental animals with production of
parkinsonism and histological changes suggestive of Lewy body formation (Forno
et al. 1986). This neurotoxicological approach promises to lead to greater under-
standing of the pathogenesis of Parkinson’s disease (Gibb 1989). Many neurotoxic
models of MND and of other neuronal disorders depend on the experimental
production of abnormalities of neuronal metabolism. For example, doxorubicin is
transported retrogradely along axons in the CNS and produces translational defects
in protein synthesis in anterior horn cells in the rat (Yamamoto et al. 1984).
Deficiency of vitamin C in the guinea pig may cause death of anterior horn cells and
corticospinal tract degeneration, sometimes in the presence of a bleeding disorder
(Den Hartog Jager 1985).

Neurotropic Viruses

Certain viruses may produce selective neuronal degeneration. Poliovirus is an RNA
virus with specific neurotropism to anterior horn cells, and studies of this infection
are therefore of particular interest in relation to MND (Martyn 1990). It has been
shown that the virus attaches to anterior horn cells via a glycoprotein receptor
expressed solely on cells capable of infection by poliovirus (Holland et al. 1959). In
addition, infection with active replication of poliovirus results in intracellular
degradation of specific polypeptides (Urzukainqui and Carrasco 1990). Although
poliomyelitis is typically an acute illness a chronic poliovirus infection leading to
paralysis may be induced in mice using cyclophosphamide pretreatment (Jubelt and
Meagher 1984): the latency of the disorder is inversely related to the infective dose
of virus. Histological abnormalities in anterior horn cells are seen only in sympto-
matic animals. The pathological picture of acute or remote polio in humans,
however, whilst showing loss of anterior horn cells, does not generally include the
presence of inclusion bodies such as those described by Bunina and Hirano, and the
ubiquitinated inclusions virtually specific for MND described in anterior horn cells
by Leigh et al. (1988) and by Lowe et al. (1988).

Mouse neurotropic (leukaemia) retrovirus infection may produce lower motor
neuron degeneration and axonal swellings (Gardner et al. 1976) and may also prove
useful as a model of neuronal degeneration with similarities to that found in human
MND. Spongiform change and glial cell involvement has been described in this
infection (Brooks et al. 1980), features not seen in the typical human disorder.
Bovine akabane disease results from akabane arbovirus infection. Transplacental
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infection of calves may occur and affected animals develop arthrogryposis asso-
ciated with degeneration and loss of anterior horn cells in the spinal cord. Wallerian
degeneration is found in the descending motor tracts and there is resultant
neurogenic muscular atrophy (Hartley et al. 1977). In bovine akabane disease there
is a loss of muscarinic cholinergic, glycine/strychnine and central-type benzodiaze-
pine receptors in the anterior horn (Grundlach et al. 1990) reflecting neuro-
transmitter changes similar to those associated with anterior horn cell loss seen in
human MND (Whitehouse et al. 1983).

Excitotoxic models of anterior horn cell degeneration are reviewed in Chapter
10.

In conclusion, there is no entirely satisfactory animal model of sporadic human
motor neuron disease. Naturally occurring animal models of anterior hom cell
degeneration and acquired neurotoxic models fail to mimic the highly specific
features of MND. It is likely that further understanding of the pathogenesis of these
models in relation to the natural human form of MND will be required in order to
allow a rational approach to the development of experimental systems to study the
mechanisms of anterior horn cell death, and thus of possible therapeutic approaches
to human MND.

Axonal Sprouting and the Motor End Plate

The phenomenon of the fibre type grouping seen in muscle biopsies is the result of
denervation (Fig. 6.3) followed by reinnervation from axonal sprouting derived
from the terminal innervation or motor end plate of parts of neighbouring motor
units (Edstrom and Kugelberg 1968; Dubowitz and Brooke 1973). Sprouting occurs
as a normal feature of intramuscular nerve development, and the process is typical
of the potential effects of neuronal plasticity (Cuppini et al. 1990). At early stages
in development there is an excess of nerve endings per muscle fibre, resulting in
multiple innervation (Brown et al. 1981; Gorio et al. 1983). Numerous sprouts then
degenerate to yield the adult nerve fibre—muscle fibre ratio (Brown et al. 1981,
Gorio et al. 1983). Sprouting occurs if a normal nerve fibre lies close to degenerat-
ing nerve fibre. The degenerating nerve induces nodal sprouting in surviving
neurons, the normal nerve fibre sending out numerous collateral sprouts along its
course. The outgrowing fibres are tipped by growth-clones which are seen as
terminal expansion of the fibre (Wohlfart 1957). Several sprouts enter the tubular
Bungner bands formed by Schwann cells, grow along these paths and enter the
motor endplate region (Wohlfart 1957).

The molecular mechanisms underlying the processes of axonal sprouting are not
clear. Some authors have considered that axonal regeneration is mediated by release
of a stimulatory factor from degenerating neurons (Brown et al. 1981; Hoffman and
Springell 1951), and others have postulated a reaction to a decrease in the retrograde
transport of neurotrophic factors from the end-organ (see Schwab 1990).

When sprouting is a result of axonal severance, the regenerative process is
accompanied by nerve cell body alterations which comprise the “axonal reaction”.
This is seen in histological preparations as chromatolysis, with dispersion of
granular endoplasmic reticulum, perikaryal swelling and nuclear displacement.
Concomitant with these morphological changes there is a decrease in neurofilament
synthesis and an increase in microtubule synthesis. These alterations are thought to
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Fig. 6.3. Section of tongue muscle from a patient dying with MND, showing denervation atrophy, with
clusters of small angular fibres.

reflect the diversion of cellular metabolism from maintenance of axonal calibre to
extension of axons via growth cone and neurite extension. From cell culture models
it has been shown that the growth cone of axons contains mainly actin micro-
filaments in the motile filopodial tips, whereas the microtubules form the basis of the
points at which neurite extension occurs, neurofilaments appearing once axonal
regeneration is established (Yamada et al. 1970, 1971; Spiegelman et al. 1979;
Jockusch and Jockusch 1981). Evidence of reinnervation by sprouting in humans
with MND has been demonstrated both by electrophysiological and morphological
methods (Buchthal & Pinelli 1953; Wohlfart 1957). Gurney et al. (1984) suggested,
using botulinum-induced sprouting models, that an anti-sprouting antibody may be
present in the serum of patients with MND, but this has not been confirmed.

The morphology of the end plate and axonal branches has been studied using a
variety of methods including double-labelling techniques to demonstrate acetyl-
cholinesterase and axons (Pestronk and Drachman 1978 ; Bjornskov et al. 1975; 1982;
Alderson et al. 1989). The end plate in MND shows a number of abnormalities,
especially segmentation and elongation (Wohlfart 157; Bjomnskov et al. 1982). A
“sprouting index” has been used to measure axonal sprouting in human and
experimental lower motor neuron diseases (Coers et al. 1973a; Pestronk and
Drachman 1978; Bjomskov et al. 1975; 1982). This index is derived from the mean
number of branch points, or number of branches of the terminal axon, multiplied by
the mean end plate length. It is thought that in denervation the axonal sprouts
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reinnervate end plates, whereas in myopathies there is expansion of the end plate or
of its arborisation without collateral sprouts (Coers et al. 1973b). In MND however,
both the collateral innervation typical of progressive neuronal loss implying
denervation and reinnervation and the multiple innervation seen in myopathies have
been reported (Bjornskov et al. 1982). Myopathic features have however, been
shown in muscle from patients with a rapidly progressive clinical course (Achari
and Anderson 1974).

Axonal Transport

When a nerve is transected, distal degeneration occurs, but the proximal stump
survives (Waller 1852). When a nerve is compressed, accumulation of axoplasm
proximal to the compressed segment occurs (Weiss and Hiscoe 1948). These single
observations provide the basic evidence for axoplasmic flow. It has become
apparent that axoplasmic flow of macromolecules from the cell body is essential for
maintenance of axonal architecture and metabolism, since only a limited range of
materials can be transferred into the axon from its surrounding cells (Gainer et al.
1977). Since early observations on axoplasmic flow, several methods have been
used to study this phenomenon: morphological studies with specialised optics,
radioisotope tracing and the use of fluorescent-labelled compounds in living tissue
(Droz and Leblond 1962; Ochs 1982; Okabe and Hirokawa 1990).

Axonal transport can be classified into two phases: the slow transport phase
(0.1-5 mm/day) and the fast transport phase (200-400 mm/day). The slow compo-
nent of axonal transport (SC) carries the bulk of the cytoplasmic cytoskeletal
proteins from the cell body into the axon (Ochs 1982: Lasek et al. 1984). Fast
transport (retrograde, FCr, and also anterograde, FCa: Aquino et al. 1987) carries
small vesicles and membranous organelles thought to be related to neuronal
transmission (Tsukita and Ishikawa 1981; Ochs 1982).

Slow Axonal Transport

All major structural proteins of the axon (tubulin, actin, neurofilament, clathrin,
fodrin), the proteins regulating their polymerisation (tau factors and calmodulin) and
enzymes concerned with glycolysis (neuron-specific enolase, creatine kinase, aldo-
lase, pyruvate kinase and lactic dehydrogenase) are carried by the slow component
of axonal transport (SC) transport. SC axonal transport moves material down the
axon, i.e. in the anterograde direction. It consists of subcomponents classified on the
basis of transport rates and type of molecules carried, although some variability
between species and nerve types is seen (McQuarrie et al. 1986). The slower
component of slow axonal transport (SCa) moves at 0.1-2 mm/day and carries
proteins including the three neurofilament subunits (200 kD, 160 kD and 70 kD), tau
and tubulin (Hoffman and Lasek 1975; Willard et al. 1979; Black and Lasek 1980;
Lasek et al. 1984; Tytell et al. 1984). The faster component of slow axonal transport
(SCb) moves at 2 to 5 mm/day and carries actin, myosin, clathrin, calmodulin and
glycolytic enzymes (Hoffman and Lasek 1975; Willard et al. 1979; Black and Lasek
1980; Lasek et al. 1984). Both SCa and SCb carry fodrin (Lasek et al. 1984) and
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spectrin (Mangeat and Burridge 1984).

The mechanism of slow axonal transport is uncertain. Some experiments suggest
that slow axonal transport results from translocation of the cytoskeleton in relation
to the axolemma (Grafstein and Forman 1980; Lasek 1982). This translocation is
thought to result from sliding polymers, associated in particular with microtubules,
(Lasek 1986), and the SCa and SCb rates may reflect the speed at which sets of
polymers slide past each other (Filliatreau et al. 1988). However, experiments with
cells in culture including photobleaching of microinjected fluorescent-labelled
tubulin and actin suggest that assembly and disassembly of tubulin and actin may
give a false impression of axonal transport (Bambourg et al. 1986; Okabe and
Hirokawa 1990) and that these molecules are stationary. Slow axonal transport has
not been studied in MND since many techniques for such studies involve invasive
procedures unsuitable for human investigation.

Fast Axonal Transport

The fast component of axonal transport (FC) can be visualised by direct microscopy
in living cells as a movement of organelles (Breuer et al. 1987; Vallee et al. 1989)
and the molecular mechanisms underlying this process are better understood than
those of slow axonal transport (Sheetz et al. 1989; Vallee et al. 1989). As well as
vesicles and membranous organelles FC axonal transport carries glycolipids,
glycoproteins and gangliosides (Tsukita and Ishikawa 1981; Ochs 1982; Aquino et
al. 1987). This process has been shown to be dependent on oxidative phosphoryla-
tion (Ochs and Hollingworth 1971). In addition, much evidence suggests that
microtubules are an essential part of FC transport, since there is spatial association
between organelles and microtubules (Tsukita and Ishikawa 1981) and agents that
prevent tubulin polymerisation or which disassemble microtubules impair FC
axonal transport (Kreutzberg 1969; Schlaepfer 1971; Dahlstrom 1971; Ghetti and
Ochs 1978; Griffin et al. 1983).

The purification of microtubules for the study of FC axonal transport produces a
mixture of tubulin and “microtubule-associated proteins” (MAPs). Two such MAPs
have been purified and are thought to have a role as motors for fast axonal transport.
One such MAP, kinesin, is a mechano-chemical ATPase activated by microtubules
that was shown to promote gliding of microtubules across a glass coverslip (Brady
1985; Vale et al. 1985; Porter et al. 1987). Kinesin is associated with membrane
bound organelles in vivo (Pfister et al. 1989), and whilst initially thought to be a
motor for anterograde axonal transport (Sheetz et al. 1989), antibodies to kinesin
have been shown to inhibit both FCa and FCr axonal transport (Brady et al. 1990).
Dynein (MAP1C), another MAP, is also an ATPase that will promote microtubule
gliding in vitro (Paschal et al. 1987), and is thought to be the prime mover in
retrograde axonal transport (Vallee et al. 1989, Sheetz et al. 1989). Brain dynein is
a cytoplasmic form of the ciliary and flagellar ATPase of the same name (Vallee et
al. 1989).

