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SUMMARY

The thesis is 72 publications describing the author's hypothesis

of an autoimmune basis for myasthenia gravis (MG) and its validation.

At the time of the first 24 papers many considered that MG was a

syndrome rather than a disease entity, due to a biochemical disorder

of the neuromuscular junction. Favoured models were a circulating

"curare-like" substance released from the thymus gland, or a pre¬

junctional abnormality, possibly causing release of small quanta of

acetylcholine at the motor nerve terminals. Endplate receptor

substance was speculative. The immunological role of the thymus was

unknown and autoimmunity was a new concept in medicine. The

therapeutic value of thymectomy was controversial.

The controversy about thymectomy was resolved (papers 2,3) by re-

analysing data separately for patients with a thymoma and the

conclusions have proved definitive. Papers based on the cases

reviewed in that survey led to an autoimmune hypothesis with a thymic

disorder causing production of antibodies with loss of tolerance to

self-tissue, mainly but not exclusively at the motor endplates of

muscle. The first recognition of many associated diseases and a re-

interpretation of the relationship with thyroid disorders are

described, with the first evidence for a genetic predilection with

alternative expression.

During the 35 years of this work the distinct nature of

"carcinomatous" myasthenia has been identified, and the non-

immunological congenital myasthenias defined by other workers.

A personal series of observational and theoretical papers argued

against the contemporary views on the neuromuscular disorder in favour

of blockade and/or damage of the putative acetylcholine receptors

(AChR) at the neuromuscular junction by antibody. In the 1970s,
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recognition of oC -bungarotoxin as a ligand for the AChR enabled

identification by other workers of the proposed antibodies and their

attack site on the recently identified endplate receptors. Antibody

raised against electroplaque tissue (with high concentration of AChR)

caused a myasthenic model in experimental animals, supporting the

proximate mechanism of my model. With colleagues (acknowledged in

text) I have investigated the polyclonal nature of the immunological

disorder of MG and in the final papers (submitted for publication)

review evidence that MG is a limited manifestation of systemic lupus

erythematosus. Clinical studies on the possible role of steroid

hormones on insertion of new receptors in the post synaptic membrane

had to be abandoned when I retired from medical practice.
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INTRODUCTION AND DISCUSSION

This volume consists of my papers on myasthenia gravis and related

syndromes written over a period of 35 years. As they cover all

aspects of the disorder, a logical presentation could have been to

group them under the headings used in the following paragraphs. As,

however, I was working on all aspects throughout the whole period, I

have decided to present the papers in chronological order to show how

conceptions advanced. Much of the work is theoretical or speculative,

only becoming factual as techniques and ideas evolved, notably in the

field of immunology. Two advances in other areas of experimental

biology made it possible to validate some of my hypothesis (44).

These were the recognition that a snake venom, alpha-bungarotoxin, had

a selective affinity for part of the acetylcholine receptors of the

neuromuscular junction (the receptors were also hypothetical when this

work started), and the chance finding that laboratory animals, used to

raise antibody to acetylcholine receptors of the electroplaque of the

electric eel in order to identify the protein structure, developed a

neuromuscular disorder so similar to myasthenia gravis in man as to be

accepted as an animal model of that disease (Patrick and Lindstrom,

1973).

For the first ten years or more, my own theory of the autoimmune

basis for myasthenia gravis was disparaged because (a) it was confused

with contemporary autoimmune theories with different heuristic value

(6,10,18,25,44,46,54), (b) there was no statistical support for the

clinical observations although they could be replicated by others with

large series of cases. Since the acceptable animal model, discovered

serendipitously, myasthenia gravis has been regarded as a paradigm of

autoimmune disease. That being so, certain theoretical consequences

(54,55,65,71) should be important for imnunological theory. An
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unconsidered question is the role of thymic neoplasia of a particular

type and of penicillamine as "tolerance breakers" which appear to

influence antireceptor autoimmunity in particular.

The chronological arrangement of papers inevitably leads to

repetition, but it is hoped that this will be acceptable to the reader

as each paper contains at least one new idea or fact to advance the

argument. Some of these papers are the text of communications to

Societies which, especially in the early days of small groups

developing new sub-specialties, did not publish abstracts or

communications. Nevertheless they are woth preserving as they were

influential in encouraging others to accept my views on the mechanisms

of myasthenia gravis. Three papers were included in my 1964 thesis

for the MD (Glasgow) but are repeated here as they are essential to

the understanding of the later papers. They are J Neurol Neurosurg

Psychiat, 1956;19:224-231; Brain 1958;81:112-144 and Scott med J

1960;5:419-436. Unfortunately the advancing concepts and data were

published mainly as chapters in books and so excluded from Index

Medicus and abstracting journals. Particularly important were the

chapter in the Biological Basis of Medicine (21) and the updated

reviews in five editions of Walton's Disorders of Voluntary Muscle,

1964-1988. I have included the 2nd edition chapter (1969) (16) to

represent the knowledge prior to alpha-bungarotoxin and the animal

model, and the completely rewritten 5th edition (70) to represent the

position when I retired from active work. The latter provides a

uibiiography to the most important work on myasthenia gravis.

Additional unpublished papers (71,72) are added as they provide

important new evidence supporting my contention that myasthenia gravis

is closely linked with Systemic Lupus Erythematosus (SLE) rather than

the so-called "organ-specific" autoimmune diseases.
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I have been entirely responsible for the clinical, the

electrophysiological, and the theoretical work but have had the

valuable support of skilled immunologists in the laboratory

immunological studies. All these contributors are acknowledged in

individual papers, usually as co-authors.

The papers could be grouped under the following headings.

Clinical analysis

(3,4,9,11,12,13,19,20,23,27,29,30,37,45,46,53,57,62,67,71,72)

These papers describe the clinical features which differentiate

myasthenia gravis from other myasthenic syndromes. The three clinical

stages are not yet in general use, other authors preferring a

classification system which I rejected at an early stage (3). The

observation that in my stage III the clinical weakness may improve

with effort is still unfamiliar. At first there was a widespread

belief that "myasthenia" (progressive weakness on repeated contraction

of skeletal muscle, with restitution after rest) was a syndrome of

multiple aetiology. From the first paper I have consistently argued

that a number of functional disorders of neuromusclar transmission may

cause the symptoms of myasthenia but that Myasthenia Gravis is a

disease entity recognizably different from other myasthenic syndromes.

My electrophysiological studies on disorders of neuromuscular

transmission in man are referred to in seme of these papers but are

bound in a volume on Clinical Electrophysiology. These include the

first report of a syndrome resembling carcinomatous myasthenia but

without neoplasia. In the 1960s it became clear that a myasthenic

syndrome could accompany certain tumours, polymyositis, and systemic

lupus erythematosus (7,14,16,37,63). My suggested mechanism for

carcinomatous myasthenia is obsolete since Newsom-Davis and colleagues
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(Lang et al 1981) have provided strong evidence for irnmunogenesis (70,

p657). The belief that "congenital myasthenia" was a group of

genetically determined diseases distinct from myasthenia gravis (1,16)

is now confirmed by the important work of A Engel and E Lambert from

the Mayo Clinic, described in 70, p654.

Type of autoimmune disorder

The status of myasthenic syndromes in polymyositis and SLE remains

uncertain. Do these disorders damage the receptor surface of the

neuromuscular junction inter alia? Is it a case of (true) myasthenia

gravis being associated with other autoimmune disease? Is myasthenia

gravis an incomplete version of SLE? Throughout these papers the

latter view gradually dominates, culminating in the final paper but

the decision must rest with later workers or until a definitive marker

of SLE emerges. It is now certain that the abnormal antibodies in

myasthenia gravis are polyclonal (54,60,64,72) and the common

classification of that disease with the organ-specific autoimmune

diseases has never been acceptable to this author. With collaborating

immunologists I have tentatively suggested that myasthenia gravis may

be one of the autoimmune diseases associated with immunodeficiency

rather than hyperergy (38,41).

A strange and unexplained finding is that at least one of the

(presumably non-inmunogenous) congenital myasthenias is associated

with reduced serum IgA. I had already noted this in one patient in

1968 but it was the report by Bundey et al (1972) of depressed levels

of IgA in juvenile-onset myasthenia that alerted us to this (40,70

p635).
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Genetic and other predisposing factors

My early statement that there was genetically determined

predisposition for myasthenia gravis (4,9) was not supported by

geneticists until there was acceptance of my suggestion that a gene

activity may manifest in alternative ways. Linkage with HLA loci is

now clearly established for non-thymoma myasthenia (33,34,43,64,70).

The psychological aspects (11,28) are difficult to assess - are

they part of the SLE-like syndrome or are they primary triggers for an

autoimmune disturbance mediated by the hypothalamus? This aspect has

never been formally investigated though there is an extensive

literature on hormonal influences on the thymus.

Role of the thymus

The role of the thymus is still obscure. When this work was begun

the thymus was regarded as an endocrine gland associated with growth

and tissue maturation. In 1960 I advocated (4) that it was an

immunological organ (as distinct from Smithers (1959), White and

Marshall (1962) and Goldstein and Whittingham (1966) who interpreted

the histological changes as indicating immunological attack on the

thymus). This was supported in the next year by Miller (1961) who

first established that the thymus had an inmunological function (64).

My studies with Dr John Vetters (31,32) have helped to clarify the

relationship between thymic histology and myasthenia but we have not

been able to contribute to the nature of this involvement (22,55).

In the following thirty years there have been major advances in

immunology. When the possibility of suppressor cells as well as

"killer" cells and producers of antibody was first mooted the idea was

derided. The roles of complement and of immune complexes and the

importance of histocompatibility antigens have been recognised, the
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latter indicating one possibility of the target for gene action (70).

Nevertheless, the function(s) of the thymus remain debatable. At the

most basic, it is difficult to suggest how surgical removal of the

main regulatory organ for immunological homoeostasis might reduce the

severity of stage I myasthenia (23,35,47,48,55) but encourage "escape"

of other autoimmune diseases (9,29). Clearly the work on the

aetiology of myasthenia will not advance until thymic function and the

nature of self-tolerance are better understood. If the primary

causative factor is viral it is unlikely to be related to a single

virus. Personal proposals to look for a retrovirus were not pursued

by a collaborator. It seems more likely that one or more banal

viruses activate a genetically defective thymus (54,55). Production

of antibody against pathogenic antibody (anti-idiotypic) seems

unlikely to be a practical procedure for therapeutic use (59). At

present the main thrust of immunological research is directed to

separation of the numerous anti-ACh receptor antibodies with a view to

finding the important one - a project unlikely to influence clinical

management.

Mechanism of transmission failure

The historical development of theories on the failure of

neuromuscular transmission resulting from repetitive per-neural

stimulation is fully discussed in 14,17,21. In the 1950s every author

prefaced his account of myasthenia with a summary of possible

biochemical disorders of the neuromuscular junction, the prime

favourite being a circulating "curare-like" substance which was also

capable of crossing the placental barrier to cause neonatal myasthenia

(though the failure to paralyse the fetus was not discussed). My

studies on neuromuscular transmission in the normal subject (not

included here) and in disorders of the lower motor neurone (14)
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indicated pre-junctional pathology in some myasthenic syndromes, but

predominantly post-junctional disorder in myasthenia gravis, contrary

to the pre-junctional model of Desmedt and the "small ACh quantum"

theory of Elmqvist and his colleagues. My analyses of their data

pointed to an alternative post-junctional disorder such as blockade or

structural damage of ACh receptors (21) which I postulated to be

caused by one or more anti-receptor antibodies. The model (26) was

validated by Engel's outstanding ultramicroscopic studies using the

recently discovered affinity of alpha-bungarotoxin to identify

residual receptors. The relative roles of blockade, modulation, and

destruction of receptors is argued by interested researchers but the

general concept of antibody attack is now widely accepted.

Other researchers have shown little interest in the other aspect

of my model to account for the relapsing course of myasthenia gravis

and its eventual recovery if life can be maintained through stages I

and II. This depends on regeneration of neuromuscular junctions

(4,21,46) and particularly insertion of new receptors in the

subsynaptic region (69). At the end of my clinical career I was

investigating whether steroid hormones and especially androgenic

steroids might promote these restorative changes.

Treatment of myasthenic syndromes

Ability to influence favourably the re-insertion of receptors into

undamaged post-synaptic membrane would offer a better prospect of

curing myasthenia gravis than further specification of the proximate

attack mechanism and better understanding of the nature of disordered

immune tolerance (54) could lead to better immunoregulating drugs, as

distinct from immunosuppressive drugs which may cause greater

morbidity than the disease itself (69). There is reasonable hope that
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both of these developments will soon be reported. Meanwhile the

treatment depends firstly on clear analysis of myasthenic syndromes

for their mechanisms of loss of "safety factor" for transmission and

then on the informed prescription of known drugs

(5,8,16,17,24,42,48,50,57,66,69,70). There is still a lot to learn

about the myasthenic syndromes but the broad outline is now clear.
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BENIGN CONGENITAL MYOPATHY WITH MYASTHENIC FEATURES
BY

*JOHN N. WALTON, jNORMAN GESCHWIND, and JJ. A. SIMPSON
From the Neurological Research Unit and the Biochemical Department of the Institute of Neurology,

the National Hospital, Queen Square, London

It has been increasingly apparent in recent years
that in addition to cases which fall into recognizable
categories of muscle disease, a number of less
common disorders occur from time to time which
do not correspond to the accepted descriptions.
Some of these appear to be metabolic in origin and
can be elucidated, at least in part, by modern
methods of investigation (McArdle, 1951) while
others seem to fall into a borderland of either

myopathy or myasthenia gravis. A case of the
latter type is described and discussed below.

Case History
R. M. (N. H. case 4838), a female telephonist, was

born in 1919; her mother was well during pregnancy,
labour was normal, and the baby thrived well during
the neonatal period. She seemed normally active and
lively and sat up at 7 months; at 9 months she tipped
over her pram by jumping vigorously and sustained a
cut chin but no other injury. Shortly after this episode
her mother noticed that the limbs and body tended to
flop limply when she was lifted and the head lolled as
if she were totally unable to support it. The limbs were
unusually flexible, like those of a rag doll, and she lay
in her pram almost immobile, without kicking her legs
or waving her arms. Nevertheless, at the age of a year
she was able to crawl a short distance when put on the
floor; her crawling improved steadily, although her
limbs remained rather loose and " floppy ". However,
this was her only means of locomotion until she
reached the age of 5 years, when she began to pull
herself up with her arms and to walk around the furni¬
ture. When she was 5J years old she was able to walk a
few paces unaided and the limbs, though somewhat
weak, were not so loose. The patient's mother suggested
that at this age she was very little stronger but had
learned to overcome her weakness. At the age of 7
she was able to go to a school for disabled children and
could walk about 20 yards, but would then have to rest
for about a minute in order to regain her strength. She
always tended to tire throughout the day and was much

♦King's College (Newcastle) Travelling Fellow in Medicine; aided
by a grant from the Muscular Dystrophy Associations of America. Inc.
^Research Fellow, National Institutes of Health, U.S. Public Health

Service. 1953-55.
tClinical Research Fellow of the Medical Research Council.

weaker in the evening than on waking. She had particular
difficulty in climbing stairs or in rising from a low chair
and showed a considerable tendency to trip and fall,
after which she would find it difficult to get up again.
Apart from her muscular disability the patient developed
normally; the menarche occurred at 13 years and she
had menstruated normally since.
As the patient grew older she was gradually able to

extend her activities, although her muscular weakness
was virtually unchanged. She attempted numerous
occupations and finally worked (from 1948) for two
years as a telephonist, but was compelled to give up this
post because of her muscular disability; since 1950 she
had helped her mother in the home. The patient had
two sisters, one older and one younger than herself,
both of whom were well, and there was no history of
muscular disease in the family.
The patient was first admitted to the National Hospital

in 1941 under the care of Dr. E. A. Carmichael, when
generalized muscular hypotonia of moderate degree and
diffuse atrophy of proximal limb muscles were discovered.
She showed an accentuated lumbar lordosis and tended
to waddle when she walked. There was also bilateral
ptosis and weakness of the upper facial musculature.
A diagnosis of atypical amyotonia congenita was made.
She was readmitted on several occasions during the
ensuing years, when her symptoms and physical signs
were virtually unchanged. In 1944 she was seen by Dr.
Gordon Holmes, who suggested that she was suffering
from an unidentified defect of muscle metabolism. In
1948 Sir Charles Symonds could demonstrate no
myasthenic tiring of the eyelids, although there was
pathological fatiguability of the deltoids; he agreed that
the patient was suffering from an unusual metabolic
disorder of muscle. On at least three occasions the effect
of an intramuscular injection of T5 mg. prostigmine
was tested. Each time the drug made the patient feel
"

queer " and dizzy, but nevertheless it produced some
subjective improvement in muscular power, though there
was little objective change. Twice the improvement in
strength appeared to persist for two or three days after
the injection and the drug was given by mouth in a dosage
of up to 90 mg. daily. On each occasion there was a
marked subjective improvement which, however, passed
off after between one and two weeks and the treatment

was discontinued. A similar improvement appeared to
follow ephedrine, gr. £, three times daily; the effect of
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Fig. 1.—The bilateral ptosis and moderate atrophy of the shoulder girdle and arm muscles (particularly on the right side) are seen.

this drug was, in the patient's view, sustained, and she
had been taking it continuously for several years. In
1952 the patient was admitted to the Clinical Research
Unit at Guy's Hospital and was investigated by Dr. B.
McArdle; the results of these studies are given below.
At that time she seemed to show doubtful improvement
on treatment with oral potassium (dosage 1 g. KC1 t.d.s.)
and had continued to take this remedy, as well as ephe-
drine, until she returned to the National Hospital in 1955.
Assessment of therapeutic results in this patient was
always difficult as she was a suggestible, nervous indi¬
vidual, who suffered numerous episodes of emotional
instability, exaggerated by periods of conflict with her
mother.
On readmission under the care of Dr. Carmichael on

May 6, 1955, the patient's symptoms were virtually
unchanged from those she had expressed on her previous
admissions, save for the fact that she had experienced
occasional dysphagia when tired. However, she was
still able to do housework and to walk considerable
distances (with many rest periods). She felt that the
muscles of her legs seemed to " let her down " less often
than they had done some years before, but there had
been no striking change in the condition of the limbs
for many years.
On examination (Fig. 1) the patient was thin and

slightly built and walked with a distinct waddle and with
a considerable increase in the lumbar lordosis. There
was bilateral ptosis, with impaired ocular movement
upwards, but not laterally or downwards; the ocular
axes were parallel throughout and there was no diplopia.
Both orbiculares oculi were strikingly weak, but the
lower facial muscles, masseters, and temporales were
strong. Palatal and pharyngeal movements were normal
and the tongue showed no atrophy or fasciculation.
The patient had a curiously long " swan-like " neck, but
the stcrnomaotoids were large and powerful as were the
posterior cervical muscles; because of the ptosis she
tended to hold her head backwards. There was un¬

doubtedly atrophy of the sacrospinalis and other posterior
spinal muscles, but those of the abdominal wall were
good. The limbs were generally thin, particularly
proximally, and there seemed to be a general moderate

atrophy, with considerable weakness, of all girdle and
proximal muscles in the upper and lower limbs. The
extensors of the wrist and fingers were also weak; the
finger flexors were stronger but, nevertheless, consider¬
ably weaker than would have been expected in a normal
individual of the patient's age. In the lower limbs the
anterior tibial and peroneal groups showed the same
atrophy and weakness as the proximal muscles, although
the calf muscles were more powerful. All deep tendon
reflexes were present, though depressed, and direct
muscle excitability was normal; the abdominal reflexes
were brisk, the plantar responses flexor. The secondary
sexual characteristics were normally developed and there
was no abnormality to be detected on examination of the
chest, abdomen, and cardiovascular system.

Electrodiagnosis.—In 1948, an intensity-duration curve
from the right deltoid was normal; Dr. W. A. Cobb
recorded an electromyogram from the same muscle,
using a concentric needle electrode. He reported that
there was no spontaneous activity and on voluntary
contraction the motor unit action potentials were normal
in amplitude and duration. In June, 1948, Dr. P. Merton
found no decrement in the amplitude of a muscle action
potential recorded with a surface electrode on the
hypothenar eminence, on supra-maximal stimulation of
the ulnar nerve at 3 per second.

Muscle Biopsy.—A specimen of muscle was removed
from the right deltoid in 1950. There was no increase in
perimysial connective tissue nor was there any accumula¬
tion of fat between the fibres. Some of the muscle fibres
were slightly enlarged, measuring 85 ^ in diameter,
while very occasional atrophic fibres were seen. In a few
fibres sarcolemmal nuclei had migrated into the substance
of the fibre and one or two short chains of nuclei,
subsarcolemmal in position, were seen. No segmental
necrosis of fibres was evident and there was no cellular
infiltration or evidence of muscle fibre regeneration.
A number of nerve filaments were present in the section
and appeared to be normal; two muscle spindles of
normal appearance were also observed. Hence the
histological changes were minimal. Although perhaps
compatible with a mild myopathic disorder they were
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much less than would have been expected considering
the length of history and the comparative severity of the
patient's weakness.
Dr. J. N. Cumings reported that the potassium content

of the muscle was I -1 g. % by dry weight, a normal figure.
Metabolic Studies.—Studies carried out in June, 1948,

by Dr. J. N. Curr.ings yielded the following results:—

CREATINE AND CREATININE EXCRETION

Day
Urinary
Volume
(ml.)

Creatinine
(g)

Creatine
(g)

Inorganic
Phosphate

(g.)

1 900 0-73 018 0-51
2 820 0-84 0-27 0-53
3 940 0-86 012 0-41
4 763 0-79 016 0-40
5 570 0-75 004 0-51
6 940 0-87 008 0-56

Ephedrine medication and all other medicinal treat¬
ment was discontinued from the third day of this test;
a creatine tolerance test was performed on the fourth
day and gave results as follows :—

Creatine Tolerance Test.—Urinary and blood estima¬
tions were carried out at the stated times before and
after the oral ingestion of 1 g. of creatine.

RESULTS IN URINE

Time Volume
(ml.)

Creatinine
(g)

Creatine
(g.)

Inorganic
Phosphate

(g.)

Fasting
1 hour
2\ hours

35
57

121

007
005
010

001
005
004

003
002
003

RESULTS IN BLOOD

Time Creatinine
(mg. %)

Creatine
(mg. %)

Inorganic
Phosphate
(mg. %)

Potassium
(mg. %)

Fasting
1 hour
2i hours

10
112
1-25

0-38
1 -63
0-87

4-3
4-7
4-7

19-4
200
22-5

Response to Insulin and Glucose.—The patient was
given 100 g. glucose by mouth and 25 units of insulin
subcutaneously. Before the experiment was begun the
serum potassium level was 20 0 mg./lOO ml., the serum
inorganic phosphate level 4 5 mg./lOO ml., and the blood
sugar level 100 mg./lOO ml. Thirty minutes after the
injection, the serum potassium level was 18-3 mg./100ml.,
the inorganic phosphate level was unchanged, and the
blood sugar level was 168 mg./lOO ml.
Dr. Cumings remarked that the urinary creatine was

low and almost absent when the patient was taking no
drugs, while the creatine tolerance and the potassium
response to insulin and glucose were all normal.
Metabolic Activity of Forearm Muscles.—In January,

1952, the following studies were carried out by Dr. B.
McArdle in the Clinical Research Unit at Guy's Hospital,
London. The patient had received no drugs for about
a week before the test. Blood was taken from the left
antecubital vein before the test and again following the
release of an occluding cuff after a period of ischaemic

work by the forearm muscles. The work consisted in
raising and lowering (56 pulls) a 5 kg. weight by means
of a gripping movement on an ergometer. A wrist cuff
inflated to 200 mm. Hg ensured that blood taken from
the antecubital vein came only from the forearm muscles.
The results of this test were as follows

Time

Blood
Pyru¬
vate

(mg. %)

Blood
Lac¬
tate

(mg. %)

Serum
Potas¬
sium
(mg. %)

Serum
Sodium
(mg. %)

Serum
Mag¬
nesium
(mg.%)

Serum
Inorganic
Phos¬
phate
(mg. %)

Before 0-63 60 15-2 325 2-23 3-57
30 sec. after re¬

lease of cuff 1-26 31-3 16-4 340 2-50 3-67
2 min. after re¬

lease of cuff 0-91 29-4 15 6 — — —

6 min. after re¬
lease of cuff 1-13 24-2 14-8 328 — 3-28

10 min. after re¬
lease of cuff 101 16-3 14-7 330 —

20 min. after re¬ —

lease of cuff 0-86 12-7 14-5 329 — 3-18

Dr. McArdle remarked that all of these results were

within normal limits.

Other Investigations.—Haemoglobin was 100%
(14-8 g./lOO ml.); W. B. C. 4,000/c.mm. (63% polymor¬
phonuclears, 31% lymphocytes).
The E. S. R. was 8 mm. in one hour (Westergren).

The Wassermann and Kahn reactions were negative.
The serum protein-bound iodine was 3 y %. The

total serum proteins were 7-9 g./lOO ml. (albumin 4-4,
globulin 3-5).
A radiograph of the chest showed a slight dorsal

scoliosis, convex to the right. The lung fields and heart
were normal and the thymus did not appear to be en¬
larged. An electrocardiogram was normal, and a basal
metabolic rate was minus 11%. The urinary 17-keto-
steroid excretion was 4-9 mg. in 24 hours.

Discussion and Experiments
It was clear from the information recorded that

this patient fitted no clearly recognizable form of
muscle disease as previously described. The non¬
progressive nature of the disease and the diffuse
rather than selective distribution of muscular
wasting and weakness made it apparent that she
was not suffering from any of the common categories
of muscular dystrophy. Furthermore, the patho¬
logical changes in the muscle were far less than would
have been expected in a long-standing muscular
dystrophy or polymyositis. She showed many
characteristics reminiscent of the benign congenital
myopathy or myopathic form of amyotonia
congenita as described by Batten (1910) and by
Aldren Turner (1940, 1949). Because of the general
reduction in size of the skeletal muscles, the
resemblance to Krabbe's (1946) "congenital
universal muscular hypoplasia " was even more

striking, since in Turner's cases the muscular
wasting and weakness affected selectively the
proximal muscles of the limbs and the face was not
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involved. Despite these discrepancies, the results
of a recent follow-up of cases of amyotonia con¬
genita by one of us (Walton, 1956) have suggested
that the disorders described by Krabbe and Turner
may be the same. However, in this case there were
additional unusual features: the variability of her
weakness, the fatiguability, which had been a con¬
sistent feature, and the apparent response to
ephedrine, suggested that there might be some defect
in neuromuscular transmission akin to that seen in
myasthenia gravis. It was evident that the patient
was not suffering from the latter disease, in view
of the diffuse muscular wasting and the failure to
show a sustained response to prostigmine therapy.
Rowland (1955) has recently described a number
of patients who appeared to be suffering from
myasthenia gravis but who showed either a very
variable response to prostigmine or none at all.
However, from his descriptions it seems likely that
some of his cases were examples of polymyositis, a
condition which may show temporary improvement
with this drug (Eaton, 1954). It is clear from the
clinical and pathological findings that our case was
not suffering from polymyositis. An alternative
possibility seemed to be that she was suffering from
an unidentified disorder of muscle metabolism,
although Dr. McArdle's results indicated that there
was no serious defect in carbohydrate breakdown
and utilization in the muscle.

In view of the apparent improvement which the
patient had shown on potassium therapy it was
decided to investigate the effect upon her muscular
power of alterations in the serum potassium level.
It was recognized that her symptoms were not like
those of familial periodic paralysis, nor were they
characteristic of those noted in chronic potassium
deficiency (as in potassium-losing nephritis). It was
also appreciated that the serum potassium level
does not necessarily give a faithful indication
of the intramuscular concentration of this ion.
Nevertheless, since potassium is recognized to be
one of the most freely diffusible ions, it was felt that
if the patient's condition were due to a deficiency
of intramuscular potassium, she would become
significantly weaker if the serum potassium level
were lowered. Another possibility seemed to be
that she might have some anomaly whereby her
muscles required a higher than normal concentration
of potassium in order to function properly. In this
case, too, a fall in extracellular potassium would
increase her weakness.

It was also decided to repeat the electromyogram
and to study the effects upon the muscle action
potential of repetitive nerve stimulation, first under
normal conditions and secondly after increasing

doses of intravenous decamethonium iodide. Harvey
and Masland (1941) found that in patients with
myasthenia gravis, if the muscle action potential
was recorded from the skin overlying a weak muscle
during repetitive supramaximal stimulation of its
nerve of supply at a rate of 3 per second, the poten¬
tial often showed a rapid decrease in amplitude.
This was suggested as a diagnostic test, and it has
been conventional to take the recording from the
hypothenar eminence during stimulation of the
ulnar nerve at the elbow. If this muscle group is not
clinically affected, however, another must be chosen.
Recently, Churchill-Davidson and Richardson (1952)
have shown that in the normal individual an

intravenous injection of 2 mg. of decamethonium
iodide will give a significant fall in amplitude of the
motor unit potential recorded from the hypothenar
eminence during stimulation of the ulnar nerve at a
frequency of 10 per second. Patients with myas¬
thenia gravis, however, in whom the hypothenar
muscles were not weakened by the disease, were

remarkably resistant to this drug and could often
take 3 mg. or more without a significant decrement
in the action potential.
Clearly it also seemed important in this patient

to assess, under the conditions of a controlled
experiment, the effect of ephedrine, prostigmine,
tensilon, and potassium upon the muscular weak¬
ness. It was decided in addition to study the effects
of intravenous caffeine and of calcium, in view of
the direct stimulant effect which these substances

appear to have upon the muscle fibre.
Before carrying out these experiments all treat¬

ment was stopped and the patient's muscular power
was assessed three times daily by one of us, at
9.30 a.m., 1 p.m., and 5 p.m., in order to see whether
there was any significant variation depending upon
the time of day. The power of individual muscle
groups was assessed clinically and strength of grip
was measured with a spring dynamometer, the
value recorded being taken as the average of three
maximal grips with each of the two hands. It was
discovered that the latter test gave a satisfactory
indication of general muscular power. Another
useful test was to measure the time for which both
arms could be held out horizontally in front of the
body with the patient sitting in bed; the end-point
was taken at the time when one hand touched the
bed-clothes. Using these methods it was found that
after five days in hospital, with approximately the
same amount of activity carried out each day,
consistent values for strength of grip and for holding
out the arms were obtained from day to day. Each
day there was a consistent slight decrease in these
readings as the day advanced; for this reason it
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was decided to carry out all experiments at approxi¬
mately the same time in the mornings. All chemical
estimations were carried out by one of us (N. G.)
using a standard technique. The assessments of
muscular power were made by J. N. W. and electro-
diagnostic tests were carried out by J. A. S.

Experiment I: Lowering of Serum Potassium Level.—
On May 20, 1955, the patient was starved and 5 ml.
of blood was taken from the right antecubital vein at
9 a.m.; the serum potassium level, as estimated with a
flame photometer, was 4-4 mEq./litre (17-2 mg./lOOml.).
At 9.5 a.m. the patient was given 150 g. glucose orally
and at 9.25 a.m. 25 units of insulin were given sub-
cutaneously. At 10 a.m. muscular power was unaltered,
but the serum potassium level, was 41 mEq./litre
(16 0 mg./lOO ml.). Hence the fall in serum potassium
level produced by this technique was inadequate.
On May 23, 1955, after a large breakfast, the serum

potassium level was estimated at 9.10 a.m. to be
4 0 mEq./litre (15-6 mg./lOO ml.). At 9.20 a.m., and
again at 9.35 a.m. and 9.50 a.m. the patient was given
15 g. sodium bicarbonate in 2 oz. water. At 10.30 a.m.
the patient felt somewhat tired and nauseated but
there was no objective change in muscle power. At
1.15 p.m. the serum potassium level was 3-12 mEq./litre
(12-2 mg./lOO ml.) and I ml. of 1 in 1,000 adrenaline
was administered subcutaneously. At 2 p.m. the serum
potassium level had fallen to 3-0 mEq./litre (11 Ting./
100 ml.) but there was still no significant change in
muscular power. This technique for lowering the serum
potassium level will be reported in detail by one of us
(N. G.) in a subsequent communication.

Experiment II: Electromyography and Effect of
Intravenous Tensilon and Epliedrine.—On May 24, 1955,
the electromyogram from the right deltoid muscle was
recorded at 9.30 a.m., using a concentric needle electrode.
There was no spontaneous activity; on
voluntary contraction the interference
pattern was sustained but contained an
undoubted excess of polyphasic and
short-duration potentials. After sustained
abduction of the arm for 90 seconds, with
the needle in situ, the proportion of short-
duration and polyphasic potentials showed
a significant increase. After assessment of
voluntary power, 20 mg. " tensilon " was
injected intravenously at 10 a.m. The
patient immediately felt faint and dizzy
and there was no increase in voluntary

electromyogram was
10.50 a.m. ephedrine
4, was given intra¬

venously; the patient immediately felt
stronger, and voluntary power, as assessed
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Fig. 2.—Effect of decamethonium on the action
potential of abductor digiti minimi during
supramaximal ulnar nerve stimulation in R.M.
(upper curve) and in a control subject (lower
curve).

- IOO

with the dynamometer and by holding out the arms,
increased to a level higher than any recorded since
admission to hospital. The electromyogram now showed
fewer polyphasic and short-duration potentials. The
patient was unaware of the constitution of any of the
injections she received.
Experiment III: Supramaximal Stimulation of Ulnar

Nerve before and after Injection of Decamethonium
Iodide.—On June 4, 1955, a surface electrode was

applied to the left hypothenar eminence (with the
indifferent electrode on the fifth finger), and at 10 a.m.
recording of the action potential produced by supra¬
maximal stimulation of the left ulnar nerve at the elbow
was begun. With a stimulation frequency of 2 per second
there was no significant decrease in amplitude of the
motor unit potential over a 10-minute period. Stimula¬
tion was then discontinued but was restarted at 10.20 a.m.
At 10.38 a.m. 1 mg. decamethonium iodide was injected
over a two-minute period. Immediately the patient felt
faint and dizzy (as after " tensilon "); her ptosis increased
considerably and she developed diplopia, but the action
potential of the hypothenar muscles was unchanged.
At 10.44 a.m. and at 10.49 a.m. two further injections,
each of 0-5 mg., were given; the patient felt subjectively
weaker but there was no change in the action potential.
A further injection of 0-5 mg. was given at 10.54 a.m.
(total 2-5 mg.); at 10.59 the action potential showed a
13% decrease in amplitude; the patient felt weaker, was
apprehensive, and refused to have further injections.
The original amplitude of the action potential was restored
by 11.25 a.m. With this dose of decamethonium, the
action potential of a normal subject would decrease in
amplitude by more than 50%. The results of this
experiment are recorded graphically in Fig. 2, using the
same ordinates as those utilized by Churchill-Davidson
and Richardson (1952).
Experiment IV: Therapeutic Trials.—Five substances

IO IS 20 25 30 35 40 45 50 SS 60 6S

TIME IN MINUTES
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were used, namely, ephedrine, calcium, potassium,
caffeine, and prostigmine.
Ephedrine.—For a period of seven days from May 25,

1955, the patient was given tablets four times daily; for
a part of this time the tablets were ephedrine hydro¬
chloride (gr. £), and for the remainder nicotinamide
25 mg. (which looked identical). This trial was designed
by J. A. S. so that neither the observer testing muscular
power (J. N. W.), the patient, nor the ward nurses were
aware which tablet was being given at any one time, nor
when the treatment was changed. At the end of this
period it was clear that during the three-day period of
treatment with ephedrine the patient was both sub¬
jectively and objectively stronger than when she was
receiving nicotinamide.
Calcium.—On successive days the patient received an'

intravenous infusion of 500 ml. of fluid over a two-hour
period. One of these infusions consisted of 500 mg.
of calcium (as the gluconate) in normal saline while the
other was saline alone. The observer concerned with the
measurement of the patient's muscular power was not
aware which infusion was being administered. After
each infusion the patient claimed to be considerably
stronger and showed a moderate increase in power as
recorded dynamometrically and by holding the arms
outstretched.

Potassium.—Over a seven-day period, from June 5,
1955, the patient was given four times a day 1 oz. of an
orange-flavoured preparation. For a part of this time the
preparation contained 2 g. potassium citrate in each
ounce and for the remainder sodium citrate. As with the
trial of ephedrine neither the patient nor the observer
was aware which remedy was being given at any one
time nor when the change-over occurred. Throughout
this period the patient's condition remained unchanged;
neither substance produced a significant change in
muscular power.

Caffeine.—On June 12, 1955, the patient received three
intravenous injections of comparable volume and
appearance at intervals of one hour. One was caffeine
sodium bcnzoate, 0-5 g., another ephedrine hydro¬
chloride, gr. j, and the other sterile saline. The injections
were given by J. A. S. and neither the patient nor the
clinical examiner (J. N. W.) was aware which injection
was being given. It was discovered that the injection
of saline had no effect, but both the ephedrine and the
caffeine produced a distinct subjective and objective
improvement in muscular strength of comparable degree.

Prostigmine.—On June 13, 1955, it was decided to
study the effects of long-term oral prostigmine therapy,
despite the fact that this treatment had proved ineffective
in the past. Accordingly therapy with 15 mg. tablets of
prostigmine four times daily was instituted, but was
changed, at a time unknown to the patient and observer,
to an inert tablet of identical appearance. This trial
was continued over a five-day period. There was no
doubt that both subjectively and objectively the patient
was considerably stronger while on prostigmine. Indeed,
she recorded higher dynamometer readings and was able

to hold out her arms longer than at any time since her
admission to hospital. During the next five days prostig¬
mine therapy was alternated with pyridostigmine in
equivalent dosage, but there was little difference in the
effect of the two remedies, although overall improvement
was maintained.

Subsequent Progress.—As a result of the findings in
the experiments outlined above it was decided to give
the patient combined treatment with prostigmine, one
tablet of 15 mg., four times daily, and ephedrine, one
tablet of gr. J, also four times a day. For three days the
improvement in the patient's strength was sustained:
she moved about the ward more easily, could lift objects
of considerable weight, and climbed three flights of
stairs relatively briskly. Unfortunately she then developed
follicular tonsillitis with a high fever and was compelled
to take to her bed. This infection resolved within a few

days but left the patient depressed, tearful and weak,
though no weaker than she had been on admission. She
asked to be discharged, feeling that she would pick up
more quickly at home; she therefore left hospital, taking
both ephedrine and prostigmine, on June 23, 1955. On
discharge, physical examination revealed no significant
change from her state on admission.
The patient was readmitted to hospital on August 9,

1955. After returning home she had improved quickly
and soon felt that her strength had returned to what it
was after beginning combined prostigmine and ephedrine
therapy in hospital. This improvement continued for
three weeks but then she began to feel unaccountably
weaker. Although she had experienced some fluctuation
in her muscular strength as a result of emotional dis¬
turbances, the present deterioration was quite different,
being steadily progressive. In addition, she became
short of breath and could no longer lie down in bed at
night, or walk more than a few paces because of dyspnoea.
On examination on admission the patient was unable to
walk more than a few paces with considerable effort and
she was quite unable to negotiate stairs. Her resting
pulse rate was 120 per minute, but the heart and chest
showed no abnormality on examination. She was severely
breathless, with very poor abdominal and thoracic
movement and striking activity of the accessory muscles
of respiration, including the sternomastoids and scaleni.
Her ptosis and facial weakness had not increased since
her previous admission but her strength of grip was
strikingly weak and she was quite unable to lift her arms
from the bed. Her vital capacity could not be measured
as she said she was unable to blow into the machine.
An electrocardiogram was normal but for the tachycardia.
Although an accurate assessment of her physical state
was made difficult by emotional factors, there was no
doubt that she showed persistent tachycardia and severe
weakness of limb, trunk, and respiratory muscles, like
that seen in severe myasthenia gravis. Intravenous ten¬
sion and intramuscular prostigmine therapy produced
no improvement in her condition; indeed, she insisted
that these remedies made her worse. After each, some
muscular fasciculation was seen but there were no

abdominal symptoms. Accordingly, all therapy was
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discontinued and over the next two weeks there was a

gradual improvement in her respiration and in the power
of the limbs; her pulse rate returned to 80 per minute.
The patient was finally discharged from hospital on
September 16, 1955, receiving only ephedrine gr. J four
times daily. Her condition was virtually the same as
when she was first admitted in May, 1955.

Conclusions

There seems to be little doubt whatever that
this patient was suffering from a relatively benign,
probably congenital, non-progressive myopathy,
showing certain features reminiscent of myasthenia
gravis. Dr. McArdle's investigations revealed no

apparent defect in carbohydrate, metabolism, while
we were unable to produce any evidence to indicate
that alterations in serum potassium affected her
muscular condition. Save for the " myasthenic "
features, her condition corresponds closely to the
" benign congenital myopathy " or myopathic form
of amyotonia congenita described by Batten (1910)
and Aldren Turner (1940, 1949). However, Turner
did not describe any fatiguability or apparent
response to ephedrine or prostigmine therapy in
his cases, nor were these features seen in the other
cases of this type which were reviewed recently by
one of us (Walton, 1956). On the other hand, it is
evident that this patient was not suffering from true
myasthenia gravis, in view of the failure to respond
to tensilon, as well as the atypical clinical picture.
Nevertheless, it must be admitted that she showed
a considerable resistance to decamethonium iodide,
while the sustained improvement on ephedrine
therapy and the temporary response to prostigmine
were suggestive of the latter disease. The apparent
increase in strength following an injection of caffeine
sodium benzoate was of doubtful significance.
Of great interest was the striking increase in

weakness, particularly of the respiratory muscles,
after prostigmine therapy had been in progress for
some weeks. The associated tachycardia was
suggestive of vagal inhibition but it is difficult to see
how moderate dosage of prostigmine, which would
be expected to give a bradycardia, could produce
this effect. It seems most probable that the weakness
could be attributed to this drug, despite the absence
of other side-effects, and that the temporary im¬
provement, perhaps due to its anti-cholinesterase
effect, was subsequently overcome by a persistent
depolarizing effect which appeared to be cumulative.
It is well recognized that even patients with
myasthenia gravis may become weak as a result of
excessive dosage of this drug (Rowland, Korengold,
Jaffe, Berg, and Shy, 1955), but the dosage adminis¬
tered to our patient was only 60 mg. daily which
could not be expected to produce such an effect in

an individual with true myasthenia. It is also difficult
to understand the action of ephedrine in this case.
Unlike adrenaline, this drug does not cause glycogen
breakdown, hyperglycaemia, or a fall in the serum
potassium level. We may ask whether its effect is
unrelated to the energy metabolism of muscle and
whether it may have a direct effect upon the muscle
membrane or perhaps at the motor end-plate. We
have no evidence which could help in deciding this
problem.
The paradoxical responses which this patient

showed to ephedrine, prostigmine, decamethonium,
and " tensilon " suggest that in her case there may
be some hitherto unrecognized defect in the muscle
fibre and/or its end-plate or membrane. We can
think of no better description for her condition than
" benign congenital myopathy with myasthenic
features " while recognizing that we do not under¬
stand the essential nature of her disorder.

Although this patient, so far as we are aware,
shows features which are unique, there is no doubt
that other cases showing a resemblance to this
clinical picture are seen from time to time. One of
us (J. N. W.) in a previous communication (Walton
and Nattrass, 1954) has referred to a number of cases
of " myasthenic myopathy ". This term is probably
unsatisfactory, as it could be taken to refer to the
irreversible muscular weakness and atrophy which
may develop in the limb or ocular muscles of certain
long-standing cases of myasthenia gravis. One of us
(J. A. S.) in a recent study of a large series of cases
of the latter condition has come to feel that such
changes occur in a not insignificant proportion of
cases and may follow a recognizable pattern, par¬
ticularly in the limb muscles. However, the three
cases briefly referred to by Walton and Nattrass
(1954) were not of this type; rather, they were
individuals with a long-standing weakness and
atrophy of girdle and limb muscles who yet showed
a somewhat phasic course and a definite, though
sometimes temporary, response to ephedrine and/or
prostigmine. Similar patients with a clinical picture
like a combination of muscular dystrophy and
myasthenia gravis have been reported by Laruelle
and Massion-Verniory (1937), by Jezkova and
Sachs (1939) and by Hosotte (1951). Hosotte's case,
however, may have been one of true myasthenia
gravis with eventual amyotrophy. In none of the
cases mentioned by Walton and Nattrass did the
condition begin so soon after birth as in the patient
described in the present report. It is of considerable
interest that one of these patients, shortly to be
reported by Griffin, Nattrass, and Pask (1956), was
given increasing doses of prostigmine with apparent
improvement in the power of the limbs, but
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with eventual respiratory paralysis, necessitating
management with intermittent positive-pressure
respiration. He was subsequently subjected to
thymectomy with dramatic improvement.
It must be concluded that there exist a number

of obscure disorders falling into the borderland of
both myopathy and myasthenia gravis, of which the
present case is a striking example. We have at
present, however, no information to indicate the
the nature of the basic muscular defect in such
individuals.

Summary
The case is reported of a woman who developed

muscular weakness and hypotonia in the first year
of life; she has shown subsequently persistent though
non-progressive weakness, with moderate diffuse
atrophy of the upper facial, trunk, and limb muscles.
Her weakness has always become worse after
exertion and she has had slight dysphagia but no
diplopia.
Extensive metabolic, electrophysiological, and

therapeutic experiments have revealed no defect in
carbohydrate utilization or in potassium metabolism.
She is more resistant to decamethonium iodide than
the normal individual and shows improvement on
ephedrine therapy but none following tensilon.
Prostigmine produces definite improvement in
muscular power, but if continued indefinitely in
moderate dosage it appears to produce an increase
in weakness, particularly of the respiratory muscles.
A muscle biopsy revealed only slight, indefinite
changes compatible with a myopathic disorder.

It is suggested that this condition falls into a
borderland of myopathy and myasthenia and that
it should be styled " benign congenital myopathy
with myasthenic features It was not possible to
determine the nature of the biochemical or other
defect in the muscle fibre and/or its end-plate or
membrane which was responsible for this patient's
condition.

We wish to thank Dr. E. A. Carmichael for permission
to report this case and for his encouragement and advice.
We are also grateful to Dr. J. N. Cumings, Dr. B.
McArdle, Dr. W. A. Cobb, and Dr. P. A. Merton for
permission to quote their findings. Fig. 1 was prepared
in the Department of Photography, the National Hospital,
Queen Square, Fig. 2 in the Gardiner Institute of
Medicine, University of Glasgow.
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Dr. John A. Simpson (Gardinerjinstitute of Medicine, University of Glasgow):
The Value of Thymectomy1

Though seventeen years have passed since Blalock re-awakened interest in the role of
thymectomy in myasthenia gravis, the value of the operation is still debated. Dr. E. A.
Carmichael suggested that 1 should make an independent assessment of the National
Hospital series. Sir Geoffrey Keynes invited me to extend the survey to include all patients
operated on by him at New End and St. Bartholomew's Hospitals. As a control series those
patients attending the National Hospital since 1934 with a diagnosis of myasthenia gravis
were reviewed.
lA more complete account will bejpublished elsewhere.
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The diagnosis was made by the staff of the National Hospital and by other members of the
Association of British Neurologists. I examined the majority of the survivors of both series;
a few patients were questioned by post. I have adopted the role of devil's advocate to avoid
the chance of introducing a bias favourable to the operation. This should be borne in
mind when assessing the figures to be presented as they deliberately show the operation in
what I believe to be the worst light. Patients were classified at follow-up examination
according to the following criteria which are based on those used by Ross (1952). The
essential feature is an assessment of change of status from the pre-operative state or the state
on first admission to hospital in the control cases. Hence a patient with little disability does
not qualify for a high category if this state is not significantly better than at the datum point.
In case of doubt a patient was assigned to the lower category. It will be seen that any bias
has been deliberately applied in a sense adverse to the operation.

Categories.—A. Full working life with no restrictions. No Prostigmin. No subjective
weakness (small degree of permanent objective weakness permitted).
Markedly different from pre-operative state.

B. Full life; minor symptoms not requiring Prostigmin or completely
controlled by not more than 60 mg. daily.
Significantly better.

C. Full life with few restrictions, (a) demonstrable myasthenia but not
requiring Prostigmin; (b) still requiring drug but at least 40% less than
before and with improved response.

D. (a) Improved but on same or greater dosage.
(6) Unimproved—irrespective of dosage.
(c) Worse.

Altogether 404 cases were available for study. Of the 270 female cases 11 % had thymic
tumours, and 13% of the 134 males. The higher age of onset and poor prognosis of these
patients was confirmed and they will not bo further considered here. The non-tumour cases
(241 females and 116 males) showed a remarkably "normal" distribution curve for the age
of onset which does not suggest that myasthenia gravis was diagnosed in a heterogeneous
collection of unrelated diseases.
The operated series (182 females, 76 males) showed certain differences from the control

series (59 females, 40 males). The former contained a preponderance of females at all age
groups, the sex ratio varying from 4-5 : 1 in cases starting in the first decade to IT : 1 incases
starting in the fifth decade. In the control series the sex ratio was even except in the 20-40
age group where females were in excess, and in the sixth decade where males outnumbered
females. The two series were comparable for patients starting in the third decade and so the
results of the whole comparison have been checked in this group but otherwise it has been
thought advisable to compare the sexes separately. There was a statistically significant
difference in the mean age at onset between the operated and not-operated series (the latter
being nine years older at onset in both sexes). The standard error of the mean of the un-
operated series was, however, much greater than that of the operated series. Possibly the
early history of the thymectomy series has been more fully documented or the size of the
sample is too small in the not-operated series. The mean survival from the first symptom
was the same in the two series—females 13'0 and 14-7 years, males 12*5 and 12-4 years
(the operated series is the first figure).

Results

The percentage of each series in each category at follow-up is shown in Table I. Two

Table I.—Classification at Follow-up

Not-operated Operated
F M F M

Category V/o "//o
0/
/o V/o

A+B 20-3 22-5 34-6 30-3
C 15-3 7-5 22-0 23-7
D 13-5 25-0 19-2 19-7
Data incomplete 15-3 22-5 7-1 5-2
Myasth. deaths 28-8 20-0 7-7 11-8
All deaths* 35-6 22-5 170 211

* Including post-operative death or deaths from unrelated causes.

differences are apparent between the operated and not-operated series: (i) in each sex all
survival categories are increased and the deaths from myasthenia are reduced, (ii) there is no
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marked difference between the sexes in the operated series. The significance of these
conclusions is tested in Tables I! and III. The higher proportion of patients in the A+B

Table II.—Significance of Difference Between Series

Female Male
S.E. of S.E. of

Category Difference* difference Difference* difference
A+B.. + 14-31 6-3 + 7-8 8-4
C + 6-7 5-6 +16-2t 6-4
D + 5-7 5-3 — 5-3 8-2
Myasth. deaths — 21 11 6-2 - 8-2 7-3
All deaths —18-5 f 6-8 - 1-4 8-1

* % in Operated series minus % in Not-operated series.
tUnlikely to occur by chance.

Table Iff.—Sex Difference in Each Series

Not-operated Operated
S.E. of S.E. of

Category Difference* difference Difference* difference
A+B - 2-2 8-4 + 4-3 6-3
C + 7-8 6-2 - 1-7 5-8
D -11-5 8-1 - 0-5 5-4
M.yasth. deaths .. +8-8 8-6 — 4-1 8-2
All deaths .. .. +13-1 9-0 — 4-1 5-4

* % Females minus % Males in each series. The sex difference is not statistically
significant in either series but the trend is reversed.

category, and the decrease in deaths due to myasthenia are greater than can be explained
by chance in the female sex. This level of statistical significance is not reached in the males
but the trend is the same (Table II). Slightly more women than men are in category A+B
after operation and fewer women than men died of myasthenia. The analysis (Table III)
shows that this could have occurred by chance but it should be noted that this represents a
reversal of the trend found in the un-operated series where females had a slightly poorer
prognosis than males. Those data may bo summarized in the statemont that the status at
follow-up examination of the two sexes is not significantly different but that the females have
more to gain from operation—a prognosis slightly poorer than the male in the not-opcratcd
serios being changed to a slightly better prognosis in the operated series, the change being
greater than can be explained by chance. This conclusion reconciles the apparently con¬
flicting statements of Keynes (1949) and Schwab and Leland (1953).
The extent of the improvement due to thymectomy may seem disappointing. It must be

re-emphasized that this represents the minimum estimate of the distribution of categories.
There are fewer deaths due to myasthenia (and indeed fewer deaths, even including the
operative risk) and the survivors show a general "shift to the left". It must not be forgotten
that the method of assessment makes little allowance for the magnitude of this shift. It
doer, not give any indication of tho patient, bodriddon for years, who becomes able to resume
a normal life after his thymus is removed. This could be indicated only by a method of
comparison of grades of severity. This was not used in the present study owing to its
retrospective nature and because of the difficulty of maintaining standards over the long
periods involved.
Further analysis shows that the age of onset does not differ significantly in the different

categories, but Keynes' (1949) statement that the best results are obtained in patients with a
short pre-nperative duration of myasthenia is confirmed (though statistically significant in
females only), The follow up period is comparable for all categories and there is no signifi
cant difference in their pre-operative requirements for Prostigmin.

Possible factors in the sex difference described above may be (i) thyroid abnormality was
twice as common (18%) in women as in men (60% of the abnormalities noted were non¬
toxic); (ii) involvement of bulbar muscles at the onset was twice as common in woman and
initial weakness restricted to the extra-ocular muscles was more common in men; (iii) myo¬
pathic changes were twice as common in men as in women.
Electromyographic studies were presented to show that myopathic changes are common in

myasthenia gravis without wasting and that the wasted muscles show changes indistinguish
able from myositis. Lundervold's (1954) observation that myasthenic "fatigue" may
involve derecruitment ofmotor units rather than decrement of individual units was confirmed.
It was suggested that the evidence of electromyography and of histology as described by
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Dr. Hamilton Paterson shows that the pathological changes of myasthenic muscle are not
confined to the neuromuscular junction.
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AN EVALUATION OF

THYMECTOMY IN MYASTHENIA GRAVIS

BY

john a. simpson1

{From The Neurological Research Unit of the Medical Research Council,
The National Hospital, Queen Square, London)

Few diseases have been more satisfying to the teacher of medicine than
myasthenia gravis for no better meeting ground exists for clinician,
physiologist and pharmacologist. Ten years ago the standard teaching
was that the myasthenic response must indicate one of three possible
"chemical lesions" at the neuromuscular junction: (i) insufficiency of
acetylcholine, (ii) excess of cholinesterase, or (iii) a "curariform" block of
transmission, presumably due to a substance carried in the blood. More
recently the logical fourth possibility of an abnormality of the motor end-
plates of muscle has been postulated. It seemed only a matter of time and
of refinement of physiological and pharmacological techniques before the
true lesion would be demonstrated. In that same period knowledge of the
physiology of the neuromuscular junction has made its greatest advances,
yet the solution of the problem of myasthenia evades us despite renewed
and world-wide interest as evinced by two recent symposia (Acta neurol.
psychiat. belg., 1955; Anier. J. Med., 1955).
Fundamental to any satisfactory theory is an explanation of the role of

the thymus gland. It is not the purpose of this paper to reconsider the
evidence that the thymus gland is implicated in myasthenia gravis; this has
been admirably reviewed by McEachern (1943) and by Eaton, Clagett and
Bastron (1953). The association of thymic pathology with myasthenia
gravis has been recognized for more than fifty years and is not in question,
but mere association is less important than the concept that it may be
causally related to the transmission defect in muscle. It is difficult to
implicate the thymus in any "chemical pathology" of myasthenia gravis
with the possible exception of the neuromuscular block theory, and it is
significant that the exponents of the other theories make no serious efforts
to solve the dilemma. The evidence for causal relationship is of two types,
(a) thymic extracts may have neuromuscular blocking properties, and (b)
operative removal or radiotherapeutic destruction of the gland is followed
'Present address: Neurological Division, Department of Medicine, Edinburgh
University.
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by significant improvement in patients suffering from myasthenia gravis.
Evidence of the first type and its antithesis has been reviewed recently by
Wilson and Wilson (1955); the present paper is designed to review the
evidence of the second type and to present the results of an independent
survey of the largest series yet reported. A preliminary account has been
presented (Simpson, 1956).

Material and Methods

The records of all patients diagnosed as myasthenia gravis at the
National Hospital for Nervous Diseases since 1934 were scrutinized and
an attempt made to trace survivors and to determine the fate of those who
had died. Most of the cases seen after 1941 were subjected to thymectomy,
the majority by Sir Geoffrey Keynes. The survey was extended by kind
invitation of Sir Geoffrey to include his full series operated on at Saint
Bartholomew's and New End Hospitals.
Criteria for inclusion of cases in the survey were:

(a) A firm diagnosis of myasthenia gravis by a consultant neurologist
to one of these hospitals.
(b) A convincing case history of loss of muscle power after exercise,

relieved by rest.
(c) Documented evidence of improvement with neostigmine (even ifonly

a test injection).
(d) Absence of evidence of central neurological disease.
A total of 404 cases was available for study. Where death was not

known to have occurred the patients were invited to attend the National
Hospital for examination. All were traced except 12 operated and 18
not-operated patients. Doctors and hospital records were consulted for
evidence of the cause of death in non-survivors. Where this was impossible
the certified cause of death was ascertained. Of the 245 known survivors
who could be traced, 181 were examined personally and 64 patients who
were unable to attend the hospital (mainly due to residence abroad) were
asked to complete a detailed questionnaire with the assistance of their
family doctor.
The operated cases were classified in the following categories in which

the essential feature is a comparison of the state at the time of follow-up
with the state before operation with respect to (i) presence of signs and
symptoms of myasthenia, (ii) exercise tolerance, (iii) drug requirements.

Category A: Full working life with no restriction. No neostigmine
required. No subjective weakness. A small degree of
permanent objective weakness, unrelieved by neostigmine,
is permitted. The present state must represent a marked
improvement from the original.
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Category B: Able to lead a full life with only minor myasthenic sym¬
ptoms, requiring no neostigmine or controlled by not more
than 4 tablets (60 mg.) daily. A significant improvement is
required.

Category C: Full life with few restrictions but (a) demonstrable myas¬
thenia not requiring neostigmine, or (b) still requiring
neostigmine but at least 40 per cent less than before and with
improved response.

Category D: (a) Improved, but neostigmine requirements unchanged or
increased, (b) unimproved, irrespective of neostigmine
dosage, (c) worse.

Post-operative death.—-Death occurring within three weeks of operation.
Myasthenic death.—Death occurring at a later date where the history

suggested asphyxial death or death not explicable by other causes.
Death from other causes.—Death directly attributable to significant

disease where the history suggested that myasthenia was not a major factor
(e.g. cerebral haemorrhage).
Patients who had not been treated by thymectomy were assessed by

the same criteria with reference to the condition on first admission to

hospital. The essential feature is an assessment of change of status, hence
a patient with little disability (e.g. ocular myasthenia) does not qualify for
a high category if this state is not significantly better than at the datum
point. In case of doubt a patient was assigned to the lower category.
The data were analysed statistically with respect to sex, age at onset,

duration of symptoms before the datum point, and length of follow-up to
determine whether the two series ("operated" and "not-operated") could
be accepted as representative samples of the population of myasthenics.
Cases known to have a thymoma were considered separately. These
analyses will be presented before comparing the natural history of the two
series.

Part I

Comparison of "Operated" and "Not-operated" Scries
The sex distribution and the frequency of thymic tumours in the two series

is shown in Table I. It is, of course, possible that some thymic tumours

Table I.—Distribution or Thymic Tumours

Operated Not-operated
Non- Non-

Sex tumour Thymoma % tumour Thymoma 0/
/o | All cases

Female .. 182 23 11-4 59 6 9-2 j 270
Male 76 13 14-6 40 5 111 134

Both 258 36 12-3 99 1 1 10-0 j 404
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have not been diagnosed in the not-operated patients, but the close resem¬
blance of the two series suggests that this is not so. Table I does, however,
show a difference in the sex distribution. This is further analysed for non-
tumour cases in Tables II and III and in fig. 1.
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Fig. 1.—Distribution of age at onset of myasthenia (non-tumour).

Table II.—Sex Distribution (Non-tumour Cases)
Operated Not-operated

Age at onset F M Ratio F M Ratio
Years
0-10 9 2 4-5 1 1 I 1 1

11-20 62 20 3-1 I 8 8 1 1
21-30 67 24 2-8 1 21 S 2-6 1
31-40 23 17 1-4 1 16 6 2-7 1
41-50 11 10 1-1 1 6 6 1 1

51-60 2 1 (2 1) 4 8 1 2
61-70 2 1 2 1

71-SO 9

Unknown s 2 1

Total 1S2 76 2-4 1 59 40 1-5 1

Mean (years) 23-7 27-9 32-3 36-9
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Tabic JI and fig. 1 showing the age at onset, reveal marked differences
between the two series. Inspection of the histograms of fig. 1 suggests
that there is an incidence of age-at-onset which has a skew distribution
about a modal value of 20 years (approx.) and that this does not differ
greatly with sex, although the males have relatively more cases in the older
age groups (causing a higher average age). This difference could be due
to the small numbers of males, and might disappear in a larger series, but
the same trend was reported by Grob and Harvey (1953). The regularity of
the distribution curves in the operated series alone and in the total series
suggests that they must closely represent the true population ofmyasthenic
subjects if the age of onset is not randomly distributed. There is a
preponderance of females of 4-5-1 in the first decade which steadily
decreases to unity in the fifth decade (numbers are too small to attribute
any significance to the possible reversal of sex incidence in later age groups).
On this interpretation the "not-operated" series is gravely deficient in
females under the age of 20 and contains relatively more males over 50
(hence the higher mean age for both sexes) (Table II). The series are
closely similar for the age period from 16 to 35 which contains two thirds
of the operated series, though only half of the not-operated series (Table
III). It will be necessary to make all comparisons in this section of the case

Table 111.—The Age-group 16-35

Age at Not-
onset Opt■rated operated
Years F M F M
16-20 36 15 6 6
21-25 37 13 12 5
26-30 30 10 9 3
31-35 13 1 1 8 2

Total 116 49 ; 35 16

Ratio 2-3 1 : 2-2 1

material before accepting conclusions derived from comparison of the
whole of both series, since the value of thymectomy has been stated to be
most evident in women who develop myasthenia at an early age.
The length of survival from the onset of myasthenic symptoms (to April

1956) is shown in Table XV. Jt will be more convenient to discuss the
breakdown into categories later. The mean survival is closely similar in
the two series, indeed despite the longer time at risk in the not-operated
series it is slightly lower than in the operated series, due to the long-
duration survivors being matched by a higher proportion of deaths within
a few years of the onset.
Associated phenomena of myasthenia gravis occurred with equal

frequency in both series (non-tumour) (Table IV). "Myopathy" represents
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Table IV.—Associated Phenomena (Non-tumour Series)
Operated ! Not-operated
F M

/ O /O

Ocular Myasthenia 1-6 5-3
Myopathy 9-3 22-4
Goitre .. ISO 90

1-2
10-2
8-5

M
°//O
200
15-0
2-5

permanently weak wasted muscles not improved by neostigmine. "Goitre"
includes simple non-toxic enlargement of the thyroid and thyrotoxicosis.
"Ocular myasthenia" indicates the proportion of cases in which the
myasthenia remained confined to the extra-ocular muscles (including
orbicularis oculi) for the duration of the survey.

Part II
Results
The classification of both series in April 1956 is shown in Table V and

in percentage form in fig. 2. There are three questions to be answered by
this survey: (i) Is there any significant difference in prognosis between the
two groups? (ii) If there is any benefit to be gained from thymectomy, is it
obtained by both sexes? (iii) Are there any other factors which affect the
response to operation?

Table V.—Results-

Operated
-Non-tumour

Not-operated

F M F M

Category No. V/o No. "/
/ O No. % No. V/o

A 40 22-0 15 19-7 9 15-3 7 17-5
B 24 13-2 8 10-5 3 5-1 2 5-0
C 42 23-1 18 23-7 9 15-3 3 7-5
D 32 17-6 15 19-7 8 13-5 10 25-0

Data incomplete 13 7-1 4 5-3 9 15-3 9 22-5

Myasth. deaths 14 7'7h 9 11-8") 17 28-81 8 20-01
Post.-op. deaths 14 7-7 k 17-0 6 7-9 y2i-o — )-35-6 — >22-5

Deaths, other 3 1-6J 1 1-3 J 4 6-8 J 1 2'5 J

Total 182 76 59 40

rr.jljtr.e CiStribution

FEMALE

Operated 162 A - 5 C D

Not-Operated 59 A -t- B C D m Data incomplete
or too recent

I Myasthenic Deaths

MALE
Operated 76 A + 5 c D

Not-Operated 40 A - B C D wMk

j Post-operativeI Deaths

Deaths, other
causes

Fig. 2.—Comparison'of series (non-tumour) to^show cumulative difference.
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Table VI .—Comparison of Treatments for Each Sex

Fc male Male
Category Difference* S.E. ofdiff. Difference* S.E. of diff.
A--B -rl4-8| 6-3 - 7-7 8-4
C + 6-8 5-6 + 16-2f 6-4
D + 4-1 5-3 - 5-3 8-2

Myasth. deaths —21 -1 f 6-2 - 8-2 7-3
All deaths — 18-6t 6-8 cov~)1

*Per cent in operated series minus per cent in not-operated series
"Unlikely to occur by chance.

Table VII.—Sex-difference in Each Series

Operated Not-operated
Category Difference* S.E. of diff. Difference* S.E. of diff.
A-B + 5-0 6-3 - 2-1 S-4
C — 0-6 5-8 + 7-8 6-2
D -2-1 5-4 -11-5 S-l

Myasth. deaths -4-1 8-2 + 8-8 S-6
All deaths -4-0 5-4 ! + 13-1 9-0

"Per cent females minus per cent males in each series,
difference.

There is no significant

The first two questions may be investigated concurrently.
Comparison of results. Sex differences.—For further statistical analysis,

Categories A and B will be considered together as the distinction between
them is a fine one of doubtful validity. All cases in these categories are
for practical purposes without any disability due to myasthenia.
In Table VI the percentages in each category are compared separately

for each sex. The difference is expressed as -f-ve if the proportion is greater
in the operated series than in the not-operated, and — ve if otherwise. If
a difference in percentage exceeds twice the standard error of the difference
the odds are more than 20 : 1 against the difference being due to chance;
such a difference is accepted as statistically significant. In Table VII a
similar comparison is made between male and female in each series.
This analysis answers the first two questions. The operated series

contains a higher proportion of females in Category A and B than would
be likely to occur by chance (at the 5 per cent level), and the death-rate
from myasthenia is very significantly reduced (Table VI). Even when the
operative hazard is added, the total mortality rate is significantly lower
than in the not-operated series. Males show a similar trend though the
difference is not statistically significant except in Category C. Table
VII suggests a possible explanation. Neither series shows a significant
difference between the sexes. In the not-operated series there is a higher
female mortality and fewer women than men reach Categories A and B,
in the operated series this trend is completely reversed. It may be that
thymectomy reverses an unfavourable prognosis for women, but any
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conclusions must be tentative as the analysis does not exclude the possi¬
bility of the sex difference in either series having occurred by chance. As
the benefit in favour of operation for women is unlikely to be due to chance
it is possible that a larger series would show that the similar trend for
males is equally significant. It is also possible that differences in compo¬
sition of the series may be important. The following tables are of the
same type as Tables V-VII for the age group 16-35.

Table VIII.—Results in Age-c.roup 16-35

Operated Not-operated

F M F M

Category No. -
: No. V/o j No. % ! No. O /

/ O

A 24 20-7 ! 11 22-5 ! 6 17-1 2 12-5
B 17 14-6 | 7 14-3 - 1 2-9 i 6-3
C 31 26-7 12 24-5 i 4 I 1 -4 i 6-3
D 21 18-1 ! 8 16-3 6 17-1 4 25 0

Data incomplete 4 3-4 1 2-0 7 20-0 5 31-2

Myasth. deaths 9 7-7 7 14-3 ; 10 28-6 I 2 12-5

Post-op. deaths 8 6-9 2 4-1 — — i — —

Deaths, other 7 1-7 ! \ 2-0 |
i

1 2-9 !
1

1 6-3

Total 116 i 49 35 16

Table IX.—Comparison of Treatments for Each Sex (Age 16-35)
Female \ Mate

Difference* S.E. of diff. ' Difference* S.E. of diff.
-•-18-0

Category
AAB
C
D

Myasth. deaths
All deaths

-15-3
— 15-3
- 1-0
-20-9
-15-2

16-8
17-7
17-5
16-8
16-3

A 18-2
- 8-7

• 1-8
A 1-6

* Per cent in operated series minus percent in not-operated series,
is no significant difference.

25-2
27-2
21-9
26-8
25-9

There

Table X.—Sex-difference in Each

Operated
Difference* S.E. of diff.Category

AA B'
C
D

Mvasih. deaths
All deaths

Series (Age 16-35)

Not-operated
Difference* S.E. ofdiff.

-1-5
— 2-2
-1-8
-6-6
-4-1

13-6
14-7
15-5
15-9
15-

1-2
■ 5-1
■ 7-9
16-1

A 12-7
* Per cent females minus per cent males in each series. There
significant difference.

27-1
29-0
23-4
27-4
26-5

is no

Table VIII shows no essential difference from Table V except that the
male mortality rate is not apparently improved by thymectomy. This
may he due to the high proportion of unnperafed patients whose fate is not
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known. If only the known cases are considered the deaths from myas¬
thenia form 18 per cent of the total, which is comparable with the figure
obtained in the full series. The poorer prognosis for women and its
reversal by operation are again suggested by this limited series but un¬
fortunately none of the figures are significant in the statistical sense (Tables
IX and X). This is largely due to the small statistical population. The
proportion of not-operated patients in the "insufficient data" category is
unfortunately high, but recalculation of the figures in terms of known
results only does not make enough difference to satisfy statistical criteria.
Failure to satisfy these criteria shows that the results could have occurred
by chance but, of course, does not indicate that they need have done so.
The close resemblance to the figures calculated from cases of all ages
(Table V) suggests that the trends disclosed are not chance ones and that
a larger series, by lowering the sampling errors, would confirm the validity
of the trends.

Factors affecting response to operation.-—The third question to be
answered refers to the possibility that the response to operation may be
influenced by the patient's age at the time of onset of myasthenia or at the
time of operation; by the duration of illness prior to operation; or by the
severity of the myasthenia.

Table XI.—Age at Onset of Myasthenia

Myasth.
Cases A— B C D deaths Group

Sex A'o. VIS. yrs. yrs. yrs. yrs.

Operated F IS2 Mean 22-8 23-7 25-2 24-0 23-7
(s.e.) (1-2) (1-2) (1-S) (2-8) (0-5)
S.D. 9-6 7-6 10-4 10-7 6-5
P.* 0■1-0-05 1-0 o-oi -o-oo;1 > 0-1

M 76 Mean 26-2 27-7 31-0 22-3 27-9

(s.e.) (1-8) (2-1) (3-4) (2-9) (1-3)
S.D. 8-9 8-7 13-S 8-7 10-9
P.* . 2> 01 > 01 0-05-0-02 0-01-0001

Not-operated F 59 Mean 33-0 36-7 30-4 32-0 32-3
(s.c.) (3-4) (4-0) (3-2) (3-1) (1-7)
S.D. 11 -9 11-9 11-4 12-9 12-6
P.* • 0-1 0-05-0-02 > 0-1 > 0-1

M 40 Mean 36-7 40-6 36-4 44-0 36-9

(s.e.) (6-7) (9-1) (4-1) (8-7) (2-9)
S.D. 20-2 15-7 12-9 24-6 18-2
P.* 01 > 0-1 > 0-1 0 05-0-02

♦Probability, calculated by Student's t test, that the mean age of the category is the
same as the mean age of the whole group.
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Age at onset.—It has been suggested that onset at an early age gives a
better chance of good operative results in contrast with a poor prognosis
without operation (Schwab and Leland. 1953; Eaton, Clagett and Bastron
(1953), Table XIX). This factor is examined in Table XI for the present
series. The average age of the operated series is nine years younger than
the not-operated series owing to the larger representation of young people
already shown in Table II but in each series the mean age of the female
patients is four years younger than the male average at the onset of
myasthenic symptoms. Examination of the breakdown into categories
shows that of the surviving groups of not-operated patients only C-female
differs significantly from the mean age of the whole series. In the operated
series, group D is significantly older than the overall mean age in both sexes.
There is also a trend of increasing age from A and B through C to D
though the difference may not be significant. This analysis provides
slender evidence for the suggestion quoted that the earlier the onset the
better the response to operation. The suggested converse trend for not-
operated patients is not confirmed. The age difference is clearly too
small to be of practical value in selection of cases for operation. If the
question asked is "in what respect do all other categories differ from
Category D (which is that of 'no change1) with respect to age of onset? the
answer is that none differs significantly. The age of onset of male patients
who died of myasthenia after operation was significantly younger than
the mean for the series or Category D, whereas myasthenic deaths in the
unoperated males occurred in patients whose average age at onset was
significantly older than the group mean or Category D. The very high
mean age at onset of the unoperated males who died of myasthenia has
too high a standard deviation to justify further discussion. The dis¬
crepancy is not present in the 16-35 age group so it may be due to the
many older cases in the full series. Because the restricted group is
specially selected for age this factor has not been tabulated, but it may be
stated that within that group no effect of age at onset on the final result
could be demonstrated. This question is discussed more fully in Part IV.

Pre-operative duration.—The possibility that the final state is inversely
proportional to the duration of myasthenia before operation is investigated
in Table XII. The female Category A-f-B has a mean pre-operative
duration which is very significantly less than the mean of all the female
patients subjected to operation and significantly less than that of categories
C and D. Categories C and D have a significantly longer history than the
group mean. (Category C does not differ significantly from Category D.)
A similar trend is disclosed by the males, though chance differences cannot
be excluded. The mean pre-operative duration of those who subsequently
died a myasthenic death despite operation was closely similar to the mean
for the group, and in fact was not significantly different from the A-j-B
categories. There is thus no indication that those who die of myasthenia



TableXII.—PreoperativeDurationopMyasthenia

nj

to

Females

Males

Myaslh.

Myasth.

Group

A\-ll

C

D

deaths

Group

AIII

c:

D

deaths

yrs.

yrs.

yrs.

yrs.

yrs.

yrs.

yrs.

VIS.

yrs.

Yrs.

Cases

179

'64

'42

32

14

74

23

18

15

9

Meanduration

5-8

3-4

7-8

8-5

4-3

5-2

4-0

4-8

8-4

5-5

(s.c.ofmean)

(0-44)

(0-5)

(0-91)

(1-2)

(1-4)

(0-8)

(0-8)

(1-2)

(2-8)

(2-6)

S.D

5-9

4-0

5-9

7-0

5-5

6-7

3-8

5-2

10-9

7-8

s.c.ofdifferenceofD.fromothercats.
1-2

1-3

1-5

—

1-8

2-5

2-5

3-0

—

3-8

s.c.ofdilTercnceofcat.fromgroupmean
—

0-6

1-0

1-2

1-5

1-1

1-2

2-5

2-7

j>*

<0-001

0-05

005-0-02
>0-1

>0-1

>0-1

>0-1

>0-1

'"Probability,calculatedbyStudent'sttest,thatthemeanprc-opcrativcdurationofmyastheniaofthecategoryisthesameasthe meanofthewholeGroup.

TableXIII.—AgeAtOperation Females

Males

Myasth.

Myasth.

Group

A+B

C

D

deaths

Group

A+B

C

D

deaths

yrs.

yrs.

VIS.

yrs.

yrs.

yrs.

yrs.

yrs.

yrs.

yrs.

Cases

164j

62

39

32

14

711

23

18

15

' 9

Meanage

29-7

26-3

31-5

33-7

28-3

32-7

30-1

32-5

39-4

27-8

(s.c.ofmean)

(0-85)

(1-4)

G-75)

(1-9)

(2-9)

(1-4)

(2-5)

(2-9)

(3-2)

(4-1)

S.D

10-9

10-3

7-3

10-6

14-0

12-2

10-0

10-3

14-5

100

s.c.ofdifferencefromCategoryD
2-1

2-3

2-6

—

3-4

3-5

4-7

4-3

—

5-2

s.c.ofdifferencefromsexmean
—

1-6

2-0

2-1

3-0

2-8

3-2

3-5

4-3

p*

0-02

>0-1

0-05-002
>0-1

>0-1

1-0

0-05

>0-1

*Probability,calculatedbyStudent Group. tAgcatoperationnotrecordedin15femaleand3maleeases,sttest,thatthemeanageatoperationofthecategoryisthesameasthemeanofthewhole
O X z >

-3 c/)
O z
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despite thymectomy differ in the length of history from those who survive.
This point will be returned to in a later section.
Age at operation.—The age at the lime of operation may be more im¬

portant than the previous duration of illness. The analysis (Table XIII)
for females shows that A+B are younger and D older than average, to a
highly significant extent and that A-f-B are significantly younger than D
at the time of operation. In the males, group D is also older than the group
average though this is barely significant (at the 5 per cent level) and although
A+B is not much younger than the group average the difference from D
approaches the same order of significance. Those who subsequently died
of myasthenia were a little younger than the group average and consider¬
ably younger than D (the "unchanged" survivors) and this difference is
significant for males. Again the two sexes show the same trends.
It is not possible to say whether pre-operative duration or the age at the

time of operation is the more important factor. Obviously they are
interrelated. Formal analysis would require a series of cases aged less
than 30 at the time of operation who had been myasthenic for, say five to
ten years, for comparison with a series of older patients with myasthenia
of recent onset. Individual patients of the present material could be
quoted with good or bad results in both these categories so that the analysis
would have no relevance in the assessment of a particular patient when
operation is under consideration.
Neostigmine requirements.-—A major difficulty in an investigation

involving the comparison of large numbers of patients over a period of
many years is the classification of patients according to severity. Even
if it were possible for a single clinician to establish and maintain accurate
standards for twenty years, it would be impossible for a later examiner to
make such a decision, especially in a disease of widely varying manifesta¬
tions, treated by numerous physicians during a period in which therapy
was changing. The amount of neostigmine required by the patient before
operation is a reasonably objective index of severity. The sexes do not
differ greatly in this respect (Table XIV) and those patients who have done
well after operation required little less neostigmine before operation than
those who did not benefit. Those who eventually died a myasthenic

Table XIV.—Neostigmine Requirements

Myasth.
A B C D deaths Croup

Sex tabs.* tabs. tabs. tabs. tabs. tabs.
Operated . . F 10-0 12-6 19-3 12-4 14-3

13-6
M 8-0 12-6 19-2 10-5 17-5

Not-operated F 5-1 10-0 7-2 100 13-2
8-7

M 4-9 4-5 8 0 6-8 9-0

*15 mg. tablets. Where parenteral injection was used the equivalent oral
dose has been calculated on the basis of 0-5 mg. I.M. = 15-0 mg. oral.
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death required more neostigmine than the survivors. The considerably
higher requirements in Category C cannot be explained. Ross (1952)
records the same trend but had too few cases in Category D to note the
anomaly. It is not found in the corresponding not-operated group. The
possibility must be considered that Category C is an artificial one and not
truly different from Category D in which the "improvement" due to
operation could be explained if many had been given more neostigmine
than necessary before operation, but subsequently resumed their true
requirements. No patients have been included in Category C who did not
give a history suggestive of genuine improvement despite the decreased
dosage of neostigmine. Apart from this discrepancy the not-operated
series shows a trend similar to the operated series though the general dosage
level was lower (lower dosage of neostigmine was then customary).
It is concluded that there is no clear evidence that the severity of

myasthenia materially affected the final state in survivors.
Survival.—A final question must be considered before the comparative

figures of Table V can be accepted. Is the follow-up period comparable
for all categories? This must be known to exclude the possibility that
immediate good results lapse with passage of time, or conversely, that if
an unoperated patient survives long enough there is a progressive tendency
to improve. Relapses do occur after operation, but in a minority of cases.
The author was, on many occasions, surprised to note how closely his
estimate agreed with that of Ross (1952) where the latter's note was avail-

Table XV.—Survival from Onset

All known Myasih.
survivors A--B C D deaths

Sex yrs. vis. yrs. vrs. yrs.

Operated .. F Mean 13 -0 10-9 14-2 15-8 6-7
(s.e.) (0-6) (0-7) (1-1) (1-4) (1-5)
S.D. 7-1 5-2 7-7 7-9 5-S
P.* 0-01-0-001 >0-1 0-05 0 001

M Mean 12-5 12-1 10-9 15-1 6-6
(s.e.) (1-0) (0-9) (1-1) (3-7) (2-7)
S.D. 7-4 4-3 4-8 11-8 8 0
P.* >0-1 0-05-0-02 '0-1 >0-05

Not-operated F Mean 14-7 16-6 14-1 12-6 5-2
(s.e.) (1-2) (2-5) (2-7) (2-7) (1-2)
S.D. 6-9 7-1 8-0 7-7 5-1
P.* 0-1 >0-1 >0-1 >0-001

M Mean 12-4 9-4 15-2 14-5 4-0

(s.e.) (2-1) (2-3) (1-0) (3-8) (1-2)
S.D. 9-9 6-S 1-4 12-3 3-3
P.* 0-1 >0-1 0-1 0-001

"Probability, calculated by Student's t test, that the mean duration of survival from
the onset is the same as the mean for till known survivors.
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Table XVI.—Post-operative Survival

AII known Myasthenic
survivors A- B C D deaths

Se.X yrs. yrs. yrs. vrs. vrs.

F -. -> 7-5 6-7 7-3 2-4
M 7-1 81 61 6-7 1 0

able in the case record. (Unfortunately, this was not always present
making an accurate review of the identical series impossible.)
Table XV shows the mean survival times front the onset of myasthenia

in both series and the survival after operation in the operated series (to
April 1956) is in Table XVI. The apparent shorter survival from onset
of operated group A-f-B must be taken along with the figures for post¬
operative survival (Table XVI) which shows a longer post-operative follow -

up than the other categories, thus the lower figure in Table XV merely
reflects the fact that A-FB tends to have a shorter pre-operative history.
There is nothing to indicate that the longer the series is followed the

more cases will move from Category A+B to C or D. confirming the
clinical impression. The further question regarding the possibility of
improvement with time in not-operated patients is not answered un¬
equivocally since the sexes differ and no category differs significantly from
the mean for all survivors (Table XV). An interesting point emerges from
Table XV. Those patients who eventually died of myasthenia gravis did
so on average four to seven years after the onset of the disease whether
thymectomy was carried out or not. Deaths from myasthenia gravis
per se rarely occurred more than ten years after the onset of symptoms.

Conclusions.—Fewer women die of myasthenia gravis if their thymus is
removed than would be expected if they were treated with neostigmine
only, and a higher proportion of operated cases is very greatly improved
ten or more years after the onset of the illness. This difference is unlikely
to have occurred by chance. The greatest improvement tends to occur
in a group with myasthenia starting rather younger than average and with
a shorter pre-operative course than the less successful cases but the diff¬
erences are not sufficiently marked to discount chance effects. The pre¬
operative severity is probably not a significant factor. Similar trends are
noted in male cases. Though, considered in isolation, none of the diff¬
erences noted in the operated male series are of such magnitude as to
exclude the possibility that they result from chance, the fact that all trends
after operation are in the same direction as in the female cases and that
a direct comparison between the sexes shows no significant difference
suggests that males do benefit in the same way as females. There is
some evidence (Tables VI and VII) that the greater benefit obtained
by thymectomy in women is due to the change from a prog¬
nosis slightly poorer than the male to one better than the male.
Though the sex difference is not significant (in the statistical sense) in
either series the swing is sufficiently great to be beyond chance (Table VI).
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Part III

Thymomas
The number of patients in whom thymoma was known to be present was

not great (29 women and 18 men); the numbers are too small to make the
results statistically significant, but it is apparent from the breakdown
shown in Table XVII that the mortality rate is not strikingly lowered by

Table XVII.—Results—Thymomas
Operated j Not-operated

F j M i F | M
0/ i AT„ 0/ ! 0/ AT-Category No. V/o No. 0/

/0 No. V/o No. %
A I 4-3 3 23-0 0 0 1 20-0
B 0 0 0 0 1 16-7 0 0
C 4 17-4 1 7-7 1 16-7 0 0
D 3 13-0 1 7-7 1 16-7 0 0

Myasth. deaths 7 30-4 5 38-5 3 50-0 4 80-0
Post-op. deaths 7 30-4 2 15-4 — — —

Deaths, others I 4-3 1 7-7 0 0 0 0

Total 23 13 6 5

operation. It is very much higher in both series than in myasthenia
unaccompanied by thymoma whatever form of treatment was used (Table
V). Of the 9 post-operative deaths, only 2 had been shown to have thy¬
moma by previous radiography and each of these had been operated on
after a course of deep radiotherapy. In the other 7 the X-ray studies had
not revealed the tumour. The deaths recorded on the line for "other
causes" were a patient, described elsewhere by Chalmers and Boheimer
(1954), who died of hemosiderosis without recurrence of myasthenia
gravis three and a half years after operation, and another who died of acute
mania complicated by bronchopneumonia. The circumstances of the
other deaths were investigated as fully as possible by retrospective inquiry.
In all cases the nature of the terminal illness was consistent with death due
to myasthenia gravis. In at least 7 of these patients the immediate effects
of operation were comparable with the non-tumour patients and indeed
three of them had long periods (two and a half, six and seven years) of
complete remission from myasthenia before the relapse which led to death
in a short period.
Age at onset.—The mean age at onset of myasthenic symptoms was

higher than in comparable non-tumour groups but the small number of
cases and the wide scatter of ages make this of doubtful significance (Table
XVIII). This information was not available in two male patients who
have been omitted from the table.
The mean age at onset of myasthenia for all known cases of thymoma

was 40-8 years for females and 39-3 years for males. The earliest onset
was in a woman of 24 (died) and the oldest a woman aged 61 who at the
age of 70 was in excellent health (Category A) five years after removal of
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Table XVIII.—Age at Onset of Myasthenia (Thymomas)
Operated. Not-operated
F M F M

23 12* 6 4*
42-5 39-3 35-8 39-3
(6-3) (2-5) (4-5) (4-1)
301 8-5 11-1 8-2

Cases No.
Mean age Yrs.
(s.e. of mean) Yrs. c

S.D. Yrs.

*Age at onset unknown in one male of each group.

Table XIX.—Survival from Onset of Myasthenia (Thymomas)
All Myasth.

Cases survivors A B C D deaths
Sex No. yrs. yrs. yrs. yrs. yrs. yrs.

Operated F 23 9-6 8-3 — 7-5 12-7 5-6
M 13 7-4 5-3 — 11-6 9-5 3-1

Not-operated F 6 9-3 . 9 9-6 ? 6-4
M 5 4-8 4-8 — — — 2-3

Table XX.—Post-operative Survival-—Thymomas

All Myasth.
Cases survivors A B C D deaths

Sex No. yrs. yrs. yrs. yrs. yrs. yrs.

Operatcd F 15 5-3 5-8 — 3-9 6-9 2-6
M 10 5-5 4-6 — 9-3 4-5 2-1

a thymoma (with only post-operative radiotherapy). It does not appear
as if the patient's age when myasthenia first manifests itself is of much
assistance in diagnosis or in prognosis but Keynes (1955) has remarked
on the absence of cases under 20 and the low incidence under 30 (4 per
cent).
Survival.—It has been thought advisable to show the survival figure of

this group, though the numbers are too small for proper comparison with
the non-tumour series, as there is a common tendency to give a poorer
prognosis than is justified by the facts. The high mortality of this group
has been discussed above, but many years of survival in a high category
are possible (Table XIX). The post-operative survival is also shown for
comparison with Table XVI (Table XX).
The follow-up period is of the same order as in the non-tumour cases.

Furthermore Tables XIX and XX show that although myasthenic death
is more likely to occur in the presence of a thymic tumour, this event tends
to occur at much the same time from the onset or after operation, whether
tumour is present or not. In other ways, too, the patients with a thymoma
showed no obvious clinical difference from the others. The incidence of

myopathic change and of goitre was the same (compare Table XXI with
Table IV).

brain—vol. lxxxi 9
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Table XXI.—Associated Phenomena (Thymomas)
Ope ated Not-operated
F M F M

% % % %
Ocular myasthenia* 0 0 0 0

Myopathy* 8-7 23-0 ' 16-7 20 0
Goitre 210 8-0 i 16-7 0

*As defined for Table IV.

Keynes (1955) thought that the tumour cases were nearly always associ¬
ated with severe symptoms which were difficult to control. The average
neostigmine requirements of the thymoma group was about 25-50 per
cent higher than the non-tumour series (Tables XXII and XIV) and
neostigmine resistance was more common. There is a marked discrepancy
in this index of severity when Category A is examined (Table XXII). In

Table XXII.—Neostigmine Requirements (Thymomas)
Myasth.

A B C D deaths Group
Sex tabs. * tabs. tabs. tabs. tabs. tabs.

Operated . . F 30 — 23 13 10-4
17-0

M 26 — 8+ 1 17-6

Not-operated F — 24 10 10 40+
20-0

M 27 — — — 5j
*15 mg. tablets. Parenteral dosage equated as before.
fNot known in 2 cases.

the non-tumour series this category had a slightly lower than average
preoperative requirement for neostigmine, but in the tumour group the
mean dosage was much higher than average. Too much stress should not
be placed on this unexpected finding as the whole group includes only 4
cases, nevertheless, this observation once again underlines the fact that
excellent recovery may follow removal of a thymoma in a severely my¬
asthenic patient. The 3 male patients in Category A had preoperative
radiotherapy (which caused increased weakness). The female patient did
not have radiotherapy until after operation. Keynes (1955) stresses the
desirability of pre-operative radiation but records successful results in the
absence of this precaution. Of 20 patients with thymoma treated with
deep X-ray therapy followed by operation between 1948 and 1953, only
4 (20 per cent) had died at the time of his report (1953, published 1955).

Part IV

Comparison with Published Series
Comparison of one published series with another cannot be made with

great accuracy. The most important reason for this is the failure to
differentiate the cases associated with a thymic tumour from those in
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which no tumour can be demonstrated. The numbers involved in most

of the series are small and their selection varies. Sir Geoffrey Keynes has
operated on almost every patient referred to him. (I have only found
3 patients who were rejected as "bad risks" so their inclusion in the not-
operated series does not introduce a significantly adverse factor.) The
number of patients who were not referred to a surgeon is not known, but
is believed to be small. In his series of papers from 1946 to 1955 Keynes
has reported the cumulative results of his experience. In the present paper
(Table XXIII) his figures have been recalculated in terms of the total
material instead of percentage survivors as reported. Ross (1952),
reporting an independent assessment of Keynes' patients, examined "100
consecutive patients" from the latter author's series. It seems implicit
that this means "100 consecutive patients who survived thymectomy."
To this extent the series is not representative of the total case material now
included. Keynes and Ross did not publish separate statistics for each
sex, nor did Viets (1945, 1950), Harvey (1948) and Eaton and Clagett
(1950), reporting the early results from Boston, Baltimore and the Mayo
Clinic. Furthermore, the American reports of that period included tumour
and non-tumour cases in the one analysis. Indeed some of these centres
considered that the presence of a thymoma was the main indication for
operation (Eaton and Clagett. 1950) and in other ways their series were
more "selected" than the London series. Viets (1950), for instance,
states that he had "deliberately avoided operating upon mild cases, or
those fully maintained under oral medication" and excluded most patients
under 40. He considered that less than half of 300 patients he had seen
since 1935 were proper candidates for thymectomy. Schwab and
Passouant (1952) and Schwab and Leland (1953) correlated the findings
with sex and age, but still included cases with thymoma. In the last report
from Boston (Schwab and Leland, 1953) 22 per cent of 78 patients sub¬
jected to thymectomy had thymomas. As tumours were present in 32
per cent of their male cases against 17 per cent of their females it is
apparent that their conclusion that males received no evident benefit from
the operation requires further examination. The method of selection of
patients for thymectomy by Schwab and Leland (1953) "depended partly
on chance, economic reasons and random persuasion in different periods
b\ a number of different physicians, with a large number of variables.
There has been, however, a trend towards selection of younger patients."
A like number of patients was selected from a group of 250 myasthenia
gravis patients as controls "that matched the thymectomy patients by sex,
age of onset (within five years), severity of disease and presence or absence
of thymoma." The intention is most laudable, but considering the
"method of selection" of cases for operation and the virtual impossibility
(to the writer) of matching many cases from such a small population, the
"control" must be considered dubious.
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The Baltimore series, starting with the famous paper of Blalock (1941),
was reported briefly by Harvey (1948) and more fully by Grob (1953) who
discusses the sex difference, but unfortunately there is no report of this
series in which the tumour material is separated from the non-tumour.
(20 per cent of 44 operated cases had thymomas; 40 per cent of the deaths
in the operated series had tumours as compared with 10 per cent of'the
deaths in the not-operated cases.) The criteria for selection for operation
are not reported but "the average severity of disease at the time of opera¬
tion was slightly greater than in the other patients with myasthenia who
were hospitalized but who did not have thymectomy or irradiation." The
incidence of ocular myasthenia was 4-5 per cent in the thymectomy series
and 29-7 per cent in the remainder.
The failure to separate thymoma from non-tumour cases was also the

cause of confusion in the first reports from the Mayo Clinic by Eaton and
Clagett and their collaborators (1949, 1950). The sexes were not con¬
sidered separately. It appears that "some patients were too ill or too old
for major surgical procedures to be recommended." On the other hand
many cases of mild myasthenia gravis were included in the control group.
These authors also attempted the case-matching type of control in their
later papers (1950, 1953, 1955), nevertheless in 1950 Eaton and Clagett
concluded that "at present thymectomy in the treatment of myasthenia
gravis is recommended by us because of the potentially malignant
character of the thymomas and not because of anticipated improvement
in the myasthenia gravis. Thymectomy is seldom recommended except
when the following conditions prevail: (1) A thymic tumour can be demon¬
strated roentgenologically. (2) The condition of the patient is such that
the risk of operation is not considered excessive. (3) There is no roentgen¬
ological or clinical evidence of inoperability of the tumour." When their
material was redeployed to take account of presence or absence of tumour,
Eaton, Clagett and Bastron (1953) expressed surprise on finding statistic¬
ally significant benefit from operation in the non-tumour cases. The
fullest discussion of the Mayo Clinic series including the sex factor, is
made by Eaton and Clagett (1955). This is the only American paper
which breaks down the material in such a way as to allow comparison with
the London series. It is apparent that the earlier views were based on a
surgical series in which 42 per cent of patients had thymomas against 7 per
cent of non-surgical cases. The criteria for operation after this recog¬
nition was made are not reported, though it appears that the risk of
operation was accepted in more severely ill patients "on the basis that
thymectomy might prove to be lifesaving." In view of the very marked
differences between patients selected for operation and those not so
treated, Eaton and Clagett (1953, 1955) use the match-control method
criticised above.
This detailed study of the constitution of the major series in the literature
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is not made in any critical sense. The writer is well aware of the defici¬
encies and lack of planned control in the present series, but the literature
has been so long bedevilled by conflicting claims it seems essential to
examine the basis of these claims with care before a comparison is made.
It is also necessary to examine the method of classification of results used
in the different centres. This has been done in Table XXV. Where the
authors define their criteria they have been quoted and this has been
amplified from internal evidence in the text or tabulated data. The
classifications differ widely, particularly in the large group in which
improvement short of complete remission is recognized. It is not always
made clear that the grading represents a change of status from some datum
point such as the pre-operative period rather than a classification of
physical status at the time of follow-up. Under the first system, used in
this paper, a mild case of ocular myasthenia showing no spread but no
significant improvement would be classed in Group D. In the alternative
scheme it would be in Group B. Table XXIII shows the apparent relation¬
ship between the different reports and the further comparisons are based
on this assumption. Eaton and Clagett (1955) state that their criteria for
"complete remission" are stricter than those of Keynes. If a minor
degree of myasthenia gravis persists these authors classify the result as
"considerably improved." The definition of Group A used in the present
report is restricted in the same way, but it has been considered justifiable,
following Keynes (1954), to permit "myopathic" weakness (wasting, and
weakness not related to effort nor reversible by neostigmine). This point
is not discussed by the other authors, but since it cannot be expected that
thymectomy could reverse a myopathic lesion, such a concession seems
permissible. On the other hand my criteria for C and probably B are
stricter. The combined A and B groups are believed to conform to the
criteria of Keynes and Ross.
Table XXIV shows the relation between successive reports from London,

but it should be remembered that Keynes did not operate on a small
number of the present operated series which accordingly includes the "first
steps" mortality of several surgical units. It is evident that the present
author's assessment is similar to that made by Keynes in 1949 although the
proportion not included in the improved categories is some 10 per cent
higher. This is certainly attributable to the very rigid criteria adopted,
for instance Group D (a) were undoubtedly improved, and might well have
been in Group C in Keynes' classification, but they have been kept in the
lower group because the neostigmine dosage was not decreased. This
decision is certainly open to argument, but the writer's aim is to present
the operative results in the least favourable light so that any result will not
be open to accusation of special pleading. The discrepancy with Ross's
results (which Keynes has described as "better than I have ever claimed
myself") is not understood. Though it is apparent that the criteria for
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Simpson, 1956
A. Full working life with no

restrictions.
No neostigmine
No subjective weakness.
(Small degree of perma¬
nent objective weakness
permitted.) Markedly
different from pre-opera-
tive state

Keynes (1946, 1949. 1954)
A. Quite well.

No symptoms.
No neostigmine

Table XXIII.—

Ross (1952)
A. Quite well.

No symptoms or treat¬
ment

B. Full life. Minor symp¬
toms, not requiring neo¬
stigmine or controlled by
not more than 60 mg.
Significantly better

C. Full life with few restric-
trictions:
(a) demonstrablemyasth.

but not requiring neo¬
stigmine

(b) Still requiring drug
but at least 40 per
cent less than before
and with improved
response

D. (a) Improved, but on
same or greater dose
of neostigmine

(b) Unimproved, irres¬
pective of dosage
(even if in good
health e.g. ocular
myasthenia).

(c) Worse

died (a) Death due to myas¬
thenia after three
v\ eeks

(b) Bost-op. within
three weeks

(c) Death due to other
causes

B. Virtually well.
Minimal symptoms.
Small dose of neo¬

stigmine

C. Some improvement,
often considerable.
Neostigmine still
necessary but less
than before

D. No change

died (a) Later myasthe¬
nia

(b) Post-operative

(c) Other causes

B. Symptoms inconstant and
minor e.g. only present at
menses. The patient is
able to carry on with full
scale of activities. Treat¬
ment minimal; signifi¬
cantly less (mean post-op.
dose 6-8 tabs. S.D.4-8)

C. Considerable improve¬
ment. Fewer or less
severe signs and symp¬
toms, and responds to
signif. smaller dose of
neostigmine

D. Unchanged or worse

died Later myasthenia

Other causes
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Comparison of Criteria

Eaton er at. (1953)
+4 Complete remission
No symptoms.
No neostigmine

Schwab and Leland (1953)
A. Complete remission.

Nolonger requiredany
medication and had
no symptoms

Grob (1953)
In a complete or
nearly complete
remission

+ 3 Considerable improvement
(1) Subjectively well. Examination dis¬

closes (a) min. weakness due to
myasthenia (b) Unequivocal sensi¬
tivity to curare

(2) Marked subjective improvement.
Verified by increased work and
activity, plus great reduction in
amount of neostigmine required

B. Significantly and ob¬
jectively improved,
took less medicament
and had fewer symp¬
toms. Medical referees
would all agree as to
the presence of im¬
provement

Improved to a
moderate degree

+ 2 Moderate improvement
(2) Same work and activity accom¬

plished with signif. reduction of
neostigmine

(1) Greater work and activity accom- , C. Various degrees of slight
plished with use of same amount to mod. improvement
of neostigmine which was subjective

oftener than objective.
Difficult to evaluate
quantitatively and would
not convince referees

-1- No essential change D. Unchanged or worse
— 2 Worse Unchanged.

Worse

— 4 died. Myasthenia gravis E. All deaths died (all cases)

— 4 Surgical death
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Category B are less rigid (cf. neostigmine requirements) and Ross agrees
with Keynes in B. C. D. there is a difference between the proportions in
Category A which can only be attributed to fortuitous selection. The
apparent selection of survivors of the operation has already been pointed
out. Certainly the writer was frequently able to check his own assessment
with that made on the same case a few years earlier by Ross and there was
rarely disagreement; and 54 per cent of the patients Ross had assessed as
A made up 56 per cent of these classified as A by Keynes in 1949 (Ross,
1952). This strongly suggests that the difference is a genuine one due to
examination of a consecutive series of cases which was not a true sample of
the whole operated population—a well-known risk in surveys of this type.
The present assessment in which no sampling is involved, should, therefore,
be taken as an expression of the writer's opinion of the latest state of the
whole London series when looked at in the most critical light. This can
now be compared with the other major series, bearing in mind the differ¬
ences in composition and in the criteria of assessment which have been
presented above. The figures tabulated (Table XXV) are those most
recently reported.
The closest agreement with the results of the present survey is the much

smaller series of Schwab and Leland (1953). Unfortunately, 9 of the 53
females (17-0 per cent) and 8 of the 25 males (32 per cent) in the operated
scries had thymomas and the published data are insufficient to permit
computation of the non-tumour results though it is stated that exclusion
of the thymomas raised the A or B remission (A+B+C of the present
classification) to 68 per cent for females, but left the rate unchanged for
males (24 per cent). On the other hand, exclusion of the tumours lowered
the mortality rate for males from 32 per cent to 18 per cent (though not
slated it is assumed that the female mortality rate is little affected by the
adjustment). These authors, then, agree closely with the London results
except for the poor improvement rate in males. Their control series
closely resembles the present one in all respects except for the larger
number of females considered unchanged or worse. It should be remem¬
bered that the control series was selected to contain the same incidence of
tumour as the operated series.
Eaton and Clagett (1953) also report results of the same order as the

present ones in their operated series, but agree with Schwab and Leland
(1953) in finding more females improved and more males unchanged or
worse. The figures for their control series, however, arc so markedly
different from all the other series (which are consistent with each other)
as to raise doubts about the validity of their matching technique. They
report the following assessment of 142 unselected controls: A 7-7 per cent,
B 9-9 per cent, C 10-6 per cent. D 49-3 per cent, Died 22-5 per cent, but
9 per cent of this series were previously reported to be cases with tumour
(Eaton and Clagett, 1950). Nevertheless, the mortality rate is more
consistent with that in the other not-operated series.
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Table XXIV.—Progressive Assessment or London Series
(Non-tumour)

Keynes Keynes Ross Simpson
(1946) (1949) (1952) (1956)

No. O/*
/o No. O/

/o No. V/o No.* °//o
A 9 27-3 39 2S-4 41 41 55 21-3
B 11 33-3 40 29-2 26 26 32 12-4
C 8 24-2 31 22-6 20 20 60 23-3
D 5 15-2 10 7-3 6 6 47 18-2

Data incomplete . .
— 7 51 0 0 17 66

Myasth. deaths — 0 0 1 1 23 9 0

Post-op. deaths — 10 7-3 0 0 20 7-7

Deaths, others — 0 0 6 6 4 1-5

Total 33 137 100 258
*Per cent of survivors only.
|Both sexes combined.

Table XXV.—Comparison of Non-tumour Cases with Other Series
Operated Not-operated

Balti¬ Balti¬

Series* London Mayo Boston more London Mayo Boston more

"//o % "//o % /o
O/
/o % °'o

A F 22-0 16-7 20-7 12-0 15-3 5-6 13-0 14-0
B 13-2 36-7 41-53 36-03 51 14-8 20-73 22-0\
C 23-1 20-0 / } 15-3 14-8 >

J J
D 17-6 16-7 22-6 24-0 13-5 57-4 37-7 34-0

Data incomplete 7-1 — — — 15-3 — — —

Myasth. deaths 7-73 6-6 7'6~) 1 28-8") 7-4 28-3. . r~oo

Post-op. deaths 7-7 y n o 6-3 7-5 y 28-0 ^ — >35-6 — — - V
Deaths, other 1-6J — -J J 6-8 J — — J

Total cases 182 30 53 25 59 54 53 77

A M 19-7 17-7 80 22 0 17-5 13-0 16 0 17-0

B 10-5 17-7 160 \ 1603 5 0 17-4 10-0\ 12-0 3

C 23-7 17-7 / j 7-5 17-4 J 1
D 19-7 35-3 44-0 21 0 25-0 43-5 24-0 27-0

Data incomplete 5-3 — — — 22-5 — — —

Myasth. deaths 11-8") 0 SO 200") 8-7 20 0 N
1

Post-op. deaths 7-9 921-0 ITS 240 42 0 !> — 922-5 — 44-0 y
Deaths, others 1-3 J — — J 2' 5 J — 1J

Total cases 76 17 25 19 40 23 25 41
* London—present series. Mayo Clinic—Eaton and Clagett (1955). Boston -Schwab and
Lcland (1953). Baltimore—Grob (1953).

Grob (1953) agrees with the present author in his grouping of male
cases with or without operation except for the considerably higher mort¬
ality rate. Considering the numbers involved the female series are in
reasonable agreement, but the mortality rate of the operated series is much
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higher. Unfortunately, no details are given to show how much of this
represents operative risk, but the high proportion of thymomas may be
responsible. 9 of the 44 operated patients (sex not distinguished) had
thymomas and 6 of these "died of myasthenia gravis." Removal of these
would lower the combined sex mortality from 34 per cent to 10 per cent.
On the contrary, only 4 of the 41 not-operated deaths were thymomas (and
2 surviving tumours were known) giving a corrected combined-sex
mortality rate of 33 per cent (37 of 112). These figures are again similar
to those reported here.
To summarize, there is general agreement on the mortality rate and

extent of remission in operated and not-operated series and that differences
in assessment of the remainder can be attributed to differences in methods
of classification or to errors of sampling in small series. All four centres
agree that thymectomy results in a worth-while improvement in prognosis
for women, particularly in the reduced mortality rate, but the three
American centres do not consider that males are significantly benefited by
operation. On first glance at Table XXV this conclusion would appear
justified, but close inspection suggests that the conclusion may be pre¬
mature since the male mortality in the operated scries of Eaton and Clagctt
(1955) is entirely an operative mortality and in Schwab and Leland's (1953)
it is predominantly so. It will further be recollected that 32 per cent of
the operated males in the latter series had thymomas (double the incidence
in females). Grob (1953) does not detail the distribution of the thymomas
which formed 20 per cent of his entire operated series and contributed
60 per cent of the deaths. In the light of these considerations, the American
position cannot be sustained until analyses of their non-tumour series are
provided. Their conclusions are in line with those in Part II of this study
and all four series show identical trends (in favour of operation) though no
single series reaches statistical certainty. The identical trends in all series
are unlikely to be fortuitous. With regard to the influence of age, Eaton
and Clagett (1955) since removing thymomas from their series, now agree
with Keynes and Ross (1952) and return to their opinion (of 1950), that
the age at onset does not significantly affect the response to thymectomy,
though earlier (Eaton, Clagett and Bastron, 1953) they had agreed with
Schwab and Leland (1953) that the younger the patient at onset, the better
the response to thymectomy. The latter authors, however, state that "the
high proportion of thymomas in older females (in their series) probably
explains their poorer result." The present study now provides further
evidence that the non tumour patients who show the poorest response are
a little older than the average, although a direct comparison between the
good results and the failures shows no difference sufficient to be of practical
value.
An unexpected finding is that the myasthenic deaths occurring despite

operation do so in a group whose characteristic age of onset, age at
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operation and duration of symptoms before operation are substantially-
similar to those of the group deriving most benefit. From Table XV it
appears that the crucial period is four to seven years from the onset,
whether operation is carried out or not. and it is possible that these
patients are more difficult to control by neostigmine (Table XIV). The
available data do not suggest any method of selecting this unfavourable
group.
The beneficial effect of shorter pre-operative duration demonstrated in

this paper confirms the findings of Keynes (1946 and 1949) and Ross
(1952). Schwab and Leland (1953) agree so far as females are concerned,
but not for males. The high incidence of tumours again invalidates their
findings. The Mayo Clinic and Baltimore groups have not commented
on the influence of pre-operative duration of myasthenia. Eaton and
Clagett (1950) also agree that the pre-operative duration is, on average,
slightly shorter in those showing marked post-operative improvement
(without distinction of sex). Nevertheless, the inference that the incidence
of deaths due to myasthenia despite thymectomy would be reduced by
selecting young patients with a short pre-operative history is not borne out
by the present survey since the average age at onset and at operation and
the average pre-operative duration in these patients is actually lower than
in the unimproved (D) patients, and sometimes lower than the average of
the whole group or even of Group A+ B. One would expect that the
response to any form of therapy would be a function of the severity of the
illness at the time treatment was started, that is to say that the final
category would bear some simple relation to the initial severity of myas¬
thenia. The method of assessment used in this and in the other surveys
reviewed does not permit deductions of such a nature since the factor of
change of status selected for analysis takes no cognizance of the severity
of the disease from which that change occurred. The necessity for this
approach has been discussed already, but it is worth re-emphasizing that
the bald classification of a case as Category C or even B according to the
rigid definitions used does not convey how truly dramatic the change may¬
be. Some measure of the severity of myasthenia at the datum point is
given by the neostigmine requirements of the patient at that time. It was
found (in agreement with Ross, 1952) that the requirements in those
ultimately achieving Category A were little lower than the remainder, but
certain possible fallacies (discussed in Part II) make this conclusion only-
tentative. None of the American series allows direct comparison.
Eaton, Clagett and Bastron (1950) give criteria for classification of severity,
but do not state how it correlates with the final outcome. It is, however,
relevant to note that the re-analysis of their non-tumour material which
forced them to acknowledge the value of thymectomy was based on cases
selected as being of "average severity." Indeed a method of classification
based on extent of change in state is likely to be biased against the mild
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case in which any change can only be of small amount. This limitation
was accepted in the present study as it was thought desirable that any bias
introduced should be against thymectomy on the grounds that the onus
of proof rests on the proponents of radical forms of treatment. The
"devil's advocate" has nevertheless confirmed their claims that a significant
saving of life results from removing the non-malignant thymus gland df
patients with myasthenia gravis and that the survivors have a better chance
of complete and lasting remission or of great improvement in myasthenic
symptoms, particularly if operation is performed within four years of the
onset of symptoms. It is perhaps not out of place to add that the extent
of this improvement may be very great. It is usually permanent, though
a few relapses have been noted, and it is common for improvement to be
progressive for several years after operation. For the present purposes
Category D has not been subdivided, but physicians considering subjecting
patients to operation should know that most of the patients in this category
were "unchanged," very few became worse after operation. Unfortun¬
ately. apart from duration of symptoms, this study (and parallel un¬
published observations) has not shown criteria which would allow one
to predict the effect of thymectomy in the individual case, but this writer
is satisfied that although the chances of significant improvement, or arrest,
are not overwhelmingly superior to those of non-surgical treatment, they
are sufficiently great and the extent of the improvement so potentially
spectacular that the operation should be seriously considered in all cases-
in which myasthenia is not confined to the ocular muscles. This qualifica¬
tion seems necessary in view of the report of Ferguson. Hutchinson, and
Liversedge (1955). These workers put forward the view that the prognosis
of myasthenia gravis is not unduly poor with medical management. They
traced 69 of 75 cases seen over a period of twenty-two years and only 9 of
these had died (2 with thymomas). Of the 60 survivors 42 were well
controlled with medical treatment. They pointed out that in 27 of these
(36 per cent of the total material) the myasthenia had remained confined
to the ocular muscles. It is apparent that they have seen a much higher
proportion of ocular myasthenia than occurs in the practice of the National
Hospital (Tables IV and XXI).

Discussion

Seventeen years have passed since Blalock (1941) reawakened interest
in the role of thymectomy in myasthenia gravis, yet the value of the
operation is still debated. The apparent lack of agreement between the
few centres with wide experience of thymectomy has caused those looking
for guidance to assume that the evidence was too equivocal to carry
conviction (Lancet, 1954). Keynes has pointed out on numerous occasions
that the apparently poor results in some of the American reports were due
to the failure to separate those patients with thymic tumours from the
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remainder. Where such differentiation has been made (Eaton and
Clagett, 1955), the favourable results reported by Keynes have been
confirmed.
Criticism has been made of the method used in this and the earlier

surveys. The deficiences of the method are clear and are freely acknow¬
ledged. It is obvious that in a disease of protean manifestations without
measurable characteristics any assessment of disability on an absolute
scale would be misleading if not impossible. Nor would it be possible for
even a single observer to maintain rigid standards of severity for a disease
of rare occurrence. - It is, however, comparatively easy by the normal
means of clinical investigation for any physician to decide whether or not
a patient has improved significantly from a given point in time and. if the
criteria are rigidly defined and the categories are not too narrow, any-
experienced observer can assess the degree of improvement. Two difficul¬
ties do arise. Firstly, there must be reasonable certainty that the original
diagnosis was correct. In the present study this was assumed if the
diagnosis was confirmed by an experienced neurologist and a record ful¬
filling certain criteria was available for study. The second difficulty is
more serious: Since the basis of classification is a change in clinical status
it is obvious that the extent of this change may be little or great, depending
on the severity of the disease at the time used as reference point. A little
consideration will show that this factor cannot influence Category A and
probably would not materially affect Category D, but may substantially
affect the relative distribution between Categories B and C. As this effect
is a random one it should not be a serious matter in a large series, but it may
well explain some of the anomalies in the smaller series.
Further criticism encountered during this work has been the time-

honoured "you can't reduce a complex disease in a living subject to a
number." This has been answered in an admirable way by Herdan (1955)
who writes:
"Some clinicians are not sympathetic to methods tending to condense

the information on a patient's hospital record by disregarding certain
details, in order to make the material amenable to statistical methods.
They consider this inferior to working with the complete picture of the
case. But such a view rests upon the illusion that our intellect is capable
of integrating all the data on a patient's card or even on a number of such
cards, into one clear-cut conclusion without neglecting any details.
Unfortunately, our mind is not made that way. Combination of observa¬
tions—and without it no conclusion can claim the slightest degree of
generality—implies neglect of details. Since no two cases are completely
alike they can for the purpose of combination be made alike only by
dropping unnecessary detail. What statistics offer in this respect is a
legitimate method free from arbitrariness, by which to replace the highly
subjective method of the man who labours under the illusion that he never
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neglects a detail." No other way of assessment is open. It is not
sufficient to quote a case of spectacular cure of myasthenia gravis or one
in which no benefit resulted without adding the (statistical) statement that
such a result may be expected to occur in a certain proportion of trials.
Nor would the statement be complete without the addition of the further
information of the extent to which such a result differed from that to be

expected from other modes of treatment.
The last statement raises the question of "controls." For the present

purposes a series of patients treated medically by the same group of
physicians was .fame de mieux, regarded as an index of the expected out¬
come of myasthenia gravis when treated without thymectomy, but in all
other respects in the same manner. In the event, it became clear that this
comparison could not be sustained since there were marked dissimilarities
in the composition of the two series ("operated" and "not-operated").
This has been countered by demonstrating that the statistics of the total
material are substantially the same as those of a selected sample of each
group in which age and sex were comparable. It was not, however,
possible to ensure that previous medical treatment was the same in both
groups as the majority of the not-operated series were patients treated
between 1934 and 1941 when neostigmine was customarily prescribed in
lower dosage than is now practised. Two of the American series have
attempted to obtain a control series of "not-operated" cases by selecting
for their unoperated group a case believed to match in every respect each
one in the "operated" series. The principle is good and it is probably the
best method where numbers are high and operation has been advised for
all cases without conscious selection. The writer does not believe that
the method is at all reliable where numbers are small, operation has been
selective, and the disease is so variable as to make matching in every
respect a virtual impossibility. Furthermore, the "control" series is
already selected by the fact of survival. It does not seem likely that if two
subjects had similar clinical manifestations, but one died at one year from
the onset of myasthenia, while the other survived to two years, the former
would be chosen to pair a third "identical" subject operated on at nine
months from the onset and still surviving at two years. Yet there would
seem no reason why at the relevant time nine months the second patient
should be considered a better match than the first. Without first-hand
evidence no more can be said, but it may well be that considerations of this
nature explain the very low mortality rate of Eaton and Clagett's (1955)
"controls" which differs so strikingly from that reported from the other
ceulits. These authors icadily concede the tentative nature of their iesults
in view of the small size of their series. The only satisfactory method in
a disease with so many variable factors (e.g. do two paralysed limbs equal
one paralysed palate?) is to allocate cases randomly to one or other series
and to continue each series until it is sufficiently large for all the variables
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to occur without statistically significant difference and thereafter until
sequential analysis shows that one series differs significantly in its natural
history from the other. Unfortunately this was not done in the present
instance. The physicians treating myasthenia gravis in London were
sufficiently impressed by the results of the early cases which they had
submitted to Keynes for thymectomy to wish to carry on in the belief that
it was in the interests of their patients to do so (Proc. Roy. Soc. Med.,
1946). No controlled trial was instituted at that time and it is doubtful if
such a measure would now be ethically justifiable. Though not scientific¬
ally elegant the results reported here show that (in a series sufficiently large
to reduce the effect of random variations) there is a great saving of life in
patients subjected to thymectomy even when the hazards of operation are
included, and further that a greater proportion is greatly improved at the
end of a comparable period than is the case where the non-tumour thymus
is not removed. This difference has been shown to be greater than can be
attributed to chance in the female sex and the trend in males is the same,

although the level of statistical significance is not reached. No marked
sex difference could be established in either series. Slightly more women
than men were in Categories A and B after operation and fewer died of
myasthenia. Analysis shows that this could have occurred by chance and
so does not conflict with the impression of Keynes (personal communica¬
tion) that the results are equally good in both sexes. On the other hand
though the sexes were again very similar in the not-operated series the
trend was quite different since women had a slightly poorer prognosis than
men. The change in prognosis for women when thymectomy is performed
is greater than can be explained by chance. This conclusion agrees with
Schwab and Leland (1953) and Eaton and Clagett (1955), thus reconciling
theirs with Keynes' apparently conflicting point of view. The inclusion
of tumour cases in the Boston and Baltimore series and the small size of
the Mayo Clinic series have been shown to introduce fallacies which make
more direct comparison impossible, but it should be remembered that two
of these series agree with the writer that the benefit from thymectomy may
be shown by males though statistical analysis does not exclude the possi¬
bility of chance. It would seem worth while appealing to other centres
to reclassify the small numbers involved according to the criteria stated
in this paper (since no others have been defined) in order that a unified body
of data might be available to test those points where statistical confirma¬
tion is lacking because of shortage of cases.

Summary

A long term follow-up survey of 404 patients with myasthenia gravis is
reported and the value of thymectomy compared with medical treatment
alone. The 47 patients with thymic tumour are considered separately.
The cases were classified according to definite criteria with respect to



142 JOHN A. SIMPSON

change of status from the pre-operative period or the time of first entering
hospital in the not-operated series.
In Part I the "operated" and "not-operated" series are compared with

respect to sex distribution, age incidence at onset of myasthenia, length of
survival from onset of symptoms, and incidence of "myopathy," "goitre,"
and "ocular myasthenia" (as defined).
Part II analyses the assessment of non-tumour cases. It is concluded

that significantly fewer women die of myasthenia gravis if their thymus is
removed than would be expected if they were treated with neostigmine
only. The number of women very greatly improved ten or more years
after the onset of the illness is significantly greater. Similar trends are
noted in men but the benefit in favour of operation is not so clear. It is
suggested that without operation women have a poorer prognosis than
men but after thymectomy they have a better outlook and that the extent
of this change explains the more obvious advantage of thymectomy in
women.

No clinical indication of the type of cases likely to be helped by operation
is noted. It is confirmed that the best results are found in a group of
cases with younger mean age at onset, shorter pre-operative duration of
myasthenia, and younger mean age when operation was carried out. The
age differences were not sufficiently marked to be of clinical value. There
is strong evidence that a good result is most probable if the myasthenia
has been present for less than five years at the time of operation though
some excellent results were noted where the duration was much longer.
On the other hand, the pre-operalive duration of those who subsequently
died of myasthenia (after the post-operative period) was no different from
the average. The age-at-onset and at operation was average in women who
died but lower than average in men. The female myasthenic deaths were
also of average age-at-onset in the unoperated group but the corresponding
males were significantly older than average, due to a relative excess of
older men in the unoperated group. Death from myasthenia tended to
occur four to seven years from the onset in each series. During life these
patients required more neostigmine than those who survived but there is
no clear evidence that the severity of myasthenia materially affects the final
state of survivors.
The duration of follow-up of both series was the same and did not

influence the category. There was no indication that a good response
was temporary .(though a few relapses after early improvement were noted).
The main conclusions were confirmed in part of the series omitting the
extremes of age in which the case material was more homogeneous.
The effect of thymic tumour is presented in Part III. Myasthenia gravis

in the presence of thymoma differed from the non-tumour group in the later
age of onset (average 40 years) and the severity of symptoms which were
difficult to control with neostigmine. The incidence of myopathy and
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thyroid disease was the same but myasthenia never remained confined to
the ocular muscles. The operative death-rate was high and combined with
a subsequent mortality from myasthenia to give a poor prognosis which
was little better than that obtained without operation. Nevertheless
attention is drawn to the possibility of excellent response with long survival
(even without radiotherapy though Keynes (1955) stresses the desirability
of it). The total survival of those who died of myasthenia was closely-
similar to the non-tumour group.
In Part IV the other major series in the literature are analysed because

of apparent discrepancies. It is submitted that the differences are due to
(1) failure of other workers to report thymoma cases separately; (2)
different criteria for classification; (3) methods of selection for operation;
(4) selection of unoperated cases for "controls." A tabulated comparison
of series is made with the original reports adjusted to match the criteria of
this paper as closely as possible. It is shown that the results of all series
are then similar, allowing for the sampling errors of small series.

Conclusions

(1) There is a substantial chance of improvement after thymectomy in
all cases. This is most evident, and the saving in life is greatest, when the
duration is less than five years and no thymoma is present.
(2) After seven years from the onset considerable improvement after

operation is less likely though it may still occur, but the risk of death from
myasthenia is less whether operated or not.
(3) Improvement occurs in both sexes and the ultimate distribution of

categories is the same but the extent of improvement is most significant in
women as they would otherwise have a poorer prognosis than men.
(4) The prognosis for life remains poor if a thymoma is present, though

pre-operativc radiotherapy may be beneficial. Only one case in three
survives but the improvement in myasthenia may then be as great as in
non-tumour cases.

(5) The maximum improvement occurs in patients who first show
symptoms at an earlier age and who have their operation younger than the
average but the difference is insufficient to influence the selection of cases
for operation. Death from myasthenia is more probable in cases requiring
large doses of neostigmine but if they survive the ultimate category after
operation is not influenced by the pre-operative severity.

Acknowledgments

I am grateful to Dr. E. A. Carmichael who suggested this survey and
provided the facilities. The work was carried out during the tenure of a
Clinical Research Fellowship of the Medical Research Council. Sir
Geoffrey Keynes kindly invited me to extend the survey to include cases
operated on by him at St. Bartholomew's and New End Hospitals, London.

BRAIN VOL. LXXX1 10



144 JOHN A. SIMPSON

I should like to thank the Medical Committees of these hospitals and of
the National Hospital for permission to study their records. Dr. James
Brown gave great assistance in tracing cases and the help given by
almoners, family doctors, and the Registrar-General's staff is responsible
for the large numbers traced. All would have been impossible without
Miss Joyce Mayo.

REFERENCES

Acta neurologica et psychiatrica belgica (1955) Acia neural, belg., 55, 287.
American Journal of Medicine (1955) Amer. J. Med., 19, 658.
Blalock, A. (1941) Amer. J. Surg., 54, 149.

(1944) J. thorac. Surg., 13, 316.
, Harvey, A. M., Ford, F. R., and Liuenthal, J. L., Jr. (1941) J. Amer.

med. Ass., 117, 1529.
Chalmers, J. N. M., and Boheimer, K. (1954) Brit. med. J., 2, 1514.
Eaton, L. M., and Clagett, O. T. (1950)7. Amer. med. Hi.?., 142, 963.

, (1955) Amer. J. Med., 19, 703.
, , and Bastron, J. A. (1953) Res. Pub!. Ass. mem. Dis., 32, 107.
, , Good, C. A., and McDonald, J. R. (1949) Arch. Neurol. Psychiai.,
Chicago, 61, 467.

Ferguson, F. R.. Hutchinson, E. C., and Liversedge, L. A. (1955) Lancet, 2, 636.
Grob, D. (1953)7. Amer. med. Ass., 153, 529.
——, and Harvey, A. M. (1953) Amer. 7. Med.. 15, 695.