Many neurodegenerative and neuropathic disorders have been considered as
disorders of axonal transport (Gajdusek, 1985). Experimental models of chemical
modification of neurofilaments have produced axonal swellings similar to those seen
in MND, thought to arise from interruption of normal mechanisms of axonal
transport of these proteins (Sayre et al. 1985). Retrograde axonal transport has also
been implicated as the mechanism for access to the central nervous system of
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viruses such as polio and rabies (Jubelt et al. 1980; Tsaing 1979), and of heavy
metals such as lead and mercury (Baruah et al. 1981; Arvidson 1987). Axonal
transport has itself been useful in the study of the anatomy of the central nervous
system since retrograde axonal transport will carry horseradish peroxidase (Mat-
sushita and Hosoya 1979) and monoclonal antibodies are both anterogradely and
retrogradely transported (Ritchie et al. 1986).

Axonal Transport in MND

Abnormalities of axonal transport have been inferred in MND since Carpenter’s
description of axonal spheroids (1968). Hirano and colleagues (1980, 1984a,b) and
Inoue and Hirano (1979) have described accumulations of 10 mm neurofilaments
within axonal swellings and within swollen anterior horn cells. These changes have
been used as evidence to support the hypothesis that neurofilament transport (i.e.
slow axonal transport, SC) is abnormal in MND (Gajdusek 1985). Direct studies
using video-enhanced contrast microscopy to study the motion of organelles (i.e.
fast axonal transport) in peripheral nerve from patients with MND have shown
increased speed of anterograde transport (FCa) and diminished speed of retrograde
transport (FCr) (Breuer et al. 1987). A previous study of fast axonal transport in
peripheral nerve from patients with MND failed to distinguish anterograde and
retrograde components of fast transport, and is therefore difficult to interpret (Norris
1979). Abnormalities of fast axonal transport in peripheral nerve in MND imply that
there is an abnormality of the microtubular system (Breuer et al. 1987) or, perhaps,
of the molecular motor, or attachments to the microtubules, i.e. the microtubule
associated proteins (MAPs). No studies have been undertaken, as yet, on the
biological role of MAPs and their relation to axonal transport in MND. Abnor-
malities of microtubular proteins have, however, been described in peripheral nerve
in MND, and are thought to precede histological and ultrastructural evidence of
nerve degeneration (Binet and Meininger 1988).

A primary abnormality in the microtubular system with disruption of fast, and
subsequently, slow axonal transport is an attractive hypothesis for a fundamental
pathogenetic mechanism to explain ultrastructural and axonal transport abnor-
malities seen in MND. Neuronal degeneration in the presence of microtubular
abnormalities may also be directly consequent upon axonal transport failure if a
motor nerve growth factor exists which is retrogradely transported from a target
organ (muscle) to promote or stimulate the function and survival of the parent cell
body (Slack et al. 1983), analogous to nerve growth factor in the sympathetic and
sensory nervous networks (Hendry et al. 1974).

Selective Neuronal Vulnerability in MND: Onuf’s
Nucleus and other Nuclei

In MND muscle weakness and wasting is consequent on degeneration of anterior
horn cells in the spinal cord, bulbar palsy on loss of lower cranial nerve motor
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neurons, and hyperreflexia on degeneration of the upper motor neurons and
pyramidal tracts. Sensory systems are not usually affected. There is also preserva-
tion of certain motor functions until late in the natural history of the disease, notably
eye movement and bladder and bowel function including the voluntary sphincter
musculature (Charcot and Joffroy 1869; Toyokura 1979; Iwata and Hirano 1979).
Sparing of eye movements is related to preservation of the 3rd, 4th and 5th cranial
nerve nuclei (Iwata and Hirano, 1979). Preservation of bladder and bowel function
in MND appears to be related to resistance of neurons in Onuf’s nucleus in the sacral
spinal cord to degeneration (Mannen et al. 1977; Schrgder and Reske-Nielsen
1984).

Onuf’s nucleus is a small, round cluster of neurons in the anterior horn of the
sacral spinal cord in man first described in 1889 and 1890 by Onufrowicz. It was
initially called nucleus X and was found to be present only in segments S2-S3. In
animals the homologue of this nucleus has been found to innervate the striated
external anal and periurethral sphincters (Sato et al. 1978; De Aranjo et al. 1982; De
Groat et al. 1981). A somatic origin for the nucleus is supported by the motor
functions of this nucleus, by the fact that pelvic floor muscles innervated by
projections from Onuf’s nucleus are under voluntary control (Holstege and Tan
1987) and by the morphology of the neurons. Previously, it was thought that this
nucleus might contain autonomic neurons because it showed selective sparing of the
neurons in MND (Mannen et al. 1977; Iwata and Hirano 1978), in Werdnig—
Hoffmann disease and in acute poliomyelitis (Iwata and Hirano 1978; Sung 1982)
in which autonomic functions are preserved. Conversely, in Shy—Drager syndrome,
mannosidosis and Hurler’s syndrome the anterior horn cells are spared and Onuf’s
nucleus shows degeneration (Sung et al. 1979; Mannen et al. 1977). In addition, a
study by Yamamoto et al. (1978) has suggested that the Onuf nucleus may innervate
smooth muscle as well as the striated sphincters.

The neurons of Onuf’s nucleus are reported to be smaller than typical motor
neurons although, in man, Onuf’s nucleus may contain a mixed population of
neurons of different sizes (Mannen et al. 1977) and neurons in Onuf’s nucleus in the
cat and macaque average over 30 microns in diameter. There is a high density of
serotonin, substance P, encephalin, C-flanking peptide of neuropeptide Y and
somatostatin immunoreactive fibres in the Onuf’s nucleus (Gibson et al. 1988,
Tashiro et al. 1989). The pattern of peptide immunoreactivity in Onuf’s nucleus is
similar to that of the sacral autonomic nucleus (Gibson et al. 1988; Katagiri et al.
1986). This evidence, together with electrophysiological evidence has led to the
alternative suggestion that the nucleus may be an extension of the intermediolateral
cell column (Sung et al. 1979; Holstege et al. 1986). A cellular bridge linking
Onuf’s nucleus and the sacral intermediolateral cell group has been described by
Rexed (1954), Petras and Cummings (1972) and Yamamoto et al. (1978), suggest-
ing coordination of function or control. There is however, supraspinal control of the
Onuf’s motor neurons (Holstege and Tan 1987), more suggestive of somatic origin
(Swift 1989). In conclusion, current evidence tends to support the concept of Onuf’s
nucleus with somatic origin, but a close association with the autonomic system.

The problems posed by selective neuronal degeneration in MND with sparing of
specific neuronal groups such as Onuf’s nucleus require a number of experimental
approaches. Studies of the anatomy and physiology of neurons resistant to a disease
may reveal features unique to these cells that protect them from degeneration.
Another approach involves the postulation of a hypothetical mechanism of disease
and the testing of such hypotheses.
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In the study of features that may be unique to groups of disease resistant neurons,
both classical anatomical and newer experimental methods may be used. In relation
to the study of Onuf’s nucleus, classical methods of anatomical study have
established interconnection of neurons of Onuf’s nucleus and the intermediolateral
column in animals and humans (Rexed 1954; Petras and Cummings 1972; Yama-
moto et al. 1978), and clinicopathological and electrophysiological studies indicate
the functional interrelation of the nucleus and the striated sphincters (Mannen et al.
1977; Iwata and Hirano 1979; Sung et al. 1979). Anatomical tracing methods in
animals such as the cat have also played a useful role in establishing connectivity
(De Aranjo et al. 1982; De Groat et al. 1981). Recent advances in the tracing of
neurons in whole mount thick-slice preparations of formalin-fixed material by
microinjection of fluorescent dyes may also have uses in establishing single cell and
anatomical connections in humans in health and disease (Einstein, 1988). The
characterisation of neurotransmitters aids in establishing cell origin and function, for
example the studies of Gibson et al. (1988), and others on neuropeptide expression
in the spinal cord (Tashiro et al. 1989). Other methods that may help to classify
neuronal types are studies of the ultrastructural features of synapses. Conradi (1969)
showed that C-type synapses uniquely characterise somatic alpha-motoneurons.
Using this criterion, Pullen (1988) demonstrated C-type synapses on cytochemically
identified sphincteric motoneurons in Onuf’s nucleus of the cat, thus unequivocally
characterising them as somatic. However, ultrastructural studies on human central
nervous system are hampered by the requirement for fresh material. Recently,
C-type synapses have been identified on human motor neurons by Pullen et al.
(1992), using short delay post-mortem spinal cord. C-type synapses were also
identified on neurons in Onuf’s nucleus (Pullen et al. 1992).

Reverse genetic studies may also help elucidate neuronal characteristics specific
to a group or subset of neurons. For example, the identification of genes responsible
for the late-onset degeneration of a subset of neurons (ced) (cell death) in a
particular nucleus in the nematode Caenorhabditis elegans, and the suppression of
such degeneration by a mutation in a permissive gene (mec-6) (Chalfie and
Wolinsky 1990; Hengartner et al. (1992) may lead to the identification of metabolic
pathways specific to this subset of neurons and, by extrapolation, to a specific target
for degenerative or toxic damage. The identification of the degenerin family of
proteins responsible for such neuronal death is another advance that may lead to the
identification of related motor neuronal proteins. Similar metabolic or structural
specificities in motor neurons may be revealed when the gene for acute and chronic
spinal muscular atrophy (SMA), linked to chromosome 5q (Gilliam et al. 1990), is
cloned, sequenced and the gene product identified. This product, already at risk in
mutations affecting 5q, may prove a target for other toxic, viral or degenerative
processes in selective motor neuron degeneration.

Studies involving the postulation of causes or mechanisms for selective vulnera-
bility also provide an approach to the problem. Such suggestions include trans-
synaptic spread of toxins or other factors to account for involvement of neurons
known to lie in direct anatomical continuity (Hudson and Kiernan 1988). It has been
shown that diphtheria, tetanus, botulinum and a variety of other toxins are all spread
from cell to cell across synapses with retrograde transport (Pullen 1990; Wiley et al.
1982). Any possible such toxin is, however, as yet unidentified in MND. Neuro-
trophic viruses have been implicated as a cause of MND (Kennedy 1990) and
poliovirus has long been regarded as a candidate virus, since it causes a motor
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neuron-specific pattern of damage (Martyn et al. 1988; Martyn 1990). However, the
presence of persistent or latent poliovirus infection in patients with MND has not
been demonstrated using virological, immunohistochemical or in situ hybridisation
methods (Kennedy 1990). The technique of polymerase chain DNA amplification
from the RNA poliovirus genome is a more sensitive method for viral detection that
is well suited to the resolution of such problems (Kennedy 1990).

Further advances in the study of selective neuronal vulnerability are likely to
come only with better understanding of neurons and their interactions with neurons
and with glial cells, whether close or distant from the neuronal cell body.

Conclusion

There is, as yet, no insight into the pathobiological mechanisms that underlie the
development of specific neurodegenerative changes that characterise MND.
Research into the mechanisms of neuronal degeneration in MND has also been
hampered by the absence of a suitable or representative animal model; further
studies of the Mnd mutant may redress this deficiency. Whilst an animal model is
awaited, there are however, novel approaches that may lead to such insight in the
near future. Such approaches include the development of molecular genetic
approaches to the study of mechanisms of selective degeneration and molecular
pathological approaches to the study of biochemical and protein chemical changes
in neuronal degeneration.
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7 The Molecular Pathology of Motor Neuron
Disease

P. N. Leigh and O. Garofalo

Introduction

The importance of unravelling molecular changes associated with neuronal degener-
ation in motor neuron disease has been underlined by the identification of the
probable molecular basis of several neurodegenerative disorders. These advances
have arisen directly from studies on molecular pathology. Specifically, point
mutations of the B-amyloid precursor protein (APP) gene have been identified in
some families with early onset Alzheimer’s disease and mutations of the prion gene
have been implicated as the cause of familial forms of spongiform encephalopathy
(Hsiao et al. 1989; Collinge et al. 1989; Owen et al. 1989; Brown et al. 1991). In
these disorders, abnormal proteins are deposited or accumulate in the extracellular
matrix of the brain, and probably contribute to neuronal degeneration, although the
precise mechanisms by which this occurs are as yet unknown. In addition to the
extracellular deposit of amyloid in Alzheimer’s disease and the prion disorders,
many neurodegenerative disorders are associated with characteristic intraneuronal
inclusions which are usually composed of cytoskeletal and other neuronal protein
(Tables 7.1 and 7.2). The accumulation of intraneuronal inclusions may determine
cell viability by interfering with such vital functions as axonal transport. It is
noteworthy that in Alzheimer’s disease the formation of neurofibrillary tangles
(NFTs) is associated with disappearance of the normal cytoskeleton.