Harvey, A. M. (1948) Bull. N. Y. Acad. Med., 24, 505.
Herdan, G. (1955) "Statistics of Therapeutic Trials." London.
Keynes, G. (1946) Brit. J. Surg., 33, 201.

(1949) Brit. med. J.. 2, 61 1.
(1954) Lancet, 1, I 197.
(1955) J9/-/7. 7. Surg., 42, 449.

Lancet, (1954) Lancet, 1, 352.
McEachern, D. (1943) Medicine, Baltimore, 22, 1.
Proceedings of the Royal Society of Medicine (Section of Neurology) (1946) Ptoc. R.

Soc. Med., 39, 600.
Ross, R. T. (1952) Lancet, 1, 785.
Schwab, R. S., and Leland, C. C. (1953) 7. Amer. med. Ass.. 153, 1270.

, and Passouant, P. (1952) Pr. med., 60, 1501.
Simpson, J. A. (1956) Proc. R. Soc. Med., 49, 795.
Viets, H. R. (1945)7. Amer. med. Ass., 127, 1089.

(1950) Brit. med. J.. 1, 139.
Wilson, A., and Wilson, H. (1955) Amer. 7. Med., 19, 697.



COTTISH
The Journal of the Royal Medico-Chirurgical Society of Glasgow, the Medico-C'hirurgical

Society of Edinburgh, and the Edinburgh Obstetrical Society

Volume 5 OCTOBER 19G0 Number 10 JOUBIAL

MYASTHENIA GRAVIS: A NEW HYPOTHESIS*
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In a part of the world which has now adop¬ted more sophisticated methods of brain
washing, it was once the custom to expose
those with unorthodox ideas to a trial by
ordeal which consisted of the chewing of the
Calabar bean. Today I wish to present you
with some unorthodox ideas so let me start

by asking you to throw away the Calabar
bean, or at least to keep its active constituent,
physostigmine, out of sight, for I believe that
this magic bean, or its synthetic competitors
may have blurred our vision of the true
nature of myasthenia gravis.
First let me pay tribute to Mrs Honyman-

Gillespie who has made these lectures pos¬
sible and the Post-Graduate Committee who
invited me to contribute to this famous series.
The first lecture was given by Edwin Bram-
well (1938) on the contributions of the Edin¬
burgh school to the study of the reactions of
the pupil of the eye. From him I learned that
the mydriatic action of the Calabar bean was
discovered by Sir Thomas Fraserin 1863 when
he was professor of materia medica in Edin¬
burgh and a physician to the Royal Infirmary,
and introduced to ophthalmological practice
in the same year by the young Argyll Robert¬
son in a paper read before the Medico-
Chirurgical Society of Edinburgh.
Collier (1930) attributed the first British

recognition of myasthenia gravis to this same
Edwin Bramwell when he was starting his
illustrious neurological career as a house-
physician at Queen Square. Though first
described by the Englishman Thomas Willis
in 1672, the syndrome was unrecognized until
the magnificent papers of Erb (1879) and
*A Honvman-Gillespie Lecture delivered on 28th
April 1960.

Goldflam (1893). Indeed, Bramwell's father,
Byrom Bramwell, gives an excellent descrip¬
tion of a case in his famous Atlas (1892a) but
could not name it, and the illustration repro¬
duced in Figure 1 is almost certainly a myas¬
thenic child. Edwin Bramwell with Campbell
reviewed the known cases in 1900 (Campbell
& Bramwell, 1900) and recognition became
more common from that time on. If some of
the facts I shall present are unfamiliar it is
humbling to record that almost all are present
in that instructive review or in the interesting
paper by their colleague Buzzard (1905). They
have been ignored, and many later observa¬
tions discarded because they are difficult to
reconcile with views which have been current
since attention was focussed on the pheno¬
mena of neuromuscular transmission which
is presumed to be disturbed in myasthenia
gravis.
I would like you to forget all that you have

been taught or presumed with regard to myas¬
thenia and look with me at the symptoms and
signs present in a series of 440 cases which I
have been privileged to examine through the
kindness of colleagues in Edinburgh, London
and Glasgow. Let us not decide what is
'relevant' until the whole picture is before us.
I shall draw some novel conclusions from this
analysis, leading to a new hypothesis. This
will probably require modification in detail
but has the double merit of incorporating all
the clinical phenomena without exception,
and of suggesting completely new lines of
inquiry. In the closing part of the lecture a
necessarily brief account of the pathophysio¬
logy and pharmacology of myasthenia will be
given to demonstrate that the hypothesis is
compatible with the known facts.

419



Simpson

Fig. 1. Remittent ophthalmoplegia of uncertain aetiology, attributed to syphilis. Note the bilateral
ptosis and drooping of the mouth (Bramwell, 18926). (Reproduced by kind permission of Edinburgh
University Press).

Fig. 2. Distribution of age at first myasthenic symptom.

NATURAL HISTORY

Myasthenia gravis is twice as common in
women as in men. The ratio is higher in the
first three decades and reverses in the sixth
decade, being more common in males in the
later part of life, so that the mean age at onset
of the disease is slightly less in women (26 yr.)
than in men (31 yr.), but the modal age is
about 20 years for both sexes (Simpson, 1958).

The smoothness of the age distribution curve
(Fig. 2) does not suggest that we are dealing
with a miscellany of diseases with myasthenic
fatiguability as a common symptom.
The picture of generalized myasthenia is

well known (Fig. 3). There is ptosis (often
asymmetrical), diplopia, facial weakness with
a typical vertical 'snarl' on showing the teeth.
Weakness of the jaw and neck muscles cause
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Fig. 3. The myasthenic 'snarl

the characteristic posture of the myasthenic,
sitting supporting head and jaw with her
hand. The limb and trunk muscles may be
weak. Weakness of the tongue and laryngeal
muscles causes dysarthria. Involvement of
skeletal muscle of the upper pharynx and
oesophagus causes dysphagia. Vocal cord and
respiratory paresis cause the voice to fade and
breathlessness to interfere with speech and
other activities.
Those areas shaded most heavily in Figure 4

are usually first to be involved. They are also
the most frequently affected altogether, and
usually the most severely involved when
myasthenia is generalized. Thus, though the
distribution is apparently random and usually
asymmetrical in the individual case, a distinct
pattern emerges when a large series is ana¬
lyzed. The most frequently involved are the
extra-ocular muscles (including orbicularis
oculi) and then the muscles ofthe neck, should
er girdle and hip flexors. The proximal limb
muscles are more severely affected than the
distal. Extensor muscles are more involved

Fig. 4. Percentage of cases in which
various muscle groups are affected at
the onset (left of key) and at some
time during the illness (right of key).

TOTALonset

421



Simpson

than flexors in the upper limbs, but flexors
more than extensors in the lower limbs which
are usually less severely affected than the
upper. Trunk muscles, other than erector
spinae, are least affected. Fortunately few
patients show the generalized distribution.
It is much more common for the disorder to
involve a group of muscles, a single muscle,
or even part of a compound muscle (e.g.
extensor digitorum longus) and the initial
weakness may affect any muscle. Seven pati¬
ents had unilateral facial palsy which was
considered to be Bell's palsy for several
months until further weakness developed.
Four patients had sudden severe inspiratory
dyspnoea as the first symptom. Commonly
the complaint is related to a muscle fatigued
by a particular movement required by the
patient's work. Systematic examination may
reveal unsuspected weakness or fatiguability
of other muscles but examination must be

thorough and include contraction main¬
tained against resistance for an adequate
period. If this rule is strictly followed I be¬
lieve that myasthenia is less frequently con¬
fined entirely to the extra-ocular muscles than
other writers have claimed. Certainly the
present series gives but scanty support to the
statement that myasthenia is commonly con¬
fined to these muscles. Grob (1953) states
that if weakness has not spread from the
extra-ocular muscles to others in 2 years it is
unlikely to do so.
Weakness increases with repeated use of a

muscle or with long-maintained contraction.
If the patient is asked to gaze upwards the eye¬
lids gradually droop. Eventually she blinks
and immediately the ptosis lessens and may
disappear. But it again reappears on refixing
the gaze, and each time this happens the
fatigue appears more rapidly until finally no
improvement occurs. Exactly the same hap¬
pens to the outstretched arms. The slow
drooping followed by the cycles of sudden
drop and renewed effort until fatigue is com¬
plete, looks like a hysterical manifestation to
the inexperienced. Electromyography shows
that the patient is taking advantage of post-
tetanic facilitation accumulating during a
brief rest to restore full activity temporarily.
A similar phenomenon in the extra-ocular
muscles causes coarse nystagmus whichmay be

monocular. The patient, ifobservant, will state
that the object she is looking at 'suddenly
slips'. The reflexes are often unusually brisk
(indeed ankle clonus is sometimes observed)
but may be fatigued if elicited repeatedly.
This short-term fatiguability is highly char¬

acteristic of myasthenia. It is not surprising
that facilitative compensation should become
less effective after the day's activities, and
most patients do complain of increased weak¬
ness towards evening, but this is not so invari¬
able as is often believed. Indeed one of the

major difficulties in treatment is due to the fact
that the patient is often extremely weak on first
waking in the morning. This is not confined
to those requiring frequent dosage who might
be deprived of their drug during the night, as
it occurs before treatment is started. Indeed
I have had ten patients (eight of whom were
males) who have noticed that they improved
as the day advanced, and two actually used
exercise as a means of increasing their
strength. This is probably associated with the
'de-curarization' phenomenon which will be
described later (Simpson & Lenman, 1959).
Permanent weakness, not responding to

neostigmine, and atrophy of muscle are much
commoner than generally believed (10% in
this series, [Simpson, 1958]). This is the so-
called 'myasthenic myopathy'. It may affect
any muscle. The triple-furrowed tongue,
named after Kinnier Wilson though pre¬
viously described by Erb (1879) and Buzzard
(1905), was only found in six cases (Fig. 5).
The extra-ocular muscles quite frequently
become unresponsive to neostigmine, and the
triceps brachii and ilio-psoas next most com¬
monly. Electromyographic and histological
changes in these 'myopathic' muscles are
indistinguishable from polymyositis.
The onset is often insidious and progress

slow or rapid, but in some it has a very sudden
beginning. It commonly follows a febrile
disease, usually an upper respiratory infec¬
tion. Only a little less common is precipitation
by an emotional upset and this can be most
dramatic. One patient, thrown to the ground
by blast in the blitz, was unable to rise again.
Another developed ptosis and diplopia the
day after an accident at work, in which he was
unharmed but was certain he was about to be
killed. Two women had ptosis for the first
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Fig. 5. The triple furrowed tongue of myasthenia
(same patient as Fig. 3).

time at their wedding, and one when she
found evidence of her husband's infidelity,
Very many attributed the onset to anger,
quarrels, worry etc. with details too circum¬
stantial to discount. All had myasthenia from
then on, (as one woman ruefully remarked
'girls with myasthenia shouldn't fall in love').
A few women first had symptoms during
pregnancy, and four cases were detected by
abnormal response to relaxant drugs used by
anaesthetists.
Later relapses were attributed to the same

factors, but other causes were the pre-men-
strual period, cold, warmth (especially a hot
bath) and allergy to shell fish (two cases) and
one case followed soon after inoculation.

Sunlight often caused ptosis and blurred
vision, and a few patients asserted that it also
caused generalized weakness.
There can be quite surprising variation

from day to day and even hour to hour.
Physical exertion is certainly a factor, but I
believe that the emotional state is fnore im¬

portant. This raises the question of remissions.
Remissions are generally considered so char¬
acteristic of myasthenia as to cause difficulty
in evaluating therapy. It is quite true that
sudden improvement can occur, but com¬

plete remission lasting for more than a month
is seen in less than half of the patients, and
more than one long remission is very rare.
Furthermore, most of the 'worthwhile' re¬
missions occur during the first 3 years, though
there are notable exceptions to this rule. This
is the period which sees most of the deaths
from myasthenia (especially the first year of
the disease) and thymectomy, to be beneficial,
is best done during the first 5 years (Simpson,
1958). The impression I have is that the
'active' stage of the disease is limited to this
period and the subsequent course depends on
the extent of the damage occurring then. This
is not to say that the patient is out of all dan¬
ger if he survives for 5 years. On the contrary
I am impressed with the 'brittleness' of the
remissions and the delicate balance which
takes place. Sudden death may occur from
apparently trivial respiratory obstruction,
and many examples could be quoted. Never¬
theless these catastrophes are due to the pre-
cariousness of an adaptation which is suffic¬
ient for normal existence without permitting
mobilization of reserve muscular power in
emergency. They are not, in my opinion,
usually due to sudden relapses or to a pro¬
gressive disease process, though second waves
of renewed activity do occur sometimes,
particularly after upper respiratory infection
or renewed emotional stress.
Pain is quite common in weak muscles,

usually an ache which is presumably due to
the extra effort required to maintain posture.
This often causes headache, pain round the
eyes, backache etc. Sometimes the muscles
are actually tender, and pain has been noted
to persist even while resting in bed. One is
irresistably reminded of polymyositis. A few
patients have complained of mid-sternal pain,
often on stooping, which is sometimes associ¬
ated with palpitations. Other sensory symp¬
toms are rare but cannot be ignored as they
have been present in other series (Harvey,
1948). Most often there is tingling of the
hands, thighs, or face, sometimes unilaterally.
I have usually considered that there was a
mechanical explanation, as from shoulder-
girdle drop, or a misinterpretation by the
patient of muscle 'stiffness'. Deafness, often
variable, sometimes occurs, from Eustachian
block in pharyngeal paresis or an unusual
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deafness for low frequencies which may be
caused by paralysis of the tensor tympani. If
the stapedius muscle is weak the patient has
hyperacusis. Some authors describe objective
sensory changes including a few cases of loss
of taste or altered olfactory sensation which
are difficult to explain (Alajouanine el al.,
1957). Epilepsy was present in two ofmy cases
and unexplained blackouts in another three.
These were thought to be coincidental, but
Hoefer et al. (1958) found an unusually high
incidence of epilepsy associated with myas¬
thenia. Raised protein in the cerebro-spinal
fluid was present in nine cases, but the fluid
was only rarely examined. There is a sub¬
stantial collection of similar cases in the litera¬
ture.

Tables I and II list some disorders which
were present in these cases, but it should be
observed that they were noted in their case
records by various observers or by myself
when studying the value of thymectomy and
no systematic attempt was made to record the
true incidence of conditions to which I then
attached no significance. For this reason no
attempt was made to express the figures as
percentages.

Table I. Associated conditions in 440 patients with
myasthenia gravis.

Association Number
of

patients

Carcinoma (present at onset of
myasthenia) 3

Diffuse lupus erythematosus 1
Sarcoidosis 1
'Rheumatoid' arthritis 16
Acrocyanosis 12
Nephritis 2
Allergy (precipitating myasthenia) 3
Sensory phenomena, other than pain 11
Epilepsy and recurrent blackouts 5
Psychosis 3
Cerebrospinal fluid protein raised 9

If one defines myasthenia gravis as a dis¬
order of neuromuscular transmission it is

obligatory to consider these phenomena as
irrelevant coincidences, especially as the fre¬
quency of any one is too low to be statistically
significant. But it may be more profitable to
consider the possiblity that the various pheno¬
mena are related to the muscular disorder.

Table II. Disorders of blood and reticulo-endothelial
system in 440 patients with myasthenia gravis.

Disorder Number
of patients

Pure red-cell aplasia 1

Normocytic anaemia 3

Microcytic anaemia 3

Macrocytic anaemia* 4

Generalized lymphadenopathy 1

Splenomegaly (autopsy) 3

Lymphosarcoma 1

Hyperglobulinaemia 4

* No marrow smear but clinical diagnosis of perni¬
cious anaemia based on peripheral blood, achlorhyd-
ria and therapeutic response.

It is interesting to note that all the disorders
listed in Table I and many of those in Table
II were noted as manifestations of diffuse

lupus erythematosus by Harvey et al. (1954).
Indeed the precipitating factors and the age
and sex distribution already discussed are
exactly those found in that disease by these
authors. It may then be significant to note
that Rowland (1955) found lupus erythema¬
tosus cells in a case presenting as myasthenia
gravis while Harvey el al. (1954) found myas¬
thenic symptoms in three cases of diffuse
lupus erythematosus. A list of cases is rapidly
accumulating of myasthenic symptoms in
other connective tissue-muscular disorders
such as dermatomyositis, sarcoid and carcino¬
matous neuropathy. One patient in the pre¬
sent series had sarcoid at the onset, one had
diffuse lupus erythematosus and three pati¬
ents had neoplasm present or diagnosed soon
after the onset of myasthenia. Can it be that
myasthenia is a local manifestation of a dis¬
order of the same type as diffuse lupus erythe¬
matosus, in which other tissues may some¬
times be involved?
Myasthenic phenomena have occurred

after prolonged dietary deficiency (in the
Japanese 'Kubisagari' and in prisoners-of-
war [Denny-Brown, 1947]). An outbreak in
France was attributed to the chewing of
tobacco infected by Clostridium perfrirtgens
(Coulonjou & Salaun, 1952). This organism
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usually causes severe myositis (gas gangrene)
but is related to Clostridium botulinum.

Myasthenic features in anterior horn cell,
peripheral nerve and muscular disorders have
been discussed by Simpson and Lenman
(1959).
The evidence that myasthenia gravis is a

local manifestation of a disorder of variable
aetiology, but often allergic, which may occas¬
ionally affect other tissues is too scanty to be
dogmatic, but an interpretation of this type
would satisfactorily account for all the clinical
features so far discussed. Red cell aplasia
(Table II) is in a slightly different category.
This has been noted in patients with thymic
tumour even if unaccompanied by myasthenia
though more often with it than without. The
first case with myasthenia was described by
Wintrobe (1946) and the present one was re¬
ported in detail by Chalmers and Boheimer
(1954). Some patients with thymoma have
depression of other marrow elements and
agammaglobulinaemia (Lambie et al., 1957).
The erythrocyte sedimentation rate is usu¬

ally normal in myasthenia, and total serum
proteins are within the normal range. Low¬
ered albumin and raised y-globulin may be
demonstrated by electrophoresis (Lowenthal
& van Sande, 1956), but there is some tech¬
nical argument about the validity of the ob¬
servation. Some of my cases have had slight
elevation of y-globulin. Blood chemistry is
otherwise normal, though some authors de¬
scribe abnormal glucose tolerance. I found
ten patients with glycosuria. Many of these,
and others with normal glucose tolerance, had
a family history of diabetes.
There l ave been many papers devoted to the

relationship between myasthenia and thyro¬
toxicosis. This has obscured the fact that most
of the early reports stressed the presence of
non-toxic nodular goitre, and the histological
appearance of lymphadenoid goitre. My
material has a higher incidence of thyroid
disorders than usually reported (females 18%;
males 10%) but most of these were either non¬
toxic at all times, or had a very brief spell of
toxicity, lasting only a few weeks or months,
but often leaving traces of exophthalmos, with
thick puffy eyelids. Some patients have the
ocular changes usually associated with thyro¬
toxicosis but without goitre or abnormal

basal metabolic rate at any time. There are
cases reported with myasthenia gravis and
myxoedema who had never had a thyrotoxic
phase.
When toxic goitre does occur in myasthen¬

ics its appearance seems quite unrelated in
time. They may coincide, but either may pre¬
cede the other by many years and indeed
antithyroid treatment may make myasthenia
worse. These facts make it unthinkable that

thyroxine can cause the myasthenia, but
would strongly favour a pituitary factor, since
all these thyroid states, toxic or otherwise,
could be associated with excess pituitary sec¬
retion. I have already commented on the fact
that a family history of diabetes is not un¬
common, but this is a common disorder. An
observation which I believe to be new is thai
there is a high incidence of thyrotoxicosis in
close relatives of myasthenics, even those
without thyroid disorders. This relationship
appears to be mainly, but not exclusively, on
the maternal side. It is not, perhaps, well
known that there is quite substantial evidence
for a genetic factor in exophthalmic goitre.
It would be reasonable to suspect that this
acts by a pituitary hormone and perhaps it
may express itself in other ways such as myas¬
thenia gravis. I do not say 'thyrotrophin'
since there is some evidence of a separate
factor related to it which acts on muscles,
especially the extra-ocular ones. It might be
a growth hormone. Such a hypothesis would
account for the reports of myasthenia gravis
associated with acromegaly, diabetes, Addi¬
son's disease, and perhaps for the effects of
pregnancy, menstruation, and of the emotions
acting via the hypothalamus.
Pregnancy has some sort of influence on

myasthenia, but it is quite unpredictable. In
general, remissions occur in the first trimester
and relapses at the time of birth or during the
puerperium, but some patients are worse
during pregnancy and remit afterwards. Suc¬
cessive pregnancies may have different effects.
If a hormonal influence is present it must be
only one of the factors involved. Schrirc
(1959) has recently reported low pregnandiol
excretion in myasthenia, which is corrected
by thymectomy. As the recovery of pregnan¬
diol in the urine after injection of proges¬
terone was also low it is difficult to attribute
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the low levels to a decreased progesterone
secretion. Preliminary results of similar in¬
vestigations being carried out in my patients
by Dr K. Fotherby do not appear to confirm
Schire's findings.
Interestingly enough the endocrine disor¬

ders referred to above are, like myasthenia,
associated with lymphoid hyperplasia of the
thymus. Comsa (1958) has confirmed that
growth hormone causes enlargement of the
thymus and suggests that it may be a neces¬
sary target organ through which the pituitary
acts in controlling growth. Everything points
towards the pituitary, but, despite a few re¬
ports of eosinophil changes or adenomas in
that organ, most pathologists find it without
abnormality.
If a genetic factor is involved—even if only

for setting the stage for a myositic reaction—
one would expect occasional evidence of famil¬
ial myasthenia and this is indeed the case. I
have seen three such families. One of these
had the syndrome termed 'congenital myas¬
thenia' in which there is a high incidence of
ptosis and ophthalmoplegia but rare involve¬
ment of other muscles. Classical myasthenia
rarely occurs in more than one person in a
family, though I have examined two families
with cousin and aunt involvement. On the
other hand, one myasthenic girl in this series
had an identical twin who is normal. Other
workers have had the same experience.
These familial cases, like myasthenia occur¬

ring in young people, show no special ten¬
dency to remit.
The position is completely different in

'neonatal myasthenia', which is the name
given to the myasthenia which sometimes
affects the baby of a myasthenic mother. It
may be serious and cause death if unrecog¬
nized as a cause of weakness, but if the child
survives, with or without treatment, the weak¬
ness clears up within 6 to 7 weeks and never
recurs. The suggestion of transplacental pas¬
sage of a toxic substance is irresistable.

PATHOLOGY

The lymphocyte infiltrations of muscle de¬
scribed by Weigert (1901) were termed lym-
phorrhages by Buzzard (1905) to emphasize
his belief that they originated from small
blood vessels. He showed, and others have

confirmed, that they are usually present if a
search is sufficiently thorough, though they
may decrease in number and size as time
passes (Fig. 6). Buzzard's demonstration of
similar foci in other organs, including the
adrenals and pancreas, is repeatedly confirmed
in the literature and in my own material but
dismissed by most pathologists as 'non¬
specific'. So too, the associated degenerative
changes of muscle fibre described by Buzzard
(1905) and recently re-investigated and classi¬
fied by Russell (1953) are considered by the
latter to be non-specific.

Fig. 6. Photomicrograph of skeletal muscle from
patient with myasthenia gravis: lymphorrhage.

Haematoxylin & eosinx210

Professor Russell described three types of
muscle change. Type I (Fig. 7) is an acute
coagulative necrosis of the muscle fibre with
eosinophilic change, loss of cross striation,
and inflammatory cellular reaction leading to
phagocytic removal of the fragmented muscle

Fig. 7. Photomicrograph of skeletal muscle from
patient with myasthenia gravis: Russell's type I lesion

H. &E.X280

426



Myasthenia Gravis

fibre. This process may be limited to one fibre
or so widespread as to cause naked-eye changes
in the muscle. Type II (Fig. 8) is the lymphor-
rhage, which the author considers to be secon¬
dary to solitary muscle fibre atrophy with
basophilia of the cytoplasm and loss of cross
striation. Type III (Fig. 9) she considered to
be the least specific, being a simple focal muscle
change with eosinophilia and swelling but
without loss of striation or inflammatory re¬
action. Similar changes occurred in the myo¬
cardium, but never in true smooth muscle.
It is quite true that similar lesions are seen in
other conditions, notably the rheumatic dis¬
orders, connective tissue disease, chronic in¬
fections, myositis and endocrine myopathies.
The lymphorrhage is found in many of these
besides being the characteristic lesion of aller¬
gic reactions. Querido (1929) was impressed
with a vasculitis which he found associated
with lymphorrhages. 'Non-specific' they may

Fig. 8. Photomicrograph of skeletal muscle from
patient with myasthenia gravis: Russell's type II
lesion and lymphorrhage related to atrophic muscle
fibre. H. & E. x 180

be, but in this list one notes many of the con¬
ditions already discussed under the clinical
aspects. Again one can choose to consider the
muscle reactions as 'non-specific' or to look
for a common factor.

Special staining techniques applied to the
motor nerve endings by Coers and Desmedt
(1959) have shown that the neuromuscular
junctions may often be abnormal in myas¬
thenia gravis. These authors describe two
changes in the terminal arborization of motor
nerves (Fig. 10). In one, the 'dystrophic'
type, there is increased branching and the
terminal knobs are distributed over a wider
area of the muscle fibre than usual. This type
is probably reactive as the related muscle fibre
is usually abnormal and the same type of end-
plate has been found in other neuromuscular
disorders. In the other type, the 'dysplasic',
there are few terminal knobs and these are

arranged serially along a scanty number of
terminal branches ending on a long end-plate

\

Norma/ Dyjpics ic D ystropli ic

Fig. 10. Types of motor nerve terminals found in myasthenia gravis
(Sketch based on the original paper by Coers & Desmedt, 1959).
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Fig. 9. Photomicrograph
patient with myasthenia
lesion.

of skeletal muscle from
gravis: Russell's type III

H. & E. x 80

. — — '"IJC -



Simpson

region. In their limited experience the authors
have not found this type in any other disease.
Further work is required to confirm their
results for, like the muscle fibre changes
already described, they bear no direct rela¬
tionship to the severity of the loss of function.
Nevertheless, the evidence for structural
changes in nerve and muscle is convincing and
no 'chemical' theory of myasthenia is accep¬
table which does not take account of them.
Now what of the thymus gland ? Weigert

(1901) thought that the lymphorrhages of
muscle were metastases from a thymic tumour
but Buzzard (1905) soon disproved this.
Nevertheless, the incidence of thymoma is
remarkably high (15—20%) and most cases
show some thymic pathology. There has been
a great deal of misunderstanding about this.
Some textbooks describe 'thymic hyper¬
trophy', and others 'failure of atrophy' such
as a normal thymus is assumed to undergo.
Both descriptions are wrong. Some thymus
glands removed from myasthenic patients are
undoubtedly larger than normal limits but
the majority are not, and those with wide
experience agree that normal thymic regres¬
sion may occur with age (Sloan, 1943). But
whether large or small, the organ shows in¬
creased content of lymphocytes (or thymo¬
cytes) in cortex and medulla and there is evi¬
dence of active formation of lymphocytes in
the presence of 'germinal centres' (Fig. 11)
This finding is very characteristic (Castleman

Fig. 11. Photomicrograph of thymus from patient
with myasthenia gravis: lymphoid follicular hyper¬
plasia with Hassall's corpuscles grouped round a ger¬
minal centre. H. & E. x42

& Norris, 1949). The epithelial cells of the
thymus are not proliferated unless there is a
tumour but in thymomas they may be arran¬
ged in cords or tubes, giving the appearance of
a secretory tissue. Even then the surrounding
non-tumour gland shows the typical 'germinal
centres' (Fig. 12). It is interesting then to note
the occasional presence (usually in young
patients) of hyperplasia of lymph nodes and
of lymphoid tissue in the spleen. One patient
in the present series died of lymphosarcoma
(Table II). Disorders of blood formation and
of the plasma proteins have already been
referred to. Each of these conditons is rare,
but the total picture suggests that the thymus

(o) H. & E. x 42 Cb) H. & E.X52

Fig. 12 Photomicrographs of thymus from patient with myasthenia gravis
(a) Thymoma, with tubular arrangement of epithelial-type cells.
(Z>) Germinal centres in thymic tissue surrounding a thymoma.
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is participating in an activity of reticulo¬
endothelial type rather than a glandular one
in the conventional sense and certainly no
evidence of glandular activity can be seen.
Myasthenia has occurred after a thymoma

has been removed. A small thymoma associ¬
ated with severe myasthenia may continue to
grow while the myasthenia remits. Operative
removal of a thymoma does not usually
affect the course of the disease but occasion¬

ally does so. Removal of the non-tumour
gland, on the other hand, definitely improves
the prognosis and saves may lives, but in
general only if it is removed within the first
5 to 7 years of the myasthenia and even then
the results are unpredictable for the individual
and improvement may be immediate or
delayed (Simpson, 1958). 1 have seen patients
improve immediately and others not till
months later, but improvement may continue
for 3 years or more. Why should this be? Why
too should improvement be most marked in
young women, to the extent of changing their
prognosis from one which is poorer than men
to one which is better? (Simpson, 1958). Men
may improve too, although the statistics are
equivocal and their gain is less obvious.

A HYPOTHESIS

These facts do not suggest that the thymus is
the source of a toxic substance or an endo¬
crine gland with some necessary function.
Rather it may act as an accessory organ in
some mechanism, perhaps as a storage organ
or possibly (as suggested by Comsa [1958] in
another context) as a target gland of pituitary
growth hormone which might atrophy in later
life. The thymic-inhibitory effect of the thy¬
roid and adrenal described by that author
could be manifestations of the well-known

pituitary feedback inhibition. Unfortunately,
we know too little about the thymus to do
more than speculate. Certainly the organ
does not impress one as an endocrine gland,
but more as a reticulo-endothelial organ.
Metcalf of Sir F. Macfarlane Burnet's labora¬

tory in Melbourne has recently isolated a fac¬
tor secreted by the epithelial cells of thymus
(in tissue culture) which appears in the blood
plasma as a 'lymphocyte stimulating factor'
(Mctcalf, 1956). Though the main source of
globulin antibodies is believed to be the

PITUITARY
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MUSCLE

Diffe rent iat ion B lood Cel Is

PLASMA PROTEINS
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Fig. 13. Suggested role of pituitary and thymus in
controlling growth and differentiation. Differentiation
of blood cells and production of protein antibodies
may be a surviving remnant of these functions in the
adult. In myasthenia the thymus may produce an anti¬
body against normal muscle, especially after upper
respiratory infection.

plasma cells, the lymphocytes do seem to
have some role in immunity reactions.
It is interesting to speculate on the possi¬

bility that a genetically-determined pituitary
hormone acting on muscles might do so via
a thymic secretion which releases an antibody
carried by lymphocytes (Fig. 13) or alterna¬
tively that the thymus reacts 'allergically' to
the breakdown products of muscle cells
damaged by abnormal pituitary secretion or
by a delayed-type allergy caused by infection.
During the last 5 years Dr John Anderson of
Glasgow and Dr Roland Alexander of Edin¬
burgh have collaborated with me in a search
for muscle antibodies in myasthenia gravis,
but without success, perhaps because the sub¬
stance sought is intracellular. We were en¬
couraged to search for better methods on
reading the recent report of Nastuk et al.
(1959). Searching for a neuromuscular block¬
ing substance, these authors found that blood
from myasthenic patients (and a few control
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subjects in lesser degree) caused lysis of frog
muscle cells. Following up this surprising
observation they found that the serum com¬
plement activity was within the normal range
in most myasthenic patients, but was above
or far below the normal range in a few cases
and this tended to correlate with remissions
and exacerbations respectively.
Last year Smithers (1959), studying the role

of the thymus and lymphocytes in disease,
concluded that they were implicated in auto¬
immunity and that the thymus changes of
myasthenia gravis were strongly suggestive
of an auto-immune process. Perhaps, too, the
occasional benefit to myasthenics from cor-
ticotrophin or cortisone is further evidence
of this. The muscle protein may be rendered
antigenically 'foreign' by the same type of
association with upper respiratory infection
as is believed to occur in the rheumatic dis¬
orders and in acute nephritis. The postulated
pituitary factor might predispose to this by
disturbing cell membrane integrity and indeed
if protein which is normally confined within
the muscle cell were allowed to escape, the
auto-immune process would be initiated.
It is possible that we have here an example of
the influence of the endocrine glands upon
immune and allergic responses to bacterial
infection demonstrated by Long (1955). Per¬
haps the place of the thymus in growth is as
a regulator of cell-differentiation, a function
which becomes unnecessary in the adult
except for the formation of blood cells and
plasma proteins. This action would include
the recognition of 'foreign' proteins, and the
reactions appropriate to them, that is the
function of the reticulo-endothelial system.
One can only speculate where knowledge is
incomplete, but I do so without apology
because the purpose of this lecture is to suggest
new ideas for research on myasthenia gravis.

PATHOPHYSIOLOGY

1 have taken you a long way from the current
ideas on myasthenia, but not far from those
of the earlier workers who knew nothing
about neuromuscular transmission or auto¬

immunity, and little about endocrinology.
For my unorthodox ideas I must undergo the
ordeal of the Calabar bean. How does the
notion of an endocrine or auto-immune dis¬

order combine with the patho-physiology and
pharmacology of the disease?
The resemblance of myasthenia to curare

poisoning had occurred to Oppenheim (1887)
and to Jolly (1895) but it was Mary Walker's
(1934) demonstration of the dramatic relief
afforded by physostigmine coinciding with
Dale and Feldberg's (1934) confirmation of
the role of acetylcholine in neuromuscular
transmission which turned all thinking to¬
wards transmission block. The effect of physo¬
stigmine and a variety of related synthetic
compounds with anti-cholinesterase proper¬
ties, suggested that a defect of acetylcholine
transmission from nerve ending to muscle
end-plate was present and would account for
the weakness. Jolly (1895) had shown that the
fatiguability could be reproduced by faradic
stimulation of a motor nerve while the

'fatigued' muscle would still respond fully to
locally applied galvanism. Modern electro¬
myography shows that the loss of power is
accompanied by a decrement of the evoked
action potential of the muscle (Fig. 14). This
seemed explicable by three hypotheses:
(I) diminished acetylcholine synthesis or

release; (2) increased acetylcholine destruc¬
tion by cholinesterase; (3) competition for
receptors by a curare-like substance.
Before discussing these I must describe the

finding of the opposite effect—an incremental
response to tetanic stimulation—which is not
uncommon in myasthenia (Fig. 14) and in
polymyositis (Simpson & Lenman, 1959).
Both effects may occur in the same patient.
One is reminded of the decurarizing effect of
tetanic stimulation when the dose of curare
is low. The phenomenon is most simply ex¬
plained if neuromuscular block in myasthenia
is competitive in type. Post-tetanic facilita¬
tion, which is characteristic of true myas¬
thenia gravis though not always present, is
also strongly suggestive of a curare-type block.
It may be that one or more of the other mech¬

anisms is responsible for the 'symptomatic
myasthenias' found in motor neurone dis¬
ease, polyneuritis, and polymyositis (Simp¬
son & Lenman, 1959).
Perhaps more than one abnormality is pre¬

sent in myasthenia gravis, for instance the
histological findings might suggest that both
nerve and muscle are abnormal. Normal
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Fig. 14. Electromyograms from patients with myasthenia gravis: (a) Ulnar nerve at wrist
stimulated with supramaximal electric shocks repeated 4, 8 and 50 times per second. Action
potential recorded from abductor digiti minimi muscle by surface electrodes shows decre¬
ment ('fatigue') with fast tetanization only. Note post-tetanic facilitation at arrows.

(b) The classical response from abductor digiti minimi but the triceps shows a temporary
incremental response.

physiology does not help one to predict the
effects which would then occur, but it is desir¬
able to attempt an explanation of the findings
in disease in terms of the known normal
mechanism. Pharmacological studies have
recently added a new body of evidence which
has first to be considered.
It has been recognized for some time that

the myasthenic patient can be paralysed by an
unusually small dose of r/-tubocurarine or
quinine, but Churchill-Davidson and Richard¬
son (1952) showed that myasthenic muscle was
extraordinarily resistant to the depolarizing

blocking drug decamethonium (CIO). A small
dose might facilitate, or sometimes a depolar¬
izing type of block might change to a com¬
petitive type with response to neostigmine
(a 'mixed block'). Grob et al. (1956) showed a
similar alteration of the response to choline—
one of the breakdown products of acetyl¬
choline. Zaimis et al. (1952) believe that these
facts indicate an alteration in the motor end-

plate, which is one possible interpretation.
Arguments about whether the myasthenic
muscle is hypersensitive or hyposensitive to
intra-arterially injected acetylcholine have
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been shown to be due to usage ofmassive test
doses (Engbaek, 1951). With suitable dosage
there is no doubt that the myasthenic muscle
has a raised threshold. This, too, makes the
acetylcholine deficiency theory unacceptable.
The pharmacological results, often seemingly
conflicting, are difficult to summarize, but
can be harmonized by the following hypo¬
thesis (Fig. 15).
It is proposed that the effective condition

for depolarization of the end-plate membrane
may be the density of ionic charges attached
to the postulated receptor substance. Thus
an applied substance will be effective only if
(1) its ionic charge is adequate (Riker, 1953)
and (2) there is an adequate charge per unit of
receptor area. If this limiting charge density
is not reached no depolarization occurs and

the attached charges merely block receptors
If an adequate charge density appears (prob¬
ably with certain time factors) the membrane
permeability is altered and a 'local response'
causes depolarization. If this reaches a 'critical
level' it becomes self-completing, an action
potential propagates and the muscle twitches.
If the charge density rises too high, or the
stimulating chemical is resistant to hydrolysis
by cholinesterase, depolarization persists caus¬
ing neuromuscular block of a type which is
made worse by anticholinesterase compounds
or by the addition of acetylcholine ('depolari¬
zation block'). As the concentration of depo¬
larizing substance falls, charge is lost from
the end-plate which repolarizes. Inexcitability
of the membrane due to 'desensitization' pre¬
vents further stimulation (Axelsson & Thes-

Fig. 15. Time course (diagrammatic) of rise and fall of charge-density at motor end-plate of muscle for
three doses of a depolarizing substance such as decamethonium to show the differing effects due to dose level,
particularly in the recovery stages. The shaded area indicates the zone of competition with acetylcholine,
increased from a to d by a hypothetical competitive substance. If the charge-density rises to the value between
the horizontal lines (constant in each diagram), propagated action potentials occur. If the charge-density rises
rapidly above this zone (dotted part of curves), the resulting twitch is brief and the muscle is then paralysed by
depolarization block. As the drug is dispersed, the charge-density falls through the critical zone but 'desensi¬
tization' prevents further response. If the dose is sufficiently high the prolonged effect may cause facilitation
of test stimuli. When there is a substance competing for end-plate receptors (/)—d), only the biggest doses
causes depolarization block, and this is succeeded by competitive block (mixed responses)'. A lower dose,
sufficient to block the normal end-plate, causes only stimulation—'decamethonium resistance'. (Compare
lower two curves in a and c. )
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leff, 1958), but if the ionic charge remains
within the 'critical zone' sufficiently long it
may facilitate neuromuscular transmission
for a brief spell (Grob et a/., 1956) until the
charge-density falls loo low and it enters the
zone of'competitive block' where it will tend
to inhibit response to indirect stimulation or
to application of further depolarizing chemi¬
cals until the 'sticky molecules' (Zaimis et al.,
1952) become slowly detached. The two latter
phases would be more prominent with large
doses and with compounds resistant to hydro¬
lysis. This hypothesis would explain all the
phenomena described.
If now, ionic charge-density (note not

necessarily the total charge) is decreased, the
'critical 'level is raised. The competitive zone
is passed too quickly at first to cause clinical
signs, stimulation occurs at a higher dose level,
'depolarization block' only occurs with the
bigger doses and is soon followed by a pro¬
longed 'competitive block' (the 'mixed re¬
sponse' of Zaimis). Smaller doses merely
stimulate and drop rapidly through the com¬
petitive zone ('CIO resistance' etc.). Time
factors will differ with different drugs and
animal species, but all the reported pheno¬
mena can be fitted into the scheme. What

light does it throw on the alternative hypo¬
theses?

(1) Diminished acetylcholine production
is unlikely unless the charge is dispersed
spatially. Coers and Desmedt's (1959) histo¬
logical findings would be compatible with this.
(2) Increased cholinesterase would decrease

the rate of rise, lower the crest and steepen

the falling phase of the curve. The observed
results do not suggest that this occurs, and of
course increased cholinesterase has never been
demonstrated (in muscle or in circulation).
The remaining theories (i) alteration of the

end-plate's properties so that it requires a
greater charge density and (ii) occupation of
some receptor sites by molecules with a negli¬
gible charge, would both fit the observations.
The first is the 'end-plate abnormality' theory,
the second the 'curare-substance' theory. The
pharmacological results are compatible with
each, or with dispersed acetylcholine recep¬
tors. Further studies of this type are unlikely
to settle the matter if the physics of the situa¬
tion are those postulated. Selection between
the alternatives must depend on other factors.
It may be that more than one factor is present,
but when the decurarization effect, the post-
tetanic phenomena, the natural history of the
disease, and above all the probability of pla¬
cental transmission of the disorder are taken
into account the only satisfactory single
theory is the 'competitive-blocking' substance
(Table III). This substance must have the un¬
usual property of persistence in the myasthenic
baby for several weeks.
Despite claims to the contrary—especially

Striipplers (1954) recent work-—there is no
satisfactory evidence that serum from myas¬
thenic patients will cause block of normal
neuromuscular junctions. Cross transfusion
to normal subjects has no effect. Wilson and
his colleagues in Liverpool have tried for
years to isolate such a substance from the
thymus (Wilson et al., 1953). Their early

Tabic III. The ability of theories of causation of myasthenia gravis to explain the known phenonenia of the
disease.

Theory

'Indirect
Decremen¬

ting
('fatigued')

'
tetanus

Augmenting
('decurar-
ized')

Post-tetanic
Depression Facilita¬

tion
Pharmacology
A.Ch.; CIO.;
choline

Remissions
Placental
transfer

Acetylcholine
deficiency + 9 + ? 0 + 0

Cholinesterase
excess + 0 + o 0 9 0

End-plate
change 0 ? 0 + 0 0

Competitive
block + + + + + + +
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results with extracts of glands removed
from myasthenic patients were most pro¬
mising but have been criticized as being
attributable to potassium in the extract.
They have recently isolated a series of sub¬
stances from the thymus of whale foetuses but
they seem to block by depolarization (Nowell
et al., 1959). In view of the warning I have
given of the different effects occurring with
varying dose levels of quaternary onium
compounds it would be unwise to dismiss
these extracts from further consideration, but
they do not seem to have the desired proper¬
ties. (For instance a sudden relapse should
cause spontaneous twitching or a depolariza¬
tion block and be aggravated by anticholin¬
esterase compounds).
Where, then, are we to look for a blocking

substance which must be of competitive type,
transmissible through the placenta, with per¬
sistence in the child for a few weeks only, but
not transmissible to another adult? If one

looks at the mechanism of attachment of acet¬

ylcholine to receptor protein (Fig. 16) one is
immediately reminded of the Ehrlich theory
of antibody action. Let us suppose that anti¬
body was developed against the 'receptor

HJ17 iiif 1=JI7

Fig. 16. Two molecules of acetylcholine and one of
antibody have similar configuration, based on end-
plate receptor 'templates'. They will compete for
receptor sites.

substance' of the end-plate protein. Would
not this substance have exactly the properties
described? All that is required of it is that it
should be detachable and should only occasi¬
onally lead to lysis of the muscle cell. That is,
it should have the properties of an incomplete
antibody (odd that the alternative name of
'blocking antibody' should have been coined
by the haematologists!). Perhaps a 'complete'
antibody, or one modelled to the rest of the
muscle membrane gives rise to 'polymyositis'.

SUMMARY AND CONCLUSIONS

In summary then, my suggestion is that myas¬
thenia is an 'auto-immune' response ofmuscle

in which an antibody to end-plate protein may
be formed. This would have the properties of
an acetylcholine-competitive-blocking sub¬
stance, specific to the individual, and occa¬
sionally to the foetus of a myasthenic mother.
Nerve endings, muscle fibres, and on occasion
the central nervous system might sometimes
be involved, in close analogy with diffuse
lupus erythematosus and dermatomyositis.
Myasthenia gravis is, therefore, a restricted
form of myositis. It may be the result of an
auto-immune response to an infection, usually
of the upper respiratory tract, or the reticulo¬
endothelial system, specifically the thymus,
may react to muscle end-plate protein as if it
were 'foreign' in disorders of the thymus. The
latter is probably under the influence of the
pituitary gland, probably by a growth hor¬
mone, and this may be a necessary condition
for the allergic response to infection. A fami¬
lial incidence of thyrotoxicosis or diabetes is
reported for the first time.
These conclusions have been reached from

a detailed analysis of 440 cases and of the
literature. No other theory of myasthenia
gravis attempts to explain all the phenomena,
clinical and experimental. The present attempt
is speculative, but 1 hope it is justified by the
many new lines of research immediately sug¬
gested by it. Let me close by quoting Hugh-
lings Jackson (Taylor, 1958):
'The use of hypotheses is the method of science.

To suppose we can make discoveties by the Baconian
method is a delusion. A hypothesis or supposition is
not a conclusion; it is only a starting point for
methodical observation and experiment, the endeavour
being not only to prove it, but to disprove it'.

acknowledgements. I am most grateful to
the medical committee of the National Hospital,
Queen Square, London; Sir Geoffrey Keynes; and
colleagues in Glasgow and Edinburgh for their gener¬
ous permission to examine their patients; to Dr A. J.
Maloney and Professor W. Blackwood for pathologi¬
cal reports; to Dr J. Anderson (Glasgow), Dr R.
Alexander (Edinburgh) for antibody studies; Dr S. L.
Tompsett and Dr K. Fotherby for biochemistry and
the clinical photography departments of Glasgow and
Edinburgh Universities for the illustrations.
Experimental studies have been supported by grants

from the Secretary of State for Scotland on the recom¬
mendation of the Advisory Committee on Medical
Research, and from the Muscular Dystrophy Group.

REFERENCES

alajouanine, t. castaigne, p. nick, j.
contamin, t. lhermitte, f. (1957).
Sur 1'existence de signes sensitifs et sensoriels au
cours de la myasthenic. Rev. neurol., 96, 242

434



Myasthenia Gravis

axelsson, J. thesleff, s. (1958). The 'desen¬
sitizing' effect of acetylcholine on the mammalian
motor end-plate. Acta. physiol. scand., 43, 15

bramwell, b. (1892). Alias of clinical medicine,
(a) Vol. 3 p. 110 case xvi. (b) Vol. 1 p. 122.
Edinburgh: University Press.

bramwell, e. (1938). Upon the pupil reactions—
with special reference to contributions by alumni
of the Edinburgh school. Edinburgh post-graduate
lectures in medicine. 1, 1, Oliver and Boyd

b u z z a r d, e. f. (1905). The clinical history and post¬
mortem examination of five cases of myasthenia
gravis. Brain, 28, 438

Campbell, h. bramwell, e. (1900). Myas¬
thenia gravis. Brain, 23, 277

c a s t l e m a n, b. n o r r i s, e. h. (1949). The path¬
ology of the thymus in myasthenia gravis. Medicine
(Baltimore), 28, 27

chalmers, j. n. m. b o h e i m e r, k. (1954).
Pure red-cell anaemia in patients with thymic
tumours. Brit. med. J., 2, 1514

CHURCHILL-DAVIDSON, H. C. RICHARD¬
SON, A. T. (1952). Action of decamethonium iodide
(CIO) in myasthenia gravis. J. Neurol. Neurosurg.
Psychiat., 15, 129

c o E R s, c. desmedi, J. E. (1959). Mise en evi¬
dence d'une malformation caracteristique de la
jonction neuromusculaire dans la myasthenic.
Acta neurol. belg., 59, 539

collier, j. (1930). Oculomotor palsies resulting
from infective and toxic processes. Trans, oplirlial.
Soc. U.K., 50, 244

c o m s a, j. (1958). Influence of the thymus upon the
reaction of the rat to anterior pituitary growth hor¬
mone. Nature (Land.), 182, 728

coulonjou, r. salaun, a. (1952). Stir un syn¬
drome myasthenique frequemment rencontre chez
des chiqueurs de tabac. Sent. Hop. Paris, 28, 3968

dale, h. it. feldberg, w. (1934). Chemical
transmission at motor nerve endings in voluntary
muscle. J. Pliysiol. (Lond.), 81, 39P

d e n n y - b r o w n, d. (1947). Neurological con¬
ditions resulting from prolonged and severe dietary
restriction. Medicine (Baltimore), 26, 41

enobaek, L. (1951). Acetylcholine sensitivity in
diseases of the motor system with special regard to
myasthenia gravis. Electroenceph. din. Neuro¬
pilysiol., 3, 155

i r b, w. (1879). Zur casuistik der bulbaren Lahmun-
gen. Arcli. Psychiat. Nervenkr., 9, 325

c. o L D I L a M, s. (1893). Ueber einen scheinbar heil-
baren bulbarparalytischen Symptomencomplex ntit
Bctheiligung der Extremitaten. Dtsch. Z. Nerven-
heilk., 4, 312

g r o b, d. (1953). Course and management of myas¬
thenia gravis. J. Anter. med. Assoc., 153, 529

crob, d. JOHNS, R.J. H a R v e y, a. m. (1956).
Studies in neuromuscular function. IV. Stimulating
and depressant effects of acetylcholine and choline
in patients with myasthenia gravis, and their rela¬
tionship to the defect in neuromuscular transmis¬
sion. Bull. Johns Hopkins Hosp., 99, 153

harvey, a. m. (1948). Some preliminary observa¬
tions on the clinical course of myasthenia gravis
before and after thymectomy. Bull. N.Y. Acad.
Med., 24, 505

HARVEY, A. M. SHULMAN, L. e. TUMULTY,
P. A. C O N L E Y, C. L. S C H O E N R I C H, E. H.
(1954). Systemic- lupus erythematosus. Medicine
(Baltimore), 33, 291

H o e f f e R, P. f. a. a R a N O W, H. ROWLAND,
l. p. (1958). Myasthenia gravis and epilepsy. Arch.
Neurol. Psychiat. (Chicago), 80, 10

J o l l y, f. (1895). Ueber myasthenia gravis Pseudo-
paralytica. Berl. Klin. Wschr., 32, 1

lambie, a. t. b u r r O w s, b. a. s O m m e r s,
s. c. (1957). Refractory anaemia, agamma-globulin-
aemia, and mediastinal tumour. Amer. J. clin. Path.,
27, 444

long, d. a. (1955). The influence of various hor¬
mones upon immune and allergic responses of
guinea-pigs to bacterial infection. Proc. roy. Soc.
Med., 48, 916

lowenthal, a. van s a n d e, m. (1956).
Nouvelles determinations des fractions protein-
iques dans le serum de patients atteints d'affec-
tions musculaires. Rev. Frang. Etudes din. biol., 1,
765

m e t c a L f, d. (1956). The thymic origin of the
plasma lymphocytosis-stimulating factor. Brit. J.
Cancer, 10, 442

nastuk, w.l. s t r a u s s, a. j. l. o s s e r m a n,
k. e. (1959). Search for a neuromuscular blocking
agent in the blood of patients with myasthenia
gravis. Amer. J. Med., 26, 394

n O w E L L, P. T. w I L s O N, A. w I L s O n, H. (1959).
Some effects of extracts of foetal whale thymus
glands. Quart. J. exp. Physiol., 44, 229

oppenheim, h. (1887). Ueber einen Fall von
chronischer progressiver Bulbarparalyse ohneana-
tomischen Befund. Virchow's Arch. path. Anat.,
108, 522

q u e r i d o, a. (1929). On myasthenia gravis. J. nerv.
ment. Dis., 69, 522

hiker, w. f. (1953). Some aspects of the pharma¬
cology of neuromuscular function. Amer. J. Med.,
15, 231

Rowland, l. p. (1955). Prostigmine-responsive-
ness and the diagnosis of myasthenia gravis. Neuro¬
logy, 5, 612



Simpson

russell, d. s. (1953). Histological changes in the
striped muscles in mvasthenia gravis. J. Path. Bad.,
65,279

schrire, i. (1959). Progesterone metabolism in
myasthenia gravis. Quad. J. Med.. 28, 59

simpson, j. a. (1958). An evaluation of thymec¬
tomy in myasthenia gravis. Brain, 81, 112

s i m p s o n, j. a. l e n m a n, j. a. r. (1959). The effect
of frequency of stimulation in neuromuscular
disease. Eleclroenceph. din. NeurophysioL, 11, 604

sloan, h. e. (1943). The thymus in myasthenia
gravis. With observations on the normal anatomy
and histology of the thymus. Surgery, 13, 154

smiihers, d. w. (1959). Tumours of the thyroid
gland in relation to some general concepts of neo¬
plasia. J. Fac. Radiol. (Land.), 10, 3

strOppler, a. (1954). Experimented Unter-
suchungen zur Pathogenase der Myasthenic. Z. ges.
exper. Med., 125, 244

t a ylor, j. (1958). Selected writings of John Hugh
lings Jackson. Vol. 2 p. 372. New York: Basic
Books, Inc

walker, m. b. (1934). Treatment of myasthenia
gravis with physostigmine. Lancet, 1, 1200

weioert, c. (1901). Pathologisch-anatomischer
Beitrag zur Erbach' en Krankheit (Myasthenia
Gravis). Neurol. Zhl., 20, 597

w i N T R o B e, M. M. (1946). Clinical haentatology.
2nd ed. p. 572. Philadelphia: Lea & Febiger

zaimis, e. j. churchill-davidson,
h. c. r i c h a r d s o n, a. r. (1952). Motor end-
plate differences as a determining factor in the mode
of action of ncuro-muscular blocking substances.
Nature (Lond.), 170, 617

wilson, a. ob r i st, a. r. w i l s o n, h. (1953).
Some effects of extracts of thymus glands removed
from patients with myasthenia gravis. Lancet 2,
368

436



THE DIFFERENTIAL DIAGNOSIS AND MANAGEMENT OF CRISIS IN MYASTHENIA GRAVIS

WITH NOTES ON THE USE UF OXIMES IN THE TREATMENT OF CHOLINERGIC CRISES

Based on communications to the British Pharmacological Society, July 1961
and to the Scottish Society of Physicians, October 1961.

John A Simpson
Neurological Unit, Northern General Hospital, Edinburgh

The outlook for the sufferer from myasthenia gravis was transformed by Mary

Walker's demonstration of the miraculous, if temporary, restoration of power
caused by an injection of physostigmine (Walker, 1934) and soon after that

by its synthetic homologue neostigmine (Walker, 1935)• There is still no

agreement about the basic defect in myasthenia, but general acceptance that
the .therapeutic effect of neostigmine and related drugs is due to inhibition

of cholinesterase at neuromuscular junctions, thus potentiating and prolonging
the action of acetylcholine released at the motor nerve terminals. Direct

stimulation of receptor sites of motor endplates and pre-junctional effects

probably exist, but the validity of the anticholinesterase hypothesis of drug
action is not seriously challenged.

It is believed that molecules of acetylcholine releaaed at motor nerve

terminals unite with a receptor substance on the endplate of striated muscle
and this in some way alters the permeability of the surface membrane of the

endplate, permitting a sudden transfer of sodium and potassium ions across

the membrane. When this electrolyte transfer is of a critical value, it causes

a propagated action potential to pass along the muscle fibre and the electro¬
chemical change appears to trigger the contractile mechanism of the muscle
fibre. When the electrolyte shift occurs, the ratio of ions on each side of
te cell membrane is altered, destroying (or reversing) the metabolically
maintained imbalance which causes the resting cell to be electrically polar¬
ized. The cell membrane is said to be 'depolarizes' at that site and this

depolarization is the essential precursor to muscle contraction. Some restor¬
ation of polarization (not necessarily complete) is essential before another
action potential can be propagated and a twitch of the fibre result. Thus the

efficiency of muscle as a machine is incresed if acetylcholine is destroyed

immediately it has performed its detonating action, so allowing repolarization
of the muscle cell in readiness for the next packet of acetylcholine trans¬
mitted across the neuromuscular junction. If the amount of acetylcholine
available at the endplate is inadequate it may be rendered more effective if
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its destruction is delayed by inhibiting cholinesterase, and this would pertain

whether the insufficiency is due to failure of production or release of acetyl¬

choline, a raised threshold of the endplate, or a competition for receptor
sites ( as by curare ). This was the rationale for the use of neostigmine in

myasthenia gravis. It was not widely appreciated until recently (although
pointed out by Kennedy and Wolf in 1938) that the transmitter must be destroyed
at a reasonable rate to allow repolarization of endplates for the next action

potential otherwise they can not respond to further increments of acetylcholine.
This is termed depolarization block and the weakness resulting, when it occurs

in man, is "cholinergic crisis".

Clearly the clinical effect of anticholinesterase substances will depend
on three factors 1) dose, 2) rate of destruction or excretion of the substance,
3) the state of the particular synapse with respect to the adequacy of its

acetylcholine / receptor ratio. The last factor suggests that muscles unaffected

by myasthenic weakness will be liable to depolarization block with a dose which
is in the therapeutic range for affected muscles. The possibility of causing

paralysis by overdosage with anticholinesterase drugs in the treatment of

myasthenia gravis has been recognized for some time thogh mainly with respect
to the long-acting organic phosphate drugs such as OMPA and TEPP. Many authors
considered that the risk was remote with neostigmine, less than the risk of

underdosage. Rowland et al (1955) proved that cholinergic block could be induced
in myasthenic patients by intravenous administration of neostigmine. I am con¬

vinced that it is a real hazard of treatment which is commonly overlooked,
and that so-called "neostigmine resistance" often indicates depolarization
block. The fact that different effects may be seen in different muscles of
te same patient has not, so far as I am aware, been emphasized.

The purpose of this paper is to define the differential diagnosis of

myasthenic and cholinergic crises and to draw attention to the possibility
that they may coexist. The management of crises of weakness occurring in

myasthenic patients will be discussed in the light of personal experience.
Signs of overdosage with anticholinesterase drugs

It is well known that most patients with myasthenia gravis can take large
doses of anticholinesterase drugs without experiencing muscarinic side effects.

Though not invariably true, colic, diarrhoea, sweating and hypersalivation

usually indicate overdosage. For this reason Schwab (1954) advises against the
routine administration of atropine to myasthenic patients since it may prevent

early recognition of toxicity.
In my personal experience, fasciculation of muscles has been an earlier sign

but recognition of this has not always enabled me to avoid cholinergic crisis.
The reason for this requires some consideration as it has not been discussed
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in earlier papers on the subject. In Case 1 (described) fasciculation always
occurred in muscles which were unaffected by myasthenic weakness, usually in
the lower limbs in other cases. This might be predicted. No harm results if
the dose is not further increased to the level of cholinergic block and indeed

some patients were known to have had fasciculation for years. Difficulty
was experienced when further deterioration of the myasthenic muscles took

place because the increased dose of pyridostigmine or neostigmine required
was sufficient to cause cholinergic block of the non-myasthenic muscles.

(Case 2 described). Undoubtedly fasciculation is a valuable sign that the

danger level of dosage has been approached, but it may be absent or so transient
as to be overlooked (Osserman, Kaplan amd Besson, 1953» Rowland et al, 1954).
Apparent absence of fasciculation should never be used to discard a diagnosis
of cholinergic crisis.

In the circumstance of incresing weakness, three possibilities exist :-

1) there is an increasing myasthenic state, 2) the myasthenic muscles are

becoming resistant to neostigmine, j) chplinergic block is developing. If

myasthenia is becoming more severe, an increased dose of anticholinesterase
is required but this will not be effective in the presence of "drug resistance"
and positively dangerous in cholinergic crises. I am not convinced of the

reality,of the neostigmine-resistance so often described in the past. It is
true that individual muscles become atrophied and permanently fail to respond
to the drug, notably the extraocular muscles and the triceps brachii (Simpson,
1958, i960) but this is a local phenomenon and other muscles continue to

respond fully. I believe that most cases reported as showing no improvement
or even deterioration with progressively larger doses of neostigmine were in

reality suffering from neostigmine-poisoning. Examples are Cases 2-5 (described).
In theses c»£es the errors made were quite obvious in retrospect but the picture
was not so clear at the time and it is the purpose of this paper to show why
the warning signs were ignored or missed.

Fasciculation had been present in Case5 for a long time without affecting
the wellbeing of the patient. The knowledge that this was a response of "healthy"

muscle, and the long spell of reasonable health encouraged me to discount such

fasciculation as an indicator of the state of the muscles which were affected

by myasthenic weakness but were a constant reminder that any clinical deterior¬
ation might be due to either cholinergic block or to increased neostigmine

requirements by the damaged muscles. Most physicians who have treated myasthenic

crisis must have been impressed by the inadequacy of successive increments of
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dosage with neostigmine. Eaton (1947) described the use of a daily dose of

1000mg neostigmine, and Rowland et al (1954) mention a case requiring 2500mg

daily. Rowland et al (1956) describe patients who failed to respond to doses
as high as 18.0mg of neostigmine injected intravenously during one hour. This

phenomenon is usually attributed $o refractoriness. Accepting that atrophic
or "myopathic" muscles fail to respond to anticholinesterases, there is no

good evidence that general refractoriness can occur within the space of a few

days. Viets (1944) considers that "refractoriness" is "merely an acknowledgment
of inadequate dosage". In my own experience, cholinergic block is at least as

common as a cause of apparent refractoriness to neostigmine. In this situation
one requires a simple means of testing the status of individual muscles.
Edrophonium test for cholinergic state

Osserman and Kaplan (1952) introduced edrophonium chloride (Tensilon) as

a test for myasthenia gravis. It resembles neostigmine in its anticholinesterase

effect but probably has a greater direct action on th endplate and it differs

injlts rate of action. Response to intravenous injection may be observed in
about half a minute, and most of the action is complete (at the clinical level)
in five minutes. Confirmation of relief of myasthenic weakness is obtained

rapidly while the action on non-myasthenics (fasciculation, especially of the

eyelids, and sometimes colic or sweating) is mercifully brief compared to that
of an injection of neostigmine. I have sometimes found no response in patients

subsequently shown to have true myasthenia but have never found significant

improvement (by objective criteria) in other conditions. Osserman, Kaplan and
Besson (1953) suggested that edrophonium might be used to test the cholinergic
status of treated myasthenics. If temporary improvement occurs after an injection,,
the need for a bigger dose of anticholinesterase drug is indicated. If temporary
deterioration occurs there must be presumed to be cholinergic block. If no

change is observed, these authors wisely advise interpreting this as evidence
of incipient cholinergic block. The theoretical basis of this test — a sort
of 'titration' — is sound, but I have found difficulties in practice.