While there is no evidence that amyloid or other abnormal proteins accumulate in
the extracellular matrix in MND, there are indications that there are altered proteins
at present within vulnerable neurons, in the form of characteristic inclusions. It is
thus possible that the identification of the protein constituents of inclusions might
point towards the biochemical processes contributing to neuronal death. There are
several ways in which this approach could be helpful. Firstly, if a particular
molecule (be it a cytoskeletal protein or some other molecule important for motor
neuron function) is identified as a component of inclusions in MND, the gene
controlling the synthesis of that molecule would become a candidate in the search
for mutations in familial MND. Secondly, analysis of post-translational changes of
such proteins (e.g. phosphorylation, ubiquitination) may be important in recon-
structing the biochemical events leading to selective neuronal death, and could even
suggest new treatments designed to slow or halt the degenerative process. Finally,
if particular proteins are implicated in the pathogenesis of MND, the new approa-
ches using transfection in vitro, or the creation of transgenic animals, will allow new
cellular and animal models to be developed, as has already happened in Alzheimer’s
disease and the prion disorders (Brown et al. 1991).
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Table 7.1. Cytoskeletal proteins. The principal proteins that comprise the cytoskeleton, including some
of the better characterised proteins that are associated with or bind to the structural proteins of the three
filament types

Filament Main structural M, Associated M, Source of
type protein (X107%) proteins (X107%) associated
proteins
Microtubules o,B-Tubulin 50-55 MAPIA,1B 350 Brain
IC
MAP2A, 2B 270 Brain
Tau 55-68 Brain
Kinesin 110 Brain
Microfilaments Actin 42 Myosin 200 Many cells
Tropomyosine 29-39 Many cells
Gelsolin 90 Many cells
Villin 95 Epithelia
Tibrin 68 Epithelia
Spectrin 220, 235 Many cells
240
Intermediate
filaments
Keratin Keratin 40-70 a-B Crystallin Epithelia
filaments
Vimentin Vimentin 55 Epithelia
filaments
Desmin Desmin 52 Mesenchyme
filaments Muscle
Glial Glial fibrillary 50 Astrocytes
filaments acidic protein
Neurofilaments Neurofilament 68 (NFL) Neurons
Triplet 150 (NFM)
200 NFH)

The Cytoskeleton and Cytoskeletal Pathology in
Neurodegenerative Disorders

The cellular pathology of MND has been described in detail in Chapters 4 and 5.
The cytoskeleton (Table 7.1) comprises a group of filamentous and associated
proteins with diverse functions, including maintenance of neuronal shape, axonal
calibre, and axonal transport. Cytoskeletal proteins which are altered in neuro-
degenerative disorders include neurofilaments (NFs), and microtubule-associated
proteins (MAPs). Some of the typical cellular lesions and cytoskeletal changes
associated with neurodegenerative disorders are summarised in Table 7.2. Abnor-
malities of the microtubular system are prominent in disorders such as Alzheimer’s
disease, Pick’s disease, progressive supranuclear palsy (PSP) and the Western
Pacific ALS parkinsonism-dementia complex, which are associated with neurofi-
brillary degeneration. Neurofibrillary tangles, composed mainly of paired helical
filaments in Alzheimer’s disease and 15-25 nm straight filaments in Pick’s disease
and PSP, are identified by antibodies against the microtubule-associated protein tau
and by anti-neurofilament (NF) antibodies (Anderton et al. 1982; Wood et al. 1986;
Kosik et al. 1986). Lewy bodies and pale bodies typical of Parkinson’s disease (PD)
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Table 7.2. Major central nervous system disorders involving the neuronal cytoskeleton

Neuropathological Ultrastructure Disease Protein
lesion constituents
Alzheimer Mainly PHF but with Alzheimer’s disease Antigens shared with

neurofibrillary tangle

Pick body

Globose tangle

Lewy body (brain
stem)

Lewy body (cortical)

Neurofilament
accumulations (axonal,
perikaryal)

Perikaryal filamentous
inclusions in MND
Intra-oligodendroglial
inclusions

Hippocampal dentate
granule cell inclusions

some 10-15 nm
straight filaments

1-20 nm straight

15 nm straight

10 nm filaments and
granular material

10 nm filaments

10 nm
neurofilaments

10-25 nm
filaments

20-25 nm
filament

Down’s syndrome,
Postencephalitic
Parkinson’s, ALS
Parkinson-dementia of
Guam, Dementia
pugilistica, Subacute
sclerosing
panencephalitis,
Tuberous sclerosis
Hallervorden—Spatz
disease, Ceroid
lipofuscinosis,
Pick’s disease

Progressive
supranuclear palsy
(PSP); corticobasal
degeneration
Parkinson’s
disease

Parkinson’s
disease
Motor neuron
disease

Spinal muscular
atropy

Giant axonal
neuropathy
MND

Multiple system
atrophy

MND with dementia

tau, neurofilaments,
MAP2 and PHF
Ubiquitin

Antigens shared with
tau, neurofilaments
and PHF Ubiquitin
Antigens shared with
tau, neurofilaments
and PHF Ubiquitin
+/-)

Antigens shared with
neurofilaments and
tubulin, Ubiquitin

Neurofilaments

Neurofilaments
Neurofilaments
Ubiquitin
Tubulin
Ubiquitin

Tau

Ubiquitin

are composed in part of straight 10-15 nm filaments and are decorated by antibodies
against NFs, tubulin, and microtubule-associated proteins (MAPs 1 and 2) although
tau is not a component of Lewy bodies (Kahn et al. 1985; Love et al. 1988;
Galloway et al. 1988; Bancher et al. 1989a). Finally, there is increasing evidence
that cytoskeletal and other neuronal proteins are altered in MND.

Neurofilaments and Neurofilamentous Pathology in MND

Most neurons express NF proteins, which are composed of three subunit polypep-
tides consisting of low molecular weight (NF-L, M, 8 kDa), medium chain (NF-M,
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M, 150 kDa), and heavy chain (NF-H, M,200 kDa) subunits (Robinson and Anderton
1988). These subunits are assembled in the neuronal perikaryon and transported
towards the axon. NFs are particularly abundant in large neurons with long axons,
where they determine axonal calibre (Hoffman et al. 1984) and interact with other
components of the cytoskeleton such as microtubules (Robinson and Anderton
1988). NFs are associated with the slowest phase of axonal transport (a rate of
transport of about 1 mm per day) and NF-H tends to be more heavily phosphory-
lated than NF-M or NF-L; these phosphorylation sites are highly conserved
(Schlaepfer 1987). NF polypeptide chains are translated and assembled in the
neuronal perikaryon, and as they are transported towards the axon they become
increasingly phosphorylated (Schlaepfer 1987). Since phosphorylation status plays
a major part in determining the antigenic properties of NF subunits, many mono-
clonal and polyclonal antibodies raised against purified preparations of NF proteins
selectively identify epitopes which are variably dependent on phosphorylation
status. Such epitopes are termed P+, P+ +, or P+ + + if they are partially (P+) or
heavily (P+ +, P+ + +) dependent on phosphoryation status. The immunoreactivity
of antibodies against phosphate-dependent epitopes is diminished or abolished by
dephosphorylation with alkaline phosphatase, but some antibodies are directed
against epitopes which are non-phosphorylated (P—) and the affinity of such
antibodies increases after alkaline phosphatase treatment. Other epitopes (P-ind) are
independent of phosphorylation status; their staining pattern on immunoblots or
tissue sections does not change with alkaline phosphatase treatment. Antibodies
against NF proteins may be directed against any of the NF subunits, and often cross-
react with subunit proteins, most commonly NF-M and NF-H.

Antibodies directed against P+ + and P+ ++ epitopes label axons more intense-
ly than neuronal perikarya. Conversely, antibodies to P— epitopes identify perikarya
and dendrites, but label axons weakly or not at all. Some NF phosphorylation occurs
within neuronal perikarya (Schlaepfer 1987; Poltorak and Freed 1989), but phos-
phorylation increases as NF subunits are transported from the perikaryon to the axon
(Sternberger and Sternberger 1983). Following neuronal damage or interruption of
axoplasmic transport, perikaryal NFs may become more heavily phosphorylated,
and thus phosphorylation detected by monoclonal antibodies (mabs) directed
against phosphate-dependent epitopes is regarded as abnormal or “inappropriate”.
Such abnormal perikaryal NF phosphorylation can be detected following many
types of neuronal injury, including nerve crush (Rosenfeld et al. 1987), exposure to
neurotoxins such as aluminium, {,B'-iminodipropionitrile (IDPN) and 2,5-hex-
anedione (Gold 1987) and in hereditary disorders of animals, including canine
spinal muscular atrophy, shaker calves, rabbit and pig motor neuron disease,
swayback in goats and sheep, and zebra myelopathy (Cork et al. 1982a,b, 1988).
Altered phosphorylation of neuron perikaryal NFs thus represents a non-specific
response to neuronal injury. A common factor may be disruption of slow axonal
transport.

Altered (and possibly abnormal) phosphorylation of cytoskeletal proteins is also
a feature of other neurodegenerative disorders. Neurofibrillary tangles in Alzhei-
mer's disease, Pick’s disease and PSP, and Lewy bodies in Parkinson’s disease
(Table 7.2), are labelled by antibodies directed against phosphate-dependent NF
epitopes (Kahn et al. 1985; Haugh et al. 1986; Love et al. 1988; Galloway et al.
1988; Bancher et al. 1989a); and microtubule-associated protein tau, which is a
major component of neurofibrillary tangles, is abnormally phosphorylated (Wood et
al. 1986; Kosik et al. 1986). Thus an abnormality of cytoskeletal protein phosphor-
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ylation may be a common feature of several disorders in which intracellular
inclusions share NF and tau epitopes (Haugh et al. 1986). In Alzheimer’s disease,
abnormalities of the cytoskeleton are not restricted to neuronal inclusions, since
abnormal tau is also present in dystrophic neurities within senile plaques (Wood et
al. 1986; Grundke-Igbal et al. 1986).

Cytoskeletal abnormalities were not recognised as a part of the pathology of
MND until relatively recently. Wohlfart (1959), Carpenter (1968), and Chou (1979)
noted that large axonal swelling (spheroids: Fig. 7.1a) within the gray matter of the
anterior horn were a common finding in MND.

Fig. 7.1. a MND. Spinal cord, immunolabelled with a monoclonal antibody (MAB 147) against
phosphorylated neurofilament protein. A large axonal swelling (spheroid) is present in the anterior horn.
(Bar=5 pwm. Reproduced from Leigh et al. 1989b with permission of the publishers). b MND. Lumbar
spinal cord immunolabelled mab 147. There is intense labelling of small axonal swelling (“globules”)
and weak labelling of anterior horn cell cytoplasm. (Bar =5 pm.) ¢ MND. Lumbar spinal cord labelled
with an antibody against non-phosphorylated neurofilament heavy chain peptides, showing large
neurofilamentous accumulations which were also identified by mabs such as BF10 which identify
phosphorylated neurofilament epitopes. (Bar=25 pwm. Reproduced with permission of the publishers
from Leigh et al. 1989a). d Lewy body-like inclusion in spinal motor neuron. (H&E. Bar=5 pm.)
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Spheroids are sometimes seen in motor neuron perikarya (Hirano et al. 1967,
Carpenter, 1968; Schochet et al. 1969; Hughes and Jerrome, 1971; Delisle and
Carpenter, 1984). These argyrophilic swellings are composed of disorganised 10 nm
filaments typical of NFs. Small neurofilamentous swelling (“globules”) are common
in the spinal cords of neurologically normal adults (Fig. 7.1b), particularly in the
ventral root exit zone, but large (greater than 25 pm diameter) proximal axonal
swellings and tubular enlargements of proximal axons are characteristic of MND
(Carpenter 1968; Delisle and Carpenter 1984; Clark et al. 1984; Leigh et al. 1989a).
Spheroids are of limited diagnostic value since they are present in the spinal cord of
about half the control cases, although they are more numerous and often very large
in MND spinal cord (Delisle and Carpenter 1984). Spheroids are usually scarce in
early onset forms of spinal muscular atrophy (SMA types I, II) and in X-linked
bulbospinal neuronopathy (Sobue et al. 1990) but may be relatively abundant in type
III SMA. Where there is severe loss of spinal motor neurons there are fewer
spheroids, but the ratio of numbers of axonal swellings to surviving anterior horn
cells is increased irrespective of whether there are many or few surviving neurons
(Manetto et al. 1988; Leigh et al. 1989a; Sobue et al. 1990). Because there are often
more surviving motor neurons in patients with short duration of illness, spheroids
tend to be most abundant in such cases. Large spheroids are also found in motor
nuclei of the brain stem (Carpenter, 1968; Delisle and Carpenter 1984) and in the
internal capsule but they are seldom present in the motor cortex.

It is sometimes possible to show a connection between a spheroid and an anterior
horn motor neuron (Carpenter 1968; Sasaki et al. 1988). Most spheroids are thought
to be situated within the proximal axons of motor neurons, although it is possible
that some may arise in dendrites (Kato et al. 1987; Sasaki et al. 1988) and some are
situated more than 600 pm from the edge of the anterior horn. Sobue et al. (1990)
noted that the distribution of spheroids and globules differed in MND and control
subjects. In MND, spheroids were concentrated around the lateral nuclei of the
anterior horn, an area containing large motor neurons which may be particularly
vulnerable to the disease process. In contrast, “globules” in control patients are
clustered around the ventral root exit zone.