In Cases 5 a-nd 4 the weak muscles improved after edrophonium so the dose
of pyridostigmine was incresed. Despite this, the patients' breathing and

swallowing deteriorated. A possible explanation is that the respiratory muscles
had not been affected by the myasthenia and so were overdosed into cholinergic
blockwhile the ocular muscles were still myasthenic. An important lesson to

be learned from these cases is that when the edrophonium test is used to assess

the state of a patient who is deteriorating under treatment, the index of

response should be a respiratory excursion, preferably using some instrument
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capable of recording inspiratory volume.

Case 5 (described) died soon after an edrophonium test. There had been good
reason to believe that neostigmine requirements were increasing despite

persistent fasciculation of the legs. In fact, resjfration was improved by

edrophonium but it provoked intense salivation which the patient could not
swallow sufficiently rapidly. She panicked and would not obey instructions
to lean forward. Death was very sudden despite immediate artificial respiration.
The possibility of ventricular fibrillation or cardiac arrest can not be excluded.
There is considerable uncertainty about the actual state of this case but it

is included to underline the fact that edrophonium may be dangerous when given
to a patient who is already taking a large dose of neostigmine, and the
"transient" muscarinic effects may be fatal even when there is awareness of
the danger and resuscitation measures are at hand. Neostigmine may potentiate

vagal reflexes affecting the heart and lungs (Furman and Geiger, 1952) and
there is little doubt that edrophonium would do likewise.

Many authors have stated that the possibility of giving too much neostimine
to a patient in crisis is remote and that ther is a greater likelihood of

giving inadequate amounts when a patient is critically ill but not in a

respirator (Eaton,1947; Harvey, 1954; Viets, 1946). On reading the brief des¬

criptions in this text, the reader may conclude that the diagnosis was easy.

Unfortunately, this was not so. Although suggestive signs or symptoms have
been recorded chronologically in the case reports, they were sometimes
elicited retrospectively by close questioning of junior nursing staff who had
known of incresed sweating, diarrhoea, muscle twitching, incresed restlessness
etc. without appreciating their significance. Usually the observer had under¬
stood that these symptoms were to be expected in any patient taking neostigmine
and indeed junior medical staff sometimes reassured them. There is some truth
in this belief, but the new appearance of such symptoms or signs should always
be interpreted as evidence of impending cholinergic crisis.
It is in just such circumstances that the edrophonium test might help.

Unfortunately this has been less valuable than anticipated. The possible

dangers of edrophonium in a cholinergic crisis have been discussed above. These

might be avoided by giving atropine sulphate o.1mg intravenously before inject¬

ing edrophonium. A more serious difficulty (illustrated) is that the edrophonium

might cause temporary increase in muscle power when the patient is actually
on the verge of cholinergic block. In explanation of this anomaly it may be
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suggested that some neuromuscular junctions (those severely affected by the

disease) could be in a sub-optimal state with a dose of anticholinesterase
which was causing depolarization block of the more normal endplates. Thus the
ocular and shoulder girdle muscles might improve with an injection of edro¬

phonium while the respiratory muscles (which are often less severely affected)
may be in danger of cholinergic block. The brief action of edrophonium is then
a disadvantage because it does not permit fatigue-testing of a range of muscle

groups yet there is sufficient persistence to make it inadvisable to repeat
the injection more than once in an hour (Osserman, Kaplan, and Besson, 1953)•
If the test is being used to decide therapy in a deteriorating case, I advise
that the vital capacity be measured with a respirometer (or a Benedict-Roth
B.M.R. machine) before and after an injection of edrophonium. An objective
assessment of this type is desirable. A statement from the patient that he
"feels stronger" or "breathes more freely" is an unsound basis for treatmento
Case 6 illustrates this point. Because of its unique value it is reported in

greater detail by Simpson (1964).
Case 6 was a male aged 60+ who had myasthenia gravis associated with thymoma

for 11 years. The thymus had been treated elsewhere with radiotherapy. During
the year before he came under my care he had been getting weaker despite an

increasing dose of neostigmine. On admission he was taking 46 tablets (690mg)
neostigmine daily. Reduction to 40 twblets confirmed that he needed a bigger

dose. Increments were given by intramuscular injection. On the ninth day

finger twitching was noted, the pupils were small, but edrophonium still imp¬
roved eye movements. Muscarinic signs became prominent on the following day.

Edrophonium now caused no objective improvement but the patient claimed to
feel stronger. Nonetheless, cholinergic crisis was diagnosed so atropine was

given and 500mg of pyridine-2-aldoxime methiodide (P.A.M.) injected intra¬

venously. Some restoration of power occurred, confirming the diagnosis, but
this preparation, claimed to be an antidote to anticholinesterase poisoning,
caused severe hypotension and acute haemolysis with anuria. Since neostigmine
and its analogues are excreted by the kidneys there was then great difficulty
in establishing adequate treatment so that despite drastic reduction in dosage
the patient had three cholinergic crises in the next six weeks. His survival
for this period was due entirely to positive pressure ventilation.

This unusual case gave opportunity to study the signs and treatment of
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cholinergic crisis -under controlled conditions. Prom it we learned that the

edrophonium test was a reliable indicator of the need for more neostigmine

only when a measurable increase of muscle followed its administration. If

improvement in strength was eqivooal, even though the patient claimed to be

stronger, there was invariably a recurrence of muscarinic signs and cholin¬

ergic block soon followed, lasting for an hour or more* We concluded that
the test was reliable if absence of measurable response was always interpreted
as a warning that cholinergic block was impending. Respiration could not
be tested in this case as as the patient was being ventilated passively

through a tracheostomy, but it was noted that at times of cholinergic block
the respirator had to work against increased resistance though bronchial
toilet was adequate and radiography showed no pulmonary collapse. This

suggested the presence of severe brochoconstriction and it may be that some

of the repiratory failure occurring in the other cases was due to this.
It was confirmed in this case that muscular fasciculation occurred in the

'normal' muscles at a dose level which was perfectly safe; indeed as cholin-

ergicblock occurred the fasciculation naturally became less prominent. The

muscarinic signs were also misleading. Sweating and pallor resulted from
other causes such as pulmonary infection and hypoxia. Diarrhoea or rectal
incontinence was fairly closely related to the cholinergic state but was also

precipitated by oral administration of potassium salts. Bradycardia was never

observed, indeed tachycardia was the rule. Only two signs were consistently
related to cholinergic crisis, hypotension and miosis. Drop in blood pressure

was not gross, only apparent from retrospective study of the charts except
for the first attack which, perhaps erroneously, was attributed to the inject¬
ion of P.A.M. Small pupils very consistently accompanied the cholinergic
state and usually preceded muscular weakness by several hours. A pupil
diameter of 2mm in a dimly lit room usually indicated impending crisis and
the diameter decreased to 1mm or less when weakness became severe.

At this point it will be advantageous to summarise my present evaluation
of diagnostic signs in determining whether Increasing weakness is due to

myasthenic or cholinergic crisis.
Muscular strength If deterioration follows an emotional upset or in the course

of a pyrexial illness and is first noticed more than two hours after the last
dose of anticholinesterase it is very likely to be myasthenic. If it occurs

in the course of treatment in which there has been gradual increase in dosage
because of inadequate response it may be either myasthenic or cholinergic,
and the latter is highly probable if the daily dose exceeds 20 tablets of



8

neostigmine or its equivalent, or if weakness develops within one hour of

taking tablets. If the patient has previously been well controlled at a stable

dosage level and there is no obvious precipitating factor for myasthenic

relapse, remission may be occurring so that the previous therapeutic dose is
now too much. Case 7 (described) is an example of this. This situation is not
■uncommon in the 2nd - 4th day after thymectomy and reduction of dosage may be

necessary for a few days at that time.
Fasciculation This is very ■unlikely to be present in myasthenic crisis but
it may be seen in the adequately controlled patient and disappear as cholinergic
block ensues. Absence of fasciculation does not controvert a diagnosis of

cholinergic crisis.
Muscarinic effects These are extremely rare in myasthenic crisis even if the

dose of neostigmine is very high. Their presence in association with deterior¬

ation of muscle power should be takenas prima facie evidence for a cholinergic

state. Diaphoresis, nausea, vomiting, and abdominal pain may be associated
with other illness which is responsible for precipitating myasthenic relapse,
but sweating with a cold pale skin, rapid pulse, and drop in blood pressure

strongly suggests overdosage. Rectal incontinence, as distinct from diarrhoea,
is also a significant sign. Lachrymation and hypersalivation are useful signs
of overdosage though the patient may drool his normal saliva simply because
he cannot swallow. If the saliva is thick and glairy it is more suggestive

of myasthenic crisis. The size of the pupil is a good guide provided ther£ .is
a previous record of its size in comparable lighting and no opiate or similsx

pupilloconstricting drug has been given ( important after thymectomy - ). If the

pupil diameter is known to have decreased to 2mm great care is essential in

raising the dose of anticholinesterase any further. If it decreases to 1mm
and becomes unresponsivea cholinergic crisis is imminent.

Edrophonium test In principle, the concept of measuring the discrepancy
between the acetylcholine released at nerve terminals by willed contraction
and an optimal level is good and the edrophonium test is undoubtedly a major
advancein the management of myasthenia gravis. With incresing experience,
Osserman et al (1955) have modified their original tecnique and now recommend

the following procedure :-

a) Timing When used to adjust dosage in the average myasthenic the test is
best applied at the end of the second hour after neostigmine has been admin¬
istered. A positive response at that time indicates that neostigmine dosage
is insufficient. In 'adequate' treatment no response will be obtained; in

overdosage there will be temporary deterioration. A false impression may be
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gained if the test is carried out at the end of the first hour when' the

action of neostigmine is maximal as a patient may fail to improve further

at that time even though the general level of dosage is sub-optimal.

Conversely, three hours after neostigmine is too late. Even a null response
at tht time may indicate overdosage. There is no information about the timing
of the tast in cases treated with pyridostigmine but the two-hour test is

probably reliable for this drug also, provided that absence of objectively
determined improvement is always interpreted as indicating optimal or over¬

dosage. At times of crisis the test may be used at any time but should not

be repeated for at least an hour.

b) Method For the test, the usual dose is 10mg edrophonium (1ml).
The first 2mg (0.2ml) should be injected intravenously and the needle kept
in the vein. If the patient is hypersensitive to the drug, or in a cholin¬

ergic state, this may cause fasciculation, blepharospasm, dizziness, faint-

ness, and slight muscarinic symptoms. In this event the test should be
discontinued and atropine injected if necessary. If no ill effects occur in

JO sec the remaining 8mg is injected. If the above symptoms occur in the next

-g-2 minutes it is certain that no myasthenic wekness exists, but this type
of response is by no means invariable in normal subjects. During the period

-g-5 minutes various groups of muscles should be tested for fatiguability.
If this is found it may be concluded that these muscles require a larger
dose of anticholinesterase drugs. It is my contention that it is not justifi¬

able to extrapolate this conclusion to every muscle and in particular to
those unaffected by myasthenia. On the contrary, the latter muscles may be

dangerously overdosed. Unfortunately the effective duration of action of

edrophonium is often too short to allow testing of more than one group of

muscles, hence the importance of testing respiration and swallowing.
Rowland et al (1955) observed the effect of neostigmine infusions in

myasthenic patients and confirmed that an excess would cause significant
weakness. They made the important observation (which is confirmed by my

experience in the patients described) that any preceding improvement in

power was usually incomplete. That is to say that there is no stage of full
muscular power at the transition between myasthenic and cholinergic weakness.

They further concluded that muscles which had not been clinically weak pre¬

viously were usually affected simultaneously with 'myasthenic' muscles

though "paradoxical" observations were made in one case. This is obviously
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a point that urgently requires clarification since the validity of the edroph¬
onium test in differentiating myasthenic from cholinergic crisis depends on it.

c) hose The method just described is that recommended by Osserman and

colleagues. It is a very useful test if there is unequivocal improvement or
decrease in muscle strength. Unfortunately it is often when its help is most

required that the result is equivocal. In my experience doubling the test dose
did not give extra information. This procedure is not recommended for routine
use and may be dangerous for use in a patient who is not having assisted respiration.
Jolly-Harvey-Masland test The most objective way to test the neuromuscular
status would be to tetanize a peripheral nerve and to observe the resulting
muscular contraction or its action potential for evidence of myasthenic

'fatigability'. With cholinergic block the first twitch and its action potential
should be greater than subsequent responses but the latter should remain at
a subnormal plateau without showing the decrementing response typical of the

myasthenic state.I found this procedure helpful in Cases 3-6. Unfortunately
no permanent electomyographic record was obtained. Again, the main caveat
concerns the extapolation of findings from one nerve-muscle complex to another.
This problem will be studied further as occasion arises.
Treatment of myasthenic crisis

In mild cases of myasthenia gravis respiratory distress is very rarely due
to weakness of inspiration. Sudden repiratory distress in such patients is
more likely to be due to inhalation of food or a foreign body, so prompt

postural drainage with manually assisted cough may be lifesaving if suction

apparatus is not at hand, Weakness of inspiration is usually preceded by pro¬

gressive weakness oflimb and bulbar muscles and an increasing dosage of neostigmine.
For this reason it is unwise to temporise if the patient has shallow fast

respiration or is restless. Cyanosis is rare. Neostigmine 2mg should be

injected intramuscularly at once and a respirator obtained, (intravenous injection
is not necessary and may be dangerous.) It is possible to use a tank repirator,
but in emergency it is safer to use positive-pressure ventilation through an

endotracheal tube or tracheostomy since inspiratory weakness is usually
associated with wekness of swallowing. Bronchial secretions dhould be aspirated
as soon as possible. Neostigmine should then be given through a nasogastric

tube. If intubation is not possible it may be given intramuscularly. As a

starting point the equivalent of the previous oral dose may be calculated on a

basis of 1.5mg i.m. for every 15mg given orally according to Viets (1950); my

own impression in that a truer euivalence would be 1mg i.m. equals 15mg oral.
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This dose may b«> repeated horly for 2-3 hours. If an edrophonium test shows

that treatment is still inadequate the dose may be increased steadily. This
is less likely to give rise to cumulative effects than is shortening the
intervals between injections although this may also become necessary.

Provided an unequivocal response to edrophonium is obtained it is safe to

give atropine in addition, but its effect in thickening of bronchial secret¬
ions is undesirable and so it should be avoided if possible. If progressive
increments of neostigmine do not help, especially if evidence of incipient

cholinergic block appears, it is sometimes effective to withdraw all medic¬

ation, maintaaining repiration artificially. When neostimine is resumed a

few days later it is often effective at much lower dosage. The general

principles of management of a respirator patient apply and need not be
detailed here

Treatment of cholinergic crisis If increasing weakness due to overdosage of

anticholinesterases is recognized before respiratory failure takes place it
is sufficient to omit the next dose and to give atropine sulphate 2mg i.v.
The edrophonium test should be repeated every two hours and no more anti¬
cholinesterase given until there is definite improvement with edrophonium.
If there is respiratory failure the patient should be respired through a

cuffed endotracheal tube. This must be replaced by a tracheostomy tube in

24 hours if further artificial respiration is necessary. This is a much more

dangerous state than the myasthenic crisis because of the haemodynamic changes

present and the possibility of bronchospasm so intubation must not be delayed.
There will be no worthwhile recovery an hour later and the patient may lose
his chance of survivals

Atropine should be continued in big doses (2mg i.v.) every hour until
muscarinic signs abate or signs of atropine toxicity appear. (This should be

considered if restlessness or confusion develop in the well oxygenated patient.)
Atropine has little if any effect on the neuromuscular junction of skeletal

muscles. There are two possible antidotes to cholinergic poisoning

1) to displace some of the acetylcholine from endplate receptors with curare.

This method was tried in Case 3. Temporary restoration of power was achieved
but we had no means of determining the necessary dose. Nevertheless this form
of treatment might be exploited further.

■ With later plastics it has been possible to keep an endotracheal tube in

place for a week or more. Tracheostomy is usually avoided.
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2) to reactivate acetylcholinesterase at the endplates. This may be achieved

by the use uf oximes such as pyridine 2-aldoxime methiodide (PAM) or its
methane sulphonate (P^S) which reactivate the enzyme when it is inhibited by
an organic phosphate drug. Grob and Johns (196 ) claimed that oximes were also
effective in the treatment of poisoning by quaternary ammonium anticholinest¬
erases such as neostigmine. Both of these substances were tried in several

crises in Case 6 (Simpson,1964) under the unique controlled conditions described
above. It was confirmed that some recovery of power and reduction of muscarinic
effects took place but there was a latent period of -g-1 hour before any clinical
effect could be seen, the restitution of power was not impressive, and the effect
lasted for about one hour. Even repeated doses did not make a material contrib¬
ution to the handling of cholinergic crises in this case. Certainly it would
be unwise to postpone artificial respiration because of an expected response

to either of these "antidotes". Positive pressure respiration with normal

management routines and injections of atropine must be continued until the

patient is clearly myasthenic again., and re-established on a satisfactory

dosage of anticholinesterase.



Power

Tabs/day

Sweating

Pupils
Fasciculation

Edrophonium

Case 6 (MN5095) Gradual onset of cholinergic weakness with increasing

fasciculation, miosis, and sweating (Stage 1)C Equivocal results of

edrophonium testing based on subjective responses,, The neostigmine

injected i.m. is charted on an equivalence of 1mg to 10mg by mouth.
Unsatisfactory response to P.A.M. 5°0mg i.v. Hypotension soon after the

injection of P.A.M. Haemolysis and oliguria three days later but less
fasciculation and improved power.

Stages 2 & 3 show renewed onset of cholinergic crisis, delayed response to
P.A.M. and icterus three days later. Neostigmine was resumed on Day 24 and

pyridostigmine on Day 34. The latter was associated with gradual return of
cholinergic signs. Sudden crisis on day 40 was treated with P2S.
Stage 4 was s period of relatively smooth control on a small dose of pyrido¬
stigmine (360mg/day). Sweating and fasciculation persisted, especially when

potassium was added, but the pupils were not contracted. Gradual deterioration

(Stage 5) started at Day 58 despite absence of muscarinic signs. Oliguria

continued. New features were aregenerative anaemia, pneumonitis, oesophagitis,
and spells of dyspnoea. Terminal deterioration with signs of hypoxia resembled
the muscarinic signs of the cholinergic state.



Stage 2. Poor response of second cholinergic crisis to repeated injections
of P.A.M. Temporary increase of slight hypotension.
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CORRESPONDENCE British
Mtdicax Journal

- Myasthenia Gravis and Autoimmunity
Sir,—The paper by Sir Macfarlane Burnet (Sep¬

tember 29, p. 807) and his recent Jephcott lecture are
of great interest to me in the authoritative support they
provide for my suggestion that myasthenia gravis is a
disease of autoimmunity with the thymus as the source
of lymphocytes antagonistic to muscle. I have been
working on this idea for eight years, and in April, 1960,
described the clinical evidence for \ it in a Honyman-
Gillespie lecture which was later published.1 At that
time there was little positive evidence of the physiological
role of the thymus gland, and it is gratifying to note
that my speculation is being so rapidly substantiated.
My experimental evidence is still not satisfactory. I

have found antinuclear factors in the serum of some

myasthenic patients but in a much smaller proportion
of a larger series than recently reported by R. G. White
and A. H. E. Marshall.2
My hypothesis went further than Burnet's in postu¬

lating a pituitary control of the thymus. It will be
interesting to see if this speculation is also confirmed
by his laboratory. Sir Macfarlane rightly points out
that the pharmacological nature of the effect on the
muscle is still unknown. My paper suggests that an
antibody to the protein of the end-plate of a muscle
fibre would act as a competitive blocking substance
which would be specific to the individual or, in occa¬
sional cases, to the foetus of a myasthenic mother.—
I am, etc.,
Neurological Unit,
Northern General Hospital,
Edinburgh 5.

References

Simpson, J. A., Scot. med. J., 1960,
White, R. G., and Marshall, A. H.

John A. Simpson.

5, 419.
E., Lancet, 1962, 2, 120.



Nov. 17, 1962

(

British 1329
Medical Journal

Carcinomatous Myasthenia
Sir,—Your leader (October 20, p. 1039) draws

attention to an important cause of " symptomatic"
myasthenia. Relative sparing of ocular and bulbar
muscles, loss of tendon jerks, and incomplete response
to neostigmine should raise suspicion about the
diagnosis as suggested by your leader-writer, but unfor¬
tunately the electromyographic changes described are
riot so specific as suggested.
I have previously reported cases of acquired myopathy

of other types ("polymyositis") in'which progressive
increase in the heights of the muscle action potentials
evoked by repetitive stimulation of a' peripheral nerve
was a very striking feature. These cases have now been
followed up for more than five years without evidence
of neoplasm.1 2 It is also not sufficiently well known
that a similar facilitation phenomenon may be found in
true myasthenia gravis. I have sometimes found this
response in some muscles while others show the classical
Jolly fatigability.3 There appears to be a correlation
with the different responses to decamethonium found in
myasthenia gravis. Even the frequency of stimulation
(which must be supramaximal) affects the response in
myasthenia gravis. One occasionally finds a typical
myasthenic response with stimulation rates from 3 to
20 per second, yet faster stimulation produces the
" facilitation " response. (This is not the place to discuss
the validity of the terminology.) Drechsler4 in Prague
has made similar observations and no doubt they are
known to other experienced electromyographers. This
brief note is written to draw the attention of others to
the non-specificity of the electromyographic features
described in your annotation.—I am, etc.,
Neurological Unit, . J- A. SIMPSON.
Northern General Hospital,
Edinburgh 5. .iSt
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NEUROLOGY

Myasthenia Gravis— i
JOHN A. SIAdPSON, M.B., Ch.B., F.R.C.P.E., F.R.F.P.S.G., M.R.C.P., Senior Lecturer in Neurology,
Edinburgh University; Physician in Charge, Neurological Unit, Northern General Plospital, Edinburgh

Myasthenia gravis is a disorder of skeletal musclewith many unusual features. Its most outstanding
characteristic is that weakness increases pro¬

gressively when the affected muscles are contracted
and disappears after a short rest. Thus a patient who
looks perfectly strong and healthy in the consulting-
room may describe severe weakness when at his work.
The apparent inconsistency is the main reason why this
disease is often missed by those who are not familiar
with it. It is not a rare disease though many doctors
state that they never see a case.

Clinical Features

Fig. 1. The myas¬
thenic facies. The pa¬
tient is doing her best
to show her teeth.

The dramatic improvement, within minutes, from
certain drugs, can be a diagnostic pointer in patients

with myasthenia gravis.

early 20s. In the older age group it is rather commoner
in men.

Signs and Symptoms

Any skeletal muscle may be involved (the smooth
muscle of the gut, etc., is not) and the symptoms will
vary accordingly. The most commonly affected muscles
are those of the eyes and eyelids so that the patient
complains of double vision when tired, and her eyelids
tend to droop and may close completely. After a short
rest they can be reopened until they again become tired.
Other symptoms may be difficulty in chewing or
swallowing, loss of the voice after speaking for a time,
difficulty in keeping the jaw closed or holding the head
up, weakness of the limbs, especially about the shoulders
and in fact loss of strength of any muscles including, in
severe cases, the respiratory muscles. Symptoms tend
to be worse towards evening but for some patients the
hour immediately after waking is the worst of the day.
There is no pain, though weak muscles may ache,

and no loss of sensation. Reflexes are present but may
fatigue ifelicited repeatedly.

Diagnosis
If myasthenia is suspected (and the facial appear¬

ance of a severe case is easily recognizable—Fig. 1) the
diagnosis is easily confirmed by asking the patient to
make a sustained effort with the affected muscles. For
instance she may be asked to keep her gaze held on an
object held above eye level, to count up to 100, to
swallow barium, or hold her hands outstretched for a
minute, when the symptoms suggest fatiguability
of eyelids, speech, swallowing, or shoulder girdle
respectively. In each case the attempt will be termi¬
nated by increasing weakness.
Final confirmation is given by the dramatic improve¬

ment after use of the appropriate drug. The most rapid
result is given by Tensilon (edrophonium). A prelimi-

Symptoms tend to be intermittent at first and are
often precipitated by an emotional upset. This, too,
prejudices the doctor towards a diagnosis of'hysteria'.
An infection of the upper respirator)' tract may precipi¬
tate the first or later attacks, but once the disease has
started the symptoms are brought on by physical
effort or by emotional upset. Even then the symptoms
may subside for periods of months or years or there
may even be spontaneous cure.
Nevertheless, the tendency is for more and more

symptoms to appear during the first two or three years
and, if untreated, death may occur during this period.

Death is less like¬
ly if the patient
manages to sur¬
vive for five years
but a risk ofchok¬
ing remains for
many years if the
muscles of swal¬
lowing and respi¬
ration are affec¬
ted.

Myasthenia
gravis is com¬
moner in women.
It occurs at any
age, but usually
appears for the
first time in the
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Fig. 2. Left, before, and right, cnc minute after intravenous injection of edrophonium.

nary 2 mg. is given intravenously and if no obvious
effects occur a further 8 mg. is given 30 seconds later.
If weakness is due to myasthenia gravis there will be a
striking improvement in half to one minute (Fig. 2).
As the effect wears off in a few minutes it is not suitable
for treatment. Neostigmine (Prostigmin) on the other
hand takes longer to act
(half to one hour after 1 mg.
inj'ected subcutaneously) but
its effect continues for three
hours or more, making it more
suitable for treatment. It is
also used as a test though the
response is not so rapid. , ,

muscle to contract but if it then
remains in contact with the re¬

ceptor substance of the end-plate,
no further muscle twitch can occur.

Cholinesterase normally destroys
the acetylcholine as soon as it has
done its duty, releasing the re¬
ceptors for the next packet of
transmitter chemical.
The symptoms of myasthenia

gravis are probably due to de¬
ficiency of this mechanism. Various
possibilities have been suggested
and all have their supporters among
research workers (Fig. 3).
(i) The nerve fibre may produce

too little acetylcholine.
(ii) Cholinesterase may destroy

acetylcholine too quickly.
(iii) There may be a substance

resembling curare which will
compete with the acetycholine
for the available receptors ('neu¬
romuscular block').

(iv) The receptors may be abnormal
and so fail to respond in the
normal way.

I favour the third theory because
occasionally a myasthenic mother

has a baby who has myasthenia gravis for the first few
weeks of its life then recovers fully. This strongly
suggests that some substance has been passed from
mother to child. I have suggested that the blocking
substance may be an antibody, a concept which has
started a lot of new research on this baffling disease

Nature of the Disease

drugs which prevent the action
of cholinesterase, an enzyme
present in muscle just beneath
the motor end-plate. The stim¬
ulus for a muscle to contract

passes from the spinal cord
along the motor nerve to its
terminal. There it releases
acetylcholine, a chemical
which crosses the gap (the
neuromuscular junction) to
the muscle end-plate (Fig. 3).
Acetylcholine stimulates the

Fig. 3. The neuromuscular
junction, and theories about
myasthenia.

(a) Normal.
(b) Insufficient production

ofacetylcholine.
(c) Excess cholinesterase.
(d) Abnormal receptor sub¬

stance.

(e) Neuromuscular block
by a curare-like sub¬
stance.

The two drugs just men¬
tioned ai;e from the group
known as anticholinesterase
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(Simpson, 1960).
Whichever theory is correct, tire acetylcholine pro¬

duced by the nerve would be less effective than it
should be. For this reason it is rational to use a drug
which will depress the action of cholinesterase and so
allow the acetylcholine to act more strongly and for a
longer time. It may have occurred to you that if this
is overdone, the muscle will be made unresponsive
for the time until acetylcholine is gradually destroyed.
In fact this is a serious danger which to some extent
limits tht use of anticholinesterase drugs. The resulting
paralysis is called a cholinergic crisis, and it is important
for the nurse to learn its signs.

Pathology
The idea of a 'neuromuscular block' has fascinated

physiologists so much that they have ignored the long-
known facts that microscopic changes can be seen in
the muscles. A few of the muscle fibres may be degen¬
erated, but the most 'characteristic lesion is little
collections of lymphocytes between the muscle fibres
(lymphorrhages). Recently it has also been shown that
the nerve terminals are deformed. These changes could
result from an auto-immune reaction in the muscle

(Simpson, 1960).
The other characteristic lesion which indicates that

myasthenia gravis is more than a simple chemical dis¬
turbance at the neuromuscular junction is the common
finding that the thymus gland has failed to atrophy
and shows the microscopic changes indicating active
formation of lymphocytes (cells which carry antibodies).
About 16 per cent, of cases also show neoplastic change
in the gland; a thymoma, as the tumour is called, can
usually be seen in an X-ray film of the chest (Fig. 4).
It may be a benign or a malignant tumour. In the
remaining cases although the gland is abnormal it does
not show on the radiograph.

Fig. 4. Chest X-ray showing thymoma.

Myasthenia gravis has a peculiar link with disorders
of the thyroid gland. The patient may have a goitre,
simple or toxic, but this may occur years earlier or later
than the myasthenia so it cannot be a cause. I have
found an' increased incidence of thyroid disease in
relatives of myasthenics so it may be that they have a
common hereditary background, possibly involving
the pituitary gland (Simpson, I960).

NEXT WEEK : Myasthenia Gravis—2
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NEUROLOGY

Myasthenia Gravis—2
JOHN A. SIMPSON, M.B., Ch.B., F.R.C.P.E., F.R.F.P.S.G., M.R.C.P., Senior Lecturer in Neurology,
Edinburgh University; Physician in Charge, Neurological Unit, Northern General Hospital, Edinburgh

The name myasthenia gravis was given to thedisease when no treatment was known. With the

discovery of the effect ofphysostigmine and later of
neostigmine (a synthetic anticholinesterase) by Mary
Walker in 1935 the mortality was reduced from about
30 per cent, in the first year of the illness to approxi¬
mately 15 per cent. Even so 20 to 30 per cent, ofmedically
Heated patients die of myasthenia within seven
/ears.
In view of the constant abnormalities of the thymus

jland, surgical removal (thymectomy) has been advo-
;ated for many years and practised in a few centres.
Despite the considerable experience acquired by a few
surgeons there was no agreement regarding the
aenefit or otherwise of thymectomy because American
;urgeons did not appreciate that there was a great
difference in prognosis between cases with a thymoma
md those without.
Sir Geoffrey Keynes ofLondon, the most experienced

lurgeon in this field, has always maintained that patients
vith a thymoma tend to do badly whether operated on
)r not, but if there is no thymoma the outlook is
jreatly improved by surgery. His claims were fully
:onfirmed by my independent examination of cases
jperated on by Keynes and other surgeons (Simpson,
'958). If there was no thymoma the mortality due to
myasthenia was halved in women, especially if they had
lad myasthenia for less than seven years. Furthermore,
lie survivors were found to have a much better chance
)f recovering completely or partially. Men also tend to
mprove after thymectomy but the benefit is not so
triking. On the other hand a thymoma is a tumour and
t is advisable to remove it for this reason though there
s less chance of the myasthenia improving.

Response to Operation
The response to operation is very strange. Some

patients respond immediately, others in a few weeks or
nonths and the remainder notice little difference at the
ime. Nevertheless when they look back from the
'antage point of two or three years, most patients are
:ertain that 'the tide turned' when the thymoma was
emoved. It may be possible sooner or later to dis-
;ontinue medical treatment, but often it has to go on
vith a lower dosage until recovery takes place. Thymec-
omy has not abolished the need for drugs; both have a
ole to play.

Largely, thanks to modern drugs, most myasthenic
patients can now look forward to a normal life. The
disease can be controlled, and even cure is possible if

the thymus is removed in time.

Anticholinesterase Drugs

Edrophonium (Tensilon) is a short-acting drug used
intravenously as a test and not for maintenance
treatment.

Neostigmine (Prostigmin) may be given by injection
to the severely ill patient who is unable to swallow
(1-3 mg. subcutaneously) but is usually given by mouth.
One to four 15 mg. tablets may be required every two
to four hours in a severe case. An average dose is 10
tablets in a day. Mild cases may only require one
tablet before meals (usually given half to one hour be¬
fore so that the maximum effect is present while the
patient is eating).
Pyridostigmine (Mestinon) is a 60 mg. tablet which

has a strength approximately equal to the neostigmine
tablet. It gives less boost to strength but has a smoother
and slightly longer effect (like the difference between
lente insulin and soluble insulin). It is preferred by
most patients, and is especially useful to reduce the
frequency of dosage during the night as it may act
for six hours or more.
Ambemonium (Mysuran) is another anticholinester¬

ase with a long action. It is less frequently used in this
country because, like other long-acting drugs which
will not be described here, the disadvantage of pro¬
longed action is a tendency for the effect to be cumula¬
tive and cholinergic crisis may occur before the medical
staff is aware of the clanger. \

Cholinergic Crisis

Anticholinesterase drugs also act- on smooth muscle
and glands and so may cause gastric upsets, diarrhoea,
salivation, sweating, pallor, and bradycardia. For some
unknown reason the myasthenic patient can tolerate
large amounts of anticholinesterase drugs before these
symptoms appear and as they are not in themselves
dangerous it is common to suppress these side-effects by



68 Nursing Times, January 18, 19G

CASE STUDY COMPETITION FOR STUDENT

NURSES

First Prize
5 guineas

Prizes are offered for case studies which
indicate thoughtful nursing care, per¬
sonal observation and understanding of
the therapeutic measures used, and

Second Prize concern for the patient as a person.
4 guineas Send your entries, with this coupon, to

the Editor, Nursing Times, Macmillan
and Co. Ltd., St. Martin's Street,
London, W.C.2, by Monday, March 4.

Always have atropine available when you have a myasthe
patient in the ward.

(i) increasing weakness one hour after the last dose;
(ii) fasciculation ofmuscles;
(iii) headache, confusion, restlessness;
(iv) cold sweating with pallor;
(v) constricted pupils.

I find that the pupils are often the best guide but if in
doubt, report at once, because death can take place
suddenly. Naturally, severe weakness may indicate
that myasthenia has become worse—myasthenic crisis
—and a bigger dose is required. The differential diag¬
nosis can be extremely difficult even for the most
experienced. The Tensilon test can be valuable here.
If the crisis is myasthenic, Tensilon will cause brief
improvement and give valuable evidence that the
patient requires more anticholinesterase medication.
If the crisis is cholinergic, Tensilon will not help. It may
even make him worse, but this will only last for a few
minutes. It is wise to be ready with equipment for
mouth-to-mouth breathing or some other efficient form
of artificial respiration before the test is carried out.
If respiration is seriously impaired before the test it is
wise to pass an endotracheal tube before carrying out
the Tensilon test.

If myasthenic crisis is confirmed, an injection of
1-2.5 mg. neostigmine will relieve the situation in
15-30 minutes. The additional speed of intravenous
medication must be matched against the greatly in¬
creased risk to the heart, and neostigmine should always
be accompanied by atropine if given by this route. If
cholinergic crisis is diagnosed, no further anticholines¬
terase drug is given. Atropine, gr. its, should be injected
intravenously and a further gr. ro should be given
intramuscularly every hour until sweating stops and the
pupils become larger than 3 mm. The dose can then be
reduced, but no more anticholinesterase should be
given until Tensilon capses unequivocal improvement.

Artificial Respiration

the regular use ofatropine. This has the disadvantage of
removing early warning of impending danger. If the
cholinesterase of skeletal muscles is too strongly
inhibited the muscles first fasciculate and then become

paralysed. Too often the increasing weakness is taken
to mean that myasthenia is increasing and still more
anticholinesterase may be prescribed. Death from
respiratory paralysis is certain if this is not realized. For
this reason the nurse should always report the presence
of any of the above symptoms. Danger is very close if
any of the following are present:

Most deaths in myasthenia gravis are due to asphyx
Either the respiratory muscles become paralysed oi
foreign body becomes impacted in the glottis, trachi
or a bronchus and the patient cannot cough wi
sufficient force to clear the obstruction. Early suction
bronchoscopy or the passage of an endotracheal tu
will be life-saving. Tracheostomy may be necessa
and should never be delayed until the chance of savi
life is gone. Remember that myasthenia is reversil
and the most severely paralysed patient may have
complete remission. Most patients now lead a satisfi
tory life and many can look forward to recovery. F
this reason it is not a kindness to delay intubatic
If artificial respiration is required for more than a f<

hours tracheostomy is essential but in the first instan
an endotracheal tube can be connected to a positiv
pressure respirator or even to an anaesthetic machi
with an oxygen supply. For this purpose it is necessa
to use a cuffed tube so that air passed through it w
go into the lungs and not escape back into the pharyr
The cuff helps in another way by sealing off the trach
and preventing saliva, etc., from entering the lunj
This is especially important in cholinergic crisis wh
salivation may be very severe.

Other Measures

For obvious reasons this article has concentrated <

the treatment of emergencies in myasthenia gravis, b
one must keep a sense of proportion. Most cases do j
need these desperate measures. Indeed myasthenia m
be quite a mild condition, expecially if it remai
confined to the eyelids and extraocular muscles. In tl
event the outlook is so good that there is no need to ta
the slight risk of operation. Even so, care must be tak
to avoid circumstances which will make the illn<
severe.

(1) Excessive fatigue, emotional upset, infections, ai
menstruation may cause relapse.

(2) The patient should not eat grapes because of ri
of inhaling seeds (fruit must be eaten with can

(3) Sedatives (morphine in particular) must be used wi
care to avoid depression of respiration; and spec:
care must be taken if the patient requires surgery
relaxant drugs such as curare have abnormal actioi

(4) jYo enema should ever be given to a myasthenic patiei
For some unknown reason an enema may car
sudden collapse.

Fortunately with reasonable care and regular use
anticholinesterase drugs (as a diabetic cares for hims<
with insulin), most myasthenic patients can now loi
forward to a normal life. Unlike the diabetic, t]
myasthenic may even hope for a remission during tl
first four years, and if her thymus is removed in tin
she may even be cured.
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Immunological disturbances in myasthenia gravis
with a report of Hashimoto's disease developing

after thymectomy1
JOHN A. SIMPSON

From the Department of Medicine, Edinburgh University, and the Neurological Unit, Northern General
Hospital, Edinburgh

During the years 1953-55 I was privileged to examine
a large number of patients who had been treated for
myasthenia gravis at the National Hospital and other
centres in London. The survey was made in order to
evaluate the efficacy of thymectomy in the treatment
of that disease. In reviewing the results it was re¬
marked that myasthenia gravis was a favourite
subject for the demonstration of the physiological
mechanisms in disease yet, despite a period of un¬
precedented advances in knowledge of the physiology
of the neuromuscular junction, the nature of the
myasthenic response remained unknown. None of
the theories current at that time attempted to account
for the facts of thymic pathology and of clinical
response to thymectomy. The role of surgery was
indeed still debated, but the review showed that there
was a statistically significant benefit to a myasthenic
patient provided that the thymus was removed with¬
in five years of the onset of symptoms (Simpson,
1958). This temporal limitation is difficult to account
for if the thymus is producing a 'curare-like' sub¬
stance as ordinarily understood.
It was decided to approach the problem without

bias by recording as fully as possible the medical
history of each patient interviewed. No clinical fact
was rejected on grounds of apparent irrelevancy.
When the assembled data on 440 cases were reviewed
(the London series supplemented by the first 33 of a
personal series in Glasgow and Edinburgh) some
surprising observations were made. First it was found
that a few cases had evidence of temporary dis¬
turbance of the central or peripheral nervous system
and supporting cases were found in the literature.
Nd particular non-muscular disease appeared to be
related closely to myasthenia apart from disorders of
the thyroid gland. Nevertheless certain disorders of
the blood, reticulo-endothelial system, and joints
were noted. At that time a working hypothesis was

'This paper was road at the St. Andrew's Day symposium of the Royal
College of Physicians of Edinburgh, on 7 December 1963.

considered, namely, that myasthenia gravis was only
the most prominent feature of a disorder which could
occasionally involve other organs. The age distribu¬
tion, the high incidence in females, and the natural
history of the disease were suggestive of a patholo¬
gical process resembling systemic lupus erythemato¬
sus. Furthermore it was known that myasthenia
gravis may occasionally complicate systemic lupus
erythematosus (Harvey, Shulman, Tumulty, Conley,
and Schoenrich, 1954; and the author's series).
In Glasgow in 1955, Dr. J. R. Anderson kindly

helped me to attempt to produce myasthenia in
mice by inoculation of homologous muscle with
Freund's adjuvant, but we had no success. (This
could not bementioned by Simpson at the time (1960)
as the Honyman-Gillespie lecturer is forbidden to
discuss animal experiments.) Nevertheless the con¬
cept seemed to account for more details of the disease
than any hitherto available though it involved the
assumption that the thymus did not function as an
endocrine gland in the usual sense but as a reticulo¬
endothelial organ which was important in immunity
reactions, probably the first suggestion of this role.
During the next three years the concept of autoim¬
munity as a mechanism in disease was gaining
ground. My conviction that it was a factor in myas¬
thenia gravis was increased when in 1959 Smithers
remarked that the histological changes in the
thymus were suggestive of an autoimmune process
and Nastuk, Strauss, and Osserman (1959), while
searching for a neuromuscular blocking substance,
found that blood from myasthenic patients sometimes
caused lysis of frog muscle cells. A lesser degree of
cytolysis was caused by blood from some normal
subjects. They then examined the activity of serum
complement. In most myasthenic patients it was
within the normal range but in a few cases it was
either high or far below normal and this tended to
correlate with remissions and exacerbations res¬

pectively (Nastuk, Plcscia, and Osserman, 1960).
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Though Smithers (1959) did not suggest how the
muscle disease could be caused and the American
team did not consider a role for the thymus, their
independent evidence encouraged me to formulate a
hypothesis which was described in a Honyman-
Gillespie lecture in April 1960. It was suggested that
the thymus might stimulate the production of lym¬
phocytes carrying antibody against the endplate
protein of muscle, and possibly also against muscle
fibres, nerve endings, and on occasion the central
nervous system and other organs such as the bone
marrow and the joints, in close analogy with systemic
lupus erythematosus. It was shown that an antibody
could act as a neuromuscular blocking substance of
'competitive' type which would account for the
myasthenic phenomenon. (The American cytolytic
theory does not explain the reversible nature of the
weakness.) Furthermore, an antibody against muscle
could account for the facts that a baby born to a
myasthenic mother may have temporary myasthenia,
yet transfusion of blood from a myasthenic patient
into another adult does not cause myasthenic signs.
Coincident with the publication of this lecture (Simp¬
son, 1960), Strauss, Seegal, Hsu, Burkholder,
Nastuk, and Osserman (1960) demonstrated the
presence of a muscle-binding globulin in myasthenic
serum and this has been confirmed by Beutner,
Witebsky, Ricken, and Adler (1962) and Feltkamp,
van der Geld, and Oosterhuis (1963b). These
authors describe four different types of reaction of
globulin to muscle based on immunofluorescence
techniques: (1) fluorescence of the sarcolemma,
which also occurs with control sera; (2) fluorescence
of the A bands of muscle fibres; (3) similar involve¬
ment of only about half of the muscle fibres ('zebra'
type); and (4) nuclear fluorescence. Only types (2)
and (3) seem to be specific for myasthenia gravis.
There is not at present any direct evidence for an

antibody confined to the endplate zone such as I had
postulated, nor to the nerve terminals which was
suggested as an alternative. A further search should
be made for these as the present evidence suggests
that the antibodies against the muscle fibres only
occur in significant quantity in the presence of a
thymic tumour (vide infra). The nuclear fluorescence
is due to the presence of antinuclear factor in the
serum (Feltkamp, van der Geld, KruyfT, and
Oosterhuis, 1963a).
The response to the autoimmune hypothesis was

immediate. Marshall and White (1961) showed that
direct injection of bacterial antigen into the guinea-
pig thymus produced a histological reaction which
was essentially the same as that seen in myasthenia
gravis. Their studies suggested that a blood-thymus
barrier exists which would preclude any cellular
reaction of the normal thymus to circulating antigen

and so facilitate the development of immunologically
competent cells active even against an individual's
own tissues. By this time experimental biologists
were coming to the conclusion that the thymus
played a very important role in the development of
immunological response (Miller, 1961, 1963; Burnet,
1962a, b). It seems very likely that immunological
mechanisms are disturbed in myasthenia gravis. It
remains to be demonstrated whether they are causa¬
tive or not.

One question which immediately arises is whether
the immunological response is organ and species-
specific. The cytolytic effect described by Nastuk
el al. (1959) on frog muscle, and the globulin-
binding on human and rat skeletal muscle (Strauss
el al., I960; Feltkamp el al., 1963a, b) demonstrate
that the antibodies are not species-specific. Strauss
el al. (1960) found that the globulin which binds to
skeletal muscle does not do so with cardiac or

uterine muscle and they also had negative results
against thymus tissue obtained from two myasthenic
patients. The reaction was shown to cause fixation of
complement. Their positive results were obtained
from the pooled sera of 10 myasthenic patients, of
whom six had a thymoma. Many others investigated
showed no muscle-binding globulin in their serum.
Beutner el al. (1962) confirmed their results with
sera from two of 10 myasthenic patients. Both sera,
which were obtained from the only cases with a
thymoma, also showed fluorescence with heart
muscle by the direct and indirect fluorescent anti¬
body techniques, but the complement-fixing and
staining technique using heart tissue was negative.
The presence of at least two antibodies is suggested,
one specific to skeletal muscle and the other reacting
with skeletal and cardiac muscle. Van der Geld and
Oosterhuis (1963), using an antiglobulin consump¬
tion test with or without the aid of immunoelectro-
phoresis, found that 40% of sera containing anti¬
bodies reacting with skeletal muscle also reacted
with thymus. They did not encounter sera with anti¬
bodies acting exclusively against thymus. Cross-
absorption experiments suggested that there were
two distinct circulating antibodies, one of which
reacted with skeletal muscle or thymus, the other
with skeletal muscle alone. No reaction was found
with heart, liver, pancreas, or kidney tissues. The
incidence of anti-muscle antibodies was consistently
higher in cases with thymoma (van der Geld, Felt¬
kamp, Loghem, Oosterhuis, and Biemond, 1963)
and this may account for our failure to find con¬
vincing evidence of anti-muscle antibodies since there
were no patients with thymoma in the small series
investigated. It would be interesting to examine the
correlation between muscle antibodies of the Strauss

type and the atrophic muscular weakness found in
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some myasthenics which does not respond to anti¬
cholinesterase chugs. This 'myasthenic myopathy
was not a feature of the cases I examined for muscle
antibodies. It is more common in cases associated
with a thymoma though not confined to them (Simp¬
son, 1958).
Burnet (1962b) classified myasthenia gravis in

his group 1 (organ-specific) type of autoimmune
disease while acknowledging that a possible relation¬
ship with rheumatoid arthritis might necessitate
revision of this provisional classification. This
putative relationship was based on the present
author's paper (see Burnet, 1962a). In the original
report (Simpson, I960) the disorder was listed as
'rheumatoid' arthritis to indicate that it resembled
true rheumatoid arthritis but might differ from it.
This was done because the arthropathy affected the
small joints (Fig. 1) but was sometimes transitory.
Van der Geld et at. (1963) have recently reported
that the rheumatoid factor was present in the serum
of five of 111 (4-5%) cases of myasthenia gravis
(Tables I and II). Six patients in their series had
rheumatoid arthritis (sic), but it seems from a letter
by Fcltkamp et al. (1963a) that only one of these
patients had the rheumatoid factor in the blood so it
would appear that the other positive findings were

fig. 1. Arthropathy of metacarpo-phalangeal joints in a
case ofmyasthenia gravis.

TABLE I

disorders associated with myasthenia gravis

/'resent Series1 Ossenuan Storm-Muthisen White and Marshall Van der Geld
(1958) (1962) (1962) et al. (1963)

London Scotland

Thyroid (all types) 72 15- 17 5 3 11
Diabetes and glycosuria 9 7 8 I
'Rheumatoid' arthritis 12 6 15 3 2 6
Systemic L.E. 1 1
Cutaneous L.E. 1
Sarcoidosis I
Red cell aplasia 1
Pernicious anaemia I 8
Haemolytic anaemia 2" 1

Hepatitis 2" 2

Nephritis 2 1 l(?)
Raynaud's syndrome 10 6

Epilepsy and 'blackouts' 5 6 2

Psychosis 9 1 14 4
Patients 407 84 325 90 15 111

'The series reported by Simpson (I960) includes all the London cases and the first 33 from Scotland.
-Includes one case ol" Hashimoto's disease and two of lymphadenoid thyroid found at necropsy.
"Considered to be caused by medication.

TABLE II

antibodies defected in sera from patients with myasthenia gravis

Amint/clear Rheumatoid Muscle Thyroid Stomach Liver
Factor Factor•

Present series Positive 8 0 1 10 3 0
Total 40 8 9 39 38 36

White and Marshall (1962) Positive 6 -> 1
Total 15' 15 15

Van der Geld el at. (1963) Positive 11 5 38 36
Total 111 1 1 1 98 1 1 1

'One case of carcinomatous myasthenia excluded.
2Rheumatoid factor—S.S.C.T. in present series, latex test in others.
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made on myasthenic patients without clinical
evidence of arthritis. Arthritis was present in three
of 15 cases of myasthenia gravis reported by White
and Marshall (1962), and two of these had a positive
latex test for rheumatoid factor and hyperglobu-
linaemia at the time of examination or previously.

One of these was later diagnosed as systemic lupus
erythematosus. Antinuclear factor was demonstrated
in six of the 15 cases and another two gave positive
nuclear fluorescence with undiluted serum. Thyroid
tissue was used to detect the presence of antinuclear
factor in the serum. The positive reactors included

TABLE III

SUMMARY OF RELEVANT CASES

Antibodies Specific for the Following Tissues

Case Sex Age Thymoma Thymectomy Thyroid Gastric Liver Muscle Ami- S.S.C.T. Associated Conditions
No. before nuclear

Tests T.C.H. C.F.T. C.F.T. Ic. C.F.T. T.C.H. Ic. C.F.T. Factor

294 F 73 — — — — — — 16 — — — Arthritis
3054 F 49 — 25 — — — — — — — Previous thyrotoxicosis
3231 F 48 — — —

3609 F 24 — + — — Previous thyrotoxicosis
3912 F 32 — -j- 250 32 32 + — — — — ? Previous thyrotoxicosis

25
4301 M 55 — Glycosuria
4536 F 22 — + — — Slightly thyrotoxic; glyco

suria
4585 F 22 — + —

4586 F 13 — — — — ? Thyrotoxic
4603 F 8 — — — Lymphadcnopathy
4611 F 19 — a.c. — —

4636 F 53 — 16 — — — Previous thyrotoxicosis
4649 F 48 — — Thyrotoxicosis, glycosuria

raised protein in C.S.F.
4656 F 30 — — ? Previous thyrotoxicosis
4934 F 32 — 4- 25 — 8 4- — — Severe thyrotoxicosis; pre¬

5 16 vious mucous colitis
5315 F 27 — -f- — — — — — — Fits, Raynaud's syndrome
5401 F 64 — Fits
5409 M 39 — — — Raynaud's syndrome, Ad¬

dison's disease (T.B.)
5494 F 78 — Arthritis
5503 F 72 250 — 16 — Pernicious anaemia, Hashi¬

moto's disease at necropsy
5625 F 21 — — — — — Slight thyrotoxicosis

5652 M 28 — -f- — 16 — — — — — Epilepsy, previous thyro¬
toxicosis

5683 F 38 —

5766 F 23 -r
— — — — — — —

6289 M 39 250 — — — — — 7 Previous thyrotoxicosis
6433 F 14 —

6476 M 50 -f — — — — — Hypothyroid, asthma
6481 F 41 — — — — — — Hepatitis
6503 M 54 — — — — — Glycosuria
6522 F 57 -1- — 250 — — — —

6780 M 65 — Glycosu ria
6792 F 22 — -f — — — — — — Penicillin allergy
6807 M 39 — 250 — — — — —

681 I M 54 — Raynaud's syndrome
6933 F 17 — —

6998 F 52
7345 M 31 — — — — —

7390 M 36 — -4- 25,000 16 — — — — Hashimoto's disease
7476 F 71 — Arthritis
7543 F 40 — — — — — — i- -F Raynaud's syndrome, thy¬

rotoxicosis
7550 M 22 — —

7587 F 31 — —

7720 F 50 — — Asthma
7780 F 75 — Pernicious anaemia
7781 F 40 — — — — Severe thyrotoxicosis
7855 F 17 — — — — — Non-toxic goitre
Rl. 1 M 67 — — — — —

RI. 2 M 66 — — — — —

Positi\ c 2 10 3 0 1 8 0

Total 48 39 38 36 0 40 8
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all but one of the arthritic cases, one case of cutane¬
ous lupus erythematosus, and three cases without
evidence of joint involvement. Strauss (1962) found
no evidence of antinuclear factor against skeletal
muscle-cell nuclei but Beutner et ai (1962) and
Feltkamp et al. (1963a and b) reported its presence.
The incidence of positive results against muscle
nuclei is not recorded but, using human leucocytes as
antigen, Feltkamp et al. (1963a) found antinuclear
factor in 15 of 111 cases (13-5 %). Antinuclear factor
was not detected in any of 70 normal controls (type
unspecified). In a personal series of 40 cases of
myasthenia gravis the antinuclear factor against
human leucocytes was detected in eight. No L.E.
cells were detected. (The series is additional to the 440
cases described by Simpson (1960) in which one
patient had L.E. cells in her blood.) The tests were
performed on human leucocytes according to the
technique of Alexander, Bremner, and Duthie (1960)
who found 4% positives in 580 controls (healthy
young blood donors of both sexes). The cases rele¬
vant to the present paper are summarized in Table
III.
The original series (Simpson, 1960) contained one

hg. 2a.

fig. 2a. Section oj thyroid from case A/A 7390 showing lyi
fig. 2b. Lymphadenoid goitre from a cose of thymoma wit

case of pure red-cell aplasia. Holborow, Asherson,
Johnson, Barnes, and Carmichael (1963) report a

positive antinuclear factor test in a case of this dis¬
order associated with a thymoma. There were four
cases of pernicious anaemia in the earlier report and
this has now increased to nine (Table I) Red-cell
aplasia has been associated with myasthenia gravis
and thymomas by several authors but no correlation
has been described between myasthenia gravis and
pernicious anaemia though it has been mentioned
in one report (Rowland, Hoefer, Aranow, and
Merritt, 1956). My own cases are described in another
paper (in preparation). It has recently been suggested
that pernicious anaemia is associated with an im¬
munological disorder with production of organ-
specific antibody to intrinsic factor and to the parietal
cells of the stomach (Schwartz, I960; Irvine,
Davies, Delantore, and Williams, Wynn 1962;
Taylor, Roitt, Doniach, Couchman, and Shapland,
1962). In the present series of myasthenic patients,
antibody active against human stomach was detected
in three of 35 cases of which one had pernicious
anaemia. With the method used positive results are
obtained in 8% of middle-aged female blood donors

fig. 2b.

nphadenoid goitre which was unsuspected during life. : 3()
h myasthenia gravis. >' 30
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(Irvine, 1964). The other patients with pernicious
anaemia listed in the full series (Table I) are no
longer available for immunological studies. It has
also been reported recently that pernicious anaemia
may be associated with rheumatoid arthritis (Par¬
tridge and Duthie, 1963), with autoimmune thy¬
roiditis (Irvine et al., 1962; Taylor et al., 1962;
Markson and Moore, 1962), with thyrotoxicosis and
systemic lupus erythematosus (Doniach, Roitt,
and Taylor, 1963), and with diabetes mellitus
(Arapakis, Bock, Williams, and Witts, 1963;
Beckett and Matthews, 1962). There is thus an over¬
lap between several diseases associated with ab¬
normal immunological reactions and to these
myasthenia gravis should now be added.
The relationship between thyrotoxicosis and myas¬

thenia gravis has been known for many years but
Simpson (1960) showed that the relationship was
indirect and could be genetic. Many of the cases
previously described have shown diffuse lymphoid
changes in the thyroid. Case MN 5503 (Table III)
was found to have thyroiditis of Hashimoto type
at necropsy. This was unsuspected during life until
thyroid antibodies were found in her blood. One
case of myasthenia with thymoma had Hashimoto's
struma (not included in the Table) (Fig. 2). A
clinical diagnosis of Hashimoto's disease was made
in the following case (MN 7390). A point of special
interest is that Hashimoto's disease developed five
to seven years after thymectomy.

J. McD (male) was found to have active pulmonary
tuberculosis and at the same time he developed ptosis,
diplopia, dysphagia, and weakness of the arms in 1943
when aged 19. Myasthenia gravis was diagnosed and
treated with neostigmine until 1955 when thymectomy
was carried out by Mr. Paterson Brown in Edinburgh
Royal Infirmary. Neostigmine requirements were reduced
from 25 to 10 to 15 tablets daily.
From 1960 he complained at intervals of abdominal

pain, sweating, and tiredness, which were alleviated by
regulation of the dosage of neostigmine and pyridostig¬
mine. During one such episode he was admitted to Inver¬
ness Royal Infirmary where it was noted that he had a
diffuse goitre and pigmentation of the face (Fig. 3). He
was complaining of tiredness and dyspnoea which were
not improved by regulation of dosage and were not
apparently due to reactivation of tuberculosis. He was
overweight and showed no clinical evidence of thyrotox¬
icosis.
A radio-iodine uptake test gave a T.P.I, of 1-6 and the

protein-bound iodine was 1-4 mg. per 100 ml. Serum
cholesterol concentration was 200 mg. per 100 ml.
Antibody titres against thyroid tissue were T.C.H.
1/2,500,000; C.F.T. 1/256; precipitin test positive
within 24 hours. The zinc sulphate turbidity was 14-4
units and thymol turbidity 8-2 units. A diagnosis of
Hashimoto's disease was made and treatment started
with 1-thyroxine (01 mg. daily) in February 1963. He was

fey' . ."■■■■■

fig. 3. Myasthenic patient who developed Hashimoto's
disease after thymectomy.

admitted to the Neurological Unit in July 1963. The
E.S.R. was 70 to 85 mm. in the first hour. No L.E. cells
were found in his blood and antinuclear factor was not

detected (Dr. W. R. M. Alexander). Antibody titres
against thyroid were estimated by Dr. W. J. Irvine as
T.C.H. 1/25,000, C.F.T. 1/16. No antibodies active
against gastric or liver tissues were found. Serum electro¬
phoresis showed increased gamma globulin, thymol
turbidity was 5 units, and the cephalin-cholesterol
flocculation test was positive. The pulmonary tubercu¬
losis was considered to be inactive. No mediastinal tumour
could be detected by radiology. Myasthenia was well
controlled by pyridostigmine 60 mg. t.d.s. and neostig¬
mine 15 mg. t.d.s. (alternating) and ephedrine gr. £ t.d.s.
Persisting tiredness was considered to be caused by
Hashimoto's disease.

Thyroid antibodies have been present in 10 of 38
cases examined in this series by the method described
by Irvine (1964). Six of the positive reactors have had
confirmed or suspected thyrotoxicosis at some time
in the past and another four cases with a similar
history have not had a significant level of antithyroid
substances in their serum. The others shown in
Table 111 have not been examined for thyroid anti¬
bodies. Van der Geld et al. (1963) found antithyroid
antibodies in 36 of 111 cases ofmyasthenia gravis.
No detailed studies have yet been made on the

relationship with diabetes mellitus. This may be
coincidental but is worth further study since there
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also appears to be a familial relationship between the
two conditions (Simpson, 1960). Other diseases be¬
lieved to be autoimmune in type have occasionally
been associated with myasthenia gravis. Raynaud's
syndrome present in more than 2% of myasthenic
patients (Simpson, 1960) may be caused by auto
agglutinins in the blood (Forbes, 1947). Ulcerative
colitis and hepatic cirrhosis were associated with
systemic lupus erythematosus which followed
thymectomy for myasthenia gravis in a patient
recently reported by Alarcon-Segovia, Galbraith,
Maldonado, and Howard (1963). I have seen two
myasthenic patients with acute hepatitis and two
with acute haemolytic anaemia. In each instance it
was considered that the liver or blood disorder was
due to the toxic effect of a drug such as chlorpro-
mazine or P.A.M. (Simpson, 1961) but cases recorded
in other series are listed in Table 1. One patient
(MN 5409), who had had myasthenia gravis for 22
years, developed Addison's disease which caused his
death At necropsy it was shown that both adrenal
glands were caseous owing to tuberculous infection.
No abnormal antibodies were found in his serum.

DISCUSSION

The e\ idence gathered together in this paper supports
the hypothesis that myasthenia gravis is associated
with disturbed antigen-antibody reactions but
demonstrates that there may be several organ-specific
antibodies present and that there is a clinical and
serological overlap with many other autoimmune
disorders. Antibodies against muscle fibres are rare

except in the presence of a thymic tumour and may
not account for the defect of neuromuscular trans¬

mission. Some of the permanent weakness found in
severe myasthenia, notably in association with a
thymoma, may be due to this type of reaction. The
possibility of a more localized end-plate reaction
remains unconfirmed. The multiplicity of antibodies
makes it unlikely that each organ is 'leaking' antigen
which then 'instructs' the reticuloendothelial system
to form appropriate antibody. It is more probable
that the antibody-producing mechanism is producing
proteins of which some react with various tissues.
There can now be little doubt that the thymus plays a
key role in the regulation of antibody production at
least in foetal life but the persistence of myasthenia
after thymectomy or the development after thymcc
tomy of myasthenia gravis (Green and Booth, 1958),
thyrotoxicosis (personal experience), ulcerative coli¬
tis, and systemic lupus erythematosus (Alarcon-
Segovia et al., 1963) make it certain that the thymus
is not necessary for the continuation of the disease
or for the subsequent development of autoimmune

disorders. The present paper records a case of
Hashimoto's disease which probably occurred at least
five years after thymectomy.
The observation that thymectomy is most bene¬

ficial if performed within five to seven years of the
onset of myasthenia gravis might imply that it is an
essential element at first but that other parts of the
reticuloendothelial system may then continue to
produce autoantibodies without its presence (Simp¬
son, 1958, 1960). Nothing is known of the nature of
the possible changes of immunological tolerance.
Burnet (1962a) discusses various hypotheses involv¬
ing failure of a homocootatic control of the thymus
and White and Marshall (1962) suggest a breakdown
of a blood-thymus barrier. Since the first part of the
writer's hypothesis has proved so acceptable it might
not be inappropriate to draw attention to the other
part. A study of the personal and family histories of
440 patients with myasthenia gravis suggested that
the altered immunological tolerance might be duo to
a genetic factor acting on the thymus through the
pituitary gland. This may provide the intrinsic (non-
immunological) stimulus to the thymus or the homo-
eostatic mechanism required by Burnet's theory.
Burnet (1962a) proposes that the thymus is primarily
concerned with the maintenance of the chemical
integrity of the body, including the mechanism of
specific protein synthesis. He suggests that the de¬
velopment of the immunological competence of the
body is part of the process of morphological and
functional differentiation of the embryo and young
animal as previously postulated by Simpson (1960).
Weiss (1950) and Burwell (1963) have developed
alternative theories of control by the reticuloendo¬
thelial system of cellular growth and differentiation.
If my further suggestion that this mechanism is
controlled by the pituitary gland is as fruitful as the
rest of the hypothesis it would open up a new field
of experimental biology.