It is difficult to know whether spheroids arise proximally and are transported
distally, or vice versa—but the assumption has been that abnormalities of slow
axonal transport (as occurs in IDPN or 2,5-hexanedione toxicity) lead to accumula-
tion of proximal axonal or even perikaryal NFs which are heavily phosphorylated.
Antibodies to P++ or P+ ++, but not P—, NF epitopes yield intense labelling of
spheroids, indistinguishable from that of normal axons (Schmidt et al. 1987
Toyoshima et al. 1989). It seems likely that changes in the degree of phosphoryla-
tion of NFs in spheroids are secondary to abnormalities of axonal transport:
anterograde, retrograde, or both. There remains the possibility that increased
phosphorylation may further impair axonal function.

NF accumulations (Fig. 7.1c) within anterior horn motor neurons have been
variously termed hyaline bodies or hyaline conglomerates (Schochet et al. 1969;
Hirano et al. 1984a) although Lewy body-like inclusions (Fig. 7.1d) have also
sometimes been referred to as hyaline inclusions (Hirano et al. 1967; Hirano et al.
1984b). The distinction is worth making, since the ultrastructural appearance and
immunocytochemical features of these inclusions differ. Hyaline conglomerates as
described by Hirano et al. (1967), Schochet et al. (1969), Chou (1979) and Kondo
et al. (1986) consist of large bundles and aggregates of 10-15 nm filaments
associated with thicker fibrils, mitochondria, lipofuscin, and granular material
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(Hirano et al. 1984a). In some instances, honeycomb-like structures or linear
densities associated with ribosome-like particles have been observed within groups
of randomly arranged NFs (Hirano et al. 1984a). Neurofilamentous conglomerates
may occupy the whole neuronal perikaryon, producing the appearance of chromatol-
ysis or “achromasia” on H&E stains. These NF accumulations or conglomerates are
not specific to MND and have been described in neurologically abnormal and
normal controls (Leigh et al. 1989a; Sobue et al. 1990). Antibodies directed against
both phosphate-dependent (P++/P+++) and P-ind NF epitopes label these
accumulations (Leigh et al. 1989a).

Lewy body-like inclusions (sometimes termed hyaline inclusions) were initially
thought to be associated with familial forms of MND (Hirano et al. 1967), although
more recently they have been described in sporadic forms (Chou 1979), and in our
own series were present in over 20% of patients, all sporadic cases (Leigh et al.
1991). Their appearance (Fig. 7.1d) is more variable than that of brainstem Lewy
bodies in Parkinson’s disease, but typically they consist of an achromasic or weakly
eosinophilic core surrounded by a pale or basophilic halo, although lacking
concentric lamination often present in Lewy bodies in PD. Lewy body-like
inclusions may be surrounded by radially orientated filamentous structures and are
often associated with neuronal achromasia. The ultrastructural appearances consist
of randomly or radially arranged ill-defined linear densities intermixed with 10 nm
filaments, larger filamentous structures 13—-25 nm in diameter, dense granules and
organelles such as mitochondria, rough endoplasmic reticulum, lipofuscin granules,
and lysosomes (Hirano et al. 1984b; Sasaki et al. 1989). Sometimes the central core
is associated with a condensation of these structures, and occasionally there is a
more regular arrangement of radially orientated filaments, the structure appearing
very similar to a typical Lewy body in PD (Kusaka et al. 1988). In view of the
similarities to Lewy bodies of PD, which are labelled by antibodies against both
P-ind and P++/+++ NF epitopes, it is not surprising that Lewy body-like
inclusions in MND are labelled by anti-NF antibodies. Schmidt et al. (1987)
described one 56-year-old patient in whom there were numerous Lewy body-like
inclusions in the cervical spinal cord. The peripheral halo of the inclusions was
strongly labelled by P— mabs against NF-M and NF-H, but only occasional
inclusions were labelled by mabs against phosphate-dependent NF-H epitopes.
Murayama et al. (1989), and Mizusawa et al. (1989) however noted labelling of the
halo of Lewy body-like inclusions with anti-NF antibodies which are probably
phosphate-dependent. It appears that some Lewy body-like inclusions do share
epitopes with brain stem Lewy bodies in PD, although in our material antibodies
that label typical Lewy bodies in PD have not labelled Lewy body-like inclusions.
It is intriguing that diffuse Lewy body disease has been described in association
with MND (Delisle et al. 1987, Gibb et al. 1989), although Lewy bodies in these
cases have not been seen within anterior horn cells (Gibb et al. 1989) and
furthermore Lewy bodies are rare in the substantia nigra of non-demented or
demented MND patients, even in those cases in which there is striking degeneration
of pigmented substantia nigra neurons (Neary et al. 1990).

The question arises as to whether there are abnormalities of perikaryal NF
processing in MND, and several recent studies have suggested that perikaryal NFs
may be abnormally phosphorylated. Munoz et al. (1988), using a monoclonal
antibody (NF2F11) directed against a P+ NF epitope, noted that although P+ cells
were more common in MND, the difference was not significant unless different
categories of motor neuron abnormality were compared separately. Significantly
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more swollen diffusely immunoreactive neurons, and neurons with focal reactions
for the antibody, were seen in MND cases. Leigh et al. (1989a), however, found no
increase in perikaryal staining with antibodies against P+ mabs in MND using a
panel of well-characterised mabs, some of which label neurofibrillary tangles in
tissue sections and all of which strongly label chromatolytic neurons and axonal
swellings. These mabs identify mainly P+ epitopes on the side arms of either NF-
M or NF-H NF subunits (Miller et al. 1986; Haugh et al. 1986). Hyaline achromasic
neurons and hyaline NF conglomerates in MND and controls and in infantile spinal
muscular atrophy (SMA type 1) show marked immunoreactivity with these anti-
bodies (Leigh et al. 1989a; Murayama et al. 1991). Thus our failure to show
significantly increased levels of abnormal perikaryal labelling with antibodies
directed against P+ NF epitopes is unlikely to be attributable solely to variables
such as fixation. Nevertheless, Manetto et al. (1988) and Sobue et al. (1990) using
different anti-NF mabs observed a significant increase in the number of spinal motor
neurons in MND tissue which were labelled by P+ anti-NF mabs. The proportion
of surviving anterior horn cells labelled by mab Ta-51 (which is directed against an
epitope on NF-H) was increased in MND and in SMA type I, but not in multiple
system atrophy or X-linked bulbospinal neuronopathy (Sobue et al. 1990).

Presumably the immunolabelling of Lewy body-like inclusions by antibodies to
P-ind epitopes (and in the hypoglossal nucleus, antibodies to P+ NF epitopes) noted
by Schmidt et al. (1987) and Munoz et al. (1988) reflects a different range of NF
epitopes, as does the detection of “abnormal” phosphorylation in MND anterior
horn motor neurons by some groups of antibodies but not others. None of these
studies had revealed abnormal immunostaining of anterior horn cells by antibodies
to other cytoskeletal proteins such as actin, tau and other microtubule associated
proteins, tubulin, myosin, cytokeratin, peripherin, and vimentin (Manetto et al.
1988; Leigh et al. 1989a).

The balance of evidence thus supports a disturbance of NF phosphorylation in
lower motor neurons in MND, although this only affects a proportion (about
10%-30%) of the surviving cells and is non-specific. While Lewy body-like
inclusions have been identified by some P-ind and P+ NF antibodies, Bunina bodies
have not yet been clearly linked to NF pathology.

Ubiquitin, the Stress Response and Neuronal Damage
in MND

Ubiquitin, a 76-amino acid polypeptide which can be found in all eukaryotic cells,
was identified as a component of neurofibrillary tangles in 1986 by Mori and
colleagues, and subsequently many other groups have confirmed this observation.
Ubiquitin is now known to be a component of Lewy bodies, Pick bodies,
neurofibrillary tangles in many disorders, glial cell inclusions in multiple system
atrophy, and inclusions in some muscle diseases (Table 7.2: Cole and Timiras, 1987;
Perry et al. 1987; Kuzahara et al. 1988; Lowe et al. 1988a; Love et al. 1988; Bancher
et al. 1989b; Manetto et al. 1989; Leigh et al. 1989b; Papp et al. 1989; Nakazato et
al. 1990). The immunocytochemical localisaton of ubiquitin has become a useful
tool in neuropathological diagnosis because it reveals new aspects of the molecular
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pathology of these disorders (Leigh et al. 1989b), and its presence has engendered
speculation that it may represent a crucially important clue to the pathogenesis of
neurodegenerative disorders. Thus it is relevant to survey some aspects of the
biochemistry of this highly conserved protein.

Ubiquitin is present both free within the cytosol and conjugated to other proteins:
this suggests that it plays a fundamental role in cellular processes. Ubiquitin is found
covalently attached to nuclear histones H2A and H2B (Thorne et al. 1987; Nickel
and Davie, 1989) and appears to be involved in regulation of gene expression.
Intrinsic plasma membrane proteins have also been found to be ubiquitinated: one
of these is the lymphocyte B homing receptor (Siegelman et al. 1986) involved in
specific cell—cell recognition; another is the receptor for the platelet-derived growth
factor (Yarden et al. 1986; Leung et al. 1987) and therefore, ubiquitination of these
proteins may play a role in modification of receptor function. Recently, in vitro
studies have suggested that the insertion of monoamine oxidase B into mitochon-
drial outer membranes may be mediated through a process involving ubiquitin
(Zhaung and McCauley, 1989). Ubiquitin is also a member of the heat shock family
of proteins (Bond and Schlesinger, 1985).

The non-lysosomal degradation of short-lived and abnormal proteins, however, is
its best known role. This was first discovered by Hershko et al. (1980), while
studying an ATP-dependent proteolytic system from reticulocytes. Ubiquitin was
shown to be essential for the activity of this system, being conjugated to protein
substrates in an ATP-requiring reaction. It was then proposed that conjugation is an
indispensable process in protein breakdown and that conjugated proteins are then
degraded by specific proteases (Ciechanover et al. 1980; Hershko et al. 1980).

However, Fried et al. (1987) have also suggested that ubiquitin has intrinsic
proteolytic activity and that its conjugation to target proteins can convert these
conjugates into ad hoc proteolytic enzymes.

The Ubiquitin Conjugation Pathway

The pathway leading to the conjugation of ubiquitin to the target proteins is illustrated
in Fig. 7.2. The first step (1) is ubiquitin activation by a specific ubiquitin-activating
enzyme, termed E1 (Ciechanover et al. 1981; Haas et al. 1982). E1 catalyses a two-step
reaction in which ubiquitin adenylate is first formed in an ATP-dependent reaction; the
activated ubiquitin is then transferred to a thiol site of the enzyme, with the release of
AMP (Ciechanover et al. 1981; Haas et al. 1982). Hershko et al. (1981) have identified
the activated amino acid residue of ubiquitin as the COOH-terminal glycine. The
E1-ubiquitin thiol ester is then the donor for the formation of ubiquitin conjugates with
proteins (Haas et al. 1982; Hershko et al. 1983) and two enzymes, E2 and E3, are
involved in this process (Hershko et al. 1983).

E2 has a ubiquitin-carrier function (Fig. 7.2, step 2) and is the acceptor, by
transacylation, of activated ubiquitin from E1, then transferring it to amino groups
of proteins (Hershko et al. 1983). Pickart and Rose (1985) have shown that there is
a family of five E2 proteins, which range in native molecular weight from 24 to 55
kDa, with most of them being homodimers. Only the smallest of these proteins is
involved in E3-dependent ligation to substrates of the ubiquitin proteolytic pathway.
Some E2 proteins have been found to transfer ubiquitin directly to histones (step 3
of Fig. 7.2). This reaction is ligase-independent and produces conjugates which
usually have one molecule of ubiquitin per molecule of protein (Pickart and Rose,
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Fig. 7.2. The ubiquitin proteolytic system (see text for details).

1985; Pickart and Vella, 1988; Haas et al. 1988). Interestingly, the sequencing of the
DNA encoding a 20 kDa ubiquitin carrier protein in yeast has shown it to be
identical to the yeast DNA repair enzyme rad6 (Jentsch et al. 1987).

E3 catalyses the formation of the isopeptide bond (step 4 of Fig. 7.2) between
ubiquitin and the target protein(s) and has a central role in selecting proteins suitable
for degradation.

Selection of Substrates for Conjugation and Degradation

Structural determinants of the protein structure are recognised by the ubiquitin
ligase. A free and exposed terminal amino group is an important signal for protein
degradation by the ubiquitin system. This has been shown in experiments in which
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selective modification of the B-amino group of proteins inhibited their degradation
in a ubiquitin-dependent system purified from reticulocytes. The addition of new
B-amino groups, however, converted the proteins with blocked N-termini into
efficient substrates (Hershko et al. 1984a; Chin et al. 1986; Bachmair et al. 1986).
Four different types of substrates can be distinguished. Type I substrates have a
basic N-terminal residue (His, Arg and Lys). Type II substrates are substrates with
bulky hydrophobic N-termini (Leu, Trp, Phe and Tyr). More recently, a third group
of substrates which display Ser, Ala or a Thr residue in the N-terminal position has
been described (Gonda et al. 1989). Finally, proteins with N-terminal residues other
than those cited above (Reiss et al. 1988) are recognised by a fourth type of protein-
binding site on E3 (Reiss et al. 1988). However, some of these residues have to be
post-translationally modified in order to be recognised by the protein binding sites
on E3, and transfer RNA appears to participate in the covalent modification of
selective proteolytic substrates, which makes them susceptible for recognition by
the ubiquitin proteolytic system (Ciechanover et al. 1985; Ferber and Ciechanover
1986, 1987). The N-terminus of a protein is therefore a very important structural
determinant for its recognition by the ubiquitin system. However, in vivo studies
give evidence that important signals lie also outside the N-termini. Thus, cells
incubated with puromycin which has no effect on the N-terminal residue, but
terminates protein synthesis and releases puromycin peptides, renders cellular
proteins susceptible to ubiquitin-dependent degradation (Ciechanover et al. 1984).
In the same way, Hershko et al. (1982) observed that incubation of reticulocytes
with amino acid analogues substituting residues distinct from the N-terminal residue
of globin also renders the latter a substrate for ubiquitin-dependent protein degrada-
tion. More recently, Bachmair and Varshavsky (1989) have found that dihydrofolate
reductase molecules with different N-terminal residues were metabolically stable.
However, placing a fragment of 43 amino acid residues derived from the N-terminal
region of P3-galactosidase at the original N-terminus of the dihydrofolate reductase
molecules made the chimaeric molecule susceptible to degradation. It was found
that the B-galactosidase fragment contained two internal lysine residues proximal to
the N-terminus, which are apparently necessary for lability of the protein. These
lysine residues are bound to multiple ubiquitin residues which form polyubiquitin
chains, labilizing the whole molecule (Chau et al. 1989).

Ubiquitin-Protein Ligase

E3 isoenzymes have been purified from rabbit reticulocytes and have been shown to
contain the protein-binding sites (Hershko et al. 1986). These are remarkably
specific (Reiss et al. 1988) and are capable of distinguishing between different
N-terminal residues of the proteolytic substrates. Proteins with a suitable structure
are bound to the specific binding sites on E3 and then ubiquitin is transferred from
E2-ubiquitin (Fig. 7.2, step 2) to the substrate (Fig. 7.2, step 4). In ubiquitin-protein
conjugates, many ubiquitin molecules are linked via their COOH-terminal glycine
residue to -NH, groups of lysine residues of the protein(s) by isopeptide bonds
(Ciechanover et al. 1980).

Protein Degradation and Regeneration of Free Ubiquitin

Proteins conjugated to ubiquitin chains through E3 are marked for degradation by
an ATP-dependent large protease complex (1000 kDa), which has been identified
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and purified from reticulocytes (Hershko et al. 1984b; Hough et al. 1986, 1987,
Ganoth et al. 1988). Three different factors, all of which are required for conjugate
breakdown, combine to form a multienzyme complex (the multicatalytic proteinase
complex, MCP), whose exact mode of action is still not known (Hershko, 1991;
Rivett et al. 1991; Rivett 1989).

Free ubiquitin is finally recycled (Fig 7.2, step 6), by the action of specific
hydrolases which cleave the peptide bond at its COOH-terminal glycine (Hershko
et al. 1980). A family of such enzymes have been characterised from bovine thymus
(Mayer and Wilkinson 1989). All of them appear to be thiol proteases. A cDNA for
the isozyme which is predominant in bovine thymus has recently been cloned
(Wilkinson et al. 1989) and analysis of its amino acid sequence has revealed a 54%
homology with the neuron-specific protein PGP 9.5. Wilkinson et al. (1989)
subsequently showed that PGP 9.5 actually possesses ubiquitin terminal hydrolase
activity.

In summary, the ubiquitin proteolytic system is a complex pathway for degrading
and modifying proteins (Rechsteiner, 1987; Hershko, 1991). Induction of ubiquitin
synthesis occurs as a result of cell stress, including heat shock, and in some
situations the ability to synthesise ubiquitin determines cell survival after heat
shock. Failure to degrade abnormal proteins produced as a result of toxic damage by
an environmental agent, or as the result of genetic defects, could lead to progressive
cellular damage and the accumulation of insoluble, damaging material in the form
of inclusions. While this is an attractive hypothesis, there is no direct evidence that
neuronal inclusions are more than markers of cell damage. Neither is there evidence
to suggest that a primary abnormality of the ubiquitin proteolytic system is
responsible for any neurodegenerative process or disease. The association between
ubiquitin and a wide range of morphologically different inclusions in many diverse
diseases (neurological and non-neurological) argues against a pathogenic role for
ubiquitin in neurodegeneration. There is a close but not invariable association
between ubiquitin and altered intermediate filaments (Manetto et al. 1989; Lowe and
Mayer 1990), but this by itself need not imply a defect in the ubiquitin system.
Nevertheless, further investigation of the neurobiology of the ubiquitin and other
cell stress systems may clarify aspects of the neurodegenerative process, and there
can be no question that antibodies against ubiquitin have provided a powerful new
tool in the pathological analysis of MND.

Ubiquitin and MND

Morphological Features of Ubiquitin-Immunoreactive Inclusions
in MND

Following the discoveries discussed in the preceding section, it was natural to ask
whether ubiquitin immunocytochemistry might reveal new aspects of the cellular
pathology of MND, on the basis that antibodies might bind to ubiquitin conjugated
to unknown or hitherto undetectable cellular proteins. This turned out to be the case,
and Leigh et al. (1988) and Lowe et al. (1988b) independently reported the presence
of characteristic ubiquitin-immunoreactive inclusions within anterior horn cells.
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These observations have since been confirmed and extended in many studies from
the USA, Europe and Japan.

Ubiquitin-immunoreactive (Ub-IR) inclusions in MND take several forms, and
are present in anterior horn motor neurons, in brain stem motor neurons, and rarely
in cortical motor neurons in patients dying with typical sporadic MND of Charcot
type (ALS), in patients who have only lower motor neuron signs (progressive
muscular atrophy), in patients with familial ALS, and in patients with MND and
dementia (Leigh et al. 1988, 1991; Lowe et al. 1988b, 1989; Murayama et al. 1989;
1990a; Kato et al. 1989; Sasaki et al. 1989; Migheli et al. 1990; Schiffer et al. 1991).
Filamentous inclusions (Fig. 7.3), originally described as skein-like inclusions,
represent the most abundant type. These often form delicate interlacing bundles in
the perikarya and sometimes in the dendrites of anterior horn cells or brain stem
motor neurons.

Ultrastructurally they consist of bundles of filaments measuring 10-25 nm (and
thus thicker than typical neurofilaments) arranged in the form of tubular structures,

Fig. 7.3. MND, lumbar spinal cord labelled with a polyclonal antibody against ubiquitin and shoWing
skein-like ubiquitin-IR inclusions (Bar = 5 pm.)
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and associated with granular material (Fig. 7.4a,b) (Lowe et al. 1988b; Mizusawa et
al. 1991; Schiffer et al. 1991).

The second most common type of Ub-IR inclusions is the dense accumulation or
dense body (Fig 7.5a). In sections stained with H&E or other routine stains, dense
bodies sometimes correspond to Lewy body-like inclusions or to poorly defined
hyaline or vacuolar areas which are neither eosinophilic nor basophilic (Fig. 7.5b,c).
Ultrastructurally, dense bodies of Lewy body-like type are composed of radially
arranged filaments with a granulofilamentous core often containing lipofuscin
granules (Kusaka et al. 1988; Lowe et al. 1988b; Murayama et al. 1989, 1990a;
Schiffer et al. 1991). Some of the filaments are 10-15 nm diameter (and probably
represent neurofilaments), while some are 15-25 nm in diameter and are thus
slightly larger than typical neurofilaments.

Clinicopathological Correlations

Skeins usually outnumber Ub-IR dense bodies by about 2 : 1, but in some patients
one may see only skeins or only dense bodies (Leigh et al. 1988, 1991). The
prevalence of Ub-IR inclusions varies from less than 1% to over 30% of surviving
motor neurons; in some cases a careful search in 10 or more sections must be made
before an inclusion can be identified. As yet the diagnostic specificity and sensitivity
of these inclusions has not been formally tested, and relatively few detailed studies
have been reported on neurologically abnormal controls. The evidence available
suggests that Ub-IR inclusions are found in 80%—-100% of MND cases, but very
rarely in neurologically normal controls or in patients with other neurological
disorders (Leigh et al. 1991). Similar inclusions are not seen in spinal motor neurons
following poliomyelitis (Lowe et al. 1989; Leigh et al. 1991), or in patients with
type I or type II spinal muscular atrophy (SMA) (Murayama et al. 1991). In SMA,
swollen neurons often show diffuse or concentric immunolabelling with ubiquitin
antibodies.

Fig. 7.4. a Electron micrograph of anterior horn motor neuron containing skein-like inclusion (X3300).
b High-power view of filamentous structure in skein-like inclusion. The arrows indicate oblique and
cross (arrowhead) sections of fibrils (X20 000). (Reproduced from Mizusawa et al. 1991, with kind
permission of the authors and publishers.)
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Fig. 7.5. a MND. Anterior horn motor neuron showing ubiquitin-immunoreactive dense body. (Bar=10
pm.) b MND. Anterior horn motor neuron showing poorly defined vacuolar area (arrow). Section
labelled with mab 147 against phosphorylated neurofilament. The cell body is unlabelled. (Bar=10 pwm.)
¢ Same neuron in the adjacent section labelled with anti-ubiquitin antibody, showing large ubiquitin-
immunoreactive inclusion corresponding to the vacuolar area arrowed in b. (Bar=10 pm.) d MND-
dementia. Hippocampal dentate granule cells showing intraneuronal ubiquitin-immunoreactive dense
bodies. (Bar=20 pm.) ¢ MND-dementia. Medial frontal cortex, layers II and III, showing elongated,
curved and rounded ubiquitin-immunoreactive inclusions in surviving neurons. (Bar=15 pm.) (b and ¢
are reproduced from Leigh et al. 1988, with permission of the publishers, Elsevier.)
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Ub-IR inclusions identical to those in typical MND are, however, present in the
Western Pacific form of MND, the ALS parkinsonism-dementia complex (Matsu-
moto et al. 1990). This is not surprising since the pathology of motor system
degeneration in Western Pacific ALS is virtually identical to that of MND-ALS
elsewhere in the world. MND outside the Western Pacific endemic foci is some-
times associated with dementia, which is often of frontal lobe type (Neary et al.
1990). Ub-IR inclusions identical to those in typical MND are present in spinal cord
and brain stem motor neurons in these cases. In addition, round or elongated Ub-IR
inclusions are present in 5%—10% of hippocampal dentate granule cells (Fig. 7.5a)
and filamentous or rounded Ub-IR inclusions are also seen in neurons of the frontal
and temporal neocortex, particularly in layers II and III where cell loss is most
marked in such cases (Fig. 7.5b). These hippocampal and neocortical inclusions are
not argyrophilic, nor are they labelled by antibodies against neurofilaments or the
microtubule-associated protein tau (Wightman et al. 1992). This contrasts with Pick
bodies, which are composed of straight filaments and are strongly argyrophilic, and
immunoreactive with antibodies against neurofilaments and tau (Murayama et al.
1990b; Wightman et al. 1992; Kew and Leigh 1992). Identical inclusions have been
reported by Okamoto et al. (1991a) in non-demented MND patients and in patients
with MND-dementia, suggesting that individuals with extra-motor cortex involve-
ment may represent a subgroup of MND patients. It remains to be seen whether
hippocampal inclusions are associated with cell loss, or cognitive abnormalities.

Several attempts have been made to correlate the clinical features of the disease
with the distribution and type of Ub-IR inclusions. Although it is rare to find Ub-IR
inclusions in the motor cortex (Leigh et al. 1991), they may be more common in
patients with predominantly upper motor neuron signs (Lowe et al. 1989). Ub-IR
inclusions in the motor cortex may take the form of dense bodies or skein-like
inclusions (Lowe et al. 1989; Leigh et al. 1991).

The presence of Bunina bodies (Bunina 1962) and Ub-IR inclusions in the
neurons of Onuf’s nucleus in the sacral spinal cord has been linked to symptoms of
urinary incontinence which sometimes occurs in MND (Lowe et al. 1989), and
supports the notion that selective sparing of this area is a relative phenomenon
(Kihira et al. 1991; Okamoto et al. 1991b). Similarly, although inclusions are very
uncommon in the oculomotor nuclei, they are occasionally present (Leigh et al.
1991). The inclusions are said to be more abundant in cases with a relatively short
clinical history (Schiffer et al. 1991), but this may be because there are more
surviving neurons in such cases.