SUMMARY

The author's hypothesis of an autoimmune mechan¬
ism in myasthenia gravis is summarized and further
evidence reviewed. A high incidence of thyroid
disorders, pernicious anaemia, and a rheumatoid
type of arthritis is reported. Many cases had anti
nuclear factor and others had antibodies in their
serum specific against thyroid or gastric tissue. No
significant antimuscular activity was found in a small
sample and it is suggested that this disagreement with
other workers is due to absence of thymoma in the
cases examined. The occurrence of Hashimoto's
disease in a myasthenic patient is recorded. This is
the first report of the association and also of the
occurrence ofHashimoto's disease in a patient without
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a thymus. A hormonal homocostatic mechanism for
the thymus is suggested.

I am grateful to the Medical Committee of the National
Hospital, Queen Square, London, for permission to
investigate the London cases, to Dr. W. Lancaster of
Inverness Royal Infirmary for referring the patient with
Hashimoto's disease, and to Drs. W. R. M. Alexander,
J. R. Anderson, and W. J. Irvine for the immunological
studies. Dr. A. F. J. Maloney kindly provided the
histological studies.

ADDENDUM

Since this paper was written Daly and Jackson
(1964) have reported a case of myasthenia gravis
associated with Hashimoto's disease. An additional
case in the author's series has been found at necropsy.
As no antibody studies were carried out this case is
not included in Tables I to III.
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Simpson (1560) presented evidence that myasthenia gravis may be a

multisystem disease and drew attention to resemblances with Systemic

Lupus Erythematosus (S.L.E.) in respect of age, sex, course, pre¬

cipitating factors, and pregnancy. The pathology of muscle, thymus
and other organs was in favour of an immunological disorder. It was

suggested that the abnormal thymus was the source of circulating or

cell-boms antibodies active against the junctional region of muscle
and sometimes against other organs. Transplacental passage explains
neonatal myasthenia but antigenic difference accounts for failure of

cross-transfusion and animal experiments. Removal of a hyperplastic

thymus is beneficial for myasthenia of less than 5-7 years duration

(Simpson, 1958)* After that period it is possible that other lym¬

phoid structures produce immunologically competent cells without

thymic control.

Strauss et al (i960) demonstrated by fluorescence that many

myasthenic sera contain complement-fixing antibody which hinds to the
'A hands' of skeletal muscle fibres. Titre is highest in cases with

a thymoma. Vetters (19°5) considers that similar fluorescence seen

with many normal sera is situated on the 'I hand'.
The immunological hypothesis is supported by later demonstration

of associated Eaahimoto's disease, pernicious anaemia (Simpson, 1964),
ulcerative colitis and S.L.E. (Alarcon-Segovla et al, 1963)- Anti-
nuclear factor (A.N.F.) and antibodies against thyroid and gastric

parietal cells are more common in sera from myasthenics (Simpson,
196L)- There is some uncertainty about the presence of a raised
level of rheumatoid factor (Van der Geld et al, 1963)-

Serum gammaglobulin was lowered in 5 snd raised in 1 case report-
✓

/

ed by Thevenard and liende (1955)» Lowenthal and van Sande (1956)
urged measurement of absolute rather than percentage levels. They

reported hypergammaglohulinaemia and lowered albumen in 12 of 16 cas¬

es. Other reports are reviewed by Oosterhuis et al (1964). These
authors found relative hypergammaglobulinemia in 3 °f 75 patients.
Two of these had a thymoma.

Total plasma globulin was estimated in 41 cases of the present

series, 37 with electrophoretic separation. Absolute hyper¬
gammaglohulinaemia was found in 11 cases. . Five others showed in¬
creased or £ globulin. In the 4 cases with a thymoma the electro¬

phoretic changes were slight unless other complications existed. On
the other hand, absolute hypergammaglobulinaemia Iras found to he

closely associated with Hashimoto's disease. Abnormal cephalin-
cholesterol flocculation and thymol turbidity tests were found in 8
cases including 4 with normal levels of gammaglobulin. These ab¬
normalities were associated with 'rheumatoid' arthritis, lymphade'n-

opathy, Hashimoto's disease or a previous history of goitre, hepat¬

itis, megaloblastic and haemolytic anaemia (single case with thymoma),
or a positive A.N.F. test. No complicating factor was noted in 2

cases.

Ten patients had C.S.F. protein levels exceeding 50 mg/lOO ml.
One had minor seizures and one had polyneuritis. The others had no

evident neurological disease hut 6 had some of the non-neurological

complications previously listed by Simpson (i960, 1964). The pro¬

tein abnormalities support the author's hypothesis of a breakdown of

immunological tolerance in myasthenia gravis. Increased or altered

globulins occur in the serum or C.S.F. in myasthenia complicated by

clinical disorders of immunological type. A thymoma need not be

present.
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Myasthenia gravis has always been a puzzling disease, but for

our generation it seemed that the solution was not far off in view

of the rapid advance of knowledge about transmission at the neuro¬

muscular junction. Since the successful use of anticholinesterase

drugs in 1934 it has seemed probable that the disorder Would be explained

by a biochemical disturbance at the junction which caused transmission

failure during sustained or repeated use of the junction. Certainly

I was taught that myasthenia was brought on by exercise and relieved

by rest.

In some cases the onset of weakness is insidious but in many it

is quite rapid and the same is true of relapses in the remittant

form of the disease. When the circumstances of the rapid onsets are

investigated it is surprising to find that physical exertion is a

minor factor. The most common precipitating factor is infection

(usually of the upper respiratory tract) and emotional causes are

almost as common.

In some of these cases the relationship with emotional disturbance

was very striking.

Three patients whom I examined at the National Hospital, Queen

Square, London, attributed the first onset of symptoms, or a relapse,

to "shock" during the bombardment of London. One of these cases, a

young woman aged , was thrown to the ground by blast while she was

running to an air raid shelter. She was unable to rise again. A

diagnosis of hysterical palsy was made at the hospital to which she

was taken, but later events caused the diagnosis to be changed to



myasthenia gravis.

Five patients developed their first symptoms of myasthenia soon

after a near relative had died suddenly, and in three women the symptoms

appeared to he precipitated by anxiety about the illness of a child or

husband.

Two young women first became aware of ptosis while they were being

married, but another developed the same symptoms soon after she found

a letter from another woman in her husband's pocket. Yet another

attributed the onset to the worry of divorce proceedings. Two women

developed ptosis at a party and many other patients with established

myasthenia have this symptom every time they enter a crowded room.

One of the most striking cases of emotional precipitation was a

crane driver aged . The crane was overturned by accident and he was

thrown into a position where he was certain he was going to be crushed

to death by the falling crane. In the event, he was completely unhurt.

Another three patients dated the onset of myasthenic symptoms from a

sudden fright. In all of these cases the onset of symptoms was clearly

associated in the patient's mind with the emotional disturbance, whether

the latter was unpleasant or, as in the weddings, presumably pleasurable.

The same is true of many of the later relapses. If the patient is

questioned closely it is rare to find that relapse is attributable to

physical stress but common to find an emotional cause. An excellent

example under my care at present is a young married woman who has a

remission when her elderly and rather "difficult" father-in-law goes

to live with other relatives but relapses when he comes back to her

house. But emotional stress may have the opposite effect. One patient



had a long remission when she was blown up by a "doodle bomb" during

the war. Another patient with severe myasthenia dropped a hot water

bottle when her hands became too weak to hold it. She suffered a severe

burn and was admitted to a hospital where it was not known that she

required a large dose of neostigmine. Nevertheless she had no myasthenia

symptoms during the next two weeks until she was recovering from the

burn when she suddenly remembered about the muscular weakness. A third

patient had a complete remission when her husband was injured by falling

from a roof and she had to go to his assistance. Perhaps the most

striking example of remission associated with emotional disturbance is

a patient who was under my care in Edinburgh. He was a 29 year old man

with a previous history of exophthalmic goitre. In March i960 he had

the first of a series of epileptic fits. At the same time there was

intellectual deterioration sufficient to cause loss of employment as

an electrician. One year later when I saw him a clinical and E.E.G.

diagnosis of left temporal-lobe epilepsy was made. In May 1962 the

attacks became associated with brief "choking". A few days later he

complained of pain in his back, difficulty in controlling his head, and

severe weakness of his legs, especially in the evening. This was followed

in another week by upper limb weakness, ptosis of the right eyelid, double

vision and loss of voice when speaking. Examination at that time showed

typical very severe generalised myasthenia gravis.

Despite increasing dosage of neostigmine he became extremely weak.

Thymectomy did not benefit him and for the following year he required

almost constant passive respiration. Fifteen months after the operation,



when the prospect of recovery seemed remote, a patient from his home

town was admitted to the neighbouring bed. He remarked that he had

recently met the myasthenic patient's wife at a dance. This infuriated

him and he pulled out his tracheostomy and jejunostomy tubes. He was

very agitated and paranoid'for some time, but from that day he began to

improve rapidly. A response to neostigmine reappeared, the muscles

became more bulky, subcutaneous fat reappeared and his mental state

rapidly returned to normal. In one month he was able to spend weekends

at home and in two months was discharged from hospital.

Myasthenic patients tend to be nervous and excitable, the personality

resembling that associated with thyrotoxicosis. Severe anxiety states

are not uncommon and earlier writers have remarked on the frequency of

depression (Buzzard, 1905; Boothby, 1955; Collins, 1959)• Kennedy and

Moersch (1957) noted depression in &fo of cases. It is not surprising

that fear of choking should cause panic or hysterical reactions, and

depression with fear of dying during sleep is fully understandable.

This did not seem to be an adequate explanation of the psychotic behaviour

exhibited by twelve of my five hundred patients. One patient whom I

saw in 1958 had- had mild myasthenia gravis for six years. It was well

controlled on 3-4 tablets of neostigmine daily and he considered that the

weakness was trivial compared to his worrie§. He was referred to me from

the Eoyal Edinburgh Hospital because it was desired to give E.C.T. for

the depression and there was some concern about the use of muscle relaxant

drugs. The treatment was given without incident. The psychiatric illness

was depressive with prominent paranoid symptoms in ten cases, and there



was one case each of acute mania and of schizophrenia.

It is possible that these psychiatric abnormalities are coincidental

but, as I have pointed out before (Simpson, I960, 1965) there is a

comparable incidence in two other large series of myasthenic patients

in the literature (Osserman, 1958; Storm-Mathisen, 1961). A new series

recently reported by Oosterhuis & Wilde (1964) reports acute confusional

states with hallucinations occuring in myasthenics. I have seen this but

have always considered that it was due to respiratory insufficiency.

These authors draw attention to the apparent return of full muscular

power during the period of disorientation. The patient described above

who made the remarkable recovery when hope had been virtually abandoned,

was able to pull out two firmly anchored rubber tubes though he was

unable to grip firmly on the previous day. Oosterhuis and Wilde (1964)

considered that four of their 150 cases of myasthenia gravis had psychotic

episodes (two endogenous depressions, one schizophrenia) and 89 showed

neurotic traits. Most of these were overmeticulous and abnormally

clean, some demonstrated phobic phenomena, vague anxiety and obsessions.

In general they were pessimistic in outlook. They tended to be depressed

or had clearly hysterical features. They examined their cases further

with the Amsterdam Personality Questionnaire and found an increased

tendency towards introversion.

It is difficult to assess the significance of the psychiatric

illness, but I would agree with Oosterhuis and Wilde (1964) that it is

usually present before the onset of muscular symptoms and so cannot

reasonably be attributed to the latter. We have become so used to



statistical tests of significance that we forget that data my still be

meaningful even though not significant in the statistical sense. In

i960 I drew attention to the fact that all the major series of myasthenia

in the world literature, including my own, showed an apparent association

between the muscular disease and disorders of other organs. Psychosis

and epilepsy were included in the neurological correlates. Since I

drew attention to this (Simpson, i960, 1965) other workers have reappraised

their clinical material and confirm that their own cases are similar.

It is, of course, possible that the relationship is coincidental, but

then the same coincidences have been happening in different parts of the

world. Alternatively the relationship is meaningful. I have postulated

that there is a break-down of immunological tolerance to muscle in

myasthenia gravis and that this may sometimes cause "autoimmune" disorders

of other organs (Simpson, i960). The evidence in favour of this concept

is now rather strong (Simpson, 1964).

The acceptance of this concept has not included what I believe to

be an important link in the argument. It has been recognized for many

years that there is a close link between myasthenia gravis and thyro¬

toxicosis. Indeed until the autoimmune theory/ myasthenia gravis gained

prominence the disease was usually considered to be a disorder of endo¬

crinological type. There is, in fact, some evidence for hormonal disorder.

I feel that the link between the emotional factors I have been describing

and the disorder of the thymus gland which causes myasthenia gravis

is likely to be hormonal, probably acting through the hypothalamus and

pituitary gland. I have argued (Simpson, i960) that there is a genetically



determined, state of the hypothalamic-pituitary axis which may lead to

either thyroid disease or myasthenia or both.

The endocrinological approach has also been suggested by the well

known effects of menstruation and pregnancy on the myasthenic woman,

many but not all of them get worse before a period and improve when it

starts. But the relationship with pregnancy is much more puzzling.

Some patients have a relapse when they become pregnant whereas others

have a remission. In general there is a tendency for relapse to occur

in the first trimester, improvement in the second and third trimesters

and then relapse again after the child is born. It has not proved

possible to correlate IhesB changes (and especially the opposite effects

in different patients) with the hormonal state. I have pointed out

(Simpson, 19&4) that the changes closely parallel the emotional responses

of many normal women to their pregnancy, labour and puerperium. A

wanted pregnancy sometimes seems to be associated with remission, and

so is a desired termination of pregnancy. On the other hand an illegit¬

imate pregnancy or an accidental miscarriage may precipitate a relapse.

Two interesting cases should be recorded.

One woman suddenly improved her myasthenic status. She was later

convinced that this coincided with the date of conception which she was

able to define accurately as it occurred during her husband's return

on short leave during the war. It was doubtless a joyful occasion.

At any rate the myasthenic remission occurred before she missed a period

and she relapsed again just before the first post-partum period three

months after the baby was born.



Mrs. I.M., on the other hand, relapsed two years after successful

thymectomy at the time she realised she was pregnant. Pregnancy was

terminated at the fifth month and myasthenic symptoms disappeared on

the same day. I find it difficult to believe that these sudden changes

could be due to a hormonal influence which is too subtle to detect by

present techniques and suggest that more attention should be paid to the

emotional state of the patient.

To summarize: I have suggested that psychotic disorders may occasion¬

ally be part of the myasthenic syndrome - in analogy with Systemic

Lupus Erythematosus which I believe to be a related disease. More

commonly, there is a neurotic background to myasthenia gravis which may

determine its onset, relapse or remission. It is very important to

remember this before making a retrospective diagnosis of hysterical

palsy. Many of my patients have been diagnosed as hysterics for long

periods. Consider the situation. A young healthy-looking girl enters

the consulting room with a tale of double vision, loss of voice, or

paralysis of limbs. The doctor elicits a history of emotional upset,

often an unhappy love affair. Superficial neurological examination

is negative as she has been resting in the waiting room. A diagnosis

of hysteria is self evident. If she had complained of progressive

"fatigue" or of weakness increasing towards the evening the true diagnosis

might have been made, but in fact surprisingly few myasthenics describe

their symptoms in this way until specifically questioned about the effect

of exercise. If the patient uses the word "fatigue" rather than loss of

power in describing his symptoms it is much more likely that the diagnosis



is psychoneurosis. A neurologist sees many cases presented as "myasthenia",

the majority of which do not have myasthenia gravis. I would agree with

Schwab and Perlo (1965) that one in three of these patients have some

form of psychogenic fatigue associated with psychoneurosis or hysteria.

(The remainder have organic disease of the muscles or nervous system

though not myasthenia gravis). A therapeutic test with edrophonium or

neostigmine may be misleading in the hands of inexperienced workers.

It is essential to have objective evidence of improved muscular perfor¬

mance at the appropriate time after the injection. A professed feeling

of improvement by the patient should never be accepted as evidence

(Simpson, 1965). The diagnosis is not easy and I have no doubt that

some neurotic patients are masquerading as myasthenics. This is, however,

less serious than the opposite mistake since untreated myasthenia gravis

represents a constant danger to life. Meyer (1965) describes sudden,

cataleptic-like intensification of myasthenic weakness caused by anger

or by terror, and aggravation of symptoms over a period of 1-2 days

brought about by a mixture of anxiety and depression. Chafetz (1965)

considered that certain personality types responded more poorly to

medical treatment of myasthenia gravis but Meyer (19&5) was unable to

associate the disease with any particular personality pattern. There

is therefore not only a diagnostic difficulty but a therapeutic one.

Adequate psychotherapy, whether formal or otherwise, may prevent relapses

and encourage recovery though, as Meyer (1965) points out, in some

instances where obvious aggravation of symptoms from emotional stress

is present, a psychiatrist may be unable to be of help. I must close



with a warning of the possible danger of using tranquillising drugs

to contest the psychiatric disorder in the myasthenic. Some myasthenic

patients have their weakness increased by taking chlorpromazine, (McQuillen,

Gross & Johns, 1963). I have one patient who responded in this way to

chlorpromazine and also to chlordiazepoxide.

I have pointed out how many putative cases of myasthenia gravis

are found to be suffering from a neurotic syndrome. Nevertheless, in

view of what I have just said, you will realise that it is always wise

to consider the possibility of myasthenia gravis in the hysteric patient

who has muscular weakness, especially if this involves speech, respiration,

swallowing, or double vision. A neurologist will always be glad to see

them.
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chapter three

MYASTHENIA GRAVIS

John A. Simpson

Many people have doubted whether myasthenia gravis is a disease entity.
Undoubtedly the symptom 'myasthenia' is not peculiar to one disease. It
is characterized by the development ofan abnormal amount ofweakness in
voluntary muscles following repetitive contraction or prolonged tension,
with a marked tendency to recovery of motor power after a period of
inactivity or lessened muscular tension. The decrementing response to
maximum innervation is sometimes described as 'fatigue'. The term will
serve for clinical description so long as it is clearly understood that it has
practically nothing in common with physiological fatigue. It may be
present in muscles affected by polymyositis, systemic lupus erythematosus,
dermatomyositis, or one type of carcinomatous myopathy, often only at
the onset of the illness. It is occasionally found in disorders of the lower
motor neurone (Simpson, 1960a, Simpson and Lenman, 1959). Some
authorities consider that a therapeutic response to anticholinesterase drugs
is also necessary for the definition of myasthenia gravis. Some response
may be found in these 'symptomatic myasthenias' but it is rarely dramatic
and the response often fails after a few weeks of treatment. It is, there¬
fore, true that the myasthenic response is a symptom found in different
diseases. Nevertheless I agree with those who consider that myasthenia
gravis is a clearly recognizable disease in which the response of the symp¬
tom to anticholinesterase drugs is more dramatic than in the other types,
and which has an individual natural history and pathology, though the
theme I will develop will show that the first group of symptomatic
myasthenias, the acquired myopathies, is closely related to true myasthenia

NATURAL HISTORY

No race is immune to myasthenia gravis. Estimates of prevalence range
from 1 in 50,000 to 1 in 10,000 of the population. It affects both sexes,
women twice as frequently as men. In young people the female preponder¬
ance is as high as 4.5 to 1 but myasthenia starting in the latter half of life
is commoner in males. This difference in distribution makes the mean age
of onset a little lower for women (26 years) than for men (31 years) but the

53
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modal age of onset is about 20 years for each sex (Simpson, 1958 and
1960b).
The onset may be insidious or sudden. Common precipitating factors

are (i) emotional upset, (ii) a febrile disease, usually an upper respiratory
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Fig. 1. Distribution of age at onset of myasthenia not associated with thymic tumour
(Simpson, 1958). (By courtesy of the Editor ofBrain.)

infection, (iii) pregnancy or the pucrperium, (iv) severe physical stress.
Despite accepted teaching the latter is the least common and the more
myasthenia I see (and I have now personally examined more than 400
cases) the more I am impressed with the importance of psychological
factors. Perhaps this accounts for the fact that most patients are first
diagnosed as hysterics.
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The characteristic course is one of relapses and remissions, but the
long-term remissions are not so common as many believe. Fewer than
halfof the cases have a remission of a month or more and long remissions
rarely occur more than once and then usually within the first 5 years of
the disease. Further relapses are influenced by the factors described above
but additional causes are menstruation, extremes of heat or cold, inocu¬
lation or vaccination and, occasionally, allergy. Most of the deaths directly
attributable to myasthenia gravis occur during the first 5 years, particularly
during the first year, with a second danger period from 4 to 7 years after
the onset (Simpson, 1958). After 10 years death from myasthenia per sc
rarely occurs though the patient may be constantly at risk of asphyxiation
from inhaled foreign bodies because of the diminished expiratory reserve.
Some cases undoubtedly continue to deteriorate for many years but in
the average case the 'active' stage of the disease whether for remission or
severe relapse is limited to a period of 4 to 7 years and the subsequent
course depends on the extent of damage occurring during that period. It
is during this time that thymectomy must be carried out if the operation
is to be beneficial (Simpson, 1958 and 1960b). Later cases are not helped by
surgery and in the final stages of'burned out' myasthenia the response to
drugs may disappear. At that stage the clinical picture closely resembles
polymyositis and has been termed 'myasthenic myopathy'.
The course may be benign and the affection may remain, limited to

a few muscles. Grob (1953) and Ferguson ct al (1955) state that 20 to 30 per
cent of cases show only extra ocular muscle involvement. If there is no
further spread in 2 years the prognosis is good. In my experience this
restriction has been rare except in males and this might account for the
fact that I have found a worse prognosis in females, contrary to the usual
opinion (Simpson, 1958). The course is greatly influenced by the nature
of the associated thymic pathology. A thymic tumour is found in 10 to
20 per cent of cases. It is more common in males and according to
Keynes (1955) is rarely found in patients under 30 years of age. The ill¬
ness is often particularly severe in these cases and difficult to control by
drugs or surgery, but this is not invariable.

CLINICAL PICTURE

I11 addition to the long-term fluctuations just described, there is a very
characteristic variability in muscular strength from day to day or even
from hour to hour. Short term weakness is often due to physical exertion
when it tends to 'fatigue' steadily with repeated or continuous use of the

E
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affected muscle. The failure of contraction may, however, be sudden and
the observer unfamiliar with this fact may be misled into a diagnosis of
hysterical paresis, particularly as emotional upset is just as important in
causing short-term weakness as in precipitating relapses in the general
course. Power is restored by a short rest or by administration of an anti¬
cholinesterase drug but the maximum power obtainable is often sub-
optimal. This is an important point which requires emphasis as an over¬
dosed patient may proceed from myasthenic to cholinergic weakness
without an intervening stage offull muscular power. This is probably due
to the presence, even in early cases, of unresponsive muscle fibres which
are presumably affected by the necrotic changes described below. In later
stages 'myopathic' changes are not uncommon especially in the extra¬
ocular muscles (Keynes, 1954), the triceps brachii, and the tongue where it
causes the triple grooving described by Buzzard (1905) and Wilson (1954).
In 'burned-out' cases the permanent weakness may be difficult to distin¬
guish from polymyositis or from exophthalmic ophthalmoplegia.
Any muscle may be affected by myasthenia gravis but especially the

extra-ocular, bulbar, neck and shoulder girdle muscles. The order of
incidence of involvement is virtually the same as the sequential order in
which muscles are involved in most cases (Fig. 2) but there is great
individual variation. A diagnosis of myasthenia gravis need not be re¬
jected because of sparing of the extra-ocular or bulbar muscles though this
is more common in the 'symptomatic myasthenias'. In the latter the
tendon reflexes are reduced pun' passu with muscle strength and in carcino¬
matous myasthenia they are often absent. In true myasthenia gravis,
on the contrary, they are usually brisk and even clonus is not un¬
common, though the reflex jerk may decrease progressively if elicited
repetitively.
An account of the symptoms resulting from myasthenia of different

muscles is unnecessary in this chapter for I have given an account of the
more important manifestations elsewhere (Simpson, 1964). The symptoms
of progressive 'fatigue', in the sense used above, arc so characteristic that
the diagnosis is readily made if only it is considered. Confirmation is
obtained by testing the ability of each muscle to maintain contraction for
a reasonable time. For instance the arms can normally be outstretched for
more than a minute and no ptosis will normally result on looking up¬
wards for the same period of time. The brief contraction against resistance
which is adequate for the detection of most forms of muscle weakness is
just not good enough. It is my personal belief that if this rule is followed
the cases of 'pure extra-ocular myasthenia' arc few indeed,
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DIAGNOSTIC TESTS

Fatigue tests appropriate to the various muscle groups will readily suggest
themselves and it may be possible to record a progressive decrease of
muscle power with a dynamometer or ergograph (Fig. 3). Performance

1-4 ':)£> 50-60
ONSET TOTAL

Fig. 2. Percentage ofcases in which various muscle groups are affected at the onset (left)
and at some time during the illness (right).

tests are conveniently combined with pharmacological tests. These may
be (i) therapeutic, or (ii) provocative. The most useful therapeutic test is
the response to an intravenous injection of edrophonium chloride
('Tensilon'). This has the great advantage of rapidity since clinical im¬
provement occurs in half to one minute after an injection of 10 mg of the
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drug and as the main effect passes in 5 minutes the muscarinic action in
non myasthenic subjects is not too unpleasant. Subjective assessment of
improvement by the patient is unreliable and no diagnosis should be
based on it. It is essential that the doctor be convinced that there is an un¬

equivocal measurable improvement in some performance test. Since the
muscles chosen for observation may be affected by 'myopathic' changes
the short duration of action may be a disadvantage and so it is sometimes
preferable to test the response to an in tramuscular or oral dose of neostig¬
mine which gives more time for multiple or repeated tests of muscle
strength.
Provocative tests are less useful as interpretation may be difficult and the

weakness induced may be dangerous. All anticholinesterase medication

Fig. 3. Ergographic record of repeated hand grips, at intervals after taking Pyridostig¬
mine by mouth.

should be withdrawn for 24 hours and facilities for resuscitation prepared
before carrying out a provocative test. Injection of d-tubocurarine in
2-5 per cent of the dose required to paralyse a normal subject, or the oral
administration of quinine may precipitate dangerous weakness. In the
case of quinine this cannot be counteracted by the use of neostigmine.
For these reasons I have deliberately avoided giving any detail of the test
procedures. Those who wish to use them should consult original sources
or the detailed account given by Simpson (1964). One provocative test is
ofsufficient theoretical interest to require further consideration. Churchill-
Davidson and Richardson (1952) have shown that the action ofdepolarizing
neuromuscular blocking drugs such as dccamethonium is different from
the normal, and not simply an increased sensitivity as with curare and
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quinine, since they tolerate an unusually large dose. Tolerance is particu¬
larly marked in clinically unaffected muscles, whereas the muscles show¬
ing myasthenic weakness are first to be affected but the type of block
differs from normal. Depolarization block, if it occurs at all, is brief and
soon changes to a longer competitive (curare-like) type of block. This
'dual response' is characteristic of myasthenia gravis. The nature of the
block is shown by the fact that competitive block is reversed by injection
of neostigmine (which would make depolarization block more pro¬
found).
The nature of the response to drugs is best studied by the use of elec¬

tromyography to monitor the muscle response, and the subjective factor
is removed by stimulating the motor nerve by brief supramaximal
electric shocks (Harvey and Masland, 1941). In the absence of facilities, the
original Jolly (1895) test using the mechanical response to faradization
will serve. The response can only be interpreted if the stimulus is supra¬
maximal, to make sure that any inadequacy of response is not due to
failure to stimulate every motor nerve fibre. A positive response is ob¬
tained when successive muscle action-potentials or twitches decrement
rapidly, even if stimulated more slowly than 30/scc. The initial decrement
may be temporarily counteracted by facilitated release of acetylcholine
caused by tetanic stimulation. This 'myasthenic reaction' may not be seen
until the trains of stimuli have been applied several times or the nerve-
muscle complex has been 'fatigued' by prolonged voluntary contraction.
In some cases a slowly repeated stimulus causes a myasthenic response but
a fast tetanization evokes a progressively increasing muscular response.
This incrementing type of reaction may be the only abnormality seen and
Simpson (1960b) suggests that it may be most evident in muscles showing
resistance to decamethonium. It is seen in its most dramatic form in
carcinomatous myasthenia (Eaton and Lambert, 1957; Wise and Mac-
Dermot, 1962), but also occurs in polymyositis (Simpson, 1960a; Simpson
and Lenman, 1959).
Conventional needle electromyography records a progressive simpli¬

fication of the pattern as voluntary 'fatigue' occurs. The electrical con¬
figuration of the motor units may be normal but there is commonly an
increased incidence of 'myopathic' units and I have seen spontaneous
positive sharp potentials such as are found in myositis. The units may be
seen to decrease in amplitude during sustained contraction but often cease
firing quite suddenly (Simpson, 1956). I mention these observations to
draw your attention to two facts. Myasthenia gravis is associated with a
functional defect of neuromuscular transmission (since, as shown by Jolly,
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the 'fatigued' muscle will still respond to direct stimulation) but there is
also evidence of some other lesion or lesions, cither in the motor nerve or
in the muscle fibre. I now want to turn my attention to an examination
of some other facts which are difficult to reconcile with the current view
that myasthenia gravis is a disorder of function of the neuromuscular
junction.

CLINICAL EVIDENCE OF

DISSEMINATED DISEASE

When medical opinion is unanimous about the nature of a disease any
observation which conflicts with the concept is rejected as irrelevant or
mistaken. This has been the experience ofmyasthenia gravis. In 1953-55
I had the opportunity to examine a large series of myasthenic patients to
assess the value of thymectomy. I decided to record every detail men¬
tioned by patients (or their hospital records) without reference to any
particular concept. No special questions were put to the first 400 (London)
cases so the recorded details represent the minimum occurrence ofcertain
phenomena and should not be used to estimate true incidence. Many com¬
plaints were found which are clearly described in the first comprehensive
review by Campbell and Bramwell (1900) but which have been ignored
since then. Pain is quite common in weak muscles and may be the present¬
ing symptom. It is usually an ache which is presumably due to the extra
effort required to maintain posture. This often causes headache, pain
round the eyes, backache, etc. Sometimes the muscles are actually tender,
and pain has been noted to persist even while resting in bed. A few
patients complain of mid-sternal pain. It tends to occur while stooping
and may be associated with palpitation (Russell, 1953; Simpson, 1960b).
A sensation of'stiffness' is not uncommon and there may be paraesthesiae
of hands, thighs or face (Harvey, 1948; Simpson, 1960b). There is usually
a mechanical explanation such as traction of a nerve by a drooping
shoulder girdle, but some sensory phenomena arc difficult to account for
in this way. Transitory anaesthesia of the face has been recorded. Symonds
(1922) described one case with temporary anaesthesia of the pharynx and
another with temporary loss of the sense of taste. I have seen a patient with
the same symptom and Alajouanine et al (1957) have recorded anosmia in
myasthenia gravis.
Other neurological disorders occasionally present arc psychotic dis¬

turbances and epilepsy (Table 1). Neither of these is common but it is
surprising that each of these and other conditions appear in the lists of
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associated disorders in each of three large series (Harvey, 1948; Osserman,
1958; Simpson, 1960b). Storm-Mathisen (1961) also noted psychosis and
Hocfcr, Aranow and Rowland (1958) report eight patientswith epilepsy in
180 cases ofmyasthenia gravis. Increased content ofprotein in the C.S.F.,
reported by de Hacne and Roussel (1955) was present in nine of the Lon¬
don case records in my series. The true incidence is unknown since
lumbar puncture was rarely performed. Unquestionably these neurologi¬
cal abnormalities are rare, but it must be considered whether their
occasional presence must be explained by postulating coincident unrelated
disease. In view of some of the other associated conditions, Simpson

Table i

Disorders other than reticulo-cndothelial, associated with myasthenia gravis

Simpson
(1963)

Osserman
(1958)

Storm-Mathisen
(1961)

Thyroid disorders (all types) 86 17 5

Diabetcs/glycosuria 16 8

'Rheumatoid' arthritis 19 15 3

Systemic lupus erythematosus 1

Sarcoidosis 1

Carcinoma (non-thymic) 8 3 1

Hepatitis 2 2

Acute nephritis 2 I u?)
Acrocyanosis 16

Epilepsy and recurrent blackouts 11 2

Psychosis 10 14 4

C.S.F. protein raised 9

Patients 490 325 90

(1960b) suggested that myasthenia gravis can no longer be considered to
be a disorder limited to the neuromuscular junction. These other con¬
ditions will now be described.

ENDOCRINE DISORDERS

A relationship between myasthenia gravis and disorders of the thyroid
gland has been recognized for many years. Millikan and Haines (1953)
found that the incidence of hyperthyroidism before, during, or after
detectable myasthenia gravis is about 5 per cent. In my experience about
9 per cent of males and t8 per cent of females with myasthenia gravis
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show signs of a thyroid disorder at some time during their life but this
need not be thyrotoxicosis (Simpson, 1958). Non-toxic goitre and, more
rarely, primary myxoedema may be found and indeed most of the early
reports stress the presence ofnon-toxic nodular goitre, and the histological
appearance of lymphadenoid goitre. Many cases have thyrotoxic symp¬
toms for a brief spell of weeks or months which then subside but which
may leave traces of exophthalmos with thick puffy eyelids (Simpson,
1960b). Thyrotoxic symptoms may be subsiding when myasthenia gravis
appears and vice versa. In a limited period of observation this may lead to
the conclusion that the two disorders have a 'see-saw' relationship to each
other (McEachern and Parnell, 1948). It must be concluded that the
thyroid disorder does not cause myasthenia gravis. Simpson (1960b)
observed a high incidence of thyroid disease in relatives of myasthenic
patients (even those who did not have clinical thyroid disease) and sug¬
gested that both conditions might be linked by a common genetic
factor. The possibility ofauto-immune thyroiditis was considered in view
of the author's concept of myasthenia but was considered less likely than
genetic linkage. Lymphadenoid changes are common in the goitres
associated with myasthenia gravis. The single case of myxoedema re¬
ported by Simpson (1960b) had L.E. cells in her blood, and one case of
unquestionable Hashimoto thyroiditis associated with myasthenia gravis
has been reported recently (Simpson, 1963). Doniach and Roitt (1962)
suggest that there is a close relationship between familial thyrotoxicosis
and auto-immunizing thyroiditis including Hashimoto's disease.
Deficient glucose tolerance was present in 2 per cent of 440 cases of

myasthenia reported by Simpson (1960b). Many of these had symptomatic
diabetes mellitus which sometimes coincided in onset with a severe

myasthenic relapse. Some of these patients and other myasthenics without
obvious diabetes had diabetic relatives. Diabetes mellitus is a common

disease and the relationship could be coincidental, but Simpson (1960b)
postulated that diabetes, thyroid disorders, and myasthenia gravis might
be diseases related by common genetic abnormality of the hypothalamo-
pituitary axis. Such a mechanism could account for the precipitating role
of emotional disturbance as well as the effects of menstruation and

pregnancy. These effects arc inconstant, but weakness is often greater in
the pre-menstrual period. The effect of pregnancy is equally variable and
may differ from one pregnancy to the next (Harvey, 1948). The most
common event is for exacerbation of weakness to occur during the first
trimester and then for remission to take place until the baby is born when
rapid relapse may again be found (Fraser and Turner, 1953).



Fig. 4. Identical twins. Only the twin 011 the right of the picture has myasthenia gravis.
(By courtesy ofOr E. A. Carmichacl)
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(«
Fic. 5. Photomicrographs of thymus from patient with myasthenia gravis: (a) thy¬
moma, with tubular arrangement ofepithelial-type cells; (/;) germinal centres in thymic
tissue surrounding a thymoma. Germinal centres arc found in non-tumorous thymus
glands but the glandular appearance is only seen in thymomas (Simpson, 1960b).
(By courtesy of the Editor of the Scottish Medico!Joiirnnl.)

facing p. 63



Myasthenia Gravis 63

GENETIC FACTORS

This is a convenient point to mention that the baby may show evidence
of myasthenia at birth in about 1 in 7 live births to myasthenic mothers
(Osserman, 1958). Later children born to the same mother are rarely
affected in this way. The neonatal myasthenia (which must be distin¬
guished from infantile myasthenia) is only temporary, and if the child
survives, recovery is complete in 1 to 12 weeks. This strongly supports
the concept that it is due to transplacental passage of some toxic substance
and not to hereditary transmission. The occurrence of myasthenia gravis
in related patients is rare but does occur. Only one of a pair of identical
twins may be affected (Fig. 4). Perhaps this might be accounted for by a
genetic abnormality of variable expression (Simpson, 1960b).

Table 2

Disorders of blood and reticulo-cndothe-
lial system in 490 patients with myasthenia

gravis

Pure red cell aplasia 1
Pernicious anaemia 9

Normocytic anaemia 3

Microcytic anaemia 3

Haemolytic anaemia (toxic ?) 2
Generalized lymphadenopathy 1

Splenomegaly (autopsy) 3

Lymphosarcoma 1
Hyperglobulinaemia 4

RARER ASSOCIATED DISORDERS

The possible association of other disorders with myasthenia gravis has
been ignored for the twin reasons of (i) irrelevancy in a disease believed to
be confined to the neuromuscular junctions, and (ii) the current thraldom
to the 'statistically significant' with the false assumption that any lesser
degree of association must be accidental. One exception to this rejection
has been pure red cell aplasia which has been associated with thymic
tumours, with or without myasthenia gravis (Green, 1958). The single case
in the London series was reported by Chalmers and Boheimer (1954). I
have drawn attention to a more common association between myasthenia
gravis and pernicious anaemia (Simpson, 1960b, 1963) (Table 2). The
importance of this will be discussed below.
Myasthenia in childhood may be associated with enlargement of the
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spleen and lymph glands. One patient previously reported developed
lymphosarcoma (Simpson, 1960b) and two further cases arc known to
the author (Lcsny, 1962; Whitty, 1963—personal communications).
Hyperglobulinacmia is an occasional finding (Lowcnthal and van Sandc,
1956; Simpson, 1960a). These features suggest that there may be a related
disorder of the reticulo-endothelial system.
The other disorders which were recorded in my 1953-55 survey are

individually rare with the exception of an arthropathy resembling
rheumatoid arthritis or ankylosing spondylitis (two cases) but comparison
with other reported series shows that the relationship is unlikely to be
fortuitous (Table 1) (Osserman, 1958; Simpson, 1960b, 1963; Storm-
Mathisen, 1961).

THE AUTO-IMMUNE HYPOTHESIS

The age and sex incidence, natural history, and the relationship to other
diseases suggested to the author that myasthenia gravis may be one
expression of a disorder resembling systemic lupus erythematosus
(Simpson, 1960b). Such a hypothesis would bring myasthenia gravis close
to the 'symptomatic myasthenias' of dermatomyositis, systemic lupus
erythematosus, and possibly of carcinomatosis. This hypothesis offered,
for the first time, a rational explanation for the morbid anatomy of the
disease, and incidentally was the first publication to state that the thymus
was probably an organ of the reticulo-endothelial system rather than an
endocrine gland (as ordinarily understood) and that it played a significant
role in auto-immune diseases. In 1955-56 attempts to produce myasthenia
in mice injected with homologous muscle and Freund's adjuvant proved
unsuccessful (Simpson and Anderson, unpublished) but I was encouraged
by the report ofNastuk, Strauss and Osserman (1959). These authors were
searching for a neuromuscular blocking agent in the blood of myasthenic
patients. Like all previous workers they were unsuccessful, but they
observed that serum from myasthenics caused cytolysis of frog muscle
cells. The further work of this group, who independently reached a
similar conclusion, will be described below after a briefpresentation of the
morbid anatomy ofmyasthenia gravis.

PATHOLOGY

Lymphocytic infiltrations of skeletal muscle were described by Wcigert
in 1901. Buzzard (1905) named them lymphorrhages and also described
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degenerative change of muscle fibres. These were classified into three
types by Russell (1953), who considered that they may be non-specific on
account of similar appearances occurring in the muscles in certain rheu¬
matic type diseases and endocrine myopathics. Simpson (1960b) suggested
that this could be due to a similar auto-immune mechanism in each of
these diseases.

By special supravital staining techniques abnormalities of the motor
nerve terminals can be demonstrated (Bickerstaffand Woolf, i960; Coers
and Desmedt, 1959; MacDermot, i960). The most characteristic change is
probably reduction in the number of terminal knobs which are arranged
serially in a remarkably elongated end-plate region. Minute nerve fibres
proliferate from these knobs suggesting a regenerative process. Though
the specificity of these changes is not yet established it is obvious that there
is no validity in the frequent statements in recent years that myasthenia
gravis is a functional disorder without morbid anatomy.
The most difficult fact to account for by all previous theories ofmyas¬

thenia is the consistent disorder of the thymus. The incidence of thymic
tumours (malignant or benign) is remarkably high (10-20 per cent) and
there are histological abnormalities in the thymus of most if not all the
others. There has been a great deal ofmisunderstanding about this. Some
textbooks describe 'thymic hypertrophy' and others 'failure of atrophy'
such as a normal thymus is assumed to undergo. Both descriptions are
wrong. Few of the glands removed from myasthenic patients are larger
than normal and the change in size with age is within normal limits
(Sloan, 1943). The characteristic change is not the size but the presence of
'germinal centres' in the cortex and medulla (Castleman and Norris,
1949). The epithelial cells of the thymus are not proliferated unless there
is a tumour but in thymomas they may be arranged in cords or tubes. This
is the only time that the thymus has the appearance of a secretory tissue
and even then the surrounding lymphoid tissue shows the germinal centres
which arc typical of the disease (Fig. 5). The thymus has all the appear¬
ances of an active lymph organ associated with immunological reactions
(Simpson, 1960b; Smithcrs, 1959).

IMMUNOLOGICAL REACTIONS

The clinical and pathological features of myasthenia gravis led the author
to publish his hypothesis that myasthenia gravis was associated with an
auto-immune mechanism involving the thymus as an organ of the
rcticulo-cndothclial system. An antibody was postulated to act against the
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end-plate protein of muscle or alternatively against the nerve terminals.
The concept was shown to be compatible with the pharmacological
evidence and a special point was made of its ability to account for the fact
ofneonatal myasthenia. This seems to indicate transplacental passage of a
toxic substance, yet cross-transfusion to unrelated individuals has never
induced myasthenia in the recipient (Simpson, 1960b). Meanwhile the
American group were following up their observation of cytolysis of
frog muscle. Almost coinciding with my publication (1960b) they
reported identification ofa complement-fixing muscle-bindingglobulinin
myasthenic serum (Strauss et al, i960). Their results were confirmed by
Beutner et al (1962) and Feltkamp et al (1963). Different types ofantibody
reaction against muscle are described by these authors, some non-specific,
but none appears to localize at the muscle end-plates or nerve terminals.
We have not been successful in repeating these experiments. Strauss and
his colleagues (i960) interpreted their observations as indicating the pre¬
sence of anti-muscle antibodies in myasthenic serum but did not associate
them with the thymus. In the following year Marshall and White (1961)
showed that direct injection of bacterial antigen into the guinea-pig
thymus produced a histological reaction which was essentially the same as
that seen in myasthenia gravis. In the next 2 years experimental biologists
were coming to the conclusion that the thymus played a very important
role in the development of immunological response at least in the foetus
(Burnet, 1962; Miller, 1961).
One question which immediately arises is whether the immunological

response is organ- and species-specific. Space does not permit full review
of the evidence (see Tables 1 and 3). The studies of the writer (Simpson,
1963) and other workers suggest that (i) the anti-skeletal muscle globulins
are not species-specific, (ii) many myasthenic patients have abnormal scrum
antibodies against thyroid and gastric mucosa and antinuclcar factor is
commonly present in their serum. The clinical correlations which originally
suggested the auto-immune hypothesis may be taken as indication that
other antibodies remain to be detected.
The rapid support given to this part of the hypothesis may justify my

drawing attention to the other part based on the genetic and endocrinal
aspects. It was suggested that a hypothalamo-pituitary mechanism might
act on the thymus (as has been suggested before in a different context),
controlling an activity directed to cellular differentiation, particularly in
the rcticulo-endothelial system (Simpson, 1960b). This is not the place
to go into detail about the mechanisms of immunological responses,
but at least one plausible theory requires control of the thymus by a
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homoeostatic mechanism (Burnet, 1962). Perhaps the control required
is imposed by the pituitary gland (Simpson, 1963).

TREATMENT

The auto immune hypothesis will have served its purpose so long as it
stimulates new looks at the nature of myasthenia gravis. Meanwhile not
the least of its attractions is that, for the first time, it provides a rational
basis for the treatment of the disease by thymectomy. The initial favour¬
able claims for this operation were not supported by subsequent American
experience (Eaton and Clagett, 1950). On numerous occasions Keynes
(1946, 1954) pointed out that this was due to the failure to separate those

Taule 3

Antibodies specific against tissues and anticellular substances
in scrum of myasthenic patients. The reactions against

muscle were of low titre and considered non-specific

Positive
Number

examined

Antinuclear factor (ANF) 9 40

Sensitized sheep cell test (SSCT) 0 13

Thyroid 10 3d
Stomach 3 35
Liver 0 35
Muscle 3? 17

patients with thymic tumours from the remainder, as the prognosis was
worse in these cases. His own results appeared to show a beneficial response
to removal of the non-tumorous thymus. The writer independently
reviewed the cases operated on by Keynes and other London surgeons
and compared them with medically treated cases (Simpson, 1956, 1958).
This review substantially confirmed Keynes's claims and showed that, in
fact, the experience of three American centres was closely similar if the
same criteria were used. It was concluded that there was a substantial
chance of improvement after thymectomy in all cases (Fig. 6). This is
most evident, and the saving in life is greatest, when the duration of illness
is less than 5 years and when no thymoma is present. The mortality from
myasthenia is reduced to half in males and a quarter in females compared to
cases treated medically for a similar period (in statistically comparable cases).
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The post-operative mortality shown in Fig. 6 has now dropped to

negligible figures. In the last 8 years in Edinburgh only one case from a
series of twenty-eight operated on by Mr Andrew Logan has died post¬
operatively. There is often a remarkable remission in the hours immediately
after the operation. This may be so great that a patient who has previously
had persistent ptosis will show tonic retraction of the eyelids for 2 or 3
days. A more important consideration is that the remission may so lower
the requirements for anticholinesterase medication that the dose re¬
quired before operation is now dangerously excessive. An observer un¬
familiar with this hazard will interpret the increasing weakness as indica¬
tive of a myasthenic crisis when in fact it is due to a so called 'cholinergic

Sex Series No. Cumulative distribution

FEMALE
Operated 18 2 A ♦ B c 1 D 0
Not-operated 59 A * B C ? mWm,

0
7. 1

20
—1

AO
—I

60

Operated

Not-operated

76

40

mf | Data incomplete
or too recent Myasthenic deaths

Fig. 6. Diagrammatic comparison ofstatus of patients treated for myasthenia gravis by
thymectomy and by medical treatment alone (patients with a thymoma are excluded)
(Simpson, 1958). (By courtesy of the Editor o (Brain.)

crisis' in which further medication may be fatal. In my personal opinion
the very low mortality post-operatively in my Edinburgh series is due to
recognition of this fact. I cannot emphasize too much the absolute necessity
for close collaboration between a skilled thoracic surgeon and a physician
experienced in the treatment of myasthenia gravis, and the latter has
the more difficult task. The immediate response may persist but many
cases relapse a little in the next few days. They then improve slowly. It is
often 3 years later before they feel really well but, in retrospect, they then
realize that the 'tide turned' after the operation.
Thymectomy benefits both sexes, the ultimate status being similar for

both, but the extent of improvement is greatest for women who would
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otherwise have a worse prognosis than men (Simpson, 1958). Benefit may
occur at any time. It is less probable if the disease has been present for
more than 7 years and operation is less justifiable then as the unmodified
disease tends to become less active after that period. Nevertheless, a
patient who is deteriorating despite optimum medication has nothing
to lose in the hands of an experienced thymus surgeon and may show
improvement. Certainly the result does not appear to be influenced by the
severity of the disease. Young patients may show most benefit, but short
prc-operative duration ofmyasthenia is the more important factor.
The prognosis for life is worse if a thymoma is present. Even after

thymectomy two out of three rases die within 5 years. Nevertheless the
survivors may benefit to the same extent as the non-tumour cases. This
may happen even without prc-operativc radiation of the thymus
(Simpson, 195$). The desirability of radiotherapy was stressed by Keynes
(1955) but I feel that this requires substantiation. Radiotherapy has been
recommended as an alternative to thymectomy but there is a danger that
myasthenic symptoms will be aggravated initially (Jones et al, 1955). Other
indirect ways of reducing the activity of the thymus are the operation
of bilateral denervation of the carotid sunuses (Thevenard, 1954), and
administration of ACTH or corticosteroids (Torda and Wolff, 1951).
Any improvement due to ACTH may be preceded by dangerous relapse
(Westerberg and Magee, 1955). There can be few indications for these
indirect methods of destroying the thymus now that operative mortality
is so low.
The drug treatment of myasthenia gravis is a subject for a lecture by

itself. I have reviewed this recently (Simpson, 1964) and so will omit it
from this chapter but there are one or two observations I must make be¬
cause of their bearing on Dr McArdlc's chapter on the physiology of the
neuromuscular junction (Chapter 4). The first is that the beneficial action
of a cholinesterase inhibitor docs not favour any particular one of the
several possible mechanisms of transmission failure (Simpson, 1960b).
The second point requiring emphasis is that there is a wide variation in the
duration of action of an anticholinesterase drug from one patient to
another. Neostigmine may have a useful action for 8 hours in one patient
and only 1 2 hours in another, when taken orally. For this reason it is
essential to establish the duration of effective action in each patient. A
simple crgograph is a useful adjunct to this (Fig. 3).
Neostigmine acts rapidly. Its most powerful action lasts for only \ to 11

hours and is followed by a carry over for a further 1-6 hours. The activity
then tends to fall off rapidly. This 'let down' can be most discouraging
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to a patient. Pyridostigmine does not have the early marked effect of
Neostigmine. The duration of the 'plateau' of useful activity is little
longer than that of Neostigmine but the fall off is more gradual so a
smoother control can be established if the tablets are correctly timed. In
fact the majority of patients find Pyridostigmine the drug of choice but
many patients will value the 'boost' which only Neostigmine can give.
Theoretically it seems desirable to use a long-acting preparation to

avoid the need for frequent dosage. All anticholinesterases tend to be
cumulative and tliis is more marked the longer the duration of the plateau
activity (Fig. 7). This may not be obvious for weeks when using Neostig¬
mine or Pyridostigmine so that the physician may be lulled into a false
sense of security. The third point I want to make about drug treatment of
myasthenia is my growing conviction that one of the most common
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Pic. 7. Duration of activity of three anticholinesterase drugs: Edrophonium;
Neostigmine; Pyridostigmine.

causes of death in myasthenics is depolarization block ('cholinergic crisis')
mistakenly diagnosed as Neostigmine resistance. This state may be
difficult to recognize. I have come to rely on pupillary constriction. It is a
very valuable sign provided that the patient is not receiving large amounts
of Atropine. The use of edrophonium to test for the cholinergic state has
been a major advance (Osserman and Kaplan, 1953) but certain warnings
must be given: (i) it is dangerous in the presence of cholinergic crisis and
may be fatal, preparation for assisted respiration must be made before the
drug is injected, (ii) the test must be carried out at the most informative
time, that is when the drug in use is most active (e.g. 2 hours after an oral
dose of Neostigmine), (iii) the patient's subjective assessment should never
be relied on, if objective improvement does not occur no further anti¬
cholinesterase medication should be given until later testing shows tin-
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equivocal improvement after edrophonium, (iv) test the response of the
respiratory and bulbar muscles first. The reason for this warning, based 011
personal experience (Simpson, 1961a) is that since myasthenia gravis
affects muscles differentially the tolerance of anticholinesterase drugs will
also vary. Muscles which arc only slightly or not at all affected by the
myasthenic process may therefore suffer from depolarization block with
a drug level which is still inadequate to control the severely myasthenic
muscles. Thus a favourable response to edrophonium may be found in
extra-ocular or shoulder girdle muscles when the respiratory muscles are
already over-dosed. These must be the first to be tested. If there is any
serious doubt it is wiser to initiate assisted ventilation and to withhold
further medication until the patient is obviously myasthenic again. If
cholinergic paralysis is confirmed, atropine sulphate (2 mg) should be
injected intravenously every hour until signs of atropine toxicity develop.
Grob and Johns (1958) have recommended the use of oxime drugs in the
treatment of over-dosage of quaternary ammonium anticholinesterase
drugs. My personal experience is limited to pyridine-2-aldoxime (2 PAM)
and methane sulphonatc (P2S) and I have found these to act too slowly, too
briefly, and too weakly to be able to recommend them (Simpson, 1961b).
The differential diagnosis and management of myasthenic and cholinergic
crises are more fully described by Simpson (1964) and all who treat
myasthenia gravis must be familiar with detail and not just with general
principles. To all others I would give one closing advice—a tracheostomy
is often life saving and if respiration is in doubt it should never be delayed.
If combined with positive pressure ventilation it is safe to stop medication
and watch for changes in the clinical state. Unfortunately, even in the
most experienced hands, myasthenia gravis remains a very serious disease
with a persisting risk of death.
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MYASTHENIA GRAVIS AS AN AUTOIMMUNE
DISEASE: CLINICAL ASPECTS

John A. Simpson*
University of Glasgow, Scotland

Introduction

The factors which may be associated with the first attack or later relapses
of myasthenia gravis arc emotional disturbance* infection, particularly of the
upper respiratory tract, and pregnancy. In this respect, and also in the sex

incidence, age of onset and remittent course, there are striking resem¬
blances with systemic lupus erythematosus (S.L.E.) and multiple sclerosis.
In drawing attention to this, Simpson (1960) first pointed out that certain
disorders of nonmuscular tissues may be related to the neuromuscular
syndrome.

Neurological Disorders
While reviewing a large series of myasthenic patients in 1953 to 1955

with a view to determining the value of thymectomy in treatment (Simpson,
1958), I wac interested to note the occasional occurrence of sensory symptoms,
epilepsy, or pcychosis and certain other disorders in these patients (TABLE 1).

Some of tho sensory cymptoms such as paracsthesia, deafness or hyper
acusis could be accounted for by the mechanical effects of muscular weak¬
ness, but numbness of the face and loco of taste or smell sensation could not

be explained in this way, and it seemed necessary to consider the possibility
of associated damage to sensory receptors or nerve fibers (Simpson, 1960.
1961a, 1965). The previous reports by other authors arc too numerous to
list here but have been analysed by Simpson (1964a, 1965). It appears that
sensory symptoms wore widely recognized until summarily dismissed in the
classical review by Campbell and Bramwell (1900). They have been particu¬
larly ignored since the concept of a defect of transmission at the neuromuscu
lar junction has dominated all thinking on myasthenia gravis, but occasional
reports still appear in the literature (Harvey, 1948; Russell, 1953; Ala-
jouanineetal., 1957).

Cerebral disorders such as epilepsy and psychosis are not commonly
associated with myasthenia gravis though Hoefer and coauthors (1958) found
a surprising incidence of convulsive and syncopal attacks. Nevertheless, the
occurrence of these disorders in each of three large series suggests that it may
not be coincidental (Osserman, 1958; Simpson, 1960; Storm-Mathisen,
1961).

"Attendance at the Conference was made possible by a Welcome Research Grant.
506



TABI.F.1

DISORDERSASSOCIATEDWITHMYASTHENIAGRAVIS PresentSeries*
Osserman
Storm-Mathisen
White&Marshall
Oosterhuis§

London

Scotland

(1958)

(1962)

(1962)

(1963)

Thyroid(alltypes)

67

19

17

5

3

15

Diabetesandglycosuria
9

7

8

1

6

"Rheumatoid"arthritis
12

7

15

3

2

6

SystemicL.E.

1

1

CutaneousL.E.

1

Sarcoidosis

1

Redcellaplasia

1

2

Perniciousanemia

1

8 21

1

Haemolyticanemia

1

Hepatitis

2t

2

2

Nephritis

2

1

1(?)

Raynaud'ssyndrome

10

8

7

Epilepsyand"Blackouts"
5

7

2

1

Psychosis

9

2

14

4

3

Patients

407

94

325

90

15

154

♦TheseriesreportedbySimpson(1960)includesalltheLondoncasesandthefirst33fromScotland, (includesonecaseofHashimoto'sdiseaseandtwooflymphadenoidthyroidatautopsy. (Consideredtobecausedbymedication. §IncludesseriespreviouslyreportedbyVanderGeldandcolleagues(1963).
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Hematology
The occasional relationship between erythroid aplasia of the bone

marrow and thymic tumours has been recognized for more than thirty years
(Matras & Priesel, 1928). The aplasia is not always confined to the red cells
of the blood but may be pancytopenic, as in the first case reported in
association with myasthenia gravis (Wintrobe, 1946). The nature of this
relationship is uncertain, but the recent finding by Holborow et at. (1963)
of antinuclear factor (A.N.F.) in the blood of a patient with the syndrome of
thymoma and red cell aplasia and by Anderson and Ladefoged (1963)
of the Coombs test transiently positive support the possibility of an im¬
munological mechanism. The correlation with A.N.F. has not yet been
reported in the similar cases with myasthenia gravis, but in one such case
Oosterhuis (1963) noted a positive direct Coombs test.

I have previously reported an association between myasthenia gravis
and macrocytic anemia (Simpson, 1960). It is now certain that some, if not
all, of these cases were suffering from pernicious anemia (Simpson, 1964a).
Single cases of myasthenia with pernicious anemia have been reported by
earlier writers and were considered to be coincidental, but it will be apparent
that this association is more common than that between myasthenia gravis
and erythroid aplasia. When I mentioned this finding in the 1960 paper, the
relationship was merely used to support the hypothesis that myasthenia
gravis was a diffuse systemic disorder though the concept was developed
along immunological lines. At that time, however, evidence began to
accumulate that pernicious anemia was associated with the production of an
organ-specific antibody to the intrinsic factor and to the parietal cells of the
stomach (Schwartz, 1960; Irvine et al., 1962; Taylor et al., 1962). It has
also been reported recently that pernicious anemia may be associated with
rheumatoid arthritis, autoimmune thyroiditis, systemic lupus erythematosus,
thyrotoxicosis and diabetes mellitus, all of which may be associated with
myasthenia gravis (Simpson, 1960).

One of my cases had megaloblastic anaemia with low serum vitamin
B.12 assay in the eleventh year of myasthenia due to thymic tumour. He
also had an episode of severe hemolysis, but I am uncertain whether this was

spontaneous or because of the intravenous injection of pyridine-2-aldoxime
methiodide (P.A.M.) for cholinergic crisis. Storm-Mathisen (1961) described
a patient who had been treated for hemolytic jaundice before myasthenia
gravis began at the age of 32. Eight years later, after remission of the my¬

asthenia, she had myxoedema and arthritis with a raised erythrocyte sedi¬
mentation rate (E.S.R.). The author does not comment on the case and does
not appear to have considered a diagnosis of systemic lupus erythematosus.

Reticuloendothelial System
I have never been able to palpate the spleen of a myasthenic patient as

reported by Montesano (1898), but the spleen was found to be enlarged at
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post-mortem examination in four cases. Two young patients had a generalized
lymphadenopathy without adequate explanation, and another one developed
reticulum cell sarcomatosis eight years after thymectomy. J. Lcsny (Prague)
and C. W. M. Whitty (Oxford) have informed me of two similar cases
under their care. Both were young children who had neostigmine responsive
myasthenia gravis associated with lymphosarcoma. (Simpson, 1964a).
One of my patients had typical myasthenia gravis associated with sarcoidosis.

. Alter and Osnato (1930) described a case of myasthenia gravis with
generalized lymphadenopathy. The thymus was "granulomatous" and con¬

sidered by the authors to resemble Hodgkin's disease. Senator (1892) re¬

ported a case of myasthenia with "multiple sarcomata," anemia, albumosuria
and "chronic parenchymatous changes in the kidney." The diagnosis appears
to have been multiple myelomatosis. It is doubtful whether the muscular
weakness was truly of myasthenic type. Generalized lymphadenopathy
occurred in the case of myasthenia associated with S.L.E. reported by Gal-
braith and coworkers (1964).
I,; These disorders of the blood and reticuloendothelial system arc exception
al and may not be related directly to myasthenia gravis, but it should be
remembered that lymphadenopathy associated with rheumatoid arthritis is
largely confined to young children. If the relationship is more than coinci
dental, I believe that it is likely to be an association of immunological dis
orders (Simpson, 1960, 1964a, b).

The suggestion would be more generally acceptable for syctcmio lupus cry
thematosus. This diagnosis was made in one case in my series (Simpson, 1960,
1964a), and Rowland (1955) found L. E. cells in the blood of one of his
patients. Harvey et al. (1954) described myasthenic symptoms in three cases
in their classical paper on systemic lupus erythematosus. Since then the latter
has been considered to be one cause of "symptomatic myasthenia," but it is
now apparent that there is no sharp dividing line between this disease and
"true" myasthenia gravis. Space does not permit mc to examine the problem
of the other "symptomatic myasthenias" (polymyositis, dermatomyositis and
carcinomatous myasthenia), but I believe that they are all parts of an

immunological spectrum (Simpson, 19646).