Do Ub-IR inclusions merely represent the end-stage of neuronal degeneration in
MND? Skein-like inclusions are often present in anterior horn cells that appear
relatively normal in other respects, although they are more frequently seen in
shrunken achromasic neurons, and on average Ub-IR inclusions are associated with
neurons lacking Nissl substance, and thus by inference more advanced in the
degenerative process (Leigh et al. 1991).

Ub-IR inclusions, in the form of skeins, dense bodies or Lewy body-like
inclusions, thus represent a characteristic feature of the cellular pathology of MND
in its various forms. They are not found in some other types of lower motor neuron
degeneration, such as SMA. They represent a pathological marker as important in
the diagnosis of MND as the Lewy body or the neurofibrillary tangle are in the
pathological diagnosis and classification of Parkinson’s disease and Alzheimer’s
disease. Their biological significance is much less certain at present.
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Pathogenic Significance of Ub-IR Inclusions in MND

Although it is has been assumed that the presence of Ub-IR material in motor and
non-motor neurons in MND reflects the presence of ubiquitin-protein conjugates
that are resistant to degradation via the ubiquitin-proteolytic pathway, there is no
direct evidence in support of this notion. Similarly, the evidence that intermediate
filaments are the target for ubiquitination in MND is scanty. Despite the presence of
filamentous structures in skeins and Lewy body-like inclusions, there is no convin-
cing evidence from many immunocytochemical studies for an association between
ubiquitin and neurofilaments. In addition to the studies using different anti-
neurofilament antibodies to which reference has been made earlier, a wide range of
antibodies against other cytoskeletal proteins (Leigh et al. 1989a) have failed to
identify any other component. Nevertheless, it is clear from ultrastructural studies
that 10-15 nm filaments are sometimes associated with the ubiquitin deposits, and
failure to detect NFs may reflect loss or unavailability of epitopes.

Attempts to isolate the Ub-IR inclusions in MND for biochemical analysis have
proved unsuccessful so far (Garofalo et al. 1991a) no doubt due to the paucity of the
inclusions in comparison with neurofibrillary tangles. Nevertheless, the biochemical
and molecular characterisation of the inclusions remains an important goal for
future research.

Molecular biological techniques provide another approach to understanding the
role of ubiquitin in neurodegeneration. Heggie et al. (1989) have examined ubiquitin
gene expression in a small group of MND patients and controls. The ubiquitin C
gene, which is under the control of a heat shock promotor, was more highly
expressed in the spinal cord of MND cases compared to controls. Is ubiquitin over-
expressed as a consequence of increased turnover because it is involved in the
degradation of abnormal proteins, or is ubiquitin involved in some other response of
the damaged neuron? Is the increased expression of ubiquitin cytoprotective?
Ubiquitin is expressed by damage or “stressed” cells, as is heat shock protein 72
(HSP 72), one of the major heat shock proteins which are synthesised in response
to cell damage of various kinds and which are cytoprotective. Surviving neurons in
MND do not, however, express HSP 72 at a high level as judged by immuno-
cytochemistry, although HSP 72 immunoreactive structures which represent poly-
glucosan bodies (corpora amylacea) are present in normal and ALS spinal cord gray
matter, but are more abundant in MND than in controls (Garofalo et al. 1991b).
Antibodies to HSP 72 do not label ubiquitin-IR inclusions. This may indicate that
the presence of ubiquitin is indeed concerned with degradation of abnormal
proteins, rather than being a non-specific expression of a stress response.

Many questions remain to be answered. What protein(s) are associated with the
ubiquitin? If ubiquitin is associated with altered neurofilaments, why are the
inclusions not identified by antibodies to neurofilaments? What is the relationship
between MND and other disorders in which Lewy bodies or similar structures are
found? Ultimately it may be possible to identify key molecular events which trigger
cytoskeletal degeneration and ubiquitination of cellular proteins — although at
present there is no direct evidence that the presence of immunoreactive ubiquitin
represents ubiquitin-protein conjugates, or indeed is related to this particular
function of ubiquitin. Nevertheless, identification of abnormal proteins in MND
motor neurons will enable us to move closer to the biochemical processes associated
with cell death, and thus to the pathogenic mechanisms of the disease.



156 Motor Neuron Disease: Biology and Management

Conclusions

The discovery of characteristic ubiquitin-immunoreactive inclusions in vulnerable
neurons in MND has provided a new basis for investigating the molecular
consequences and possibly the pathogenic mechanisms of cell damage. New
insights into the biology of ubiquitin and the heat shock response may explain why
ubiquitin accumulates in degenerating motor neurons, although its presence may yet
turn out to be a non-specific response. The presence of filamentous structures within
these inclusions probably indicates that ubiquitin is associated with altered cyto-
skeletal components of some sort, but MND is strikingly different from other
neurodegenerative diseases in that antibodies against cytoskeletal proteins do not
identify the skein-like inclusions, although occasionally hyaline bodies or Lewy
body-like inclusions are labelled by anti-neurofilament antibodies. At present there
is no evidence that abnormalities of neurofilament phosphorylation or processing
play a pathogenic role in MND, although this possibility has not been absolutely
discounted.

The next few years of research are likely to bring important new information on
the clinical, pathological and molecular significance of the findings described in this
chapter. The study of molecular pathology has been decisive in locating genetic
abnormalities in Alzheimer’s disease and the prion disorders, and there is hope that
this approach will also be fruitful in MND.
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8 Neurochemistry of Motor Neuron Disease

S. Malessa and P. N. Leigh

Introduction

The studies of Oleh Hornykiewicz which identified nigrostriatal dopamine defi-
ciency as the major neurochemical abnormality in Parkinson’s disease led directly
to the introduction of effective symptomatic treatment for that condition. Replace-
ment therapy as applied to Parkinson’s disease seems unlikely to be helpful in
MND, but it is still possible that replacement therapy might be of temporary benefit,
particularly if combined with treatment designed to slow or halt the progress of the
condition. The emphasis, therefore, of recent neurochemical studies has been to
identify neurochemical abnormalities which might provide clues to pathogenic
mechanisms. Of particular interest has been the possibility that the balance between
excitatory and inhibitory amino acids might be altered in MND (and other
neurodegenerative disorders), resulting in excitotoxicity mediated via glutamate and
other endogenous or exogenous excitotoxins.

Many of the neurochemical changes which have been identified in MND can be
predicted from the pathology of the disease, and are largely a consequence of
neuronal loss. In this chapter we review the literature on neurochemical changes in
MND, assess areas of controversy and discuss some of the technical and methodo-
logical difficulties which may underlie them. Further discussion of neurochemical
changes in relation to pathogenesis and treatment will be found in Chapter 10.

Table 8.1 summarises the important neurotransmitters and neuropeptides present
in the spinal cord, indicating substances derived from descending pathways and
those present in intrinsic ventral horn motor neurons and interneurons. The anatomy
and pharmacology of motor systems in the spinal cord is discussed in Chapters 13
and 15.

While it is recognised that plasma or CSF concentrations of neuroactive sub-
stances provide an imperfect reflection of their concentrations in the CNS, and of
their functional activities, plasma and CSF samples are relatively easy to acquire,
and accordingly there is much information on the plasma and CSF levels of classical
neurotransmitters, neuropeptides and amino acids. Unfortunately, many of these
studies have yielded conflicting results.

Excitatory Amino Acids in Plasma and CSF in MND

Patten et al. (1978) found increases in fasting plasma total aromatic amino acids,
total basic amino acids, and in tyrosine and ornithine, but not in glutamate or
aspartate, in 12 MND patients who were compared to 12 neurologically abnormal
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Table 8.1. Neurotransmitters and peptides in ventral horn of normal spinal cord

a Neurotransmitter: ACh NE DA 5-HT GLU ASP GLY GABA

Intrinsic cells +! - - - +1 +2 +3 +4
Descending +3 +9 +7 +8 +° +9

pathways

b Peptide: SP TRH ENK SOM OXY CGRP END CCK NPY
cell bodies - - - - - + + _ _
fibres +1 +1 +1 R 412 41 410 12 4

Neurotransmitters and peptides present (+) in the ventral horn of normal spinal cord. Neuropeptide
studies either used immunocytochemistry or in situ hybridisation in human autopsy tissue. Lack of
peptide-staining in cell bodies might be attributed to post-mortem factors in the absence of colchicine
pre-treatment. Immunoreactive fibres may be derived from supraspinal levels as suggested for SP, TRH
(Johansson et al. 1981), oxytocin, vasopressin and enkephalin or from dorsal root ganglia, or both.
Abbreviations: ACh, acetylcholine; ASP, aspartate; CCK, cholecystokinin; CGRP, calcitonin gene-
related peptide; DA, dopamine; END, endothelin; ENK, enkephalin; GABA, gamma-aminobutyric acid;
GLU, glutamate; GLY, glycine; 5-HT, 5-hydroxytryptamine; NE, noradrenaline; NPY, neuropeptide Y;
OXY, oxytocin; SOM, somatostatin; SP, substance P; TRH, thyrotropin-releasing hormone.
References: 1, Houser et al. 1983; 2, Ottersen et al. 1984; 3, Davidoff et al. 1967; 4, Barber et al. 1982;
5, Spann and Grofova 1989; 6, Moore and Card 1984; 7, Bjoklund and Skagerberg 1979; 8, Johansson
et al. 1981; 9, Young et al. 1983; 10, Giaid et al. 1989; 11, Gibson et al. 1988; 12, Schoenen et al.
1985a.

controls. CSF amino acid concentrations were altered, with raised levels of total
basic amino acids and essential amino acids, and elevated lysine and leucine levels.
Urinary amino acid excretion was not significantly different in MND patients and
controls.

Patten and colleagues (1982) did, however, find a significant inverse correlation
between serum aspartate levels and “activity” of the disease, the latter assessed by
dividing the severity index (a simple measure of functional disability) by the
duration of the disease in years. Levels of branched chain amino acids (BCAA) were
positively correlated with disease duration, probably because these amino acids are
metabolised in muscle, and advanced disease is associated with decreased muscle
mass. It is doubtful whether such correlations, based on a small sample of patients
and controls, are meaningful bearing in mind the variability of subsequent studies of
plasma and CSF amino acids. Patten et al. (1978) noted a trend towards higher CSF
aspartate levels in MND than in controls, and suggested that “excessive neuronal
activity in ALS, including fibrillations and fasciculations, might be due in part to
metabolic imbalance caused by an increase of this excitatory amino acid trans-
mitter”.

It is now widely accepted that glutamate and aspartate function are excitatory
neurotransmitters (Lucas and Newhouse 1957; Olney et al. 1971; see Chapter 10.
Although Patten et al. (1978) found no change in plasma or CSF glutamate levels
in MND, Plaitakis et al. (1984), pursuing the idea that excitotoxicity might
contribute to neuronal death in neurodegenerative disorders, found that fasting
plasma glutamate (but not aspartate) levels were raised by nearly 100% in MND
patients compared with healthy controls and patients with a variety of neurological
disorders. Furthermore, plasma glutamate and aspartate levels were abnormally
elevated after an oral glutamate load (Plaitakis and Caroscio 1987). Perry et al.



Neurochemistry of Motor Neuron Disease 165

(1990) also found that plasma glutamate levels were elevated by about 30% in
patients with MND compared with controls, but they attributed this to the greater
age of their MND subjects, since plasma glutamate levels were positively
correlated with increasing age.

Elevated plasma glutamate levels may, of course, have no relevance to CNS
neurotransmitter glutamate, but CSF amino acid levels are thought to bear a closer
relationship to biochemical processes in the CNS. In the case of glutamate,
however, interpretation of altered CSF and tissue levels is confounded by the
complexity of CNS glutamate metabolism, as discussed below and in Chapter
13.

CSF glutamate and aspartate levels have been variously determined as unchan-
ged (Meier and Schott 1988; Perry et al. 1990), or significantly increased
(Rothstein et al. 1990) in MND (Tables 8.2 and 8.3). In the study by Rothstein et
al. (1990), CSF glutamate was elevated by 190%, and aspartate 100% in MND.
Others have detected only trace amounts of aspartate in serum and CSF (Perry et
al. 1990), whereas Rothstein et al. (1990) found levels of 4-8 pmol/l in CSF
(Table 8.2). Furthermore, CSF levels of glutamate in the two studies differed
15-fold in the control groups, and 40-fold in the MND groups.

These differences are probably explained by technical factors such as the speed
of centrifugation, sulphosalicylic acid deproteinisation, and the method of amino
acid analysis. Automated HPLC probably provides the most satisfactory method
of amino acid analysis, although CSF glutamate and aspartate levels are 10-fold
lower when measured by this technique compared with ion exchange chromato-
graphy (Rothstein et al. 1991).

Other possible sources of error lie in the selection of patients. Older individuals
have significantly higher levels of free aspartate, glycine, GABA, valine, iso-
leucine, leucine, phenylalanine, and 3-methyl histidine, and significantly lower
levels of free phosphoethanolamine, serine, GABA, homocarnosine, and conjugat-
ed GABA and B-alanine than individuals below the age of 40 (Ferraro and Hare
1985). CSF amino acid levels also differed significantly in men and women.
Plasma glutamate concentrations tend to be higher in older subjects, and have been
attributed to elevated plasma glutamate concentrations in MND patients to
differences in age between MND and control groups (Perry et al. 1990). However,
in the study of Rothstein et al. (1990) in which there were marked increases in CSF
concentrations of aspartate and glutamate, there were no significant differences in
age and sex between the MND and control groups.

In summary, it is evident that subjects should be fasted (preferably overnight),
that blood and CSF should immediately be cooled to 0—4 °C, centrifuged at around
20 000g for at least 10 minutes, and then either analysed immediately or frozen at
—70°C. It is not clear whether samples should be deproteinised immediately on
collection, or precisely what concentration of sulphosalicylic acid should be used
for this step, but for automated HPLC analysis, it is acceptable to omit deproteini-
sation, since this step may spuriously elevate glutamate levels (Lundqvist et al.
1989). At present, the data on plasma and CSF glutamate and aspartate can neither
be used to support the excitotoxin hypothesis nor to refute it, and it is arguable
whether such data will ever tell us a great deal about synaptic events within the
CNS. It is thus important to discuss studies on excitatory and other amino acids in
human post-mortem tissue, and to survey other aspects of neurochemistry relevant
to these problems.
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Table 8.3. Comparison of CSF amino acid levels in MND patients and controls

Author F/NF TAU ASP THR SER GLU GLY ALA VAL CYSILE LEU LYS ARG
Pattenetal. F - - - - - - - - ND/ - 4 r -
(1978) TR (30%) (20%)

De Belleroche NF -  NE + - —* 4 4 4 NE 4 - - NE
et al. (1990) (25%) (58%) (38%) (30%) (60%)

Meieretal. NF - - - - - - - - NE - - - -
(1988)

Perryetal. F - ND/ - - - - ) 4 ND/ 4 [ [ 4
(1990) TR (22%) (36%) TR (34%) (29%) (34%) (18%)
Rothstein NF NE 4 4 4 4 - - - - - ! _—

et al. (1990) (100%) (35%) (36%) (190%) (28%)

- no statistically significant change;

1 (%), statistically significant increase in MND patients (compared with controls (% increase));
NE, not examined;

ND/TR, not detected, or only trace amount;

F/NF, fasting/not fasting;

* glutamate and glutamine assayed together.

Glutamate, Glutamate Dehydrogenase (GDH) and
Excitotoxicity

Robinson (1968) who first measured glutamate and aspartate concentrations in post-
mortem tissue found normal levels in two MND patients and reductions in two
others. Patten et al. (1982) found no change in the ventral homn, although local
changes may have been masked by the fact that they pooled cervical and lumbar
grey matter. Perry et al. (1987) and Plaitakis et al. (1988) identified a widespread
deficiency of brain and spinal cord glutamate in MND. Our own observations
support the notion of a glutamate deficiency which extends beyond the usual areas
of pathological damage, since we found reduced levels in cervical and lumbar spinal
cord, and in white and grey matter (Malessa et al. 1991). As regards aspartate,
significant reductions have been noted in the mediodorsal thalamus (Perry et al.
1987) and the spinal cord (Plaitakis et al. 1988; Malessa et al. 1991).

Interest in GDH in relation to MND originally arose from observations of
Plaitakis et al. (1982, 1984) and Duvoisin et al. (1983) which identified a partial
deficiency of fibroblast and leucocyte GDH in some patients with olivopontocer-
ebellar atrophy (OPCA). GDH is a key enzyme in glutamate metabolism, catalysing
the reaction:

a-ketoglutarate + NH," + NADH-vL-glutamate + H,0 + NAD"

The enzyme is thought to act mainly in the direction of glutamate synthesis, and thus
to have an important role in detoxification of ammonia (Chee et al. 1979).
Changes in GDH levels may be relatively non-specific since slightly lower
leucocyte, fibroblast or muscle GDH activities have been noted in a wide variety of
neurodegenerative disorders (Sheu et al. 1985; Aubby et al. 1988). Nevertheless,
OPCA with GDH deficiency was associated with high fasting plasma levels of
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glutamate, and impaired glutamate clearance after an oral glutamate load (Plaitakis
et al. 1982). Because OPCA can be accompanied by motor system degeneration
(Plaitakis et al. 1984), Plaitakis and Caroscio (1987) measured plasma glutamate
levels fasting and after an oral glutamate load, and observed that in both situations
plasma glutamate levels were significantly raised in MND patients compared with
healthy and neurologically abnormal controls. However, they did not find altered
leucocyte GDH activity in their MND subjects (Plaitakis & Caroscio 1987).
Subsequently Hugon et al. (1989) found that about 60% of MND patients had
decreased leucocyte GDH activity (i.e. a deficiency of more than two standard
deviations from the control mean). However, the remaining 40% of MND subjects
had normal leucocyte GDH levels.

Because measurements of brain GDH levels might be expected to be more
informative than leucocyte GDH activity, we studied GDH activity in the spinal
cord of MND patients and controls (Malessa et al. 1988, 1991). In homogenates of
cervical cord, GDH activity was increased by more than 50% of control levels in the
lateral and ventral white matter, and in the dorsal horn (where it was increased more
than 38%), whereas GDH activity was normal in the anterior hom and in the dorsal
white matter corresponding to the dorsal columns (Malessa et al. 1988, 1991). The
same pattern was seen in the lumbar enlargement where, however, the changes were
less prominent.

Most brain and spinal cord GDH is present in astrocytes (Kaneko et al. 1987). As
yet there is no evidence that the enzyme is selectively associated with glutamatergic
pathways, and it may have little importance in the formation of neurotransmitter
glutamate (Filla et al. 1986; Yudkoff et al. 1991). The obvious interpretation of our
findings on GDH levels in the spinal cord was that increased levels of GDH were
due to reactive gliosis. Histochemical studies have suggested that GDH is increased
in the lateral corticospinal tracts in MND, and in other areas associated with reactive
gliosis (Osterberg and Wattenberg 1962). Nevertheless, we were surprised that
GDH was not increased in the ventral horn, where gliosis is often marked, and that
GDH activity was elevated in the dorsal horns. We cannot exclude the possibility
that even these changes reflect gliosis, but they do not correlate well with the
distribution of astrocytosis in MND.

If there is a widespread deficiency of glutamate, as suggested by the evidence
reviewed in the previous section, it is most likely to be related to the metabolic
functions of glutamate. Plaitakis and Caroscio (1987) have suggested that there may
be a generalised defect in the transport system linked to glutamate oxidation, or in
the oxidative process itself. A widespread decrease in cerebral uptake of
("®F)2-fluoro-2-deoxy-D-glucose measured by positron emission tomography (PET)
has been reported in patients with MND/ALS, but not in patients with only lower
motor neuron involvement (Dalakas et al. 1987). This could be taken as indirect
support of this hypothesis but more recent PET studies have not confirmed the
presence of widespread abnormalities in MND patients (Kew et al. 1993).

Impaired glutamate tolerance in MND is unlikely to be due to defective
transamination by aspartate aminotransaminase (AAT), since aspartate levels
increase alongside those of glutamate, and leucocyte AAT activity is normal in
MND (Plaitakis and Caroscio 1987; Hugon et al. 1989). Orally administered
glutamate is metabolised mainly in the liver, and in the heart, kidney and muscles
and does not cross the blood-brain barrier. Decreased peripheral GDH activity
could be associated with impaired glutamate tolerance but it is not easy to see how
this would cause any change in CNS glutamate, and the evidence available suggests
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that CNS (specifically, spinal cord) GDH levels are increased in MND. This change
could conceivably be accompanied by excess glutamate formation in the CNS.

The question arises as to how this might lead to increases in synaptic glutamate.
Clearly, post-mortem studies do not allow distinction between the various glutamate
“pools”. The large neuronal compartment, which contains 85%—98% of the total
glutamate pool in brain, is composed mainly of the metabolic pool but includes the
fraction available for release as well as the precursor glutamate for GABA, while the
remainder (about 20%) is localised to astrocytes (Fonnum 1984; Plaitakis 1990). In
the large compartment, glutamate can be synthesised from glucose, one of its many
precursor substances. Since none of the enzymes involved in glutamate synthesis is
known to be specific for the transmitter pool, this fraction probably accounts for
only 20%-30% of the total endogenous glutamate content.

The changes in CSF and tissue glutamate levels might be due to an altered
distribution of glutamate between the extracellular and the intracellular space
consequent upon a decrease in the active re-uptake of synaptically released
glutamate (Plaitakis 1990). This might lead to accumulation of glutamate at the
synaptic cleft, to reduced tissue levels, and possibly to increased CSF levels. It is
worth mentioning also that acetylcholine can inhibit the depolarisation-evoked
release of glutamate via muscarinic receptors (Marchi et al. 1989). Given the
cholinergic deficit and the loss of muscarinic receptors in MND dorsal grey matter,
it is possible that loss of cholinergic inhibition might lead to excessive release of
glutamate.

There is now more evidence that glutamate transport may be abnormal in MND
(Rothstein et al. 1992). High-affinity sodium-dependent glutamate transport into
synaptosomes was measured in several regions of the brain and in the spinal cord
of 13 MND subjects, and in carefully matched controls without neurological
disease. High-affinity glutamate uptake was decreased in the motor and somatosen-
sory cortex and spinal cord, but not in the visual cortex of the MND subjects. The
maximal velocity (V,,,,) of glutamate transport was decreased in MND motor cortex
and spinal cord, but not in the striatum or hippocampus. The affinity of glutamate
for the transporter (K,) was not altered in MND tissue, and there were no changes
in V__ in Alzheimer’s disease or Huntington’s disease brain, even in those regions
(such as the striatum in Huntington’s disease) where there is severe cell loss. High-
affinity uptake of GABA and phenylalanine was not altered in MND, suggesting
that the defect in glutamate transport is not a non-specific generalised loss of amino
acid transport.

These abnormalities are likely to be secondary to the loss of glutamatergic
synapses from the brain and spinal cord in MND. Only the demonstration of altered
function of glutamate carriers pre-dating disease onset can fully resolve this issue,
although secondary changes in glutamate transport could contribute to neuronal
damage even if the causal lesion is elsewhere. The cloning of glutamate receptor
subtypes (Nakanishi 1992; Sommer and Seeburg 1992), the localisation of the
GIuR5 subunit gene to chromosome 21 close to the putative familial MND locus
(Eubanks et al. 1993), and the cloning of glia and neuronal glutamate carriers
(Amara 1992; Pines et al. 1992; Kanai and Hediger 1992) provide new approaches
and tools for examining the basis of the excitotoxic hypothesis in MND.

Finally, increased GDH activity could be detrimental to neuronal survival in
MND by increasing synaptic (neurotransmitter) glutamate. GDH activity can be
stimulated by BCAA such as leucine and valine, which are excellent precursors to
glutamate nitrogen, and this effect can influence synaptic glutamate levels (Yudkoff
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et al. 1991) although the function of the GDH pathway which is present in
synaptosomes at relatively high specific activity is uncertain. In astrocytes, the GDH
reaction may be an important route for glutamate disposal (Yu et al. 1982). Thus
although BCAA may stimulate the activity of GDH and lead to increased amounts
of glutamate (probably initially in glia) it is not certain whether this glutamate
would be available for neurotransmission (Yudkoff et al. 1991). Alternatively,
stimulation of GDH activity might increase the rate of glutamate oxidation, and thus
protect against glutamate excitotoxicity (Plaitakis 1990).

N-Acetyl-Aspartyl-Glutamate (NAAG) and MND

Other findings relevant to the excitotoxin hypothesis stem from recent studies on
CSF and tissue levels of the acidic dipeptide N-acetyl-aspartyl-glutamate (NAAG)
and its metabolite N-acetyl-aspartate (NAA). NAAG has been localised by immuno-
cytochemistry to a number of neuronal systems, including motor neurons of the rat
spinal cord and brain stem. NAAG can be synthesised from glutamate and aspartate,
and has been colocalised with glutamate in some areas of rat brain (Anderson et al.
1986). It is present in highest concentration in the spinal cord (Koller and Coyle
1984), and fulfils the major criteria for a neurotransmitter or neuromodulatory
substance in the CNS (Coyle et al. 1986; Zollinger et al. 1988). NAAG has an
intrinsic neuroexcitatory action on spinal neurons, mediated by NMDA (N-methyl-
p-aspartate) receptors (Westbrook et al. 1986). NAAG is converted to NAA and
glutamate by the enzyme N-acetyl-alpha-linked acidic dipeptidase (NAALA-
Dase).