Acrocyanosis
An interesting clinical link between these neuromuscular diseases is acro¬

cyanosis. Although not previously reported in myasthenia gravis, I have found
this condition in 3.5 per cent of cases (Simpson, 1960). The true incidence may
be higher since it was not specifically inquired for in the first 400 of my 501
cases. It is interesting to note that acrocyanosis appeared to correlate with a

poor response to neostigmine though the response at an earlier date was always
sufficient to justify the diagnosis of myasthenia gravis. The possible role of
autoagglutinins, found in the blood in some types of acrocyanosis, has not yet
been explored.
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"Rheumatoid" Arthritis

The author was the first to draw attention to an unusual incidence of
arthritis in patients with myasthenia gravis (Simpson, 1960). In six patients
the painful swelling involved peripheral joints and was transient. Two patients
were considered to have ankylosing spondylitis. In 11 more cases the joint
changes have been permanent.

The arthritis is indistinguishable clinically and radiologically from true
rheumatoid arthritis, but the modifying quotation marks were used in the
original and subsequent papers to indicate that identity could not be assumed
(Simpson, 19646). It will be shown below that the Rose-VVaaler test is often
negative. White and Marshall (1962) and Van der Geld and colleagues (1963)
have also found a high incidence of rheumatoid arthritis (sic).

Other Immunological Disorders
Ulcerative colitis and hepatic cirrhosis were associated with systemic lupus

erythematosus which followed thymectomy for myasthenia gravis in a patient
recently reported by Alarcon-Segovia et al. (1963) and by Galbraith et al.
(1964). I have seen two myasthenic patients with acute hepatitis but con¬
sidered that this was caused by chlorpromazine. The only case of systemic
lupus erythematosus in my series had pericarditis, angioneurotic oedema and
myxoedema. The latter was attributed to previous roentgen therapy for
suspected carcinoma of the larynx. In 1955 when I saw this patient the
possible association between myasthenia gravis, S. L. E. and thyroiditis was
not known.

Endocrine Disorders

It has been known for many years that thyrotoxicosis is related to
myasthenia gravis. A discussion of this theme would not be appropriate to this
paper, but a review of the literature and of my case material shows that there
ic also a relationship with nontoxic goiter and myxoedema. Studies of the
family histories suggest that the relationship may be a genetic defect of a

hormonally-controlled immunological mechanism (Simpson, 1960, 19646,
1965).

The debate on the possible role of hyperthyroidism in myasthenia gravis
has obscured the fact that pathologists have in the main described nontoxic
goiters, often lymphadenoid, in association with myasthenia gravis, though
the changes were usually considered to be involutionary in a previous toxic
goiter (Norris, 1936; Miller, 1940; Giordano & Haymond, 1944). Rowland
ctal. (1956) found 4 nontoxic goiters in an autopsy scries of 26 myasthenics,
Ringcrtz (1951) found 5 abnormal thyroids in 18 autopsies. One of these was a
nontoxic goiter (without lymphoid infiltration), one gland was considered to
be of toxic type, and three showed patchy parenchymal atrophy with cellular
disintegration associated with dense lymphoid infiltration. Two of these had



KKU'RE 1. Section of thyroid obtained at autopsy from myasthenic with thymoma
showing lymphadenoid change. Thyroid disease unsuspected during life. Stained with
hematoxylin and eosin (X60).

lymphoid follicles in the thyroid "giving to the picture a certain resemblance
to that of lymphadenoid goiter." Both of these patients had a thymic tumour.

CaseMN. 2257 of my own series, was found at autopsy to have a lympha-
denoid goiter. The section (FIGURE 1) was shown and discussed in a Hony-
man Gillespie Lecture but was omitted from the published version (Simpson,
I960) as an expert on the pathology of Hashimoto's disease had reservations
about the diagnosis. The spleen of this patient, who had a thymic tumour,
also showed lymphoid and reticular hyperplasia.

Case MN. 2327 died seven months after incomplete thymectomy. Thyroid
disease had not been suspected during life, but typical Hashimoto's struma
was found at autopsy and the spleen was distinctly enlarged.

Case MN. 5503 developed pernicious anemia in 1935 and myasthenia
gravis in 1961. Although clinically euthyroid, her plasma level of protein-
bound iodine was 2.4 fjg/100 ml., and the serum antibody titers were 1/250
against thyroid (by T. C. H. test) and 1/16 against gastric tissue (by com¬
plement fixation text) with strongly positive immunofluorescence against
gastric parietal colic. At autopcy the thyroid gland was typical of Hashimoto's
disease.

CaseMN. 7390 became myasthenic in 1943 and had thymectomy in 1955.
He developed nontoxic goiter and pigmentation of the skin in 1960. A radio-
iodine uptake test gave a T. P. I. of 1.6, and the protein-bound iodine was
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14.0/ig/100ml. Antibody titers against thyroid tissue were T. C. H. 1/25,000
and C. F. T. 1/16. Electrophoresis showed hypergammaglobulinacmia.

The laGt case is more fully described by Simpson (19616) and the others
arc described earlier by Simpson (1961a). In the same year the coincidence of
myasthenia gravis and Hashimoto's disease was reported by Daly and Jackson
(1964) and by Becker and coauthors (1964).

Plasma and Cerebrospinal Fluid Protein

Space docs not permit full presentation of my studies on the globulins of
the serum and cerebrospinal fluid (C. S. F.) (Simpson, 1960, 1964a). These will
be reported elsewhere, but a small number of cases and a review of the
literature by Oosterhuis and colleagues (19C4) shows that hypergammaglobu¬
linemia is not uncommon in myasthenia gravis and the protein content of the
C. S. F. may be increased.

Summary of Hypothesis

In my original paper the hypothesis of a multiple system disease analogous
to systemic lupus erythematosus was based on the demonstration of a charac
teristic spectrum of associated disorders of tissues other than muscle (Simpson.
1960). Since then it has been shown that there is a significant relationship with
pernicious anemia and Hashimoto's disease (Simpson, 1964a, b). During this
period it has become firmly established that both of these conditions are
associated with defective immunological tolerance, and Miller (1961) has
demonstrated the role of the thymus gland in immunological diseaco.

A ntibody Against Muscle
In the early days of this work in Glasgow, I collaborated with J. R.

Anderson (1955, unpublished) in an attempt to produce an experimental
myasthenia in mice by injection of emulsified homologous muscle with
Freund's adjuvant. The experiment failed. I was postulating that an antibody
fixed reversibly to the receptor site of the muscle end plate would act as a

neuromuscular blocking substance of competitive type. It would also be
capable of placental transmission, accounting for neonatal myasthenia and yet
explaining the failure of cross-transfusion experiments (Simpson. 1960).

We were also unsuccessful in demonstrating antimuscle antibodies. Later
studies with W. R. M. Alexander in Edinburgh were equally unsuccessful. We
tried to reproduce the more successful methods of Strauss et at. (1960) but
again failed. We abandoned this aspect of the investigation though other
workers have confirmed their results (Beutner et at. 1962; Feltkamp et at.
1963; Geld et at. 1963; Djanian et at. 1964; Thivolet & Kratchko. 1964).

The specificity of the antimuscle substance or substances will not be re¬
viewed as it has been discussed by Simpson (1964a, 6) and in this monograph,
but it is clear that there is disagreement between workers. In searching for a
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possible explanation of our failure to reproduce their results, it was noticed
that Straussetal. (1960) obtained their positive results from the pooled sera of
IP myasthenic patients of whom 6 had a thymoma, whereas many other
patients investigated by them showed no muscle-binding globulin in their
serum. Beutner ct al. (1962) and Thivolet and Kratchko (1964) confirmed
their results with sera from 2 of 10 and 3 of 9 myasthenic patients, respec¬

tively, and each of the positive reactors had a thymoma. Van der Geld et al.
tl!Ki:i) found that the incidence of antimuscle antibodies was consistently
higher in cases with thymoma. It is not clear whether their nontumour cases
included examples of fluorescence of the A bands of muscle fibers or only the
less specific sarcolemmal or nuclear fluorescence. The type of thymus pathol¬
ogy in the cases of Djanian et al. (1964) is not recorded. Since noticing this
correlation I have not had another case with a thymic tumour but hope to
resume this work in Glasgow with the collaboration of J. Vetters, who has suc¬

cessfully demonstrated A-band fluorescence with some of my sera which were

previously considered inactive. Positive results have not been confined to sera

from cases with a thymoma.

Antibodies against Other Tissues
Antinuclear factor (A. N. F.) is commonly found in the serum of patients

with myasthenia gravis (White & Marshall, 1962; Feltkamp et al., 1963;
Simpson, 19646) (TABLE 2). The rheumatoid factor is sometimes present in
the blood but does not correlate closely with a history of arthritis (Simpson,
lfifi-lo. 6).

Van der Geld ct al. (19636) and Simpson (19646) have found antithyroid
antibodies in the sera of 30 per cent of cases. W. J. Irvine, who is responsible

TABLE 2
ANTIBODIES DETECTED IN SERA FROM PATIENTS

WITH MYASTHENIA GRAVIS

A.N.F. R.F.t Muscle Thyroid Stomach Liver

Present Series Positive

Total

10

49

1

10

12

45

3

44

0

36

White & Marshall Positive

(19G2' Total

6

15'

2

15

1

15

Van der Geld
ct til. (1963)

Positive

Total

11

111

5

111

38

98

36

111

"One case of carcinomatous myasthenia excluded.
1 Rheumatoid factor—S.S.C.T. in present series, latex test in others.
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for these tests in my cases, has also found specific antigastric substances in 3
of 35 of these cases, 1 of which had pernicious anemia. Unfortunately t he other
patients with pernicious anemia reported by Simpson (1964a) are no longer
available for immunological studies.

Conclusion

The natural history of myasthenia gravis including its age and sex in¬
cidence, the course of the disease, the phenomena of neonatal myasthenia and
particularly the occasional association with neuropathic disease, aplastic and
pernicious anemia, reticulosis, acrocyanosis, "rheumatoid" arthritis, ulcer¬
ative colitis, hepatitis, thyrotoxicosis and Hashimoto's disease support the
hypothesis that the neuromuscular disorder is part of an immunological
disorder which may occasionally involve other tissues (Simpson, 1960.
1964a, b). The pathological changes of the thymus, muscles, thyroid and oc¬

casionally of other tissues support this suggestion (Smithers, 1959; Simpson,
1960). Strauss et al. (1960) independently reached a similar conclusion from
different premises. Their demonstration of serum antibodies against human
muscle has been confirmed, but it is suggested that the titer is higher in cases
with a thymoma. Cross-reactions suggest that more than one antimuscle sub¬
stance may be produced, some reacting with cardiac muscle or with thymic
tissue (Beutner et al., 1962; van der Geld & Oosterhuis, 1963). The further
demonstration of antinuclear factor and organ-specific antibody against
thyroid and stomach suggests that there is a major defect of immunological
homoeostasis. I have suggested that this may be genetically determined and
have an endocrinological controlling mechanism (Simpson, 1960, 1964a).
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Discussion of the Paper
A. STORM-MATHISEN (Gainsford Hospital, Oslo, Norway): Dr. Simp¬

son montionod one of my patients. The patient mentioned, case No. 56, i3 com

pletely free from myasthenic symptoms. Her myxedema is controlled with
thyroid preparation. She is working, has married and has a child. The
remission has lasted 12 years. It was not symptoms of S. L. E.
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Professor John A Simpson
(University of Glasgow)

Disorders of Neuromuscular Transmission
Electrodiagnostic techniques should be used to
explore the physiological properties of normal
and pathological states of the lower motor
neurone or muscle and not to make a nosological
diagnosis. Measurement of the strength-duration
relationships of electrical excitability and con¬
ventional electromyography provide information
about (a) degeneration of peripheral nerve axons
and muscle fibres, (b) the recruitment and
frequency pattern of motoneurones, and (c) the
muscle fibre constitution of motor units. From
these data it is possible to decide whether
muscular weakness is neural or myal (Simpson
1962). Measurement of nerve conduction velocity
adds another parameter. Pathological slowing of
conduction is probably due in the main to
abnormality of the myelin-sheath of peripheral
nerve fibres (Simpson 1964). If these studies,
with the electromyographic evidence of axonal
branching, point to a primary lesion of the lower
motor neurones, the neurologist would like to
have further information about the site of the
lesion - is it polioclastic, axonal or at the neuro¬
muscular junction? Some help may be obtained
from a study of the muscular response to repeated
stimulation of its motor nerve (Simpson &
Lenman 1959, Simpson 1960u).
Stimulation and recording techniques are con¬

ventional. The stimulus must be brief and
supramaximal and the muscle response is re¬
corded with surface electrodes to integrate the

electrical activity of a volume of muscle since the
area of the response is assumed to be proportional
to the number of responding muscle fibres for
any particular rate of stimulation. If the muscle
tension is recorded isometrically by a strain
gauge it will be seen that the amplitude of the
evoked potential does not bear the same relation¬
ship to the twitch tension at all rates of stimula¬
tion. The decreased amplitude at fast rates of
stimulation is due to restimulation within the
refractory period of the muscle (Farmer at at.
1960). Movement artifacts are minimized by
splinting the limb during stimulation but some
artifact of this type is almost inevitable in routine
diagnostic studies.

Normal Neuromuscular System
Stimulation of a motor nerve at rates above 12/sec
in the normal subject causes the evoked muscle
action potential to increase progressively with
the first 3-5 stimuli. This is accompanied by
progressive shortening of the duration of the
action potential, particularly the second phase of
the diphasic deflection, ft is probably due to
improved synchronization of the muscle response
(Harvey & Masland 1941, Simpson & Lenman
1959, Farmer et al. 1960). At 01-0-2 sec front the
start (irrespective of the rate of stimulation) there
is often a temporary decrease in amplitude of
about 30% which is due to an artifact of move¬
ment. The action potential then remains at a
constant level for a considerable period which
depends on the frequency of stimulation. These
normal increments and decrements must not be
mistaken for the pathological types described
below.
If fast stimulation is continued the muscle

potential slowly decrements but does not dis¬
appear although the muscle contraction may
cease from fatigue (Merton 1954). Decrement to
50% may occur in 30 seconds with supramaximal
stimulation at 50 shocks per second but often
takes much longer. If stimulation is interrupted
and resumed there is no obvious post-tetanic
potentiation. When tetanization is repeated with
rests of 1-2 seconds there is no recovery of the
earlier amplitude unless the stimulus frequency
is reduced. This decrement is absent or long
delayed at rates below 15/sec unless this is
preceded by 'fatigue' induced by more rapid
stimulation.

Pathological Decrement
of Response
In partial denervation the amplitude of the
evoked muscular response is always diminished
in proportion to the fall out of motor units.
Premature progressive decrement of the response
is less common and occurs in several disorders.
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Myasthenic Reaction
The most striking feature of the evoked muscle
potentials in myasthenia gravis is a rapid decre¬
ment in amplitude which occurs earlier than in
normal subjects and may be visible in the first
few responses even at rates of stimulation as low
as 3/sec. This is not an invariable finding and it
may not be marked until tetanization has been
repeated several times within a short period or
after a similar period of voluntary contraction
of the muscle (Fig 1). When it appears, the time
constant of the decrement in amplitude decreases
progressively with successive tetani. The rate of
fall is faster with more rapid stimulation.
Other responses which are commonly seen in

myasthenia gravis are: (1) Initial rapid decrement
with continuation of nondecrementing response
at submarginal level (Fig 2b). (2) Initial rapid
decrement followed by recovery of amplitude for
2-3 sec then continuing decrement (Fig 2c). (3)
Progressive decrement at slow rates of stimulation
(3-10 c/s) but progressive increment at faster
rates of stimulation (Fig 2d). (4) Progressive
increment from the start of tetanization or after
a decrementing response to the first 3-5 shocks
(Simpson 1960/t).
Types (3) and (4) are usually seen in muscles

without clinical evidence of myasthenia in an

early stage of the disease or in remission. If
stimulation is continued these muscles usually
show the delayed decrement sooner than normal
muscle.
After tctanization the amplitude of the action

potential of a single twitch response recovers
within a second and may be greater than the
first response to the original train of stimuli
(post-tetanic facilitation), but after successive
faradizations with brief rest periods (about one
second) the recovery becomes progressively

R.B. R. Afcxl dig min

t arm:MgBHiSMSB

F ig 1 Myasthenia giavis. Recording continuous opart front brief
breaks ofdurations indicated on trace. Supramaximal stimulation
<-t right ulnar nerve at 4 and 50/sec showing delayed myasthenic
t spouse and post-tetanic facilitation

slower and even twitch responses may be de¬
creased (Fig 1). Desmedt (1958) has named this
'post-activation exhaustion' and considers that
it is the cause of the weakness seen clinically in
the myasthenic muscle.
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Fig 2 Myasthenia gravis. A, classical response. B. immediate decrement then maintained level of response. c,
decrement temporarily restored by facilitation. D, decrement at 8 stimuli/sec, progressive increment at 50/sec
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Fig 3 Dermatomyositis. Decrementing response at 50 stimuli/sec

It will be seen that the post-activation response
of the myasthenic neuromuscular system shows
facilitation as well as exhaustion components
which combine in different ways as they respond
individually to different rates of stimulation. The
decrementing response may be abolished by
administration of anticholinesterase compounds
but the greatest response obtained may remain
less than in an equivalent normal muscle.

Symptomatic Myasthenias
In dermatomyositis, polymyositis, and systemic
lupus erythematosus there are similar muscular
responses to neural stimulation but they differ
quantitatively from true myasthenia gravis. The
most common finding is a rapid decrement of the
evoked action potential but this is rarely seen
with stimulation at rates less than 10/sec (Fig 3).
The decrement may be delayed by injection of
edrophonium or neostigmine in some cases, but
in my experience the improvement has never been
so spectacular as in myasthenia gravis and it is
often absent. On resuming slower rates of stimula¬
tion, the recovery is usually slower and post-
tetanic facilitation usually absent. On the other
hand the early facilitation effect during faradiza¬
tion is often marked and in a few cases exceeds

anything seen in myasthenia gravis. On voluntary
contraction the same slow augmentation of the
electromyogram may be seen, corresponding
with increased tension of the dynogram (Simpson
& Lenman 1959, Simpson 1960o).

The nature of the acquired myopathy in the
following case is obscure.

Case 1 (MN 2803) Man aged 64 when seen in 1957
In 1951 he had thyrotoxicosis treated with methyl
thiouracil. In 1952, following acute respiratory infec¬
tion, he developed increasing weakness and wasting of
all limbs, mainly proximal, and bilateral ptosis.
Tendon reflexes virtually disappeared. Equivocal
response to neostigmine. No improvement with
ephedrine, potassium or guanidine. Subjective
improvement on pyridostigmine 240 mg daily.
Worsened by ACTH or cortisone.
1953: No response to faradism. Galvanic threshold
raised.
1954: Normal biopsy of right deltoid muscle.
1957: EMG (right biceps): marked insertion activity;
myopathic pattern; normal conduction velocity of
right ulnar nerve; normal silent period.
Harvey-Masland test (right abductor digiti minimi)

showed no abnormal fatigability although the poten¬
tial evoked by 5/sec stimulation was lower than that
at 0-5/sec. On supramaximal stimulation at 50/sec the
evoked potential increased rapidly to 300% of the
original level. With continued stimulation this decre¬
mented to about 50% but when the stimulus frequency
was suddenly reduced the potential rapidly increased
again to 200%. When stimulation was stopped for
10 sec the potential returned to 80% of the original
level (Fig 4).
1964: He had gradually recovered and was now
normal for his age. Harvey-Masland test normal.
Anticholinesterase medication discontinued.
1965: Remains well. No evidence of neoplasm of any
organ.
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Fig 4 Case 1 Successive groups of
ten superimposed muscular res¬
ponses during indirect supra¬
maximal faradization at 50lsec
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increment followed by progressive
decrement. Sudden reduction to

5/sec stimulation causes renewed
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the response to slow stimulation is
the same as original response. Time
calibration refers to duration of
action potentials
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Carcinomatous Myasthenia
Eaton & Lambert (1957) and Rooke et al. (1960)
have used the term 'myasthenic syndrome' for the
muscular fatigability which may be associated
with carcinoma of the bronchus. They showed
that the electromyographic response to a single
maximal nerve stimulus is greatly reduced in
amplitude. A transient further depression may
occur during slow rates of stimulation but a
marked incrementing response is found at higher
rates of stimulation (Fig 5). Post-tetanic facilita¬
tion is a prominent feature and this is followed
by a period of post-tetanic exhaustion similar to
that seen in myasthenia gravis. The response to
anticholinesterase drugs is inferior to myasthenia
gravis and often disappears as the disease pro¬
gresses. The electromyographic and pharmaco¬
logical reactions do not appear to differ except in
degree from polymyositis (Simpson & Lenman
1959).

Nenronopathies
In the majority of cases of partial denervation
the muscular response to faradization is normal.
In rare cases of peripheral neuropathy a decre¬
menting response to serial stimulation may be
seen (Pinelli 1957). We have reported this in
diabetic neuropathy, Guillain-Barre syndrome,
and in post-zoster motor neuropathy (Simpson &
Lenman 1959, Simpson 1962) (Fig 6).

During conventional electromyographic in¬
vestigation of the atrophic small muscles of a
hand affected by amyotrophic lateral sclerosis,
one frequently observes that some of the remain¬
ing motor units (identified by coaxial needle
electrodes) show rapid decrement in amplitude
during voluntary contraction (Fig 7a) (Simpson &
Lenman 1959, Lambert & Mulder 1957). In some
cases faradization of the ulnar nerve at the wrist
with supramaximal stimuli causes rapid decre¬
ment of the action potential of a single unit. The
action potential of the ulnar nerve recorded
simultaneously at the elbow shows no decrement
even when the muscle potential has disappeared
(Fig 7b) indicating that the latter is not caused by
failure to stimulate the nerve.

Similar decrementing response to serial stimu¬
lation has been reported in anterior poliomyelitis
(Buchthal & Honcke 1944, Hodes 1948). Pinelli
(1957) reported a decrementing response to
faradization of a peripheral nerve in one case of
syringomyelia and one of multiple sclerosis but
only with very rapid stimulation (100/sec).

Recruiting or incrementing responses to fara¬
dization are not widely recognized in diseases of
the lower motor neurone or muscle. Simpson &
Lenman (1959) described an unusual case of
bulbar and shoulder girdle palsy.

R L. Post-Peripheral Neuritis Myasthenia
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Fig 7b Ten superimposed ulnar nerve potentials (a) persist after muscular response (b) has
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Fig 8 Case 2 Recording as
in Fig 4 showing increment
preceding decrement on
faradization (50,'sec). The
ulnar nerve action potential
(antidromic) does not vary

Case 2 (MN 2801) Woman aged 58
In 1957 she had progressive dysarthria after pharyn¬
gitis. Four months later she had slight facial weakness
and loss of power in all limbs, mainly proximal. No
sensory loss; tendon reflexes brisk, plantar reflexes
normal. Occasional fasciculation. Not improved by
edrophonium, neostigmine, ephedrine, prednisolone,
or a-tocopherol. Thyroid function normal. Chest
X-ray normal.
1957: EMG (right deltoid and biceps): no spontaneous
activity; myopathic pattern. Normal conduction
velocity (left ulnar nerve). Stimulation at 50/sec
caused progressive increase of potential evoked in
abductor digiti minimi to 160% then progressive
decrement to 50% in the next 65 seconds but resumed
its original amplitude almost immediately when the
rate of stimulation was reduced to 0-5/sec (Fig 8).
Muscle biopsy was normal.
1958: Progressive muscular atrophy, mainly distally.
Tendon jerks became exaggerated and plantar reflexes
became extensor.

1959: Died twenty-one months after onset. Post¬
mortem confirmation of motor neurone disease. No
evidence of neoplasm of any organ.

Hereditary and Metabolic Myopathy
In hereditary muscular dystrophy the amplitude
of the evoked action potential of muscle may be
lower than normal at rapid rates of stimulation
but the difference is probably not significant and
the time course of the later decrement is normal
if faradization is continued.

In chronic hypoxia the decrement may occur
earlier than normal and the amplitude fluctuates
irregularly. The antidromic nerve action potential
simultaneously recorded does not fluctuate so the
variability is unlikely to be caused by movement
of the stimulating electrode. I have not studied this
condition sufficiently to be dogmatic about'these
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findings but if recording artifacts can be excluded
the findings suggest intermittent response of
muscle fibres rather than a systematic disorder of
junctional transmission (Simpson 1960a). In
chronic hypokalemic states there is abrupt loss
of response of a proportion of the muscle fibres
followed by abnormally early decrement of the
remainder (Simpson & Lenman 1959).

DISCUSSION'

Stimulation of a normal motor neurone releases
more acetylcholine than is required to cause
maximal endplate depolarization. This provides
a 'safety-factor' so that the amount released
remains adequate for full response despite
gradual reduction with each of a train of stimuli
unless this is continued for a long period (the
duration depending on the frequency of stimula
tion). The amount released presumably depends
on the stores of preformed acetylcholine in the
nerve terminals, possibly in a bound form, and
on the rate of synthesis by choline acetylase.
Synthesis may be effected throughout the whole
length of the nerve fibre from its cell of origin, or
it may be formed in the cell body and transported
distally along the axon by protoplasmic flow
(Hebb & Waites 1956). Defective synthesis or
release of acetylcholine might therefore be
expected in lower neurone disorders whether the
pathology is mainly polioclastic or distal. The
comparative rarity of themyasthenic phenomenon
in disease of the lower motor neurone probably
indicates that the critical state of 'absent safety
factor' is present during a relatively short period
of neuronal degeneration. This would also
account for the occasional reports of favourable
response to neostigmine in disorders of the lower
motor neurone.

The excess of acetylcholine over that required
for full muscular response produced by faradiza¬
tion of a normal nerve obscures the facilitation
effect of a tetanus. The potentiation is believed to
be a pre-junctional effect which increases the
efficiency of ejection of acetylcholine by the
nerve terminals (Liley 1956). It is, accordingly,
of some interest that early tetanic and post-
tetanic facilitation have been reported in amyo¬
trophic lateral sclerosis (Simpson & Lenman
1959), and poliomyelitis (Pinelli & Buchthal
1951), but not, so far as I am aware, in peripheral
neuropathy. The possible use, of this fact as an
clectrodiagnostic test for the integrity of the
motor nerve terminals has been suggested
(Simpson 1960a, 1964).
The nature of the abnormality of junctional

transmission in myasthenia gravis and poly¬
myositis is still uncertain. The safety factor of
transmission could be reduced by a post¬
junctional abnormality of the endplate. Clinical

and pharmacological studies do not permit a
firm decision (Simpson 19606). Nevertheless it is
clear from this study of metabolic myopathy that
the changes in myasthenia gravis and poly¬
myositis cannot be accounted for by a post
endplatc lesion of musclo fibres and the balance
ofprobability favours a pre junctional mechanism
in myasthenia gravis (Desmedt 1958, Elmqvist
1965). If this be accepted, one is driven to the
conclusion that the myasthenic syndrome of
polymyositis, and the recruitment effect described
in that disease by Simpson & Lenman (1959) also
point to a pre-junctional lesion. Have we dis¬
carded too readily the term 'neuromyositis' ? This
is of more than semantic importance for electro¬
myography because it could imply a restoration
of fibrillation to its former status as a pathogno¬
monic sign of denervation.
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The Biochemistry of Myasthenia Gravis
John- A. Simpson

It is a signal honour to be invitee! to discuss myasthenia gravis in Heidelberg.
Though earlier physicians may have described cases we now recognize as myasthenia
gravis, there is no doubt that Erk (1879) gave the hirst clear account of the disease
and differentiated it from other causes of bulbar palsy, and his name will ever be

22*
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linked with it and honoured wherever myasthenia gravis is studied. None will dispute
that the selection of subjects for research in .medicine depends on the contemporary
view ol disease. For this reason there lias been little study of the biochemical state ot

the myasthenic patient since interest has been focusscd on the neuromuscular junction.

Biochemistry of Muscle
Analysis of muscle tissue has been particularly neglected. Nevin (1934) found no

abnormality of bound phosphorus compounds such as creatine phosphoric acid and
adenosine triphosphoric acid which arc known to plav a role in the contraction of
muscle. Comings (1939) found a high potassium content in a biopsy specimen of
myasthenic muscle. The work was done at a time when the importance was not
realised of referring all estimations of tissue constituents to the level of non-collagen
nitrogen, to eliminate discrepancies due to the large amount of connective tissue in
muscle. Me subsequently conducted potassium balance studies which appeared to
demonstrate that neostigmine caused liberation of potassium into the blood-stream
which returned to the muscle as weakness reappeared, though the urinary excretion
of potassium was not increased (Comings, 1940, 1941). These results have not been
confirmed.

Numerous studies of the metabolism of carbohydrate, nitrogen, creatine, creati¬
nine, calcium and magnesium were reviewed and shown to be contradictory by
Adams et al. (1936). They made personal studies of these items and also of sodium,
potassium, phosphorus, sugar, urea, amino acids and uric acid. Their results were
within normal limits. Since no later authors have shown significantly abnormal
results and personal studies of creatine and electrolytes have been uniformly negative,
it is not proposed to review the literature further. Creatinuria may be found, especially
in women, but the incidence is no greater than in other diseases associated with
difficulty in taking food or with muscular wasting. Milhorat and Woi.ee (1936)
showed that creatinuria in myasthenic patients was increased when the disease was
rapidly progressive and this has been the writer's experience.

In recent years interest in the chemistry of muscle has centred on the enzymes
which may escape from damaged muscle and appear in greater concentration than
normal in the blood. The serum levels of glutamic pyruvic transaminase (GPT),
glutamic oxalacetic transaminase (GOT), aldolase, and creatine phosphokinase show¬
ed no significant elevation in 22 myasthenic patients studied by the author. It may be
concluded that myolysis is not a regular feature of myasthenia gravis although there
is pathological and electromyographic evidence of a minor degree ot polymyositis
(Simpson, 1960). A former theory that the defect of neuromuscular transmission in
myasthenia gravis might be due to a pathologicallv high level ot cholinestcrase
("true" or "pseudo") in the blood was abandoned when it was shown that the serum
level was low (Stedman and Russeli., 1937) or normal (Wilson and Stoker, 1944).
The amount of cholinesterasc in muscle is also normal (Goodman et nl., 1939). The
author has not carried out personal studies since histochemical methods support this
conclusion.

Chemical aspects of junctional transmission with possible relevance to myasthenia
gravis have recently been reviewed by McArdle (1964). It is unlikely that current
biochemical techniques have anything to contribute with regard to the lundamcntal
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nature of the disorder of neuromuscular function in myasthenia gravis such as
defective synthesis of acetylcholine. Nevertheless a biochemical study may throw
some light on the pathogenesis of the disease.

Serum Protein Abnormalities

In a paper drawing attention to the occurrence of pathological changes in organs
other than muscle in myasthenia gravis, the writer mentioned that hvperglobulin-
aemia was found in 4 cases and the protein was raised in the cerebrospinal fluid
(C.S.F.) of 9 others in a series of 440 cases (Simpson, 1960). The series, consisting of
cases from the National Hospital for Nervous Diseases, London, the neurological
unit of the Northern General Hospital, Edinburgh, and the Western Infirmary,
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Glasgow, has now been extended to 500 cases. This paper reports results of some
studies on plasma proteins in 55 cases. It is unfortunate that some of the tests were
omitted in various cases. The available data are tabulated in Tab. 1 and Fig. 1.

. For the present purposes the upper limits of normal levels for serum globulins
were taken asr —tv, 0.5 g; a2 0.8 g; fl 1.15 g; y 1.6 g/100 ml scrum. These figures
exceed the upper limits usually adopted for the clectrophoretic method of estimation
so that it is safe to assume that higher levels are pathological.

Definite hvper-y-globulinaemia was found in 12 of 55 cases (including ihc 4 pre¬
viously reported bv Simpson, 1960) and in 5 others the electrophoretic profile showed
a prominent peak in the ts2- or /J-globulin bands.

Three cases had 2.0 gna/100 ml or more of y-globulin. Cases MN 2327 and
MN 7390 had Hashimoto's disease complicating myasthenia gravis (Simpson, 1964a).



Tabic1.ScrumProteins^and.AssociatedDisorders
Case.

Tot:tl Protein #5/100g

Albumin #5/100g

Total Globulin fi/1C>8

<*t K/100R

Globulins |fi
g/100g1g/100g

V

g/100R

Choi. I'locc.

Thymol Turbidity
I'.S.R. mm

1st.1It.

Associateddisorders

MM294

6.75

3,

3.25

0.15

0.6

0.8

1.7

5

18

'Rheumatoid'Arthritis

MN2143

7.9

4.5

3.4

0.2

0.6

0.95

1.65

1

5

15

MN2257

6.9

3.4

3.5

0.5

0.7

1.0

1.3

—

..—

3

Thymoma.Hashimoto'sdisease

MN2327

8.4

4.0

4.4

0.4

1.1

0.9

2.0

—

—

28

Hashimoto'sdisease

MN3054

7.0

5.1

1.9

0.2

0.3

0.65

0.75

—

—

15

Non-toxicgoitre

MN3451

6.75

3.8

2.95

0.25

0.5

0.7

1.5

—

—

—

MN4084

6.5

—

—

—

—

—

—

0

2

20

MN4301

6.75

4.2

2.55

—

—

—

—

0

3—6

6

MN4536

6.75

4.8

1.95

0.4

0.4

0.1

1.05

—

—

2

MN4535

8.25

6.1

2.15

0.3

0.5

0.55

0.8

—

—

3

MN4536

7.75

6.0'

1.75

'0.3

0.4.

0.45

0.6

—

—

10

MN4603

7.25

4.4

2.85

0.3

0.5

1.0

1.05

3

4

22

Lymphadenoparhy

MN4611

7.75

4.7

3.05

0.2

0.55

0.65

1.65

4

11

MN4636

8.25

4.6

3.65

0.45

0.6

0.9

1.7

3 .

31

Thyroidantibodyinscrum

MN4649

6.25

4.0

2.25

0.15

0.7

0.6

0.8

—

2

4

RaisedC.S.F.protein

MN4656

7.75

4.4

3.35

0.2

0.8

1.25

1.1

—

15

MN4786

S.25

4.75

3.5

0.3

0.75

1.0

1.45

0

3

9

MN4977

6.75

3.25

3.5

0.25

0.65

1.0

1.6

5

MN5095

6.75

4.0

2.75

0.2

0.4

0.8

1.35

4

4

75

Thymoma.Megaloblastic<Nhacmo- lyticanaemia

MN5315

7.25

4.9

2.35

0.1

'0.47

0.68

.1.1

—

—

4

MN5409

7.25

5.45

1.8

0.1

0.4

0.65

0.65

0

2

—

Addison'sdisease

MN5503

6.75

5.3

1.45

0.1

0.2

0.6

0.55

—

—

26

Perniciousanaemia.Hashimoto's disease

MN5625

7.25

4.85

2.4■

0.5

0.5

0.8

0.6

—

—

18

C»nitre

MN5652

6.5.

3.4

3.1

0.3

O.S

0.6

1.4

0

4

9

Previousthyrotoxicosis

MN6289

5.7

3.55

2.15

0.2

0.4

0.7

0.85

—

—

—

MN6476

6.75

3.8

2.95

0.3

0.95

0.6

1.1

—

—

5

Thymoma

MN6481

5.5

—-

—

—

2

5

10

Hepatitis.Antinuclcarfactor-K

MN6503

8.0

—

—

—

—

2

4

Antinuclcarfactor-r.



tobecontinuedTable1.SerumProteins,andAssociatedDisorders
Total

Albumin

Total

Globulins

Ccph-

Thvmol

li.S.R.

Case.■

Protein 8/'00g

g/ioog

Globulin 8/100g

8/100R

8/100g

P

8/100g

V

S/100g

Chol. l-'locc.

Turbidity

mm

1st.lit.

Associateddisorders

MN6522

8.0

4:0

4.0

0.2

1.1

1.0

1.7

Thymoma

MN6780

8.0

4.3

3.7

0.4

0.6

1.0

1.7

—

3

2

MN6807

8.0

6.0

2.0

0.3

0.3

0.75

0.65

—

—.

.

MN6933

7.1

5.2

1.9

0.3

0.4

0.8

0.4

—

3

•

MN7345

7.25

5.3

1.95

0.25

0.5

0.6

0.6

0

3

MN7390

8.2

3.3

4.9

0.2

0.5

1.4

2.8

1

5

72

Hashimoto'sdisease

MN7476

7.25

4.35

2.9

0.15

0.65

0.9

1.2

—

—

13

MN7543

—

—

—

—

—-

—

—

1

4

3

Thyrotoxicosis.Antinuclcarfactor-r

MN7550

8.75

3.45

5.3

0.5

0.9

1.1

2.8

0

4

—

MN7587

7.0

4.75

2.25

0.2

0.5

0.55

1.0.

0

3

2

MN7720

6.75

—

—

—

—-

—

—

0

6

3

Antinuclcarfactor+

MN7780

5.6

3.3

2.3'■

0.1

0.4

0.6

1.2

—

—

21

Perniciousanaemia

MN7781

8.75

5.4

3.35

—

—

—

—

—

2

17

Thyrotoxicosislater

MN7788

9.1

4.4

4.7

0.6

1.0

1.0

2.1

—.

—

—

MN8088

8.7

—

—

' —

—

—

—' .

2

5

3

MN8092

8.5

3.7

4.8

0.5

1.25

1.25

1.8

0

1

3

MN8170

7.25

3.6

3.65

■0.3

0.85

0.6

1.9

0

2

2

MN8414

6.75

3.65

3.1

0.4

0.7

0.9

1.1

• —

—

—

Carcinomaofcolon(late)

MN8530

7.75

4.65

3.1

0.2

0.8

0.9

1.2

—

—

—

Previousarthropathy. Antinuclcarfactor-j—h

MN8546

8.75

4.05

4.7

0.4

1.3

1.4

1.6

2•

2

Previousarthropathy. Antinuclearfactor-f-

WIG109312

7.9

4.7

•3.2

-f

—

—

28

WIG113938

8.0

5.3

2.7

.—.

—

—

—

10

WIG153614'
8.4

—

-

WIG166295

7.0

4.1

2.9

—

—

—

WIG237242

-?r\

5.1

2.1

-

_

—

—

—

WIG279713

7.2

5.2

2.0

■■

Kb000177

7.6

3.3
\

4.3

++

9

20

Rheumatoidarthritis,Sjogren's syndrome,Hashimoto'sdisease, gastricantibody
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Abnormal ccphnlin-cholcstcrol flocculation and thymol-turbidity tests were found
in 10 of the cases. Some of these had electrophoretic patterns within normal limits
but these tests mav indicate the presence of specific though unidentified proteins.

The plasma proteins in cases of myasthenia gravis were investigated by The-
venard and Menok (1955). In 5 of their cases there was considered to be a decrease
of j'-globulin and in one case this fraction was increased. Their work was criticised
on technical grounds by Lowexthal and van Sande (1956) who pointed out the
necessitv to use absolute values rather than percentages. These authors found raised
y-globulin and lowered albuinin in the serum of 12 of 16 myasthenic patients. (The
albumin change was less constant and should be ignored as it alters secondarily to
changes in the globulins.)

Single cases of myasthenia gravis with hyperglobulinaemia are included in the
reports of Castaigne et al. (1961), Stride et al. (1962) and Oosterhlts (1963). The
latter author and his collaborators have recently reported three patients with myas¬
thenia gravis and hyper-y-globulinaemia (Oosterhuis et al., 1964). On the other
hand Osserman (3958) and Corridori (1960) found no change in the electrophoretic
pattern. Korneixd (1964) found no electrophoretic abnormality in 61 cases of
myasthenia gravis but he excluded all those with associated diseases which might
affect serum proteins and does not present absolute values.

These results are not necessarily contradictory since both hypcrglobulinaemia and
a-y-globulinacmia mat' be associated with thymic tumours. The patient with hyper¬
globulinaemia reported by Castaigne et al. (1961) had a thymoma and aplastic
anaemia. Oostkriiuis et al. (1964) found hyperglobulinaemia in 3 of 15 patients
investigated and two of these had a thymoma. In the present scries of cases there
were four known to have thymic tumours.

Case AIX 2257 was found at autopsy to have Hashimoto's disease (illustrated in
Simpson, 1966). The electrophoretic pattern was within normal limits (see Tab. 1 for
the values in this and succeeding cases).

Case AIN 5095 had a partial removal of a thymoma 15 years before (he protein
analysis. In the terminal stage he developed megaloblastic and haemolvtic anaemia.
The cephalin-cholesterol and thymol turbidity tests were abnormal and there was a
high erythrocyte sedimentation rate but the absolute concentrations of the scrum
globulin fractions were normal.

Case AIX 6476 had a slight increase of the a,-globulin fraction only.
Case AIX 6522 had slight increase ot the and y-globulin fractions. The ab-o _ / o

normalities in these cases with a thymoma were slight and of doubtful significance.
The first two cases were complicated by Hashimoto's disease or megaloblastic hacmo-
lytic anaemia. On the other hand significant hyper-y-globulinaemia was found in
four cases without tumours (Tab. 1).

Case AIX 2527, with 2.0 g of y-globulin per 100 ml scrum, had Hashimoto's
disease.

Case AIX 7590, with 2.8 g of y-globulin per 100 ml scrum also had Hashimoto's
disease.

Case A!A" 7550 had 2.8 g of y-globulin per 100 ml serum but no complicating -

immunological disorder has been detected up to the time of reporting.
Case AIX 7788 with a y-globulin level of 2.1 g per 100 ml has no obvious compli¬

cation either.
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Cass Kb 000177 has myasthenia gravis complicated bv rheumatoid arthritis,
Sjogren's svndromc and mvxocdema and lias high litres of serum antibodies against
thyroid and stomach with positive RosC-Waalcr, Coomb's, antinuclear factor and
Sjogren's antibody. The total globulin level is raised (4.3 g/100 ml) and the labora¬
tory reported "increased y-glohulin fraction" but unfortunately no measurements
were made.

With regard to the two eases without clinical explanation of the hyper y globulin
aemia it should he observed that Hashimoto's disease was not detected until post¬
mortem examination in cases MN 2257 and MN 2.327 (Simpson', 1964a, 1966).
Inspection of the tables shows that hvperglobulinacmia or alterations of the ccphalin-
cholestcrol flocculation or thymol turbidity tests are often associated with a history
of goitre, Ivmphadenopathy, "rheumatoid" arthritis, or megaloblastic anaemia.

The erythrocyte sedimentation rate was usually normal but showed a tendency to
be raised in association with Hashimoto's disease (MN 2327, MN 5503, MN 7390),
pernicious anaemia and hacmolytic anaemia (MN 5095, MN 5503, MN 7780) but not
with uncomplicated thymoma. Case MN 4636 had a borderline level of y-glohulin
and a raised ESll (Tab. 1). Her serum also contained antibodies against thyroid cells
in a litre of 1 in 16 and there was a previous history of thyrotoxicosis. She may have
unrecognised thyroiditis though the protein bound iodine level in her blood is at
present within normal limits (5.1 //g/100 ml).

These correlations suggest that the increased globulins are associated with the
production of auto-antibodies rather than with a thymoma per se and the cases of
Oosterhuis ct al. (1964) support this proposition.

Protein of cerebrospinal fluid
Few patients of this series have had analysis of the C.S.F. as lumbar puncture is

rarely carried out in myasthenia gravis. For this reason it is impossible to comment
on the frequency with which the protein content is raised. Nevertheless, 10 of the
patients in whom this investigation was carried out showed a protein level of
50 nig/100 ml or more (Tab. 2).

Table 2. Cerebrospinal fluid

Case
Protein

nip/100 ml.
I.indv
Test I.angc Curve Oihei Disorders

NH/PS/JF ..
125 4- 000000900 Acroparesthesia

NH/MC/AW 50 ± 000000000 Raynaud's syndrome; Minor fits
NH/PM/WB 80 T 000000000 Diabetes mcllitus

NH 61127 .. 220

•

Non-toxic goitre; G-ll syndrome after
16 years myasthenia

NH G1423 . . 60 + 000000000 Thyrotoxicosis; Nystagmus
Ni l 61491 .. 80 -t-

' 000112110

NH 62044 .. o00 ooooooooo
.

MN 675 55
•

000000000 Arthropathy; Prominent eyes
MN 4649 ... 100 554421000

MN 7778 . .. 56 ooooooooo
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This series includes the 9 cases reported previously (Simpson, 1960). In all of
these eases a positive neostigmine test justified the diagnosis oi myasthenia gravis.
There was often an associated condition (shown in Tab. 2) which might have been
related to the abnormal C.S.F. and it is possible that these cases were only incidentally
associated with myasthenia gravis. A possibility which was not considered when the
earlier data were obtained is that a raised level of protein in the C.S.F. may be as¬
sociated with myxoedema. This can certainly be excluded in the last three eases in
Tab. 2.

Previous references to the C.S.F. in myasthenia gravis have usually described
normal protein levels, but 1 of 32 patients with myasthenia gravis reported by
Kennedy and Moersch (1937) had a high level of protein, in the C.S.F. case
described by dc Hahne and Roussel (1955) also had hyperglobulinaemia. One of the
cases of thymoma with myasthenia gravis, hyperg'obulinaemia, and multiple serum
antibodies reported by OosrERHUis'ct al. (1964) had 80 mg/100 ml of protein in the
C.S.F. with abnormal colloidal reactions. One may reach the same conclusions as

with the serum proteins, viz. that most cases ofmyasthenia gravis have no abnormality
of C.S.F. protein content but that increased globulin may be found in the presence
of associated disease which may be of immunological type.

Disorders of Endocrine Function

There is a high incidence of clinically recognisable disorders of endocrine function
in myasthenic patients. The question that now arises is whether these arc the cause ot
the neuromuscular condition, as has been suggested in the past, or related entities as
suggested by Simpson (1960, 1964b). If an endocrinological or other biochemical
lesion were causative it would be present in the majority of cases though frequently
in a subclinical degree. For economy of space and since no regular abnormality was
found the results are presented as a diagram (Fig. 2).

Myasthenia gravis - Endocrinology
131r

Uptake
P.B.I.

;ig/,'fl7rnl
Ca

rug//30ml
P /7-0HCS

hrs
/7KS

ir>.g/?t'hrs

SO •
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.

w

+ ...

-

"jrrrin- T
••

•
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• •
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«i;

*

— •• •
« • :
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Fig. 2. Endocrinological tests.1351 uptake. N — normal, -f- — increased,— decreased. P.B.I. — protein-bound
iodine in blood. Ca serum, calcium. P scrum inorganic phosphate. 17-OI1CS -- 17-hydroxvcorticosteroids in

urine. 17-KS 17-kctosteroids in urine. The scale in column 2 also refers to columns 3—6
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Thyroid function
Thvirokl function tests were carried out on 35 cases. As the technique of radio-

iodine uptake and clearance tests varied in the dillcrcnt hospitals with which the
author has been associated, the results are charted according to the interpretation of
tlie laboratory. Normal values were recorded in 26 cases and there was evidence of
hyperthyroidism in 4 cases. Some of the patients who had normal tests of thyroid
function had a previous history ot goitre or of possible hyperthyroidism. Hypo¬
thyroidism was found in 5 eases. The first two have been described elsewhere
(Simpson, 1964a).

Case MIS: 5503 had myasthenia gravis and pernicious anaemia. She also had low
uptake of ,31I and the blood protcin-bouncl iodine was subnormal (2.4 //g/100 ml).
The basal metabolic rate was —8%. Hashimoto's disease was revealed at autopsy
(Simpson, 1964a).

Case MIS! 7390 developed Hashimoto's disease five years after thymectomy for
myasthenia gravis of 12 years' duration. A radioiodine uptake test gave a T.P.I, of
1.6 and the protein-hound iodine in the blood was 1.4 //<: per 100 ml.

Case MIS 6476 had a thymoma. Although there was no clinical evidence of
myxocdema there was reduced uptake of 131I. The protein-bound iodine level was
3.8 /tg/100 ml. He died in another hospital and no post-mortem examination was
made.

. Case WIG 153614 has had myasthenia gravis for more than 20 years. Site now

complains of tiredness of a different type and has a low uptake of radioiodine. This
case is currently under investigation.

Case Rb 000177 has a protein-hound iodine level of 1.3//g/100 ml. This is the.
patient described above with rheumatoid arthritic and multiple antibodies including
antithyroid.

These results show that there is a high incidence of disorders of thyroid function
in patients with myasthenia gravis, but as this nvav be either hvpcrfunction or hvpo-
function and as the majority of cases have normal thyroid function it must he con¬
cluded that these are para-phenomena rather than causative of the neuromuscular
disorder. Hashimoto's disease may be a frequent complication.

Glucose Tolerance

The same comment may be made on carbohydrate metabolism as measured by
the standard glucose tolerance test. Prior to the introduction of neostigmine, many
authors reported that there was glycosuria and abnormal sugar tolerance in a high
proportion of cases of myasthenia (Williams and Dyke, 1922; Cohen and King,
1932). In the author's series 3% of myasthenic patients have had glycosuria and eight
patients have had confirmed diabetes mcllitus (Simpson, 1960, 1964 b). Osserman
(1958) found the same incidence and Pulnkll (1963) has recently reported abnormal
glucose tolerance in 9 of 11 myasthenic patients. In the present series there was

pathological reduction of glucose tolerance in 8 of 35 cases though only 1 of these
had clinical symptoms of diabetes mellitus. A further 6 had a family history of
diabetes (Simpson, 1960).
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Parathyroid Function
The scrum levels of calcium and inorganic phosphate showed no significant devia¬

tion from normal in 39 cases. It is concluded tlr.it the parathyroid glands function
normally in myasthenia gravis. There was no confirmation of the report by Schvarz
'et al. (1953) of a persistent elevation of the fasting serum phosphate level.

Adrenocortical Function

There are some reports of adrenocortical insufficiency in myasthenia gravis
(Thiodf.t et al., 1961). Only one case of Addison's disease occurred in the present
series (case MN 5409) and this was shown at autopsy to have been caused by tuber¬
culosis of the adrenal glands. The excretion of 17-hydroxv-corticosteroids (17-OHCS)
and 17-ketosteroids (17-KS) was estimated in 34 cases. It will be seen from Fig. 2
that most of the results are within the normal range. High values are evidently due
to stress. There is, however, an unexplained group of subnormal values. These
patients showed no clinical evidence of Addison's disease but no water-loading or
salt-deprivation tests were carried out so their significance is unknown. Grasii-
cufxkov and Perelman (1965) have reported adrenal insufficiency in myasthenia
gravis but do not give details of their findings. In view of the occurrence of thymic
hyperplasia in Addison's disease and the immunological basis of some cases of adrenal
insufficiency (Anderson et al., 1957) it is suggested that more attention should be
paid to adrenal function in the future. Nevertheless it seems clear that any association
with myasthenia gravis is likely to be secondar}-, and possibly analogous with
thyroiditis (Simpson, 1964b).

' Gonadal Function

The well known effects of menstruation and pregnancy on the strength of
myasthenic patients has caused many workers to investigate ovarian function.
Sciirikk (1959) reported an unusually low recovery of prcgnancdiol from the urine
of female patients. Dr. K. Fotheruv of the Medical Research Council Clinical endo¬
crinology Unit in Edinburgh kindly carried out some investigations on the author's
patients. He studied four women during different phases of the menstrual evele, one
pregnant woman, and one male patient. In every case he considered that the pteg-
nnncdiol excretion was normal for the appropriate condition. He also tested the
response to injections of AGTH and of progesterone, again with normal findings.

Conclusions

From these results it may be concluded:
1. There is no evidence of gross myopathic disease.
2. There is a high incidence of disorders of plasma and cerebrospinal fluid protein

fractions, associated with disorders of other systems, and consistent with an im¬
munological disorder.

3. There is no regular disorder of endocrine function, but many cases show
evidence of clinical or subclinical disturbance of thyroid function or ot carbohydrate
metabolism. Low rates of excretion of steroids arc reported but the significance is
uncertain.

The nature of the relationship between myasthenia and endocrine disease is
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obscure. Some of the cnclocriiiopathics are probable due to immunological damage
but other considerations suggest a common genetic factor (Simpson, 1960. 196 la, lit.
If this expresses itselt through a hvporhalamo-pituitnrv-thvniic mechanism, as the
author has previously suggested, it would reconcile the autoimmune hypothesis with
the work of Gkashciienkov whose recent death has prevented him from contributing
to this symposium. Mis gentle courtesy will he missed.
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CHAPTER 16

Myasthenia Gravis and Myasthenic Syndromes
John A. Simpson

HISTORICAL INTRODUCTION

NATURAL HISTORY

SYMPTOMS AND SIGNS

ABNORMALITIES OF SENSATION

ENDOCRINOLOGICAL RELATIONSHIPS

BLOOD AND RETICULOENDOTHELIAL SYSTEM

ASSOCIATED DISORDERS

SYMPTOMATIC MYASTHENIA

NEONATAL MYASTHENIA

GENETIC FACTORS

NEUROMUSCULAR TRANSMISSION

PHARMACOLOGICAL TESTS

Curare Test - Quinine Test - Decamethonium Test - Edrophonium Test -
Neostigmine Test

OTHER PHARMACOLOGICAL INVESTIGATIONS

Acetylcholine Sensitivity
'MYASTHENIC' TOXIN

THE DEFECT IN NEUROMUSCULAR TRANSMISSION

PATHOLOGY

Muscle and Nerve - Thymus Gland
IMMUNOLOGICAL ABNORMALITIES

TREATMENT

Thymectomy - Radiotherapy - Carotid Sinus Denervation - Medical Treatment
MYASTHENIC CRISIS

CHOLINERGIC CRISIS

DIFFERENTIAL DIAGNOSIS

Historical Introduction

Myasthenia gravis is a specific muscular disease characterised by the
development of an abnormal amount of muscular weakness in voluntary
muscles following repetitive activation or prolonged tension, with a marked

54i
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tendency to recovery ofmotor power after a period of inactivity or lessened
muscular tension (Viets, 195S). Some authorities consider that a therapeutic
response to anticholinesterase drugs is also necessary in the definition.
A case described by Thomas Willis (1672) is generally accepted as the

first description of the disease and later landmarks are the papers by Erb,
Goldflam and Jolly two centuries later (Viets, 1953; Keynes, 1961). The
clinical picture was established by the review of Campbell and Bramwell
(1900) which abstracted every case reported up to that date. This masterly
review contains most of the facts known about the disease, including some
that are difficult to reconcile with the concept of neuromuscular block
which has been current since Walker (1934) demonstrated the beneficial
action ofphysostigmine. Laquer and Weigcrt (1901) first noted the relation¬
ship between myasthenia gravis and the thymus gland. Simpson (i960)
suggested that these two facets of the disease and many of the forgotten
or overlooked clinical features can be accounted for by postulating that the
thymus produces an antibody against the end-plate protein of muscle,
and occasionally against other organs.

Natural History
Myasthenia gravis affects all races. Estimates of prevalence range from

1 in 50,000 to I in 10,000 of the population. Females are affected twice as
often as males, the disproportion being 4-5:1 in the first decade, but revers¬
ing in later life (Fig. 1). The modal age of onset is about 20 years for each
sex but because of the different distribution curves the mean age is a little
lower for women (26.years) than men (31 years) (Simpson, 1958, i960).
The onset of symptoms may be insidious but is often sudden, being

precipitated by an emotional upset or a febrile disease, usually an upper
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respiratory infection. The role ofpsychological disturbance is not sufficiently
recognised and this causes many failures to recognise the disease at an early
stage. Symptoms may first appear during pregnancy or in the pucrperium
or the first recognition may be due to an abnormal response to a relaxant
drug used during anaesthesia (often induced for otplaryngological investi¬
gation of dysphonia or dysphagia). In other cases there is no obvious
precipitating cause and the diagnosis may then be extremely difficult if the
initial weakness is of an unusual type (e.g. unilateral facial palsy or sudden
dyspnoea).

Fig. 2. Radiograph of chest showing a thymoma.

The further course is equally variable. There may be a rapid spread of
weakness from one muscle to another or an interval of months before the
next symptom. Remissions ofmore than a month occur in fewer than half
of the cases, and usually in the early years only ofmedically-treated patients,
becoming less frequent and less prolonged as time goes on. More than one
long remission is uncommon, and ifmyasthenic symptoms return after an
absence of a year or more they usually become progressive. Relapses are
precipitated by the same factors as the first attacks but additional causes
are menstruation, extremes of cold or heat (especially a hot bath or a stuffy
atmosphere), inoculation or vaccination and, occasionally, allergy. Bright
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sunlight causes ptosis and bluncd vision, and a few patients declare that it
also causes generalised weakness.
The clinical state is most labile during the first $ years. Most of the deaths

directly attributable to the disease occur in this period, particularly during
the first year, with a second danger period in the progressive cases from
4 to 7 years after the onset (Simpson, 1958). Deaths from myasthenia per se
rarely occur after 10 years though the patient may be constantly at risk of
asphyxiation from inhaled foreign bodies because of the diminished expira¬
tory reserve. Undoubtedly some cases progress for many years, but in the
average case the 'active' stage of the disease is limited to a period of 4-7
years and the subsequent course depends on the extent ofdamage occurring
during that period. If thymectomy is to be beneficial the operation must
as a rule be carried out during this 'active' period (Simpson, 1958, i960).
This conclusion is based on analysis ofmany casesbut it is difficult to prog¬

nosticate for the ind ividual. Sometimes signs are confined to the extra-ocular
muscles and, if others are not involved after 2 years, there is an excellent
chance that the further course will be benign. Grob (1953) and Ferguson,
Hutchinson and Liversedge (1955) report this type of history in 20-30 per
cent, of cases but it has been rare in my experience except in males. Perhaps
for this reason there is disagreement regarding prognosis, for Grob (1958)
considers that it is worse in the male whereas in my experience women have
had a poorer prognosis than men if treated without thymectomy (Simpson,
1958). ;
Myasthenia is associated with a thymic tumour in 10-20 per cent, of

cases and about 60 per cent, of these patients are male (Schwab and Leland,
1953; Simpson, 1958) (Fig. 2). This type ofmyasthenia tends to appear at a
later age and is rare under the age of 30 (Keynes, 1955). Muscular weakness
is usually severe and difficult to control with neostigmine. Thymectomy is
also less successful than in non-tumour cases though some patients with a
thymoma respond excellently to its removal.

Symptoms and Signs
A characteristic feature ofmyasthenia gravis is the variability in muscular

strength from day to day or even from hour to hour. Short-term weakness
is often due to physical exertion but, as in long term relapses, the emotional
state is an important factor. Weakness of an affected muscle increases if it
is contracted repeatedly or if a contraction is maintained. The contracting
muscle may lengthen gradually if it is supporting a load, or a coarse tremor
develops with increasing 'rest periods' until the attempt to sustain the
contraction ceases. Gradual 'fatigue' is not always seen and failure of
contraction may be sudden. Recovery with rest or full medication is often
incomplete. Permanent weakness with wasting of muscles ('myasthenic
myopathy') is commoner than generally believed, particularly in the extra¬
ocular muscles, triceps brachii and quadriceps femoris, being found in
10 per cent, of female and about 20 per cent, ofmale cases (Simpson, 1958).
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Nevertheless it" is the recoverable weakness which is characteristic ofmyas¬
thenia gravis and the diagnosis cannot reasonably be contemplated unless
this feature is present at some stage. Weakness usually increases in the
afternoon and evening even though the patient has made little physical
effort, but this is not invariable and mail}' patients arc weakest on first
waking in the morning. Another unfamiliar paradox is that a few patients
reach a stageofweakness which is greatest after rest and relieved bymoderate
exercise. Most of these are males with 'myopathic' muscles which have
ceased to respond to neostigmine after many years of treatment (personal
unpublished observations).
Any musclemay be involved, usually several at a time but sometimes only

one or even part of a compound muscle such as extensor digitorum. The
extra-ocular muscles and levatores palpebrarum are most frequently
involved (more than 90 per cent, of cases) and this is usually associated with
weakness of orbiculares oculorum. The flexors and extensors of the neck,
the shoulder girdle muscles, and the flexors of the hip are next most
commonly affected, closely followed by the muscles of facial expression,
chewing, swallowing and speech. It will be seen from Fig. 3 that the relative
incidence of involvement of muscles at some time during the course of a
large series of cases follows closely the probability that these muscles will
be the first to show myasthenic signs (Simpson, i960). As in other mus¬
cular diseases there is a strong tendency for the proximal muscles of the
limbs to bemore severely affected than the distal. The upper limbs are more
often involved than the lower. The extensors are more severely affected
than the flexors in the upper limbs but the flexors are most affected in the
lower limbs where weakness, if present at all, tends to be confined to the
thigh flexors. The erector spinae group is frequently involved but other
trunkmuscles usually escape in the milder cases.Weakness of the diaphragm,
intercostal or abdominal musculature usually accompanies widespread
myasthenia but occasionally they may be the first affected. Many in¬
experienced physicians refuse to diagnose myasthenia gravis in the absence
of ocular or bulbar symptoms. There is statistical justification for this point
ofview but there is no doubt that severe myasthenia may spare these muscles
and present in unusual ways. Commonly the complaint is related to a muscle
which is fatigued by a particular movement required by the patient's work
or daily activity and a craft palsy or cramp may be simulated. Systematic ex¬
amination may reveal unsuspected weakness or fatigability of other muscles,
but examination must be thorough and must include contraction maintained
against resistance for an adequate period.
The symptoms are those associated with the appropriate muscle weakness.

Ptosis may be induced by bright sunlight or by looking fixedly at an object
above eye level, but it is equally often precipitated by emotional disturbance
such as the entry into a crowded room of a patient lacking self-confidence.
Ptosis may be unilateral or bilateral and it is quite common for the affected
side to be changed suddenly for no apparent reason. Double vision is brought
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on by reading or by embarrassment. The two images may separate steadily
or, very characteristically, one image may appear to 'slip' suddenly. Facial
weakness is rarely so severe as to cause symptoms but friends notice that
the smile is distorted into a vertical 'snarl' (Fig. 4), whistling may be impos¬
sible, and women find difficulty in applying lipstick because of failure to
pout the lips and to roll them in the customary manner. Weakness of the
massetcrs may only be noticeable when chewing meat but may be so severe

Fig. 3. Percentage of cases in which various muscle groups are
affected at the onset (left of key) and at some time during the

illness (right of key).

that themouth cannot be closed and the diagnosis may often be suspected by
the patient's habit ofsitting with a hand supporting the jaw, especially if the
posterior nuchal muscles are also weak. Swallowing may be normal at the
beginning ofa meal but becomes impossible after a few mouthfuls. Involve¬
ment of the tongue leads to progressive thickening ofspeech, and if laryngeal
and respiratory muscles are affected there is characteristic fading of the
voice after speaking for a sljort time.



MYASTHENIA GRAVIS AND MYASTHENIC SYNDROMES 659



54S JOHN A. SIMPSON

Abnormal fatigability of the shoulder girdle muscles is first noticed by
women when they arc unable to complete fixing their hair because the arms
have to be rested, or they arc unable to hang out clothes on a line or do
similar work above shoulder level. If a patient with these symptoms is
asked to hold the arms outstretched they gradually sag in less than a minute
and a coarse tremor often develops; then the arms are dropped for a second,
raised again immediately, and dropped once more—the cycle becoming
shorter and shorter until further arm-raising is impossible. (To the un¬
accustomed eye, the sudden drop of the arms and renewed effort has the
appearance of a hysterical phenomenon, but it is a genuine paresis and the
prompt restoration is due to post-tetanic potentiation, vide infra.) Fatigue
tests appropriate to the various muscle groups will readily suggest them¬
selves and it is important to test all muscles in this way before classifying
a case ofmyasthenia as' localised'. It may be possible to record a progressive
decrease of muscle power with a dynamometer or ergogram. Performance
tests arc conveniently combined with the pharmacological tests described
below. Diaphragmatic movement or the ability to swallow a mouthful of
barium before and after intramuscular injection of neostigmine (i mg.)
may be observed on the fluoroscope and the objective measurement of
diplopia with prisms, etc., may be valuable in demonstrating the changing
extent of weakness. Tests depending on subjective assessment by the
patient are unreliable and diagnosis should not be based on them. Since
the electromyographic and pharmacological tests give important evidence
regarding the nature of myasthenic weakness they are more conveniently
described in a later section (pp. 553-557).
In very severe cases the external sphincters of the bowel or bladder

may be affected giving rise to stress incontinence, but smooth muscle
is never affected. Fatigability of the pupil sphincters has been
reported. It must be extremely rare but fatigue of visual accommoda¬
tion may be more common. On the whole, the association of normal
pupils with external ophthalmoplegia and weakness of eye closure is
characteristic and easily distinguished from other causes of ophthalmo¬
plegia.
Tendon reflexes are usually present and may be so brisk that clonus is

present. If a reflex is elicited repetitively the jerk may decrease progressively
until it disappears. Persistent absence ofmany reflexes should suggest that
the weakness is due to carcinomatous myasthenia rather than myasthenia
gravis but a localised absence may be due to myopathic change in the
muscle. This is most common in late cases but is occasionally present within
months of the onset. The extra-ocular muscles, triceps brachii, and quadri¬
ceps femoris are most often affected, in that order. Atrophy of the tongue is
curiously selective, giving rise to a triple longitudinal furrowing which,
though rare, is never seen in any other condition (Fig. 4). It appears to have
been described first by Buzzard in 1905 but was emphasised as typicaj of
myasthenia gravis byWilson (1954).
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Abnormalities of Sensation

Pain may be complained of in weak muscles, especially in the neck, the
back and around the eyes. This is usually due to the extra effort required to
maintain posture but sometimes there appears to be true myositis. More
common is a sensation of' stiffness' and there may be paraesthesiae ofhands,
thighs or face (Harvey, 1948; Simpson i960). There are, however, some
reports oftransitory trigeminal anaesthesia, anosmia (Alajouaninc,Castaignc,
Nick, Contamin and Lhermitte, 1957) and ageusia (personal observation)
which are difficult to explain as secondary to motor weakness and may
indicate occasional involvement of sensory neurones or end-organs.

Endocrinological Relationships
A relationship between myasthenia gravis and disorders of the thyroid

gland is beyond doubt. Many muscular syndromes are associated with
thyrotoxicosis and there may sometimes be difficulty in deciding whether
the muscular disorder is true myasthenia or not (see Chapter 18) but if the
correlation is examined from the other point of view there can be no doubt
that disorders of the thyroid occur more frequently in myasthenics than in
normal subjects. Millikan and Haines (1953) found that the incidence of
hyperthyroidism before, during, or after detectable myasthenia gravis is
about 5 per cent. If all thyroid disorders including non-toxic goitre and
primary myxoedema are added, the incidence may be as high as 9 per cent,
in males and 18 per cent, in females (Simpson, 1958; Downes, Greenwood
and Wray, 1966). Many of these cases have thyrotoxic symptoms or signs
for only a few months and they may precede myasthenic symptoms by
many years. Thyrotoxic symptoms may be subsiding when myasthenia
appears and vice versa. In a limited period of observation this may lead to
the conclusion that the two disorders have a 'see-saw' relationship to each
other (McEachern and Parnell, 1948). This is certainly exceptional.
There are a few reports ofmyasthenia in cases ofspontaneous myxoedema

(Feinberg, Underdahl and Eaton, 1957; Sahay, Blendis and Greene, 1965)
but there is little recognition of the frequency of non-toxic goitre in associ¬
ation with myasthenia gravis (Rowland, Hoefer, Aranow and Merritt,
19563 Simpson, 1958). Clinical or latent Hashimoto's thyroiditis is not
uncommon in myasthenia gravis and may develop after thymectomy
(Simpson, i960, 1964, 1966a; Becker, Titus, McConahey and Woolner,
1964). Many myasthenics resemble thyrotoxic patients in other ways.
Slight exophthalmos and thickening of the upper eyelids is common
(Simpson, i960) and many patients complain of excessive sweating even
before the use of anticholinesterase medication. A possible explanation for
these apparently paradoxical findings is that the thyroid and myasthenic
disorders are independently associated through a common factor which may
be a genetically-determined hypothalamo-pituitary abnormality. In favour
of this suggestion is my finding that myasthenics often have relatives with
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goitre even though their own thyroid is normal. This family history is
mainly on the maternal side (Simpson, i960).
A pituitarymechanismwould also account for the rare association between

myasthenia gravis and pituitary adenoma and the occasional beneficial effect
ofX-ray treatment of the pituitary (Zondek and Ticho, 1951). Also difficult
to assay but probably directly related in this way arc the reported association
ofmyasthenia gravis with adrenal insufficiency or glycosuria. The latter was
present in only 2 per cent, ofmy cases but others had a family history of
diabetes mellitus (Simpson, i960). A pituitary factor may also be involved
in the changes in the myasthenic state associated with menstruation and
pregnancy. It ismost common for weakness to increase in the premenstruum
but the time differs in each patient. The effect of pregnancy is equally
variable (Harvey, 1948). Exacerbation usually occurs during the first
trimester with later remission and then relapse in the puerperium (Turner
and Fraser, 1953) but the course may be quite different in successive
pregnancies. The most regular association is for the myasthenia to be
exacerbated at or soon after delivery. I have not been able to confirm
the finding of Schrire (1959) who reported low pregnandiol excretion in
non-pregnant myasthenic women and stated that this was corrected by
thymectomy.

Blood and ReticulG-endothelial System
Pure red cell aplasia associated with a thymic tumour is an occasional

occurrence in myasthenic patients (Green, 1958). Less well-known though
numerically more frequent is the coincidence of pernicious anaemia and
myasthenia gravis (Simpson, i960, 1964, 1966a). Pernicious anaemia has
a well established link with thyrotoxicosis and there is growing evidence
that an auto-immune mechanism may be involved in its aetiology; this may
also be true for aplastic anaemia. Aplasia of other' marrow cells was also
present in some reported cases. Thymic tumours are sometimes associated
with agammaglobulinemia but this has not yet been reported in myas¬
thenia gravis. On the contrary, hyperglobulinaemia is an occasional finding
(Lowenthal and van Sande, 1956; Simpson, i960). It is more likely to
occur in the presence of a thymoma or with associated auto-immtme
disease (Oosterhuis, van der Geld, Feltkamp, and Peetoom, 1964; Simpson,
1966b). I have also noted cases with generalised lymphadenopathy, spleno¬
megaly and lymphosarcoma. The impression gained is that in a small
proportion of cases the thymus is not the only lymph organ showing patho¬
logical changes and that abnormalities of the blood cells and proteins may
occur of a nature consistent with auto-immune disease (Simpson, i960).

Associated Disorders

Thyrotoxicosis is the only disease which is commonly associated with
myasthenia gravis. It is difficult to discover correlations which are 'not
statistically significant', especially if the doctor preparing a case history fails
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to record data which lie considers to be irrelevant. This lias often been the
case in myasthenia since the idea of defective neuromuscular transmission
became dominant, but it is interesting to compare the commoner associated
disorders in five large series (Table i). The most common of these is
arthritis of rheumatoid type which may be transient. An association with
Sjogren's disease has been reported (Dorvnes, Greenwood and Wray, 1966;
Simpson, 1966b).
It is possible that these associated diseases are coincidental, but the simi¬

larity between the series is surprising. Hoefer, Aranow and Rowland (1958)
have reported eight cases ofepilepsy and a patient with syncopal attacks in a
series of 180 cases of myasthenia. Taking account of the disorders of the
blood and reticuloendothelial system, and the occasional disturbances of
sensation and of the cerebrospinal fluid protein seen in some cases, Simpson
(i960) has suggested that the neuromuscular syndrome may be only the
most prominent part of a widespread tissue disorder analogous to (but not
identical with) systemic lupus erythematosus.

Symptomatic Myasthenia
The suggestion of an autoimmune basis for myasthenia gravis links it

with systemic lupus erythematosus, polymyositis and dermatomyositis, in
all of which a myasthenic state is an occasional occurrence (Chapter 12).
■Theremay be a therapeutic response to neostigmine at first but this is rarely
so striking as in myasthenia gravis and is soon lost. A myasthenic syndrome
is also associated with carcinoma (Anderson, Churchill-Davidson and
Richardson, 1953). A striking difference is that the tendon jerks are usually
absent and the neostigmine response is lost at an early stage. Although
these syndromes are important in considering the possibility of an auto¬
immune basis for myasthenia gravis it must not be overlooked that a similar
muscular 'fatigability' may result from pre- and post-junctional causes.
Some patients with lower motor neurone lesions show a positive Jolly
reaction (Simpson, 1966c) and Churchill-Davidson and Wise (1963) have
shown thatmost of the neuromuscular phenomena ofmyasthenia (including
resistance to depolarising substances) may be demonstrated in the normal
newborn infant though clinical myasthenia is not seen.

Neonatal Myasthenia
About one in seven live-born children ofmyasthenic mothers shows evi¬

dence ofmyasthenia at birth and, if the affected child survives, there is com¬
plete recovery in 1 to 12 weeks without later relapse. The reported cases are
summarised by Osserman (1958). There is no correlation between the sever¬
ity of the infant's symptoms and the duration of the mother's illness or the
severity ofthemother's myasthenia during pregnancy. It is extremely rare for
a myasthenic mother to have more than one affected child. Previous thymec¬
tomy does not remove the possibility that the baby will be myasthenic, but

* the transient nature ofneonatalmyasthenia suggests that the child is affected c
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by some factor transmitted from the mother. The duration of action is long
for a simple toxic 'curare-like' substance but would be compatible with an
immunity reaction in which the infant's muscles might be presumed to
react to a maternal antibody transmitted through the placenta, because of
antigenic relationships between the muscles of mother and child (Simpson,
i960). Stern, Hall and Robinson, (1964) and Oostcrhuis, Fcltkamp and
van der Geld (1966) found that there is no correlation between the presence
of neonatal myasthenia and of antimuscular antibodies in the infant's
serum.

Genetic Factors

Myasthenia gravis occasionally affects related individuals. Most of the
recorded cases are of the ophthalmoplegic type. I have studied two families
of affected sisters and feel that their disability differs from that of ordinary
myasthenia gravis and is more closely related to ocular myopathy. There are
several examples of myasthenia affecting only one of a pair of identical
twins; thus any genetic factor is unlikely to be direct. Simpson (i960) has
drawn attention to the increased frequency of thyroid disorders (and
possibly of diabetes mellitus) in the family history of patients with myas¬
thenia and has suggested that there may be a genetic factor involving the
hypothalamo-pituitary axis with variable expression. Thyroid disorder may
be the commoner but both expressions sometimes occur in the same person.

Neuromuscular Transmission

In 1895 Jolly showed that the pathological fatigability of myasthenia
could be reproduced by faradic stimulation of a motor nerve while the
'fatigued' muscle would still respond fully to locally-applied galvanism.
Electromyographic recording shows that the loss of power when the motor
nerve is repetitively stimulated supramaximally is accompanied by a
decrement of the evoked action potential of the muscle while the antidromi-
cally conducted nerve action potential is unchanged in amplitude. The
decrement is often temporarily reversed if faradisation is continued, prob¬
ably due to facilitated release of acetylcholine from the motor nerve
endings. The same mechanism is considered to explain the post-tetanic
facilitation which is sometimes seen immediately after a voluntary or in¬
directly-stimulated tetanic contraction (Fig. 5a) The amplitude of the
integrated action potential evoked by the first stimulus of a train is usually
normal but may be subnormal, the unstimulated muscle fibres being
available for recruitment during post-tetanic facilitation. In some muscles
tetanisation with supramaximal stimuli causes only recruitment (Fig. 5b)
(Simpson, i960, 1966c). In other muscles a normal response is found with
rates of stimulation up to 50/sec. for repeated trains of stimuli lasting a few
seconds with brief rests between, but often an identical train will produce a
typical myasthenic decrement after several applications or after a prolonged
voluntary contraction. Desmedt (1957) considers that a short-lived facilita¬
tion occurs in the period I-20 seconds after (voluntary or evoked) tetanic



554 JOHN A. SIMPSON

contraction which is followed by profound transmission failure and thai
this 'post-activation exhaustion' with a half-time of 10-15 minutes is
characteristic ofmyasthenic block, differentiating it from the block caused
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Fig. 5. Electromyograms from patients with myasthenia
gravis: (a) Ulnar nerve at wrist stimulated with supramaximal
shocks repeated 4, 8 and 50 times per second. Action potential
recorded from abductor digiti minimi muscle by surface elec¬
trodes shows decrement ('fatigue') with fast tetanisation only.
Note post-tetanic facilitation at arrows, (b) The classical response
from abductor digit minimi but the triceps shows a temporary

incremental response.

by curare (but resembling the transmission failure caused by hemicho-
linium which is considered to inhibit release of acetylcholine at the nerve
endings). Some anomalies are difficult to account for. Sometimes nerve
stimulation at slow rates (3-10/sec.) causes typical myasthenic decrement of
the integrated muscle action potential whereas recruitment occurs at fast



MYASTHENIA GRAVIS AND MYASTHENIC SYNDROMES 555

rates (20-50/sec.). The voluntary elcctromyogram (EMG) recorded with
needle electrodes may be equally difficult to explain. During a sustained
voluntary contraction the EMG gradually reduces in amplitude and tends
to synchronise, causing a coarse tremor with alternating periods of rest
and facilitated innervation until complete 'exhaustion' occurs. At this stage
the EMG is sufficiently reduced to make it possible to observe single units.
Some of these can be seen to decrease in'amplitude but, more commonly,
units suddenly cease firing as in normal fatigue (Lundervold, 1954).
Many of the single units identifiable in myasthenic muscle are of the

'myopathic' type even after rest. This could be due to the missing fibres
available for recruitment as described above, but is suggestive of a structural
disorder of muscle in addition to any abnormality of neuromuscular trans
mission which may be present. This feature may make it difficult to exclude
one of the symptomatic myasthenias referred to above but spontaneous
fibrillation or positive sharp potentials are common in myositis but rare
in myasthenia gravis. Eaton and Lambert (1957) and Wise and MacDermot
(1962) have stated that supramaximal faradisation evokes an incrementing
muscle response which is diagnostic of carcinomatous myasthenia. I have
found exactly the same response in acquired myopathies unrelated to carci¬
noma (Simpson, 1966c) and, as stated above, a similar though quantitatively
smaller phenomenon is sometimes seen in myasthenia gravis, usually in

' muscles which are not clinically affected (Pinelli, 1957; Simpson, i960).

Pharmacological Tests
The most widely used tests are those involving a therapeutic response to

cholinergic drugs, confirming that weakness is of myasthenic type. Con¬
versely, increased sensitivity to curare and similar substances may be used
to detect latent myasthenia. This group of tests will be described first.
They are dangerous and should not be used where performance tests or
therapeutic tests indicate the diagnosis. Their uses should be confined to
cases who give a clinical history suggestive of myasthenia gravis but who
are in remission at the time of examination or who do not show convincing
fatigability. All anticholinesterase medication should be withdrawn for
24 hours. Facilities for artificial respiration and syringes loaded with edro¬
phonium (10 mg.) and neostigmine (1 -5 mg). should be prepared before
carrying out the test.
Curare Test. The curarising dose for normal individuals is taken as

3 mg. J-tubocurarine intravenously per 40 lb. ofbody weight. The suspected
myasthenic patient is given 2 per cent, of the normal curarising dose and
observed for 3 to 5 minutes. If no weakness appears in that time, 5 per cent,
of the estimated normal curarising dose is injected (Bennett and Cash, 1943).
Bigger doses ofcurare should not be used, as muscle weakness may occur in
some normal subjects with the 10 per cent, dose originally recommended.
Quinine Test. Quinine bisulphateo-65 g. (10 gr.), 2-hourly bymouth to c

a maximum of three doses, may be used to precipitate weakness in suspected
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myasthenics (Eaton, 1943)- In this dose no neuromuscular effect can be
detected in normal individuals but myasthenics may become very weak.
This may be dangerous as the paralysis cannot be reversed by anticholin¬
esterase drugs.
Decamethonium Test. The action of depolarising neuromuscular-

blocking drugs in myasthenics is different from normal, and not simply an
increased sensitivity as with curare and quinine, since they tolerate an un¬
usually large dose (Churchill-Davidson and Richardson, 1952a). Tolerance
is particularly marked in clinically-unaffected muscles. Muscles showing
myasthenic weakness are first to be blocked by decamethonium so the test
should be usedwith caution in the presence ofbulbar or respiratory weakness
and resuscitative measures should always be at hand. This test is also
performed after withdrawal of anticholinesterase drugs for 24 hours.
Decamethonium iodide is injected intravenously in an initial dose of 1 • 5
mg. Four minutes later 0-5 mg. is injected and this dose is repeated at
2 minute intervals until muscle weakness is seen or there is a drop in the
muscle action-potential evoked by supramaximal nerve stimulation at 10
per second when tested every half-minute. In normal subjects the block
caused by a depolarising drug is non-decremental and is potentiated by
neostigmine, but in the myasthenic subject the depolarisation block is brief
and followed by a longer competitive (curare-like) type of block ('dual
response').
The next group of tests depends on the observation of a temporary

therapeutic response to an anticholinesterase drug. It will be convenient to
describe the further use ofedrophonium to determine the cholinergic status
during treatment.
Edrophonium Test. The short duration antimyasthenic effect of

edrophonium chloride ('Tensilon') makes it very suitable for a diagnostic
test. A syringe is loaded with 1 ml. (10 mg.) for intravenous injection.
Initially 2 mg. should be injected to detect abnormal sensitivity but if there
is no response the remaining 8 mg. is injected after 30 seconds (Osserman
and Kaplan, 1953). Within 1 to 1 minute there is improvement ifweakness
is due to myasthenia gravis but weakness returns in 4-5 minutes. Some
normal subjects experience no obvious effects while others feel a tight
sensation around the eyes and fasciculation may be seen for a few seconds,
particularly in the orbicularis oculi. Adequately treated myasthenic patients
show this normal reaction. If weakness is due to cholinergic crisis it is
transiently increased and fasciculation may occur. Unfortunately respira¬
tory weakness may be increased to an extent endangering life.
The positive responses described are very valuable and reliable when pre¬

sent but failure to obtain improvement, or fasciculation, does not indicate
that weakness is not myasthenic or that it is cholinergic respectively.
Negative responses<are sometimes found but false-positive results arc ex¬
tremely rare provided that only objective criteria are used. Subjective 'im¬
provement' should never be relied on, especially when the test is used to
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determine the adequacy of treatment. The test is best performed at tiie time
of greatest activity of the therapeutic drug. Where neostigmine is being
used the test should be performed 2 hours after a dose. A second test at 3
hours may be necessary when the response is equivocal (Osscrman and
Kaplan, 1953).

Because of the differing degree of involvement of different musclesj it is
extremely important to test the respiratory and bulbar muscles and not the
ocular when the test is carried out to differentiate between myasthenic and
cholinergic weakness. It is possible for these vital muscles to be overdosed
while the ocular muscles are still underdosed, and failure to recognise this
may lead to fatal overdosage (Simpson, 1961). An equivocal or 'adequate'
response should always be taken to mean that further dosage may be dan¬
gerous.
Neostigmine Test. Though the latency is greater, a favourable response

to injection of neostigmine remains the most convincing evidence ofmyas
thenia gravis since its duration is sufficient to permit repeated testing of all
muscles (Viets and Schwab, 1935). The duration makes it unsuitable when
cholinergic crisis is suspected. Neostigmine methylsulphate is injected
intramuscularly (1-5 mg.) alone or combined with 0-6 mg. of atropine
sulphate. Improvement begins in 10 15 minutes but is most obvious after
30 minutes. The same preparation may be used intravenously (0-5 mg.)
when the response is more rapid but the danger of ventricular fibrillation
or arrest is greater. The drug should never be given by this route unless
accompanied or preceded by atropine. The response to 15 mg. of neostig¬
mine bromide orally may be sufficient to make the diagnosis clear. If any
of the parenteral tests are equivocal and the diagnosis of myasthenia gravis
seems highly probable on clinical grounds it is worth carrying out a thera¬
peutic trial with oral medication for a week.

Other Pharmacological Investigations
The abnormal response to decamethonium suggested to Churchill-

Davidson and Richardson (1952b) that the motor end-plate was altered in
myasthenia and the response to acetylcholine would be expected to be
altered similarly, in view of its similar mode of action.

Acetylcholine Sensitivity
The response of myasthenic muscle to proximal intra-arterial injection

of acetylcholine has been a matter of argument and reports range from sub¬
normal to hypersensitive. The conflicting findings were resolved by Engbaek
(1951) who showed that most were obtained with unphysiologically large
dosage of acetylcholine. With suitable dosage it could be demonstrated that
the myasthenic muscle has a raised threshold to acetylcholine. Grob, Johns
and Harvey (1956a) confirmed this conclusion, though the difference from
normal was slight, and they found that the immediate stimulation and its
following 'prompt' depression (depolarisation block) were decreased. On
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the other hand the 'late' depression of end-plate excitability was more
marked in myasthenic patients than in normal subjects and the properties
of the 'late' depression were different in the two groups. In the myasthenic
patients theywere characteristic ofa competitive type ofblock, in contrast to
the non-competitive type that occurred in normal subjects. Choline was
found to have a similar but more prolonged action and Grob and his
colleagues suggested that the 'late' depression of neuromuscular trans¬
mission may be due to choline released by hydrolysis of acetylcholine. The
dose-effect relationship of acetylcholine and choline were the reverse of the
expected, but it was suggested that acetylcholine may penetrate more
readily into the region of the end-plate by virtue of its ionic interaction.
The abnormal response of the myasthenic muscle could be due to an alter¬
ation in the end-plate, or to the formation of an abnormal product ofacetyl¬
choline or choline which has competitive blocking activity.
It is unnecessary to postulate an abnormal product since the effect of

quaternary ammonium compounds on the motor end-plate depends on the
dose(Grob, Johns and Harvey, 1956b). Ifthe effective condition for depolar-
isation of the end-plate membrane is the density (or the rate of change) of
ionic charges attached to the postulated receptor substance there would be
a dose-dependent sequence of competition, stimulation, depolarisation
block,' desensitisation' block (followed by brief facilitation if desensitisation
is short lasting) and finally competitive block (Simpson, i960). The time
factors would differ with different compounds and the relative duration
of each phasewould depend on the compound used, the dose, and the animal
species. Anything which decreased the charge-density at the receptor sites
would reduce the depolarisation block and prolong the competitive block.
This dual response could be caused by abnormal structure of the end-plate
as suggested above but would be expected if the receptor sites were partially
occupied by molecules with a negligible charge. If this hypothesis is accepted
the concept of a competitive blocking myasthenic toxin cannot be excluded.
Furthermore, this concept would be compatible with the facilitation
phenomena described above and with the possibility of transplacental
transmission of a myasthenia-causing substance, both ofwhich are difficult
to account for on any other theory.

'Myasthenic Toxin'
Earlier workers looking for a 'curare-like substance' have considered

that it must either be liberated in contracting muscle or secreted by the
thymus. Many have described ptosis occurring after release of a tourniquet
which had occluded venous return from an exercised limb of a myasthenic
patient (' the Walker effect'). This test is difficult to evaluate because of the
long latency of the response. A modification of the test is to exercise one
limb by electrical stimulation distal to a tourniquet and to observe the effect
of release of the tourniquet on the indirectly evoked muscle response of the
other arm. Johns, Grob and Harvey (1956) found no evidence of release of a
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blocking substance and my experience is similar, but Tsukiyama, Nakai,
Mine and Kitani (1959) reported a decrease of the indirectly evoked muscle
response in one arm i- -4 minutes after release of a cuff from the other arm;
the cuff had been inflated during 5 minutes of supramaximal nerve stim¬
ulation at 10 per see. They also reported suppression of the indirectly
stimulated muscle response after intra-arterial injection of 'myasthenic
serum'. Their report refers only to reinjcc'tion in the same (myasthenic)
subject. Transfer to a normal subject has never been demonstrated.
Many workers have tested the effect of adding serum from myasthenic

patients to a nerve-muscle preparation of another animal, usually the frog,
and many have claimed to demonstrate a curare like effect if the scrum i3
withdrawn after exercise, especially exercise in ischaemic conditions
(Striippler, 1954). Others have found no evidence of a blocking substance
(e.g. Nastuk, Strauss and Osserman, 1959).
Attempts to demonstrate the presence of a thymic secretion have also

been conflicting but usually negative. They are reviewed by Wilson,
Obrist and Wilson (1953). These workers assayed extracts ofhuman thymus
obtained at operation frommyasthenic patients and claimed that the extracts
showed a blocking effect on the rat or frog neuromuscular junction which
was related to the degree of benefit the operation had provided for the
patients from whom the glands were removed. The same group later
showed that thymus glands obtained from children at necropsy, or from
other young animals, including the whale foetus, had a similar effect but it
was transient and not reversed by neostigmine. (It has been suggested that
potassium in the extractmight be responsible.)
In any event, if the postulated thymic blocking substance is humoral it

should be detectable in serum and this has not been done convincingly.
Nastuk, Strauss and. Osserman (1959) only rarely found that myasthenic
serum caused reduced response of a frog muscle to indirect stimulation
and in these cases the depression was virtually irreversible, being accounted
for by lysis of surface fibres of the test muscle. This observation led these
authors to a study of immunity reactions in myasthenia culminating in the
demonstration of a muscle-binding globulin in myasthenic serum (Strauss,
Seegal, Hsu, Burkholder, Nastuk and Osserman, i960). At the same time
Simpson (i960) had concluded from a clinico-pathological analysis that
myasthenia gravis could best be accounted for on a basis of auto-immunity
and that an anti-muscle substance would have the properties required of a
competitive blocking substance which would be specific to the individual
or to a genetically similar infant. Later immunological studies will be re¬
viewed after the section on Pathology (p. 564).

The Defect in Neuromuscular Transmission

The nature of the block remains undetermined but four possibilities may
be considered.
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Prc-synaptic Defect. Desmedt (1957) makes a strong case for a pre¬
synaptic lesion in myasthenia gravis since the functional disturbance is
closely simulated by the effect ofhcmicholiniumwhich impairs acetylcholine
synthesis. Elmqvist (1965) records conflicting findings on end-plate
potentials of muscle obtained by biopsy from myasthenic patients and
concludes that there is a deficiency of acetylcholine in the quanta released
at motor nerve terminals. He does not comment on the fact that the end-

plate potentials showed no decrement during a period of high frequency
nerve stimulation. It is difficult to account for neonatal myasthenia by this
theory unless acetylcholine synthesis is blocked by a toxic substance. In
the writer's view this type of lesion probably accounts for the myasthenic
syndromes sometimes associated with lower motor neurone disorders
(Simpson, 1966c).
Excessive Hydrolysis of Transmitter. This possibility can be dis¬

missed, as cholinesterase in blood and muscle, including the subneural
apparatus, does not appear to be excessive.
Post-synaptic Defect. The anomalous responses to substances acting

at the motor end-plate receptors led Churchill-Davidson and Richardson
(1952b) to postulate changes in the latter. There is no evidence that the
receptor substance is abnormal in the elongated end-plates described below
but by dispersing the ionic charge carried by the transmitter the activity of
the latter could be reduced (Simpson, i960). The main difficulties in accep¬
ting this theory are the fact that complete but temporary remissions can
occur, and the facts of neonatal myasthenia which require to be explained.
Competitive Block. The possibility that a substance derived from

acetylcholine or secreted by the thymus might compete for receptor sites
on themotor end-plates has been discussed above. The electro-physiological
and pharmacological data are almost equally compatible with each theory.
Only this theory can explain transplacental transmission ofmyasthenia but
the duration of the latter suggests that the hypothetical blocking substance
must have a large molecule. Furthermore, it is necessary to account for the
strong negative evidence of transfusion experiments. A logical reconciliation
would be to presume that it is an antibody protein which is able to 're¬
cognise' a particular tissue (muscle end-plate or nerve terminal) in a
limited number of genetically-related individuals. Simpson (i960) formu¬
lated this hypothesis in an attempt to find a role for the thymus gland. An
alternative hypothesis is that a ' myasthenic toxin' is released by a thymus
gland damaged by immunological reaction (Goldstein and Whittingham,
1966).

Pathology
Muscle and Nerve

Despite frequent statements in recent years that myasthenia gravis is a
disease without morbid anatomy, the lymphocyte infiltrations of muscle
described by Weigert (1901) and termed lymphorrhages by Buzzard (1905)
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Fig. 6. Histopathology of muscle (Haematoxylin and eosin). (a) Rus¬
sell's type I lesion, x 280. (b) Russell's type II lesion (Iymphorrhage).

x 210.

have been repeatedly found in such cases. Buzzard (1905) also reported
degenerative changes of muscle fibres. These were re-investigated and
classified by Russell (1953) into the following types:

Type I (Fig. 6a), acute coagulative necrosis of a muscle fibre with eosino¬
philic change, loss ofcross-striation, and inflammatory cellular reaction
19
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x 42.

leading to phagocytic removal of the fragmented fibre. This process
may be limited to one fibre or can be so widespread as to cause naked-eyechanges in the muscle.

Type II (Fig. 6b)3 the lymphorrhage, is considered by Professor Russell
to be secondary to solitary muscle atrophy with basophilia of the
cytoplasm and loss ofcross-striation.
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Type III (Fig. 6c), simple focal muscle change with cosinophilia and
swelling but without loss of striation 01" inflammatory reaction.

Russell (1953) doubts the specificity of any of these changes since they arc
found in certain rheumatic-type diseases and endocrine myopathics, but it
is possible that this may be due to a common 'auto-immune' mechanism
(Simpson, i960).
Special supravital staining techniques applied to the motor nerve endings

by Goers and Desmedt (1959) have shown that the neuromuscular junctions
may often be abnormal in myasthenia gravis. They described two changes in
the terminal arborisation (Fig. 7). In one, the 'dystrophic' type, there is
sprouting of the subtcrminal axons, the terminal knobs are shrunken and
distributed over a wider area of the muscle fibre than usual. This type is

Fig. 7. Types of motor nerve terminals found in myasthenia
gravis. (Sketch based on the original paper by Coers and

Desmedt, 1959.) (Cf. Chap. 7, fig. 11.)

probably reactive as the related muscle fibre is usually abnormal (often re¬
lated to a lymphorrhage) and the same type of end-plate has been found in
other neuromuscular disorders. In the other type, the 'dysplasic', there
are few terminal knobs and these are arranged serially along a scanty number
of terminal branches ending in a remarkably elongated end-plate region.
Bickerstaff and Woolf (i960) and MacDermot (i960) confirm these findings
and also describe proliferation of minute nerve fibres from the terminal
knobs. The specificity of these changes is not yet established (Woolf, 1966).
They seem to bear no direct relationship to the severity of the loss offunction
but it is obvious that myasthenia gravis cannot be considered only in terms
of defective neuromuscular transmission. Minor abnormalities of ultra-
structure of the end-plate are described by various authors. There is no
general acceptance of their significance (Woolf, 1966).

Thymus Gland
There are pathological changes in the thymus in 70-80 per cent ofpatients

with myasthenia gravis. Lymphoid hyperplasia of cortex and medulla is
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associated with numerous 'germinal centres' in the medulla (Castlcman
and Norris, 1949) (Fig- 6d). This is indicative of an active lymph organ and
is not an arrest of involution as suggested by earlier observers. Even where
neoplastic changes are present, lymphoid follicle formation can usually be
identified within the tumour or in the surrounding gland tissue.
A thymoma is usually encapsulated and may be cystic and calcified, but

it is sometimes malignant. Invasiveness is limited, spread being usually
confined to the thorax and occasionally to the lymph nodes of the neck.
An account of the histological types described is unnecessary here and the
reader is referred to Iverson (1956). It is, however, ofsome interest to record
that it is only in tumour material that the 'gland' ever assumes the histo¬
logical appearanceof a secretory tissue. In the non-thymoma cases there is no
proliferation of the epithelial cells of the thymus. There is in fact little
evidence that the thymus has any endocrinological function. Histologically
it has the appearance of a reticuloendothelial organ actively participating
in an 'auto-immune' type of reaction (Simpson, i960). Similar changes
can be produced in the guinea-pig thymus by injection of bacterial antigens
and recent work on the thymus supports this hypothesis (Marshall and
White, 1961). Occasionally the spleen and lymph glands may be abnormal
(Simpson, i960, 1966a).

Immunological Abnormalities
The antibody against skeletal muscle was demonstrated by Strauss,

Seegal, Hsu, Burkholder, Nastuk and Osserman (i960) by an immuno¬
fluorescence technique. It is a 7S gamma globulin which binds specifically
to the A bands of skeletal muscle. This has been confirmed, using similar
techniques, by Beutner, Witebsky, Ricken and Adler (1962); van der Geld
Feltkamp and Oosterhuis (1964)3 and by Djanian, Beutner and Witebsky
(1964). The reported incidence varies from 10 to 47 per cent. The titre
of antibody is highest in cases of myasthenia gravis with a thymic tumour
in which it is nearly always found. Normal sera may show skeletal muscle
binding activity but only in titres greater than 1 : 60 (Strauss, Smith,
Cage, van der Geld, McFarlin and Barlow, 1966) and they bind to the
I bands; A-band staining is seen only with myasthenic sera (Vetters, 1965)
(Fig. 8). Fluorescence of subsarcolemmal nuclei is not specific. The specific
antibody binding to A band also reacts with certain thymic cells. Previously
considered 'epithelial', these are now recognized as myoid cells (Feltkamp-
Vroom, 1966).
Correlation between clinical severity and titre of antimuscle globulin

is claimed by Weiner and Osserman (1966) and denied by Oosterhuis, van
der Geld and Feltkamp (1967). Thus the presence of an immunological
disorder involving thymus and muscle is undoubted but its role in the
pathogenesis of myasthenia is uncertain. McFarlin, Engel and Strauss
(1966) find no evidence that myasthenic serum binds to the neuromuscular
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Figure 17.8. Immunofluorescent staining of skeletal muscle
and thymus, (a) A-band staining. (b) 'I-band' staining, (c)

Myoid cell staining in thymus.
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junction. Other antibodies commonly found in sera from myasthenic
patients are antinuclear factor, antithyroid and antigastric substances.
Rheumatoid factor may also be present in the blood but docs not correlate
closely with a history of arthritis (Simpson, 1964, 1966a). These findings
support the writer's hypothesis of a multi-organ involvement of immuno¬
logical type in myasthenia gravis. How this is related to the neuromuscular
disorder remains unknown.

Treatment

Thymectomy
The value of thymectomy has been obscured by failure to appreciate

that results are different in cases with a thymoma (Keynes, 1955). Simpson
(1958) made a personal assessment of the London series, the largest avail¬
able, and reviewed the other major series with this distinction and showed
that there was substantial agreement on the following points. When com¬
pared with a medically-treated series, operated cases have a much lower
mortality and a greater chance of complete remission or substantial improve¬
ment . This ismostevident, and the saving in life is greates t,when the duration
ofmyasthenia is less than 5 years and no thymoma is present. After 7 years
from the onset there is less chance of improvement from thymectomy though
it may still occur. (The risk of death from myasthenia is less after that time
whether the thymus is; removed or not.) There is a general impression that
males do not benefit in the same way as females but the statistical trend is
the same although the improved prognosis is less obvious. Without thymec¬
tomy women have a slightly poorer prognosis than men; after operation this
comparison is reversed. Simpson (1958) confirmed that the prognosis was
worse if a thymoma was present, whether it was removed or not (only one
case in three was still alive at the follow-up) but nevertheless reported that
some patients with thymoma may be benefited by thymectomy to an extent
which was as great as in non-tumour cases. These conclusions are sup¬
ported by a recent survey of 1,355 patients by Perlo, Poskanzer, Schwab,
Viets, Osserman and Genkins (1966).
It is not at present possible to select patients who are likely to benefit

from operation. Failure of operation to prevent myasthenic death occurs
more often in patients requiring a large dose of neostigmine but if they do
survive the ultimate state is not apparently correlated with the pre-operative
severity. Patients with severe bulbar weakness are most likely to die despite
operation. On the other hand, if myasthenia remains confined to the extra¬
ocular muscles for 2 years the prognosis for life is so good that thymectomy
is not justified (Grob, 1953; Ferguson, Hutchinson and Liversedge, 1955).
Schwab and Leland (1953) considered that the younger the patient at the
onset of myasthenia the better was the response to thymectomy but this
conclusion was influenced by the high proportion of older women with
thymomas in their series. Simpson (1958) considered that there was some
evidence to support their opinion but the difference in age was insufficient



MYASTHENIA GRAVIS AND MYASTHENIC SYNDROMES 567
to influence the selection of cases for operation and duration of illness was
the more important factor.
The response to thymectomy is unpredictable. It may be immediate or

delayed. The improvement is often so gradual that it is only appreciated in
retrospect that the tide turned after operation. The maximum benefit is
then seen at about the third year. It is very rare for further relapse to occur.
There is often a temporary improvement during the first few days which
may be so rapid that it is obvious as soon as the patient recovers from the
anaesthetic though no neostigmine has been injected throughout the opera¬
tion. A previous ptosis may be replaced by lid retraction. Unfortunately the
dose of neostigmine may require progressive increase on the third or fourth
day but it is extremely important to recognise the extent of the temporary
remission as during this period a previously ineffective dose of neostigmine
may cause a cholinergic crisis. It is the writer's opinion that many post¬
operative deaths have been caused in this way. It is essential that a physician
experienced in the care of myasthenics should co-operate closely with the
surgeon throughout, but especially at this time.

Radiotherapy
Radiation of the thymus is not a satisfactory alternative to surgery. Its

value is doubtful and there is a risk of temporary exacerbation which
.contraindicates its use in the patient who is 'unfit for surgery'. Keynes
(1955) stresses the desirability ofpre-operative radiotherapy before removal
of a thymoma and Perlo, Schwab and Castleman (1966) agree that it
increases the duration of post-operative survival but this aspect requires
further appraisal. The writer doubts if it is necessary or valuable.

Carotid Sinus Denervation

In view of the early favourable reports of an anti-myasthenic action of
corticotrophin and some evidence from animal experiments that adrenocor¬
tical hypertrophy occurred after bilateral denervation of a carotid sinus,
French workers have carried out this operation on myasthenic patients
(Thevenard, 1954). The favourable effect claimed is not seen for about a
year. Mertens (1955) was not impressed with his results and the operation
has not found favour, since improvement (if indeed it is attributable to the
operation) is apparently inferior to that following thymectomy. It does not
seem rational to seek atrophy of the thymus by such an indirect method
when thymectomy is such a safe operation in experienced hands.

Medical Treatment

The patient will usually require treatment with anticholinesterase drugs
for at least a period after operation but it is desirable to reduce the dose
slowly but steadily. Many patients are unwilling to give up the drug they
have come to depend on but the writer has the impression that the long-
term prognosis is best for those who are gradually able to withdraw
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medication, though there is no evidence to support Harvey (1948) in his
opinion that the use of neostigmine prevents remission. Many patients
are best treated by medical means and the response is usually very
gratifying. Nevertheless, even in an early case the response is rarely com¬
plete and the extra-ocular muscles in particular often cease to respond, no
doubt due to the development of myopathic changes (Keynes, 1961).
Rowland (1955) has drawn attention to a group of patients with 'clinical
myasthenia gravis' showing little or no response to neostigmine. Their
nosological position is still obscure.
Various drugs with anticholinesterase activity are available. Some

may have additional actions on the end-plate directly or on pre-synaptic
release of acetylcholine. They will be discussed in order of duration of
action,
Edrophonium Chloride ('Tensilon'). This cholinergic drug may be

given intramuscularly or intravenously when it has a prompt action which
is valuable as a diagnostic test (Osserman and Kaplan, 1953). Its maximum
effect is completed in 5 minutes and, although some effect can still be
demonstrated 20-30minutes later, this is too brief for therapeutic purposes.
Details of this test will be found in the section on pharmacological
tests.

Neostigmine Bromide ('Prostigmin'). This drug has stood the test
of time. The 15 mg. tablet has a cholinergic activity which varies from 2-6
hours in different patients. The total and the spacing of doses must be
established by individual trial andmay vary from \ tablet t .d.s. (22 • 5mg/day)
to three tablets every 2 hours (540 mg./day). Exceptional cases requiring
even bigger dosage have been reported but an average dose is ten tablets
daily (150 mg.) (Simpson, 1958). Neostigmine has the advantage of rapid
action which gives the patient the feeling of a 'surge of power', but the loss
ofstrength when its effect wears offmay be equally, rapid and many patients
find this let-down disagreeable since the timing of the next dose must be
judged very accurately. It is usual practice to take some of the tablets 30
minutes before a meal when there is bulbar weakness. Absorption is erratic
in some patients and it is then necessary to rely on subcutaneous injection
of neostigmine methylsulphate. The dose may be calculated on a basis of
1 mg. by injection having an effect equivalent to 15 mg. orally.
Pyridostigmine Bromide ('Mestinon'). This drug avoids the main

disadvantage of neostigmine and is preferred by the majority of patients
(Simpson, unreported controlled trial). The duration ofactivity is sometimes
longer than neostigmine (3-8 hours) though the difference is less marked
than originally reported. Its main advantage is that its activity wanes more
slowly, thus allowing a sustained level ofactivity to be maintained by regular
3-8 hourly dosage (the frequency must again be established by trial). Some
patients miss the' boost' ofneostigmine and are best treated with a combina¬
tion of the two drugs. The 60 mg. tablet ofpyridostigmine is approximately
equivalent in action to the 15 mg. tablet ofneostigmine. The slightly longer
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action makes it a useful drug for overnightmedication, but when pyridostig¬
mine is used as the sole medication care must be taken to avoid cumulative
effect.
Slow Release Neostigmine and Pyridostigmine. In an attempt to

prolong the action of these drugs, tablets containing an attenuated outer
layer and concentrated core have been on trial in the U.S.A. Preliminary
reports are promising, especially for the elimination of the need of frequent
interruption of sleep, and cumulative effects have not been prominent
(Schwab, Osserman and Tether, 1957).
Ambenonium Chloride (WIN-8007,Mysuran, Mytelase). The drug

is dispensed in 10 mg. and 25 mg. tablets, the latter being approximately
equal in potency to 15 mg. of neostigmine, The duration ofaction is slightly
longer than that of 60 mg. pyrjdostimine. Afuscarinic side-effects are less
frequent than with neostigmine or pyridostigmine but central reactions are
more common and the onset of cholinergic crisis may be more difficult to
detect.

Bis-neostigmine Compounds (BC-40 etc). The cholinesterase in¬
hibiting power of neostigminemay be increased and prolonged by combining
in one molecule two neostigmine radicles separated by a polymethylene
chain ofvarious lengths, Pateisky, Herzfeld and Stumpf(1955) and Herzfeld
Kraupp, Pateisky and Stumpf (1957) have investigated the actions of
BC-40 (Hexadistigmin), BC-47, BC-48, and BC-51 and report durations of
activity exceeding one day. The Vienna group have found BC-51 the most
useful of the series but noted wide variation in absorption when the drugs
were given orally. An average oral dose of BC-51 is 7-5 mg. every 4" days.
More frequent dosage is hindered by cumulative effects, yet the carry-over
is inadequate and neostigmine is usually required in addition. In the
writer's limited experience the cumulative action which this duration entails
has made these drugs unsatisfactory for domiciliary use.
Alkyl-Phospliates. This group ofanticholinesterase preparations which

includes di-isopropylfluorophosphate (DFP), tetraethylpyrophosphate
(TEPP), hexamethyltetraphosphate (HETP), and octamethylpyrophos-
phoramide (OMPA), had a vogue in the treatment of myasthenia because
their long duration of activity was considered desirable. This very property
leads to inflexibility of control. Furthermore they have a greater effect on
central synapses than the quaternary ammonium compounds, giving rise to
headache, nightmares, and personality disturbance. Some workers are still
using TEPP but there is a general tendency to abandon these drugs (Wester-
berg andMagee, 1955).
Adrenocorticotrophin (ACTH). The use of ACTH in myasthenia

gravis was suggested because of its effect in shrinking thymic and lymphatic
tissue. Torda andWolff (1951) reported remissions ofmyasthenia following
its use but the drug is rarely prescribed because initial deterioration is
common (and may be fatal) and the favourable response may not occur until
the drug is withdrawn (Westerberg and Magee, 1955). Both effects may be

19*
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considered to support the auto-immune hypothesis. Cortisone and its
derivatives aremuch less effective and have no place in practical therapeutics.
Immunosuppressive Drugs. Delwaide, Salmon and van Cauwenberge

(1967) report improvement ofmyasthenia after treatment with azathioprinc.
Aldosterone Inhibitors. The use of spironolactone (400 mg. daily)

was suggested by Gottlieb and Laurent (1961) to potentiate neostigmine by
conserving potassium. Evaluation is not yet possible but preliminary
experience suggests that it is of limited value though it gives 'a sensation
ofwell-being and self-confidence'.
Potassium Chloride. Though useless as a primary therapy, potassium

has a role as an adjuvant in dosage of 5 gr. b.d. or q.i.d. (Laurent and
Walther, 1935). The nausea and diarrhoea which it may cause may be
difficult to distinguish from cholinergic crisis.
Ephedrine Sulphate. This drug, introduced by Edgeworth (1930) from

her personal experience, is still used as an adjuvant in a dose of 25 mg. t.d.s.
by mouth. Its value is questioned and its mode of action unknown (it may
be an Orbeli effect), but many experienced clinicians continue to use it.
Guanidine Hydrochloride. This drug has a limited anti-myasthcnic

action attributed by Desmedt (1956) to sensitisation of chemoreceptors to
acetylcholine. It is given orally in a dose of 20-50 mg. per kilogram body
weight, divided into three doses. It tends to cause paraesthesiae (Dodd,
Riven and Minot, 1941). It is now rarely used for the treatment of my¬
asthenia gravis but it is effective in the management of carcinomatous
myasthenia (Lambert, 1966).
Germinc Diacetate. Flacke, Caviness and Samaha (1966) report that

this veratrine alkaloid is as effective as anticholinesterase drugs. It causes
iterative firing ofmuscle fibres.
Galanthamine Hydrobromide {Nivalin). This tertiary amine isolated

from the Bulgarian snowdrop is an anticholinesterase which is gaining
favour in the U.S.S.R. It is said to have a duration of action comparable to
neostigmine (Uzunov, 1966).
d-Tubocurarine. Churchill-Davidson and Richardson (1957) and other

workers have given paralysing doses of d-tubocurarine (while sustaining
respiration mechanically) to patients who have become resistant to neostig¬
mine in the belief that the end-plates may thus be rested and recover their
sensitivity to neostigmine. The writer has used it to treat cholinergic crisis
but it is difficult to judge the dose required.

Myasthenic Crisis
Sudden deterioration in the myasthenic patient's condition may occur

because of unusual physical exertion, emotional upset, an infection, or
childbirth, or simply by progression of the disease. Drugs which may cause
neuromuscular block such as streptomycin and neomycin should be used
with caution and it is best to avoid curare, quinine, quinidine, chloro¬
form, morphine, or ether. ACTH, corticosteroids, thyroid compounds,
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sedatives, and other respiratory depressants should be used with care
(Osscrman, 195S). The use of an enema lias precipitated fatal myasthenic
crisis and this should be remembered in the preparation for thymectomy.
The potassium depletion caused by an enema may be responsible.
The absence of cholinergic signs and the presence of favourable response

to the edrophonium test (sec p. 556) indicate the cause of the severe weakness.
It is necessary to increase the dose of anticholinesterase medication and the
only suitablemethod in emergency is intramuscular injection ofneostigmine.
It is necessary to control respiration and there should be no hesitation in
performing tracheostomy if pulmonary ventilation is failing or there is
severe dysphagia. This procedure should never be delayed as once respira¬
tion is safe, treatment can proceed methodically without panic measures,
the dose of neostigmine being regulated by repeated edrophonium titration
(Osserman and Kaplan, 1953).

Cholinergic Crisis
Mild muscarinic effects ofanticholinesterase medication (colic, diarrhoea,

belching, nausea) are not uncommon in myasthenic patients though less
prominent than in normal subjects taking the same dose. More severe
muscarinic signs such as vomiting, sweating, hypersalivation, lachrymation,
miosis and pallor are less common and indicate that the dose is nearing a
dangerous level. The most valuable indication of impending danger is the
size of the pupil. It should not be allowed to contract to less than 2 mm.
diameter in normal room lighting. Bradycardia is very unusual with oral
medication but may be prominent and lead to cardiac arrestwith intravenous
medication. Hypotension occurs with severe cholinergic poisoning. In the
most severe cases confusion and coma indicate block of cerebral synapses.
The use of an antagonist such as atropine sulphate (0-3-0-6 mg) is oblig¬
atory with intravenous dosage but need not be given if the cholinergic
drug is administrated orally or by subcutaneous injection unless colic is
intolerable. The disadvantage of suppressing the muscarinic symptoms is
that more serious nicotinic signs may be overlooked (Schwab, 1954). There
is no evidence that atropine inhibits the nicotinic signs. The earliest of these
is fasciculation ofmuscles. This need not be a serious sign since it will first
appear in muscles unaffected by myasthenia. Persistent fasciculation in the
leg muscles is consistent with excellent clinical control. Conversely, a
depolarisation block may be reached without preceding fasciculation, or
the latter may be so transient as to be overlooked. A muscle may pass from
myasthenic weakness to cholinergic block without passing through a stage
of normal strength. Poisoning has reached a dangerous level ('cholinergic
crisis') when weakness increases because of depolarisation block. This may
be difficult to recognise and undoubtedly accounts for the majority of cases
of' neostigmine resistance' which cannot be attributed to myopathic change.
It has not been emphasised that different muscles will reflect their degree
of myasthenic involvement. Thus some muscles may suffer cholinergic
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block while others still require further anticholinesterase medication. Since
the muscles of respiration are often relatively spared by myasthenia they
may be blocked by a dose ofneostigmine which is insufficient for the ocular
or limb muscles. It is extremely important to measure the effect of a test
dose of edrophonium on the respiratory and bulbar muscles as well as 011
the more easily tested muscles. Even though short acting, the additional
cholinergic effect of edrophonium may be fatal in cholinergic crisis. In
these circumstances atropine should be injected first and there should be
facilities for immediate assisted respiration. The test is described on p. 556.
Cholinergic paralysis requires urgent treatment. A cuffed endotracheal

tube should be passed at once and positive-pressure respiration started.
Tracheostomy may be necessary if this has to be prolonged. Atropine
sulphate should be injected intravenously 2 mg. every hour until signs of
atropine toxicity develop. Specific antidotes for anticholinesterase poisoning
are not satisfactory in clinical practice. Drugs of the oxime group have some
effect on overdosage of quaternary ammonium anticholinesterases (Grob
and Johns, 1958). Personal experience is limited to pyridine-2-aldoxine
(2-PAM) and methane sulplionate (P2S) but their latency has been found
to be too long and their potency and duration ofaction inadequate for satis¬
factory treatment (Simpson, 1961). Physiological antagonism can be
obtained by the use of d-tubocurarine. The author has used this form of
treatment of cholinergic crisis but in view of the difficulty in judging the
necessary dose it is not recommended unless respiration is artificially con¬
trolled. In these circumstances there is little need for an antidote other than

atropine to protect the cardiovascular system. Controlled respiration and
repeated atropine injection pending the recovery ofneuromuscular response
is the most satisfactory form of treatment at present available. Anticholin¬
esterase medication should not be resumed until there is a clear 'myasthenic
type' of response to edrophonium on two successive occasions at intervals
of 1 hour. On resumption, neostigmine should be given by injection and an
adequate dose discovered by trial, guided by edrophonium testing. Only
when this has been done should oral medication be resumed, at first with
neostigmine and then with longer-acting drugs by cautious substitution and
prolongation ofdose-interval.

Differential Diagnosis
Myasthenia gravis is commonly mistaken for hysteria because it is so

often precipitated by emotional disturbances, and physical signs may be
absent if the patient has rested before examination. The intermittent nature
of the symptoms and the frequent occurrence of diplopia and dysarthria or
other bulbar symptoms may suggest multiple sclerosis. Motor neurone
disease, Parkinsonism, polyneuritis, and endocrine disorders, particularly
thyrotoxicosis, may cause weakness which increases with effort and hypo-
kalaemic states, periodic paralysis, paroxysmal myoglobinuria, craft palsies
and other disorders causing transient paralysis may be confused with



MYASTHENIA GRAVIS AND MYASTHENIC SYNDROMES 573

myasthenia gravis. Symptomatic myasthenia in polymyositis, systemic
lupus erythematosus, and other 'collagen' diseases may give a positive
Jolly test but the response to edrophonium or neostigmine is never so
marked as in myasthenia gravis and tends to disappear in a few weeks
(Simpson, 1966c). Carcinomatous myasthenia tends to spare the bulbar
muscles, areflexia is common, and the response to neostigmine is not
sustained. The recruiting EMG response to indirect faradisation is not
confined to carcinomatous myasthenia but is highly suggestive of it (see
P-555)
The most difficult disorder to differentiate from myasthenia gravis is the

condition termed 'pseudoptosis' and the congenital syndromes with facial
and extra-ocular palsies including congenital ptosis, ocular myopathy and
the Von Graefe-Moebius syndrome. None of these conditions respond
favourably to anticholinesterase drugs. It is, in fact, rare for one ofthem to be
seriously confused with myasthenia gravis. The more common error is to
fail to recognise that disease when it is present, but once myasthenia is
considered the diagnosis is rarely in doubt.
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MYASTHENIA GPAVIS AND TI1E ANAESTHETIST.

Professor J.A. Simpson.

Myasthenia gravis occurs in all races with a modal age of
onset about twenty years, mainly female except in late onset cases where
males predominate. Thymoma is rare under the age of thirty but is present
in 30% of cases starting over forty. Prognosis is poorer if there is a
thymoma, regardless of treatment.

There is an "active stage" of 5-7 years during which most
deaths and most remissions occur. Thymectomy is most beneficial during
this period but is still worth trying in longer cases failing to respond
adequately to medical treatment. (Simpson 1958) .

Associated diseases include thyroid disorders, 'rheumatoid'
arthropathy, pernicious anaemia, and a list of disorders having in common
an 'autoicniune ' disturbance. Drawing attention to this, Simpson (1960)
suggested that myasthenia was due to immunological damage to muscle and
that the thymus was involved in this way rather than by endocrine activity.
The pathology of the thymus and muscle supported this proposition. \

The beneficial results of early thymectomy were reviewed and
shown to apply to non~tumour cases. In pre-operative care it is essential
to avoid enemas, ane some erugs may increase weakness e.g. curare, qumiiie,
quinidine, neomycin, streptomycin, polymyxin-B, clilorpromazine, ether and
chloroform. Respiratory depressants should be avoided.

Tracheostomy is unnecessary for operation, the dose of neostigmine
etc. should be continued up to and after the operation. Beware of diminished
requirements about 48 hours after operation (danger of cholinergic crisis).

Differential diagnosis of myasthenic and cholinergic crisis was
discussed and attention drawn to special diagnostic difficulties in presence
of under- or over-ventilation. Most consistent sign of cholinergic state
is pupil less than 3 mm. in room lighting.

Use of Tensilon test in discriminating was discussed with
management of crisis. In cholinergic crisis withdraw drugs, control
ventilation and wait until Tensilon test becomes positive (emphasis on
objective signs). Give atropine in big doses. Oxines of little value as
antidotes. Atropine should be kept for this purpose, not given routinely.

Research work on khe disorder of transmission was briefly
reviewed. Theory of pre-junctional abnormality (Desmedt, Elmquist) and
post-junctional abnormality (Grob et al, Churchill-Davidson) probably both
unsatisfactory. All findings accountable by deformed end-plate structure
shown by supravital staining.
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Myasthenia Gravis—The Present Position

j. a. simpson For many years myasthenia gravis was
the only disease believed to be closely connected with
the thymus. There have been four eras.

1900^10 Clinico-pathologicaI correlation: The high
incidence of thymoma was recognized. Argument about
the nature of the thymic abnormality in the remainder
'.'hypertrophy ?failure to atrophy. Castleman empha¬
sized the importance of germinal centres. The produc-
tion of curare-like substance was postulated. The main 1
stream of medicine and experimental biology considered i

the thymus as an endocrine gland with a possible function
in the growth of the young animal.

1940-60 Thymectomy: Acrimonious debate of value
was resolved in favour of Keynes by Simpson (1958), ,

who reviewed all large series and showed therapeutic j
value if (a) thymectomy was performed during the 'active'
stage of the disease, and (b) thymoma was not present. '

1960-68 Autoimmunity: Simpson (1960 et seq.) drew j
attention to associated disorders of other organs and
suggested that all known clinical and pathological data
pointed to an immunological disorder in myasthenia
with the thymus as the important regulator. He was
rapidly supported by the independent work of Strauss
ct al. (1960) and others who demonstrated anti-muscle
antibodies. Miller (1961) confirmed the immunological
role of the thymus—mechanism debatable.
1968- Biology ofgrowth and repair: Renewed work

on the thymus (Szent-Gyorgyi et al. (1962) and others) I
suggests the fundamental place of thymic immunological
mechanisms in the control of normal growth, tissue I
differentiation, and repair.



The thymus has always been an intriguing organ - dismissed with the

pineal gland and the vermiform appendix as a vestigial organ without

recognized function in the human adult. Like these other organs it has

been the source of a medical mythology which no doubt obscures some genuine

facts.

Galen, in the 2nd century A.D., considered that it was present to

provide padding between the superior vena cava and the sternum. In the

15th century Vesalius had to conclude that the function of the thymus was a

mystery. In the 17th century Glisson believed that it was concerned with

the growth of the foetus. This concept was supported in the 19th century

by Astley Cooper and a related theory persists to this day.

Since the thymus is 'relatively (though not absolutely) larger in growing

children than in adults it is not surprising that it has been considered to

produce a growth hormone. This work was reviewed by Cameron (1945) and need

not be recounted here as all claims made in the era 1920-40 were subsequently

denied by other workers. Nevertheless one aspect of the work from this era

may justify reappraisal. Rowntree (1935) gave daily intraperitoneal

injections of acid watery extracts of young calf neck thymus to successive

generations of rats. A growth acceleration associated with precocious

differentiation of tissues was observed in the first seven generations only.

This work seems to have been abandoned since Segaloff and Nelson (1940) and

others were unable to confirm it.

From 1940 to i960 published work falls into two classes. Many workers

continued to study the role of the thymus in growth and its interrelationship

with the endocrine system of which it was assumed to be an organ. The most

prolific writer in this field is Comsa (1958a,b) who concluded that the
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thymus mediates the growth effect of the anterior pituitary and suppresses

the activity of thyroxine on target tissues such as muscle. Gyllensten

(1953) is highly critical of Comsa's earlier work on statistical grounds

hut confirms that the thymus is a target organ for the thyrotropic hormone

and has power to inactivate it. In his view there is a balance between

the growth of thymic and lymphatic tissue which is regulated by the pituitary-

thyroid axis. This conclusion converges with the second class of research

during the same period.

The concept of a 'thymolymphatic' system acting together in infections,

though not in exactly the same manner, was widely discussed more than thirty

years ago.(Hammar, 1931). One difficulty in the acceptance of a

reticuloendothelial role for the thymus was its apparent failure to produce

antibodies. This objection became less valid when it was shown that

lymphocytes entering the blood stream from the thoracic duct do not contain

antibodies but are capable of producing them in vitro (VesslSn, 1952).

Since the thymus contains epithelial as well as lymphoid cells, any 'growth'

and 'immunological' functions need not be linked, but Metcalf (1956)

isolated a cell free factor from thymic epithelial cells which acted as a

'lymphocyte stimulating factor'.

This was the position in the years 1953-59 when I was investigating

the clinical aspects of myasthenia gravis and establishing that thymectomy

had a definite value in its treatment (Simpson, 1958)- There seemed to be

no connection between the clinical facts and the mainstream of biological

work on the thymus. It is now necessary to take a synoptic view of the

position that had been reached in that field.

1900-1940 Clinico-pathological Correlation

In 1901 Laquer & Weigert described a case of myasthenia gravis in

3/
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in which there was a thymic tumour. Bell (1917) arid Norris (1937)

reviewed the literature at different times and established that Weigert's

case was not unique. They found that 45-48^ of the reported cases had

obvious thymus abnormalities and about 30/® °f these (15-20^ of all cases)

were thymic tumours. The remaining abnormalities were described as

'hyperplasia' and Norris (1937) considered that the lymphoepithelial thymoma

associated with myasthenia was not a true neoplasm but rather an extreme

form of hyperplasia.

At that time the mere persistence of the thymus in adult life was

considered to be abnormal since the gland was generally assumed to atrophy

during childhood though Hammar (1906) had found a wide variation in size and

cellularity of the gland in non-myasthenic children and adults. Boyd (1936)

and Sloan (1943) found that the thymus never underwent complete involution.