Preliminary reports suggested that the concentration of NAAG is decreased in
cervical spinal cord in MND (Constantakakis and Plaitakis 1988). More recently,
Rothstein et al. (1990), in parallel with their studies on CSF amino acid concentra-
tions in MND, measured CSF levels of NAAG and NAA, and spinal cord levels of
NAAG, NAA, and NAALADase. CSF levels of NAAG and NAA were significantly
increased in MND patients compared to the control group, which included patients
with a wide variety of systemic and neurological disorders. In contrast, the
concentrations of NAAG and NAA in MND spinal cord were decreased, although
NAALADase activity was unchanged.

The functional significance of these findings is uncertain. Increased CSF levels of
NAAG and NAA could be due to increased synthesis and release from the nerve
terminals of descending pathways, with defective uptake due to loss of ventral horn
neurons, if such an uptake mechanism exists. Decreased tissue levels of NAAG and
NAA most likely reflect loss of spinal cord motor neurons, although Rothstein et al.
(1990) found no correlation between changes in tissue NAAG and spinal ChAT
levels. If the degenerative process in MND were associated with decreased uptake
of NAAG (and perhaps of amino acids such as glutamate and aspartate) by neurons
or glia one might predict an increased extracellular pool of these substances, with
corresponding increases in CSF concentrations, but with either normal or decreased
tissue levels. Such excitotoxic compounds could contribute to neuronal damage, as
suggested by Plaitakis (1990) and others.
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Plasma Cysteine and Metabolism of Sulphur-
Containing Compounds

Heathfield and colleagues (1990) recently reported that plasma cysteine levels were
raised, and that plasma inorganic sulphate levels were lower, in MND subjects than
in controls. In addition, they identified a defect in sulphur oxidation in MND, using
S-carboxymethyl-L-cysteine as a metabolic probe (Steventon et al. 1988). The
altered ratio between cysteine and inorganic sulphate was also found in patients with
Parkinson’s disease and Alzheimer’s disease, and defects in sulphur oxidation were
likewise present in Parkinson’s disease (Steventon et al. 1988). These observations
led Heathfield et al. (1990) to propose that defective oxidation of toxic sulphur-
containing compounds might lead to neuronal degeneration, either through failure to
detoxify exogenous or endogenous sulphur-containing compounds, or because
L-cysteine might itself act as a neurotoxin (Olney et al. 1990), as discussed in more
detail in Chapter 10. In contrast, Perry et al. (1991) found no differences in fasting
plasma levels of cystine (the product of cysteine oxidation), cystinyl glycine, total
cysteine, or inorganic sulphate, in MND subjects compared to controls, although
they used a different method to measure cysteine levels. In addition they measured
cysteine and taurine levels in nine brain regions and in the cervical spinal cord in
MND and control tissue samples, and found neither an increase in cysteine levels,
nor a decrease in taurine levels. The latter would be predicted if MND were
associated with a defect in sulphur oxidation attributable to altered activity of the
enzyme cysteine dioxygenase, since taurine is formed in brain from cysteine, via
cysteine sulphinate, hypotaurine and taurine (Yamaguchi and Hosokawa 1987). In
fact, taurine levels are increased in MND brain and spinal cord (Perry et al. 1987,
1991; Malessa et al. 1991). Changes in cysteine, inorganic sulphate and sulphur
oxidation are discussed in more detail in Chapter 10.

Glycine and GABA

Glycine is an inhibitory neurotransmitter in the spinal cord and brain stem. Glycine
receptors in the rat, labelled by (*H)strychnine, show the greatest density in grey
matter of spinal cord; their number decreases progressively in regions more rostral
in the neuraxis (Zarbin et al. 1981). Double-labelling experiments in the rat have
shown glycinergic receptors on large, cholinergic neurons in the ventral horn (Geyer
et al. 1987). In the spinal cord, glycine is thought to be released by propriospinal
fibres and segmental interneurons including Renshaw cells. Glycine, rather than
GABA, plays a major role in post-synaptic inhibition (Fagg and Foster 1983).
Strychnine-sensitive glycine receptors are present on anterior horn motor neurons,
and their activation produces increased chloride conductance and hyperpolarisation.
As discussed in Chapter 10, glycine also interacts with glutamate at a strychnine
insensitive allosteric site on the N-methyl-p-aspartate (NMDA) receptor. De
Belleroche et al. (1984) first reported that CSF glycine concentrations were elevated
in MND, and drew attention to a report of non-ketotic hyperglycinaemia in three
brothers who presented with a syndrome of spastic paraparesis with lower limb
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wasting (Bank and Morrow 1972). De Belleroche and colleagues (1990) subse-
quently studied 19 patients with MND, including 11 with typical upper and lower
motor neuron signs (ALS) and 8 with lower motor neuron signs only (PMA). A
control group consisted of patients with a variety of muscular disorders, including
late-onset spinal muscular atrophy, and post-poliomyelitis syndrome. Although the
MND patients showed slightly elevated fasting plasma levels of isoleucine and
leucine, there were no differences between MND and control groups in the levels of
other plasma amino acids. After an oral glycine load, however, plasma glycine
levels remained abnormally high at 4 hours in the MND-ALS subjects but not in the
PMA group. This effect was not entirely specific, since one patient with late-onset
spinal muscular atrophy, and one patient with the post-poliomyelitis syndrome, also
showed significantly impaired glycine clearance at 4 hours. No differences in the
serum glycine levels were evident at 1.5 hours in the MND patients who showed
delayed clearance at 4 hours. CSF glycine levels were raised between 2- and 6-fold
over known baseline values at 1.5 and 2.5 hours respectively, suggesting that the
oral glycine load led to prompt changes in glycine concentrations within the
CNS.

De Belleroche and colleagues (1990) proposed that glycine might potentiate the
action of other endogenous or exogenous excitotoxins on the NMDA receptor, and
therefore might contribute to excitotoxic neuronal damage. However, it is doubtful
whether brain or spinal cord glycine concentrations resulting from normal dietary
fluctuations of glycine intake or even from an oral glycine load would achieve CNS
levels sufficient to modify glutamate neurotransmission at the NMDA receptor. The
analogy with familial non-ketotic hyperglycinaemia with a motor system disorder
may be misleading, since the patients described by Bank and Morrow had elevated
fasting plasma glycine levels in addition to impaired glycine clearance following an
oral load. In addition, these individuals (unlike MND patients) showed normal
fasting serine levels, and there was no elevation of plasma serine at 1.5 or 4 hours
after the glycine load, suggesting a defect in glycine—serine interconversion.
Clinically, the patients with hyperglycinaemia did not have a rapidly progressive
MND-like syndrome. Thus the significance of altered glycine tolerance in MND is
unclear at present, and further studies are needed to assess the importance of these
observations.

Comparisons of glycine levels in post-mortem tissue are unreliable unless death-
to-freezing intervals and post-mortem conditions of cases and controls are carefully
matched. When compared, no change in glycine levels was found in MND brains
and spinal cord (Robinson 1968; Boehme et al. 1976; Yoshino et al. 1979; Perry et
al. 1981; Patten et al. 1982; Plaitakis et al. 1988; Malessa et al. 1991) whereas one
would predict elevated tissue glycine levels if there were a deficiency in glycine to
serine interconversion in MND. Glycine binding to the strychnine-sensitive receptor
is reduced in the ventral horn of the spinal cord in MND (Hayashi et al. 1981). It is
assumed that (CH)strychnine-binding sites are, at least in part, localised to motor
neurons and that the observed changes are related to the loss of these cells in MND.
Using glycine as a ligand, receptor binding is also decreased (Whitehouse et al.
1983; Gillberg & Aquilonius 1985).

An imbalance between excitatory and inhibitory neurotransmitters could contrib-
ute to neuronal damage. GABA, which is known to mediate presynaptic inhibition
of primary afferent fibres, might be particularly important. Moreover, GABA could
be involved in post-synaptic forms of motor neuron inhibition. GABA levels in
autopsied human brain can be assessed with reasonable confidence, since in rodent
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brain GABA content remains stable for many hours after an initial rapid increase
within the first 2 hours after death. Studies on GABA levels in MND are
inconclusive. Normal values have been reported in the motor cortex (Yoshino et al.
1979), frontal and cerebellar cortex, while GABA was reduced in lumbar spinal cord
(Plaitakis et al. 1988). In many of the 13 brain regions analysed by Perry et al.
(1987), GABA levels were low, and significant decreases were noted in caudate
nucleus, cerebellar cortex, pons and inferior olivary nucleus. We found no major
changes in the spinal cord (Malessa et al. 1991). The discrepancies may partly be
explained by the wide range of GABA concentrations measured in control sam-
ples.

Support for abnormalities of GABA neurotransmission in MND derives from
studies of parvalbumin immunoreactive cells which represent a subset of GABAer-
gic interneurons in the cerebral cortex. Counts of parvalbumin positive neurons in
the primary motor cortex in MND were decreased compared to controls (Nihei et al.
1992). If this observation is correct, it contrasts with the situation in Huntington’s
disease, in which this population of neurons is selectively spared (Beal 1992).
GABAergic neurons may be more sensitive to toxins acting at AMPA (amino-
3-hydroxy-5-methyl-4-isoxazole propionate) and kainate (KA) receptors than an
NMDA receptor (Beal 1992). AMPA/KA receptors may be more important than
NMDA receptors in mediating excitotoxic motor neuron damage (Kuncl et al.
1992), and the non-NMDA receptor antagonists CNQX (6-cyano-7-nitro quinoxa-
line-2,3-diare) or NBQX (2,3-dihydroxy-6-nitro-7-sulfamoxybenzo(F)quinoxaline)
block the toxic effects of glutamate upon motor neurons in tissue culture, and
protect cultured spinal cord neurons against the toxic effects of CSF from MND
patients (Kuncl et al. 1992; Couratier et al. 1993). Different aspects of excitotoxicity
are discussed also in Chapter 10, on neurotoxicity, and in relation to the pharmacol-
ogy of motor neurons in Chapter 15.

Although taurine cannot yet be classed as a classical inhibitory transmitter, it is
known to act as a stabiliser of membrane excitability and to exert a depressant effect
on neuronal firing (Oja and Kontro 1983). Taurine interacts with several neuro-
transmitters including catecholamines, acetylcholine and glutamate. Little is known
about the origin and distribution of taurine in normal human spinal cord, but it is
probably formed from cysteine via the action of cysteine dioxygenase, as discussed
above. The highest concentrations of taurine are found in the anterior horn and
exceed the mean white matter values by approximately 30%. In autopsied human
brain, taurine content remains unchanged even with prolonged storage (Perry et al.
1981). In MND tissue, taurine levels have been described as approximately normal
(Robinson 1968; Plaitakis et al. 1988), or as significantly increased in cortical
(Yoshino et al. 1979), several subcortical regions, and in whole sections of cervical
spinal cord (Perry et al. 1987). We found an increase in cervical, but not in lumbar
spinal cord taurine, notably in lateral and ventral white matter comprising affected
fibre tracts (Malessa et al. 1991).

Since the neurobiological functions of taurine are as yet poorly understood, the
implications of this change are not known (Yoshino et al. 1979). The increase in
taurine points to disturbances of the folate cycle. As has been pointed out, a defect
in sulphur oxidation due to an abnormality of sulphur dioxygenase should result in
decreased rather than increased CNS taurine levels.

In summary, studies on the glycine content of the brain and spinal cord suggest
that the tissue levels of this inhibitory transmitter are not significantly altered in
MND brain and spinal cord, while glycine receptor densities are diminished in the
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ventral horn, probably reflecting loss of anterior horn cells. GABA levels and the
number of benzodiazepine-binding sites tend to be lower than control values, while
taurine is probably increased in cortex and cervical spinal cord. The possible
interaction between glycine and the NMDA receptor remains speculative, and it is
premature to conclude that an abnormality of glycine metabolism is of pathogenic
significance in MND.

Spinal Cholinergic Systems

The traditional marker of cholinergic cells is acetylcholine esterase (AChE), the
enzyme responsible for acetylcholine catabolism. Since any non-cholinergic cells
are capable of hydrolysing acetylcholine (Eckenstein and Sofroniew 1983) this
marker lacks specificity. In contrast, the transmitter-synthesising enzyme, choline-
acetyltransferase (ChAT) is expressed exclusively by cholinergic cells (Rossier
1977), and is thus considered a definitive marker of this neuronal population.
Moreover, ChAT-activity has been shown to remain stable in autopsy tissue (Spokes
and Koch 1978). Tritiated hemicholinium can also be used as a pre-synaptic marker
of cholinergic cells, since it binds to the sodium-dependent, high-affinity choline-
uptake site (Vickroy et al. 1985).

The first post-mortem studies on cholinergic systems in MND relied on the
histochemical visualisation of AChE and showed decreased staining for the enzyme
in the neuropil of the anterior horn and the nucleus of the hypoglossal nerve, but
normal AChE content in the surviving motor neurons (Robinson 1966; Friede 1969)
perhaps reflecting loss of dendrites which may precede degeneration of perikarya.
This would be in keeping with the notion that dendritic atrophy is 