Sloan (1943) pointed out that the thymus from myasthenic patients was not

distinguished from the normal size (thymomas excluded) but by histological

change. He noted lymphoid hyperplasia in both cortex and medulla of the

gland and in particular the frequent presence of 'germinal centres' in the

medullary portion of the gland.

The germinal centre (fig.l) consists of reticular cells, large lympho¬

cytes and macrophages. Frequent mitotic figures indicate active cell

division and the centre is considered to be forming lymphocytes (or thymocytes).

The germinal centre is surrounded by darker staining, more mature small

lymphocytes. The close correlation between thymic germinal centres and

myasthenia gravis was confirmed by Bratton (1948), Castleman & Norris (1949)

and Ringertz (l95l)- According to Castleman (1955) this appearance is present

in 68°fo of myasthenic patients without thymoma.

Thymic tumours are classified according to cell type (Castleman &

4/
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Norris, 1949; Iverson, 1956; Lattes, 1962). Common to all types and

differentiating them from the non-tumour type of pathology is hyperplasia of

epithelial elements, though the lymphocytes (thymocytes) may be the main

proliferating cell type. Myasthenia gravis is usually associated with

a lymphoepithelial thymoma. It has never been reported with a predominantly

spindle cell type. The tumour is usually encapsulated but may be locally

malignant within the thoracic cavity. Spread may occur by lymphatics to

the neck or diaphragm, or to the axillary and coeliac glands and to the

omentum (Keynes, 1955)- They do not metastasize by the blood stream.

The type of tumour, benign or malignant, seems to be of no consequence

so far as the occurrence of myasthenia gravis is concerned. It may be more

significant that many observers have noted germinal centres within the tumour

or in the surrounding 'normal' thymic tissue beyond its capsule (Castleman &

Norris, 1949)* These observations led to the conclusion that the epithelial

cells of the thymus were responsible for the myasthenic syndrome. Since the

endocrine function postulated at that time seemed irrelevant, the conclusion

was reached by most workers that the abnormal gland must produce a 'myasthenic

toxin' related to curare.

A resemblance between myasthenia gravis and curare poisoning had been

recognized since the 19th century but became the dominant hypothesis in the

1950'o when the therapeutic action of onticholincctcrasc drugs was established.

There have been many attempts to isolate a curare-like substance from the

blood of myasthenic patients but none stands up to rigid scrutiny (Nastuk et

al, 1959)' In my opinion, all the known facto relevant to neuromuscular

transmission in myasthenia can be explained by the physical structure of the

endplate (Simpson i960, 1968a) but the possibility of a myasthenic toxin

released from a damaged thymus is still postulated (Goldstein & Whittingham,

5/



1966). The concept was supported by the claims of Wilson et al (1955)

to have extracted a neuromuscular blocking substance from thymuses removed

at operation from myasthenic patients, the potency of the extract being

greatest in glands from those patients who derived greatest benefit from

thymectomy. Wilson and his colleagues made further studies on extracts

from human and foetal whale thymus glands. Quaternary nitrogen compounds

have been isolated which could interfere with the synthesis of acetylcholine

but none has produced competitive block of neuromuscular transmission which

is reversible by neostigmine (Nowell et al, 1959; Nowell & Wilson, 1962).

No supporter of the thymic curare-like toxin theory has been able to account

for the fact that myasthenia may continue after thymectomy or even occur for

the first time after removal of a thymoma except by the unsubstantiated

assertion that there must have been ectopic thymic tissue remaining.

1940-1960 - Value of Thymectomy

It may be questioned whether the abnormal thymus is causally related

to myasthenia or is, like thyrotoxicosis, an associated endocrine disorder.

If it could be demonstrated that removal of the thymus relieved, arrested or

cured myasthenia gravis it would be necessary to consider that it is causally

related. Unfortunately the evidence in the 1940's seemed too equivocal to

justify conclusions. American experience was unfavourable whereas Keynes

in London published a series of papers in favour of the operation (Keynes,

1955)- An independent assessment of 294 thymectomies (mainly by Keynes)

and 110 non-operated cases of myasthenia supported Keynes' claim and showed

that the published results from Baltimore, Boston and the Mayo Clinic were

similar if their data were reclassified to differentiate between those with

and without thymoma (Simpson, 1958). Failure to make this distinction,
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which Keynes had insisted on, had obscured the value of the American

operations on non-tumour cases. The prognosis for myasthenia is much worse

in the presence of a thymic tumour and remains poorer even after removal of

a tumour-. Furthermore, the prompt improvement which might be expected from

removal of a source of curare-like substance is only rarely seen. Simpson

(1953) drew attention to the aspects of the natural history of myasthenia

gravis indicating an 'active stage' of 5 - 7 years, and a later stage of non¬

progressive disorder of neuromuscular function, sometimes ending in a

'burned out' phase. Thymectomy was most beneficial during the 'active stage',

suggesting that the thymus gland controlled the disease process but did not

directly produce a neuromuscular blocking substance.

1960-68 -Autoimmunity

A personal study of 440 cases of myasthenia gravis from 1956 to 1959

showed that certain disorders of other systems occurred rather frequently

in myasthenic patients. These included all thyroid diseases (not just

thyrotoxicosis), diabetes mellitus, a 'rheumatoid' type of arthropathy,

acrocyanosis, pernicious anaemia, reticulosis and hyperglobulinaemia. The

hypothesis was suggested that myasthenia gravis was a multisystem disease

associated with a breakdown of immunological tolerance (Simpson, i960).

Smithers (1959) had observed that the germinal centres of the myasthenic

thymus suggested an autoimmune process and, independently, Strauss et al

(i960) demonstrated the presence in serum from myasthenic patients of a

complement-fixing globulin which appeared to be an antibody against muscle

fibres.

Later contributions have been reviewed elsewhere (Simpson, 1966;

Strauss et al, 1966) and the clinical and immunological observations have

7/
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been confirmed by other workers but a short discussion of the biological

implications is necessary since the three contributions differ in their

heuristic value. Smithers' observation does not lead directly to any

conclusion about the neuromuscular disease. On the other hand the

findings of Strauss and his colleagues did not imply any role for the

thymus. A later finding by van der Geld et al (1964) that serum reactive

with muscle might also react with thymic epithelial cells, some of which

are myoid cells (Feltkamp-Vroom, 1966) leads to the speculation that the

muscle antibody is a reflection of thymic disorder which also produces a

circulating neurohumoral inhibitor (Strauss et al, 1966). A variant of

this is that the thymus disease is itself an autoimmune thymitis as a

response to antigen originating in skeletal muscle or thymic myoid cells

(Goldstein, 1966). Neither of these theories would lead to the prediction

of immune reactions against a variety of tissues of which muscle need not

be the first; nor would they account for a. familial relationship with

thyroid disease (Simpson, i960). The observations of Simpson (i960, 1966)

and later workers cannot be accounted for by any 'leak' hypothesis of

induced autoimmunity but demand a generalised breakdown of immunological

tolerance.

The original hypothesis (Simpson, i960) had to be formulated in

tentative terms as an immunological function for the thymus was not generally

accepted until the publication of the important studies by Miller (1961).

Although at the time of writing there is still controversy about the exact

mechanism, there can no longer be any doubt that the thymus plays an

important regulating role in immunological reactions.

8/
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Biology of growth and repair

It is now necessary to return to the pre-1960 work on the thymus

which has been widely neglected in the excitement generated by the findings

of Miller and other immunologists. Surely it would be more profitable to

attempt a synthesis than to reject the work on growth which indicated a role

in foetal and neonatal life linked with the anterior pituitary and other

endocrine glands. The factors which precipitate myasthenia gravis

(emotional stress, infection, pregnancy), the genetic factors, and the

associated endocrine disorders suggest that the thymus may be controlled by

a hypothalamo-pituitary mechanism which is genetically determined (Simpson,

I960). The thymus might play a role in tissue differentiation during

embryogenesis of which the control of blood cells and plasma proteins is a

fraction which survives after birth. If organs are to develop normally it

is obvious that there must be some mechanism for recognizing and inhibiting

or destroying abnormal cells, for arresting growth, and for promoting the

breakdown, scavenging, and replacement of cells damaged by 'wear and tear'.

This could well be the fundamental role of the immunological mechanism and

its role in prevention of infection an adaptation which has been selected

for its survival value. A similar idea is implicit in the suggestion of

Burnet (1962a) that the thymus is primarily concerned with the maintenance

of the chemical integrity of the body, including the mechanism of specific

protein synthesis, and that the development of the immunological competence

of the body is part of the process of morphological and functional differentia¬

tion of the embryo and young animal. Weiss (1950) Burwell (1963) have

developed alternative theories of control by the reticuloendothelial system

of cellular growth and differentiation- Recently Szent-Gydrgi et al (1962)

9/



claim to have isolated two factors from normal calf thymus. One of these,

'promine', is said to be a growth-promoting hormone and the other, 'retine',

a growth-inhibiting factor. Confirmation of this work is eagerly awaited

because disturbance of a breakdown/regeneration cycle at the motor nerve

terminals could account for the phenomena of myasthenia gravis (Simpson, 1968).

It will be interesting to see whether it is under pituitary control.

Much of this is, in the nature of things, speculative. The i960

paper was described as 'a new hypothesis', since it could not be dignified

as a theory, ana closed with a quotation from Hughlings Jackson.

'The use of hyoptheses is the method of science. To suppose

we can make discoveries by the Baconian method is a delusion. A

hypothesis or supposition is not a conclusion; it is only a

starting point for methodical observation and experiment, the

endeavour being not only to prove it, but to disprove it.'

The earlier hypothesis led to the recognition that certain diseases

are associated with myasthenia gravis and a prediction that antibodies would

be found against more tissues than muscle was confirmed (Simpson, 1966).

The inferences and suggestions for experiments outside of the field of

immunology have not been exploited. These are the main justifications for

restating the hypothesis. Myasthenia gravis still holds clues to the

function of the thymus.
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Myasthenia Gravis: Clinical Aspects

The first time I addressed this Society on the
subject of myasthenia gravis was to give a pre¬
liminary report on an evaluation of thymectomy
(Simpson 1956). That work gave me the chance
to examine more than 400 patients with myasthe¬
nia in a comparatively short period of time. This
provided a golden opportunity to study the
natural history of the disease and its rarer mani¬
festations. Some curious facts appeared which led
me to propose that the neuromuscular disorder
was only part of a multisystem disorder, probably
based on a breakdown of immunological toler¬
ance (Simpson 1960).
Time does not permit a review of all the

evidence which led to this hypothesis and I shall
only summarize some parts which seem to be
relevant to the interests of this Section.

NaturalHistory
Myasthenia gravis occurs at all ages but the
modal age of onset is about 20 years, with a
secondary peak for males in the fifth decade.
Below that age females outnumber males
4-5:1, but in later life males predominate. The
onset may be insidious or sudden. It is often
precipitated by an emotional upset, and this fact
accounts for the common failure to make the

diagnosis in the first years, as the dramatic but
reversible weakness is readily mistaken for
hysteria. Infections or pregnancy are also preci¬
pitating factors - rarely physical exercise. A
tendency to have remissions is well known, but
prolonged complete remissions are in fact not
common and rarely repeated. Most of the 'useful'
remissions occur during the first seven years.

Conversely most of the deaths due to progressive
myasthenia also occur in the same period. The
highest mortality is in the first year, with a second
danger period from four to seven years after the
onset (Simpson 1958). Most of the beneficial
response to thymectomy is seen in patients opera¬
ted on during this same period, which appears to
be an active and labile stage of the disease. After
that period remissions are less complete, thymec¬
tomy is less valuable, and there may be less
response to anticholinesterase drugs. On the other
hand, deterioration is less rapid or stops and
deaths are fewer (though risk of asphyxia from
aspiration may persist). One has the strong

1in absentia read by Dr J Dow
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impression that about the 5-7 year point the
active disease process subsides, leaving more or
less permanent sequelae.
I will not discuss the well-known symptoms of

neuromuscular disease, but only draw attention
to the distribution of weakness when a large
population is studied. Certain muscle groups are
more likely to show the earliest signs and the
ranking order is the same if one lists the total
incidence of involvement - extraocular, bulbar,
neck, limb girdles, distal limbs and trunk. I draw
attention to this because it is quite different from
the distribution of a peripheral neuropathy of
axonal type and much closer to the distribution of
a myopathy. A clinical observation of this type
must be kept in mind when deciding between
prejunctional and postjunctional mechanisms.

Associated Disorders
Most people are aware that there is some conne¬
xion between myasthenia gravis and thyrotoxico¬
sis. Studies of small numbers of cases have led to
false conclusions such as a presumed 'see-saw'
relationship between the two. In fact in my series
of 510 cases it is obvious that all one can conclude
is that both diseases may occur at some time
or another in the same individual, with no
obligatory temporal relationship. Furthermore,
thyroid disease appears more often than one
would expect in close relatives of myasthenic
patients (Simpson 1960). Interestingly enough, if
the earlier literature is reviewed it will be seen that
there are more reports of 'lymphadenoid' goitre
than of thyrotoxicosis (Ringertz 1951). In my

experience nontoxic goitre and myxoedema occur
quite commonly, giving a total incidence of
thyroid disease of 9% in males and 18% in
females suffering from myasthenia gravis (Simp¬
son 1958). Radioiodine studies show that the
majority of myasthenic patients have normal
thyroid function and there are as many subthyroid
as hyperthyroid among those without clinical
manifestations of thyroid disorder (Simpson
1966b). Clinical or latent Hashimoto's thyroiditis
is not uncommon and may develop after thymec¬
tomy (Simpson 1964).
The role of the other endocrine glands is less

certain. Glycosuria or diabetes mellitus appear to
be a little more common than expected. Premen¬
strual exacerbation of symptoms is common, and
pregnancy has a definite though variable effect.
Exacerbation usually occurs during the first tri¬
mester with later remission followed by relapse in
the puerperium (Fraser & Turner 1953), but the
course may be different in successive pregnancies.
My study of the patients in the thymectomy

series first drew attention to a relationship
between myasthenia gravis and other disorders,
notably an arthropathy resembling rheumatoid

arthritis, pernicious anjemia, and other disorders
now recognized as being associated with disorder¬
ed immunological mechanisms (Simpson 1960).
These findings have been confirmed by other
workers (Downes et al. 1966). In postulating an
immunological basis for the syndrome I was
influenced by seven facts:

(1) The age and sex incidence, the remitting course
and the observed precipitating factors bore a
marked resemblance to systemic lupus erythema¬
tosus (Harvey et at. 1954).
(2) My observations suggested a multi-organ
disorder.
(3) The characteristic muscular pathology - the
lymphorrhage - suggested an 'allergic' reaction.
It had previously been discounted as 'nonspecific'
because lymphorrhages were found in other
conditions but all of these were disorders in which
current theory was implicating 'autoimmune'
disturbances.

(4) It appeared to me that the thymus was more
like an active lymphoid organ than an endocrine
gland as it was then considered, and this convic¬
tion was enhanced by Smithers' (1959) paper.
(5) Cortisone may cause remission after temporary
relapse.
(6) The infant born to a myasthenic mother may
have myasthenic weakness. It does not occur in
every pregnancy and the child is only affected for
4—8 weeks. Despite this, nobody has ever suc¬
ceeded in making another adult myasthenic by
transfusion of blood from a myasthenic patient.
Obviously this could beaccounted for if the'toxin'
presumed to cross the placental barrier was an
antibody, and the duration of the neonatal dis¬
order fitted rather well with this concept.
(7) While my findings were being prepared for
publication Nastuk et al. (1959) reported that
myasthenic serum appeared to lyse frog muscle
cells and this appeared to be a complement-
fixing reaction.

From 1956 my colleagues in immunology had
searched unsuccessfully for antimuscle anti¬
bodies, and we had failed to produce autoimmune
muscle disease in mice. Working independently
from the cytolytic effect Strauss et al. (1960) were
able to demonstrate antimuscle antibodies in

myasthenic serum. The volume of supporting
work is now too great to review here (cf. Ann N. Y.
Acad. Sci. 1966, 135, Art. 1). The multi-organ
involvement is confirmed by the increased
incidence of antibody against thyroid and
stomach (Simpson 1966a). There is a significant
incidence of hypergammaglobulinemia which
tends to correlate with a thymoma, rheumatoid
arthritis, Hashimoto's disease or pernicious
anaemia (Simpson 1966b).
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For the first time a logical connexion between
the thymus and muscle has been established. It
has been known for nearly sixty years that the
thymus is usually abnormal in myasthenia gravis
and that 10-15% of cases have a thymic tumour,
the latter cases being clinically more severe. Now
it has been shown that the titre of antimuscle
antibody is greatest in the presence of a thymoma
but that it need not necessarily be associated with
clinical or latent myasthenia (Strauss et al. 1966).
Thus the present position is that there is no

doubt that disordered immunological tolerance
is common in myasthenia gravis but no evidence
as to whether it is primary or secondary. When in
1960 I proposed this hypothesis Miller had not
yet published his work establishing the immuno¬
logical role of the thymus so it was necessary to
suggest a possible mechanism for the neuro¬
muscular disorder. At that time I favoured the
idea that antibody against the receptor substance
of the muscle endplate acted as a curare-like
competitive blocking substance. At present there
is no evidence to support this, and the nature of
the defect remains obscure.

Neuromuscular Transmission
I cannot review here the mass of information on

the functional disorder of neuromuscular trans¬
mission and abnormal responses to drugs acting
at the endplate of muscle. I have recently analysed
the data (Simpson 1968) and concluded that all
can be accounted for by the structural changes
demonstrated by Coers &Woolf (1959). These are
presumably the result of a substance elaborated
by the thymus and capable of passing the
placental barrier. In my opinion it is a globulin
of the antibody type.

Thymectomy
The first thymectomy for myasthenia gravis was
performed by Sauerbruck in 1912 but there was
little interest in the operation until Blalock et al.
(1941) reported a series. Later American reports
were discouraging although Keynes (1946, 1955)
found it a valuable procedure. An independent
study by Simpson (1958) confirmed the claims
of Keynes that the operation was valuable
if no thymoma was present, and review of
the various American statistics showed that
they were consistent with this. The operation
was most effective if performed during the 'active'
stage of disease and women gained most benefit.
Other methods of destroying the thymus (radio¬
therapy, steroids, carotid sinus denervation) are
less direct and hence inferior since the operation
is so safe in skilled hands. Working closely with
Mr Andrew Logan in Edinburgh and Mr Kenneth
Fraser in Glasgow during the last twelve years
there have been no post-operative deaths in

patients under my care. For this reason I continue
to rely on thymectomy, but it must be observed
that in the last ten years there have been great
improvements in medical management, notably
in the wider use of pyridostigmine, better
recognition of the difference between myasthenic
and cholinergic crisis, greater familiarity with the
use of edrophonium to evaluate the cause of
weakness, and tremendous advance in the
management of ventilatory failure. It might well
be that these advances have restored the balance
in favour of drug therapy.
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The Correlations Between Myasthenia
Gravis and Disorders of the Thyroid
Gland
J. A. SIMPSON

INTRODUCTION

An association between myasthenia gravis and thyrotoxicosis was

first reported by Rennie (1908) who considered that it was coincidental. Since
then the association has been noted too often to require further evidence, but
the exact nature of the relationship remains in doubt. Cohen and King (1932)
drew attention to some similarities existing between the two diseases, notably

hypertrophy of lymphatic tissue, occasional lymphocytosis, occasionaly gly¬
cosuria, and the presence of lymphorrhages in muscle tissue. More recently
it has been shown that germinal centres in the thymus may be present in both
diseases (Gunn, Michie & Irvine, 1964).

Myasthenia gravis is a rare complication of thyroid disease. Bar-
tels and Kingsley (1949) found four cases of myasthenia gravis in a series of

12, 962 cases of exophthalmic goitre and Sahay, Blendis and Greene (1965)
found three in more than 12, 000 cases of thyrotoxicosis. In the Gardiner In¬
stitute of Medicine, Glasgow, it has occurred only twice in 1019 cases. On
the other hand it is not uncommon to find thyrotoxicosis in patients with myas

thenia gravis. The main series in the literature, listed in Table I, show that
about 5% of myasthenics have thyrotoxicosis at some time.

My own experience confirms the many early reports that thyrotoxi¬
cosis is closely associated with myasthenia gravis. At this date it is more

important to examine the nature of the relationship. Engel (1961) reviewed
the literature from the point of view of the temporal correlation. In 76% of
79 cases the hyperthyroidism preceded, or appeared simultaneously with,
the myacthonia. Ho docc not mention myasthenia preceding hyperthyroidism,

though this is described by Millikan and Haines (1953) in 32% of cases with
the combined syndrome. In 20% they occurred virtually simultaneously and
in 48% the hyperthyroidism was first. In 1 in 4 of the last group the



hyperthyroidism preceded myasthenia by more than 5 years. My experience
has been similar. It is evident that in some cases thyrotoxicosis will be sub¬

siding as myasthenia increases, whereas in others the myasthenia is remit¬

ting as thyrotoxicosis increases (Thorner, 1939; McEachern & Parnell, 1948;
Maclean & Wilson, 1954). In the majority of cases the 'see-saw' relationship
suggested by these authors is absent (Bartels & Kingsley, 1949; Levy et al,
1951; Simpson, 1960; Engel, 1961). The first thymectomy for myasthenia
gravis was performed by Sauerbruch on a patient who also had exophthalmic

goitre. The latter was not affected by the operation (Schumacher & Roth,
1913). There is therefore no evidence of an inverse relationship between
the two diseases.

TABLE I

THYROTOXICOSIS IN MYASTHENIC PATIENTS

Authors Thyrotoxicosis Myasthenia %

Bartels and Kingsley (1949) 4 90 4.4

Millikan and Haines (1953) 25 500 5.0

Grob and Harvey (1953) 8 270 3.0

Silver and Osserman (1957) 11 325 3.4

Oosterhuis (1964) 8 180 4.4

Rowland, Aranow and Hoefer 20 400 5.0

Simpson (1968) (1966) 37 518 6. 1

TOTAL 113 2283 4.9

Other workers have taken the opposite point of view, that hyper¬

thyroidism in some way 'causes' myasthenia gravis, to the extent of order¬
ing thyroidectomy for control of myasthenia. This requires more serious
consideration as it is found in general that myasthenia deteriorates as thyro¬
toxicosis increases despite the exceptions quoted above. Engel (1961) made
some studies on five euthyroid patients with myasthenia gravis. Administra¬
tion of 1-triiodothyronine in a dosage sufficient to suppress endogenous thyro¬

tropin secretion without raising the basal metabolic rate (BMR) did not affect
the myasthenic state. Larger dosage raised the BMR and this tended to in¬
crease myasthenic weakness. He then gave sodium iodide to block the release
of thyroid hormone and so accelerate thyrotropin secretion. There was no

effect on the myasthenia. If thyrotropin was administered weakness increased
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as the metabolic rate increased. Blockage of thyroid hormone synthesis by
methimazole with intermittent thyrotropin to deplete stored thyroid hormone
led to improvement as the BMR fell, although endogenous secretion of thyro¬

tropin increased. From these experiments Engel (1961) concluded that hyper¬
metabolism made myasthenia worse no matter whether it was induced by

1-triiodothyronine or by thyrotropin, but thyrotropin had no effect if its
action on the thyroid was blocked. There was no evidence of a primary
effect of thyrotropin on muscle such as has been postulated for malignant

exophthalmos. The deleterious effect of hypermetabolism seems in no way

different from that of many other forms of stress.

PERSONAL EXPERIENCE

I have examined thyroid function in 66 myasthenic patients, includ¬

ing the selected series previously reported (Simpson, 1966a). Of the 66

patients there were 3 diagnosed clinically as having thyrotoxicosis, 4 as

non-toxic goitre, and 2 as Hashimoto's disease. One patient had a previous

history of thyrotoxicosis. Three patients without clinical or laboratory evi¬
dence of thyroid disease had a family history of thyrotoxicosis. The tests
used were radio-iodine uptake and plasma protein-bound iodine with plasma
cholesterol and BMR measurement. The results agreed with the clinical
assessment in 59 but subclinical hyperthyroidism was found in 3 cases and

hypothyroidism in 4 (Simpson, 1964b, 1966a). This confirms the finding of

Sahay et al (1965) that latent hypothyroidism is at least as common as latent

hyperthyroidism in myasthenia gravis.
I have previously reported (Simpson, 1958) a series of 404 myas¬

thenics in which 21% of female and 9% of male patients had a thyroid disorder
at some time in their life. The series has now increased to 518 patients but
the incidence remains the same (Table II). These figures are not compar¬
able with those of Millikan and Haines (1953) which refer only to thyrotoxi¬
cosis and a breakdown of my cases into different categories is shown in
Table II, and the thyrotoxic patients are compared with those of other series
in Table I. The incidence in the present series (6.1%) is a little higher than
the others. Some of this is certainly due to different diagnostic criteria.

Many of the cases occurred before radio-iodine uptake and protein-bound
iodine estimation was available. It is probable that modern criteria would -

eliminate some and move others into the non-toxic goitre category. The

high figure for total thyroid disease is supported by a smaller series exam¬

ined in Edinburgh and Glasgow by modern diagnostic methods including
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TABLEII THYROIDDISORDERSINAPERSONALSERIESOF321MYASTHENICPATIENTS FemaleMale
Non-tumour
Thymoma

Total

%

Non-tumour
Thymoma

Total

%

Thyrotoxicosis

28

2

30

8.5

7

0

7

4.2

Non-toxicgoitre

27*

4

31

8.8

5

1

6

3.6

Previousgoitre

9

0

9

2.5

0

1

1

0.6

Hashimoto/Iymphadenoidgoitre
5

1

6

1.7

1

0

1

0.6

Myxoedema

1**

0

1

0.3

0

1

1

0.6

Totalthyroiddisease

70

7

77

21.9

13

3

16

9.6

Numberofmyasthenics

321

30

351

100.0

147

20

167

100.0

*1caserecurrentthyroglossalcyst. **Systemiclupuserythematosusandpresumedradiationthyroidatrophy.



TABLEIII THYROIDANTIBODIESINMYASTHENICPATIENTS
Female

Male

Clinicalthyroiddisease Thyroidantibodieswithclinical thyroiddisease Thyroidantibodieswithout clinicalthyroiddisease Numberofmyasthenicpatients
Non-tumour
Thymoma

Total

%

Non-tumour
Thymoma

Total

%

10(a)

0

10

23.8

2(c)

1(e)

3

15.0

7(a)

0

7

16.7

2(c)

0

2

10.0

7(bd)

2

9

21.4-

3

0

3

15.0

40

2

42

100.0

18

2

20

100.0

(a)1caseofHashimoto'sdiseasewithSj'dgrenandrheumatoidarthritis.Gastricantibodies. (b)1caseperniciousanaemia.Hashimoto'sdiseaseatautopsy. (c)1caseHashimoto'sdisease(Simpson,1964). (d)1caseSj'dgren'sdisease.Noclinicalthyroiddisease. (e)1casehypothyroid(biochemical).



immunological studies which also indicate as much subclinical as clinical
involvement (Table III).

I have excluded patients with physical signs which might indicate

previous transient thyrotoxicosis if there was no collateral evidence. This
includes patients with a moderate degree of exophthalmos (Walsh, 1957) and
others with a thick supraorbital pad resembling that seen in recovered thyro¬
toxicosis to which I have drawn attention (Figure 1) (Simpson, 1960). Klar

(1930) has previously described oedema of the eyelids in a case of myasthenia

gravis. An example is case MN. 3912. Although there is no history of thy¬
roid disease her serum has a high titre (1/128) of complement-fixing antibody

against thyroid. She also has a raised titre (1/32) of antibody against gastric
mucosa. Some patients complain of profuse sweating and weight loss and

many are unusually nervous. These symptoms may precede the use of anti¬
cholinesterase drugs and so cannot be attributed to the muscarinic side-
effects of treatment. None of these patients have been included.

The first point of interest in Table 11 is the number of patients
who have had hyperthyroidism or simple goitre earlier in life but which has

(a) (b)

Figure 1 . Enlarged pads on medial side of upper eyelids.
(a) Case MN 4636. Transient thyrotoxicosis aged 45. No

myasthenia until 9 years later. Thyroid slightly palpable:
occasional lid lag. Scrum PBI 5. 1 ug/100 ml. Complement-
fixing antibody against thyroid, titre 1:16.

(b) Case MN 1906. Long history of myasthenia gravis. No history
of thyroid disease, (antibody studies not available).
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subsided long before the onset of myasthenia^. Secondly, there are the cases

of non-toxic goitre and myxoedema which have been ignored in the recent past

(Simpson, 1958, 1960). That this is unjustified is shown by a brief review of
the literature from pathologists who, in the main, describe non-toxic goitres,
often lymphadenoid (Norris, 1936; Miller, 1940; Giordano & Haymond, 1944).
These authors usually considered that the changes were involutional in a pre¬

vious exophthalmic goitre. Rowland et al (1956) found four non-toxic nodular

goitres in a post-mortem series of 26 myasthenics. Ringertz (1951) found 5
abnormal thyroids in 18 autopsies. One of these was a non-toxic nodular goitre

(without lymphoid infiltration), one gland (from a girl of 16) was considered to
be of toxic type, and three showed patchy parenchymal atrophy with cellular

disintegration associated with dense lymphoid infiltration. Two of these had

lymphoid follicles in the thyroid 'giving to the picture a certain resemblance
to that of lymphadenoid goitre'. Both of these patients had a thymic tumour.

My own experience has been similar. In drawing attention to it in a Honyman-

Gillespie Lecture I discussed a slide which appeared to indicate unsuspected
Hashimoto's disease in a myasthenic patient with a thymoma. This was omit¬
ted from the published version (Simpson, 1960) owing to some reservations
about the diagnosis but it was presented with other cases in later papers

(Simpson, 1966a, b) after Hashimoto's disease had been identified in life (Daly
& Jackson, 1964; Simpson, 1964a) and at autopsy (Becker et al, 1964).

As pointed out above, diminished thyroid function is not uncommon
in myasthenia gravis but myxoedema is rare.

CASE HISTORY

Case GK/ES first noticed weakness of the legs in September, 1946,
when she was aged 49. This was followed by ptosis and diplopia and
then by bulbar and upper limb weakness. Myasthenia gravis was diag¬
nosed in October, 1948. There was a good response to neostigmine.
In 1950 she had pericarditis and angioneurotic oedema and in 1952 was

treated by radiotherapy for suspected carcinoma of the larynx. In
1954 she became myxoedematous. A diagnosis of chronic lupus ery¬

thematosus was made but the myxoedema was attributed to radiation
of the thyroid. At that time the possible association between S.L.E.

thyroiditis and myasthenia gravis was not known. When I examined
her in 1955 she was able to lead a normal life if she took 10 tablets

(150 mg) of neostigmine each day.
Storm-Mathison (1961) reported two myxoedematous myasthenics, one of whom
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also had arthropathy and a previous history of haemolytic jaundice (Case 56).
This patient was alive 12 years later with remission of myasthenia and well
controlled myxoedema. The author did not oconsider that her patient had
S. L.E. (discussion after Simpson, 1966b). Four cases of primary myxoedema
associated with myasthenia gravis were reported by Feinberg et al (1957).
The possibility of thyroiditis was not discussed. Sahay et al (1965) found 5

hypothyroid and 3 hyperthyroid patients in 260 cases of myasthenia gravis.
I do not wish to expand on the importance of a correlation between

Hashimoto's disease and myasthenia gravis as support for my autoimmune

hypothesis of myasthenia (Simpson, 1960) which was presented to the First

Symposium of this series (1961, unpublished), but rather to discuss these

euthyroid or hypothyroid disorders of the thyroid gland in an endocrinological
context. At this point it is already obvious that there is some connection be¬
tween myasthenia gravis and thyroid disease in general and not specifically
with hyperthyroidism. Certainly neither thyroid hormone, thyrotropin, or a

hypermetabolic state can be causative factors in producing the neuromuscular
disease as is implied by so many writers.

The clue to the relationship may be provided by an original observation

reported by Simpson (1960). In 20 of 440 myasthenic cases there was a

family history of goitre (toxic or simple) or of myxoedema. The affected
relative was usually a sister or a female and could be on either side of the

family (Simpson, 1960). The exact incidence is uncertain since patients have

only been questioned systematically since I became aware of it at the end of
1953. Soon after this Macrae (1954) reported a myasthenic child whose
mother had hyperthyroidism. Oosterhuis (1964) found a family history of

thyroid disease in 9 of 116 myasthenic patients and 5 of these had personal
evidence of thyroid disease. Greenberg (1964) reported two sisters with

myasthenia and thyrotoxicosis. One later developed Hashimoto's disease
and the other became myxoedematous as the result of treatment. Rowland
et al (1966) also report a familial incidence of both disorders. I have seen

a male myasthenic (NH.4648) whose twin sister had goitre.
One feels that there is an important clue in these facts. It has been

acceptedfor a longtimethat a constitutional or genetic defect may predispose
to the development of Graves' disease (Bartels, 1941). It was therefore sug¬

gested that a gene may have variable expression producing either thyroid

disorder', myasthenia gravis, or both (Simpson, 1960). It could be responsible
for altering immunological responses by an action on the thymus (Simpson,
1960, 1964b). A genetic factor has recently been demonstrated in the
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autoimmune diseases including thyroiditis (Hall et al, 1962; Doniach & Roitt,

1962), and there is increasing recognition of abnormal immunlogical reac¬
tions in thyrotoxicosis (Anderson et al, 1964). There is no valid evidence
that the abnormality of thyroid funotion rocultc from doctruction of tho gland

by antibodies. In the same way there can be no doubt that there is a major
disturbance of immunological reactions in myasthenia gravis but the original

suggestion that antibody might block the endplate receptors has not been con¬

firmed. The resolution of this problem seems tantalisingly near, but must
wait for clarification of the links between genes, thyroid and thymus. For
reasons which have been indicated previously (Simpson, 1960, 1966a, b) I feel
that genetic control of both organs acts through a hypothalamo-pituitary
mechanism. The recent finding that Graves' disease is caused by a long-

acting thyroid stimulator resembling antibody globulin, and not by thyro¬

tropin is another link in the chain. The picture remains incomplete but the
clues are there for all to see.

SUMMARY

Myasthenia gravis is a rare complication of thyrotoxicosis (1 in

3, 000) but thyrotoxicosis occurs in 5% of myasthenics. There is no regular
temporal sequence and they may be widely dissociated in time. There is an

even higher incidence of other thyroid disorders — non-toxic goitre, Hashi¬
moto's disease and myxoedema — in 22% of female and 10% of male cases

of myasthenia — with an additional number (of similar dimensions) of sub¬
clinical cases shown by serum antibodies, radioiodine, and autopsy studies.
Attention is drawn to a high incidence of thyroid disease in close relatives
of myasthenics. It is suggested that disordered thyroid function does not
cause myasthenia gravis but that both groups of disorders are associated
by common genetic factors. Immunological tolerance is disturbed in both
but may be a paraphenomenon. The link between genes, thymus, thyroid,
and neuromuscular function cannot be defined but are probably convergent
rather than linear.
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I. Introduction

"Few diseases have been more satisfying to the teacher of medicine than
myasthenia gravis for no better meeting ground exists for clinician, patho¬
logist and pharmacologist. Ten years ago the standard teaching was that the
myasthenic response must indicate one of three possible 'chemical lesions'
at the neuromuscular junction: (i) insufficiency of acetylcholine, (ii) excess
of cholinesterase, or (iii) a 'curariform' block of transmission, presumably
due to a substance carried in the blood. More recently the logical fourth
possibility of an abnormality of the motor endplates of muscle has been
postulated. It seemed only a matter of time and of refinement of physio¬
logical and pharmacological techniques before the true lesion would be
demonstrated. In that same period knowledge of the physiology of the
neuromuscular junction has made its greatest advances, yet the solution
of the problem of myasthenia evades us despite renewed and world-wide
interest" (Simpson, 1958). Although the final solution remains missing
ten years after that passage was written, there have been major reassess¬
ments. It is instructive to examine the reasons for these.
The most characteristic feature of medical thinking in the last 50 years

has been the belief that all disease can be "explained" given an adequate
knowledge of normal physiology or biochemistry. Each disorder then
represented increased or decreased activity of a normal function. Detailed
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knowledge of the function and pharmacology of the normal mammalian
neuromuscular junction would therefore indicate the mechanisms which
must be defective in myasthenia gravis. The thoughtful observer of disease
may be forgiven for being increasingly sceptical of such an approach which
ignores the fact that the geometry and molecular biology of the affected
organs may be changed radically in disease. Nevertheless the "patho¬
physiological" approach has had the inevitable result that unthinking
clinicians have begun to take note of only those things which fit that con¬
ceptual framework. All thinking about myasthenia gravis was concentrated
on neuromuscular transmission in 1934 whenMaryWalker's demonstration
of the dramatic relief afforded by physostigmine coincided with Dale and
Feldberg's confirmation of the role of acetylcholine in neuromuscular
transmission. When patients were questioned without prejudice, Simpson
(1960) rediscovered symptoms recognized by Buzzard (1905) which
indicated that myasthenia gravis was not exclusively a disorder of neuro¬
muscular transmission. From these observations an immunological hypo¬
thesis was constructed which has received widespread support from other
workers. It is not the purpose of this chapter to review that aspect, or the
clinical symptomatology of myasthenia gravis. For these the reader is
referred to Simpson (1964a).
The purpose of this introduction is to emphasize for non-clinical readers

that there are different levels of "causation" in medicine, and explanations
of disease processes may concentrate on different levels without necessarily
being incompatible. A corollary is that an "explanation" at the most
superficial level will be adequate only in so far as it takes account of
the deeper levels. Thus five levels of "causation" of a disorder may be
recognized.

(i) Increased or decreased function of an organ ("pathophysiology").
(ii) The disorder of function may be secondary to a deformity of struc¬

ture ("pathoanatomical").
(iii) Intracellular disorder of function ("molecular biological").
(iv) Cellular or body fluid disorders may be secondary to disturbance of a

fundamental biological process ("dvshomoeostatic").
(v) First cause of each of the above (e.g. genetic, infective, psycho¬

somatic).

Any "explanation" ofmyasthenia gravis in terms of the function of normal
neuromuscular transmission is necessarily naive, being only at the first level
of causation. Furthermore, unless it is recognized that there are geometrical
and homoeostatic disorders which must be accounted for, even the first level
explanation may be seriously misleading. It is the writer's conviction that
many of the current arguments regarding the pre-synaptic or post-synaptic
site of the myasthenic defect are meaningless because of failure to appreciate
this. The present account will examine the available data from each of these
points of view in turn.
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II. Myasthenia

The term myasthenia is used in different senses in different countries. The
writer uses it to mean that type ofmuscular weakness which increases pro¬
gressively if a muscular contraction is maintained or if a movement is
regularly repeated without adequate interval for rest. This phenomenon is
often termed "pathological fatigue". The term is graphic but undesirable
as the increasing weakness has no close resemblance to normal fatigue of
muscle or of its nervous control. It is unfortunate that there is no suitable
word in the English language to describe the progressive loss of power of
muscular contraction or of the associated action potentials ofskeletal muscle.
The myasthenic syndrome may be associated with a variety of neuro¬
muscular diseases (Simpson, 1966a), but there is a clearly recognizable
syndrome which is myasthenia gravis (Simpson, 1964a), and it is that dis¬
order which will be analysed here.

A. The mechanical response ofmyasthenic muscle
The resemblance ofmyasthenia to curare poisoning occurred to Oppen-

heim (1887) and to Jolly (1895). The latter worker made a most significant
contribution when he showed that the "fading" of muscle contraction seen
during sustained voluntary effort could be reproduced if themotor point ofa
myasthenic muscle was stimulated by a burst of faradic electric current
(i.e. a rapid train of oscillatory stimuli which stimulates the motor nerve
entering the muscle) whereas the muscle continued to contract powerfully
if a galvanic stimulus was used (which stimulates only muscle fibres). This
important observation showed that the muscle was capable of contracting
repeatedly without "fatigue" if its fibres were stimulated directly though
there was progressive loss of response if it was stimulated indirectly through
its motor nerve. Later workers using electrical recording of the antidromic
action potential of the motor nerve confirmed that the nerve continued to
respond (Alajouanine et al., 1959) so the defect of response must be localized
to the neuromuscular transmission mechanism. Slomic et al. (1968) using
strain gauge recording showed that the normal "staircase phenomenon"
evoked inmuscle by trains ofstimuli to itsmotor nerve is reduced or abolished
in myasthenia gravis, even when there is no clinical evidence ofweakness of
the muscle tested. By applying a correction to allow for block of fibres
derived from measurement of the action potentials they stated that the
muscularmechanism believed to be responsible for the staircase phenomenon
is also involved. Pritchard (1933) identified the cause of the myasthenic
reaction asWedensky inhibition. This concept still has some currency in the
Soviet states. It can no longer be accepted in the sense usually understood
as in the Wedensky phenomenon a partial block of a nerve so prolongs
its refractory period that only the first of a rapid train of impulses will
pass through the blocked area, though a slow train may pass without
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difficulty. The result of a series of impulses at a critical frequency of
stimulation will then be a single muscle twitch, not the decrementing series
of twitches found in myasthenia gravis.

B. Electromyography of voluntary contraction

Lindsley (1935) made myographic and electromyographic studies using
coaxial needle electrodes to record the activity of individual muscle fibres
or ofmotor units. He found that the rhythm of discharge of the motor units
on voluntary contraction was normal. The size of the potential recorded from
each unit was subject to wide variation which was greater with fatigue of the
muscle but abolished after injection of neostigmine. He concluded that the
function of the motor neurone was normal but that there was intermittent
block of neuromuscular transmission to some of the muscle fibres which it
innervated.
With continued effort there is a progressive fall-out of motor units. If a

special effort is requested a new burst of discharge occurs. This is usually
poorly sustained, but in certain circumstances a surprising and well-
sustained contraction is possible. Myasthenia gravis is quite commonly
complicated by epilepsy or psychosis (Simpson, 1960). The motor con¬
vulsion or the violent movements associated with mania may show no
evidence of decrement and the desperate movements of the myasthenic
patient asphyxiating from laryngeal obstruction may be extremely power¬
ful. Denny-Brown (1953) states that themotor units producing the renewed
discharge on special demand are not units which have recovered from the
previous "fatigue" but are new units responding only to the special effort.
This has not been the writer's impression, though it is impossible to be
dogmatic about it. It would, for instance, be quite impossible to state that
the first units to drop out had not recovered since their morphology cannot
be examined during full contraction by normal methods of recording. If
the electromyogram (EMG) of a myasthenic muscle exerting a sustained
isometric contraction is examined one commonly records cycles of sudden
failure ofcontraction followed by renewed effort (Fig. 1). To the uninitiated,
the clinical manifestation is very suggestive of hysterical failure of innerva¬
tion, but close examination of the cycles shows that the confused recruit¬
ment pattern of the EMG becomes reduced in two ways. In addition to the
amplitude decrement ofmotor units described by Lindsley (1935), the trace
becomes simplified by sudden cessation of activity of some units (Denny-
Brown, 1953; Lundervold, 1954; Simpson, 1956). At this stage the contrac¬
tion becomes tremulous and the motor units tend to synchronize as in normal
fatigue. Motor unit firing then stops abruptly but is resumed in about one
second with greater intensity. The cycle is repeated, but with longer silent
periods and decreasing re-recruitment. Simpson (1960) suggests that the
phenomenon can be explained by short-lasting post-tetanic facilitation plus
the purely muscular post-tetanic potentiation (Botelho and Cander, 1953)
following the brief pauses and that it is unnecessary to postulate a hidden



11. defect in myasthenia gravis 349

200 uV J
1 sec

—______ — | 1

Fig. 1. EMG with co-axial needle electrode from R. deltoid muscle while arm held out

until posture could no longer be maintained. Records read continuously. Note develop
ment of synchronization and tremor leading to brief pauses of successively longer duration
until further contraction is impossible. Each pause is followed by brief post-tetanic
facilitation. The pattern reduces in amplitude but the units firing at the end of the
contraction apparently stop firing suddenly, without decrement in amplitude. Calibrations
200 /xV, 1 sec.

reservoir ofhigh-threshold units. It is the same mechanism which abolishes
induced ptosis if the myasthenic patient is allowed to blink during testing,
and it is probably also the mechanism of the coarse monocular nystagmus
which is sometimes present.
Many of the motor units in the affected muscles have the polyphasic

action potentials of a "myopathic" motor unit (Fig. 2). This may only be
seen in the last units remaining before final cessation of the weakening con¬
traction, but in many cases similar units can be found at the beginning of
contraction even after a period of rest, particularly in the deltoid and triceps
humeri muscles. A minority of muscles affected in this way show scanty
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Fig.2.(a)EndofcontractioninFig.1.Timescale100msec. (b)Remainingmotorunitpotentialsafter(a)aresmall,brief,andpolyphasic("myopathic").Timescale 20msec.Amplitudecalibration200/IVforbothrecords.



11. defect in myasthenia gravis 351

spontaneous fibrillation, positive sharp waves, and increased mechanical
excitability (Fig. 3). All of these features are indistinguishable from the
electromyographic pattern of polymyositis (Simpson, 1960).
Some conclusions may be drawn from these observations. First, that the

early decrement in tension is associated with amplitude decrement ofmotor
units, many of which develop the EMG pattern associated with an incom¬
plete complement ofmuscle fibres. The defect could be either postjunctional,
as suggested by the resemblance to polymyositis, or prejunctional in discrete
branches of the telodendria of the motor axon. If it is the latter, the nerve
terminals have not lost the property of post-tetanic facilitation of release of
transmitter and this may recruit non-responsive muscle fibres (vide infra).
Second, that the sudden arrest of unit firing without progressive decrement
of the muscle unit potential suggests failure proximal to the terminal
branching of the axon. This failure may be confined to the late stage of
voluntary tetanus. And third, that evidence of denervation or of pro¬
longed functional failure ofacetylcholine release, as in botulism, is extremely
rare. The occasional occurrence of spontaneous fibrillation is equally
compatible with myositis.

(a)

Fig. 3. Myasthenia gravis. R. triceps EA1G. (a) Fibrillation, (b) slight voluntary
activity with "myopathic" motor unit potentials, (c) full recruitment pattern on maximal
effort. Calibration 200 /TV, 20 msec.
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Unfortunately the existing techniques of electromyography of asyn¬
chronous tetanic contraction do not permit satisfactory isolation of a single
motor unit to study the changes in its action potential throughout a strong
voluntary effort. Considerable information of a statistical nature can, how¬
ever, be obtained from the study of a population ofmotor units integrated
by recording from the skin surface if each is stimulated more or less syn¬
chronously by means of its motor nerve.

C. Indirect stimulation of muscle

Early reports by Herzog (1917) and Eichler et al. (1935) on the changes in
the action potential of a myasthenic muscle tetanized by repetitive stimula¬
tion of a motor nerve may be criticized on technical grounds. Harvey and
Masland (19416) drew attention to the importance of preventing displace¬
ment of the stimulating electrodes placed over the nerve and of using supra¬
maximal stimulation (at least 30%) to ensure that every motor fibre in the
mixed nerve is adequately stimulated. This can be a painful experience for
the patient, and it may be preferable to block the nerve proximally by
injected local anaesthetic. This has no immediate effect on distal function
of the nerve but may complicate long term experiments. Special precautions
must be taken to prevent the EMG record of the evoked muscle potential
from being obscured by an artefact due to stimulus-escape (Pinelli, 1957).
Harvey and Masland (1941a) found that the action potential of the muscle

after the second of a pair of supramaximal stimuli was depressed for
0-5-2-0 sec after the first (conditioning) stimulus (Fig. 4 (a)). With a train
of stimuli ("tetanus") the effect varied with the interval between stimuli,
but even with stimulation rates as low as 13 per sec there was an immediate
and progressive decline in voltage for the first few responses. The voltage of
the evoked potential then continued with little change at this lower level
of response. The decline was more pronounced when the muscle was
partially "fatigued" (sic) as a result of previous periods of stimulation
(Fig. 4 (b)). The time course of recovery following a standard tetanus was
tested with single test shocks. The compound muscle action-potential did
not regain its initial voltage until 1-5 sec after the termination of the
tetanus.

The possibility that a substance which blocks neuromuscular trans¬
mission is released by nerve stimulation is rendered unlikely by the ob¬
servation of Harvey et al. (1941) that the first evoked potential is some¬
times subnormal in myasthenic patients. This is sometimes followed by

Fig. 4. (a) .Muscle action potentials in response to maximal stimulation of the ulnar nerve
in a patient with myasthenia gravis. (1) Before neostigmine. (2) 30 min after 1 mg
neostigmine. Time 0-2 sec. Initial potential 6 mV.
(b) Muscle action potentials during repetitive stimulation of the ulnar nerve, in a

patient with myasthenia gravis. (1) Initial tetanus after rest. (2) Second tetanus 10 sec
after the first. (3) Same as (2) 30 min after neostigmine. All nerve stimuli supramaximal.
Time 0-2 sec. Initial potential 6 mV. (From Harvey and Masland, 19416.)
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transient facilitation or recruitment of neuromuscular transmission and
in others by a profound degree of depression. They interpreted these
findings as indicating that some muscle fibres were incapable of stimula¬
tion until neuromuscular transmission was facilitated by repetition of
stimulation within a short period of time., or, in modern terms, until sum¬
mation of endplate potentials reached the critical threshold. The increased
voltage of the compound muscle potential could not be due to better
synchronization of muscle response since it was accompanied by an in¬
crease in the duration of the potential. In one patient both depression and
facilitation were seen. There was no evidence of repetitive response of
muscle fibres.
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Fig. 5. Characteristic fall in muscle action potential response to repetitive nerve stimulation
in a patient with, generalized myasthenia gravis. Stimulation frequency in (a; 5 per sec.
in (b) 10 per sec, in (c) 25 per sec, and in (d) 50 per sec. The response to the initial stimulus
measures 6-2 mV. (From Johns et al., 1956.)

These results were confirmed and extended by Johns et al. (1956). They
noted that patients with generalized myasthenia gravis showed an abnormal
response to repetitive nerve stimulation at rates as low as five per second.
Initially the amplitude of the compound muscle action potentials declined
rapidly and then returned toward the initial value. This was then followed
by a slow exponential fall in amplitude. As the stimulus frequency was
increased the initial trough deepened and the rate of the late exponential fall
was increased (Fig. 5). Similar results were reported by Striippler (1955)
and Pinelli (1957).
Johns ct al. (1956) noted that a facilitated response to a test stimulus
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sometimes occurred 1-0 sec after a tetanus (Fig. 6). Such an increase was
never seen in normal subjects and they concluded that there must be muscle
fibres available for recruitment in the myasthenic, i.e. there is sometimes a
partial block to neuromuscular transmission of a single impulse. The degree
of post-tetanic facilitation may be increased by stimulating the nerve at
frequencies faster than the muscle fibres can follow, or by continued
stimulation after the muscle fibres have ceased to respond. Since all other

Fig. 6. (a) Response of muscle action potential to 121 supramaximal nerve stimuli at
50 per sec showing rapid decline, partial recovery, then progressive decline in amplitude
in a case of myasthenia gravis, (b) Repeat 5 sec later showing post-tetanic facilitation of
first four potentials, then more marked decline, (c), (d). After neostigmine (2 mg, i.a.). Less
marked decline in amplitude of successive potentials, and disappearance of post-tetanic
facilitation. (From Grob et al., 1956c.)

examples of posl-teiamc iransjunctional potentiation which have been
studied are accountable to increased output of junctional transmitter by
rapidly stimulated nerve endings (Hutter, 1952; Liley and North, 1953), it
is virtually certain that facilitation is a prejunctional phenomenon.
Personal studies from 1950 to date are in full agreementwith the Baltimore

workers, but one would emphasize that different degrees of decrementing
response and facilitation may be present. Thus one may record a pure
decrementing response [Fig. 7 (a)], a decrement to a new steady state
[Fig. 7 (b)], initial decrement temporarily restored by facilitation [Fig. 7 (c)]
and rarely facilitation without decrement. In some cases a decrementing
response occurs at rates ofstimulation below ten per second, but facilitation
at faster rates (Fig. 7 (d) and Desmedt, 19576). Further, the type of response
may be completely different in different muscles from the same patient
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(Simpson, 1960). This makes it most unlikely that the response is determined
by a humoral factor.
The facilitation response is seen in its most impressive form in carcino¬

matous myasthenia (Lambert et al., 1956) but there is no doubt that it also
occurs in true myasthenia gravis, differing only in degree (Simpson, 1966a).
The writer has the impression that the muscles which show the facilitation
response with little if any decrement in true myasthenia gravis are those
which exhibit the "dual response" to decamethonium (vide infra) and that
this response becomes greater in the "burned out" phase of the disease
(Simpson, 1960). It is at this time that "myositic" changes may be prominent
in the histopathology. This could account for the fact that some patients in
this stage of the disease notice that muscular power improves after exercise
(Simpson, 1960). In these patients the Jolly test, which records the power
of contraction of the muscle when tetanized rather than its action potential,
is misleading.
These phenomena are described at length as they are apparently unknown

to some authors who have speculated on the nature of myasthenia gravis.
Slomic et al. (1968) show that some of the phenomena may be due to
recording artefacts if the stigmatic recording electrode picks up from
irrelevant muscles, the indifferent electrode is also in a potential field, or if
the muscle is moving under the electrodes. These factors require more rigid
control than has hitherto been accorded to them, but there is no doubt that
true facilitation in greater or lesser amounts may be demonstrable and must
be accounted for in a discussion of the possible mechanism.
Desmedt (1957a, 1958) observed that post-activation facilitation is short¬

lived in myasthenic muscle. It disappears 20-30 sec after faradization and is
succeeded by a stage of "post-activation exhaustion" (his terminology)
during which the electrical and mechanical responses are greatly reduced
and a short train of stimuli at rates as slow as three per second causes
marked decrement of successive responses (Fig. 8). This post-activation
"exhaustion" slowly disappears with a half time of 10-15 min and Desmedt
considers that this, rather than the prompt decrement during a tetanus, is
the real reason for the long-lasting component of the pathological fatigue seen
clinically. Harvey et al. (1941) showed that the time course of recovery of
junctional transmission following a single impulse differs from a single
exponential type recovery curve in that the degree of block is maximal
between 0-5 and 10 sec after the passage of the impulse, rather than
immediately. They described the observed curves as a composite of two
processes, one of which results in a facilitation of transmission, the other a
block of transmission of considerably longer duration, and therefore of the
same nature in the prompt depression and in the after-depression (Fig. 9).
Since each process could be capable of summation and prolongation by a
train of stimuli it remains to be demonstrated that the post-activation
exhaustion of Desmedt is essentially different. It depends on the number of
nerve impulses reaching the muscle stimulated and not on their frequency
(Desmedt et al., 1963). Whatever its nature, there is no doubt that a
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Fig. S. Percentage reduction of voltage of 5th muscular response in a 3/sec indirect test-
train (|xlOO%, in (a)) for (b) myasthenia gravis, (c) cat poisoned with HC-3, and (d) cat
with D-tubocurarine. Nerve faradized at 50/sec at time zero. (From Desmedt, 1958, see
original for details of dosage and times.)
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"myasthenic reaction" which cannot be demonstrated with a brief faradiza¬
tion of a motor nerve may sometimes be demonstrable after a prolonged
voluntary contraction of the muscle even though there has been no obvious
failure of the voluntary contraction. Similarly., although Desmedt (1958)
and Slomic et al. (1968) almost invariably find a decrementing muscular
response to supramaximal indirect stimulation at three per second, this has
not always been the writer's experience and the myasthenic reaction may
only be detectable after repeated applications of a fast tetanus with brief
intermissions (Fig. 10). This is an important point when using the reaction
as a diagnostic test.

Fig. 9. Response to test stimulus (as percentage of response to conditioning stimulus) at
various time intervals between these stimuli. Curve P is a theoretical transmission curve

derived from the decay curves for facilitation (F) and depression (D), two independent
junctional processes assumed to follow transmission of one volley. Refer to original for
theoretical formulation. 'From Harvev r: w/., F'll.

D. The neuromuscular junction
Further consideration of the problem requires a brief review of the

mechanism of transmission at the neuromuscular junction as it is at present
understood. The motor nerve axis cylinder loses its myelin sheath as it
branches into a terminal arborization (telodendria). The branches arc
covered by a continuation of the Schwann cell sheath (teloglia) except on
those surfaces of the terminal expansions of each branch which lie partly
embedded in shallow troughs on the surface of the motor endplate of the
muscle fibre from which it is separated by a cleft of about 500 A width. In
mammals the terminal branches are normally grouped closely together in a
"plaque" applied to a discrete region of a muscle fibre. The neurilemma
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which lies outside the terminal Schwann sheath merges into the sarcolemma
of the muscle fibre at the margin of the endplate zone and takes no actual
part in the junction. The synaptic cleft is apparently filled with a fluid or
thin gel which extends into the junctional folds in the endplate (Palay, 1958).
At the edge of the neural contact the synaptic cleft opens into the extra¬
cellular space.

R.B. R.Abd dig. mjn.

Fig. 10. Myasthenia gravis. Supramaximal stimulation of R. ulnar nerve at 4 ana 50, see
showed delayed myasthenic response and post-tetanic facilitation of abductor dig. min.
Recording is continuous apart from brief breaks of duration indicated on trace. (From
Simpson, 1966a.)

The cytoplasm of the axon terminal contains many mitochondria and a
number of ovoid particles which can be identified with the electron micro¬
scope (Lehrer and Ornstein, 1959). These are generally believed to be
vesicular structures containing acetylcholine or its precursor. Birks (1966)
casts doubt on this interpretation. It is possible that the vesicles are artefacts
formed from a tubular system better seen more proximally in the axolemma.
There is much indirect evidence that the vesicles, if such they be, represent
packets of the transmitter substance. Certain zones of the presynaptic
membrane show increased thickening and density on electron microscopy.
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At these zones some vesicles are considered to discharge spontaneously
into the synaptic cleft, liberating a quantum ofacetylcholine, but the major¬
ity are released only by some unknown change accompanying the depolar¬
ization of the terminal knob by the occurrence of an action potential at its
surface membrane which liberates many quanta of transmitter substance.
The number of quanta released by a single presynaptic action potential

is only about 1/100th part of the amount readily available so that the store
of preformed acetylcholine (ACh) is not exhausted by a single impulse
though it falls progressively with repeated stimulation. Regeneration by
choline-acetylase may also be accelerated by stimulation, and release of
pre-formed acetylcholine at nerve terminals is potentiated (Hutter, 1952;
Liley and North, 1953). In the superior cervical ganglion of the cat, accurate
measurements by Birks and Macintosh (1961) of the acetylcholine content
and output over a wide range of frequencies indicate that presynaptic fibres
contain a small amount of acetylcholine in an inactive form ("stationary-
ACh") possibly formed in the soma and transferred distally by flow of
axoplasm. This compartment cannot be depleted by prolonged stimulation.
In the presynaptic terminals Birks and Macintosh (1961) found evidence
of "depot-ACh", probably in the synaptic vesicles, and "surplus-ACh" in
the extravesicular space (Fig. 11). Only the "depot-ACh" is available for
release by nerve impulses and it disperses into the extravesicular "surplus-
ACh" for hydrolysis by cholinesterase and recycling except for a small
quantity of "readily releasable fraction" which escapes into the synaptic
cleft. Activation by presynaptic volleys depletes the depot-ACh and so
increases the rate of synthesis of ACh by an amount equivalent to the
facilitated release from the readily releasable fraction. A similar mechanism
may exist in motor nerves to skeletal muscle. In ganglionic presynaptic
fibres hemicholinium-3 (HC-3) inhibits ACh synthesis by choline acetylase.
At the neuromuscular junction HC-3 reduces the quantal size of ACh
(Elmqvist and Quastel, 1965).
The presence of extracellular calcium is essential for the liberation of

ACh, and changes in its concentration affect the number of quanta liberated
by a nerve impulse /del Castillo and Katz, 1954a). Magnesium, normally
present intracellularly, depresses acetylcholine release if it is applied
extracellularly at the neuromuscular synapse (del Castillo and Engbaek,
1954). It is possible that the coupling between nerve terminal action potential
and release of synaptic vesicles requires calcium ions (Hubbard, 1961). The
rate of spontaneous release of ACh quanta, as estimated from miniature
endplate potentials, is controlled presynaptically - and only presynaptically -
by the membrane potential of the nerve endings (Katz, 1962). The most
important factor depolarizing the normal presynaptic membrane is the
nerve action potential, but it is possible that an intense efflux of potassium
ions from a stimulated muscle fibre could accumulate around the nerve

endings and depolarize them sufficiently to increase the rate of ACh re¬
lease (Katz, 1962). Under the influence of anticholinesterase drugs the
large muscle spike potential may cause generation of impulses at motor
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nerve terminals and ACh in the synaptic cleft may depolarize the pre¬
synaptic membrane (Werner, 1960, 1961) where there are some cholino-
ceptive sites (Feng and Li, 1941). Eccles (1964) considers this a more prob¬
able cause of the presynaptic effect of anticholinesterase substances than
the potassium theory. When the presynaptic terminal is depolarized, norm¬
ally by an action potential, the probability of secretion of acetylcholine
quanta increases by 100 000 times or more (Katz, 1958).

Presynaptic fibres Presynaptic terminals

Fig. 11. Diagrammatic representation of the acetylcholine metabolism of the cat superior
cervical ganglion. (From Birks and Macintosh, 1961.)

Acetylcholine liberated into the synaptic cleft reacts with the post¬
synaptic membrane of the motor endplate and, as just described, with the
presynaptic membrane of The nerve terminal. It is widely accepted, though
there is no direct proof, that there is one or more proteins on the membrane
with a molecular structure complementary to the shape of the acetyl¬
choline molecule. This acts as a "receptor" surface to which ACh or
similarly formed molecules readily bind themselves. The receptor protein
probably has anionic and esteratic sites. When the cationic head of ACh is
attached to the anionic site of the receptor protein it in some way increases the
permeability of the endplate zone to ions in a relatively non-specific way. As
a consequence of this an ionic current flows across the postsynaptic mem¬
brane with a direction and intensity which depends solely upon the ionic
gradients and potential drop across themembrane. Unlike the muscle action
potential, it has no regenerative link. Other things being equal, the endplate
current increases in proportion to the number ofquanta ofACh reaching the
reactive zones of the endplate. Its duration is brief (about 2 msec) but the
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resulting endplate potential (EPP) declines more slowly due to a passively
decaying electrotonus. The endplate current may be prolonged by eserine,
suggesting that its duration is a measure of the occupation of receptor sites
by ACh (Takeuchi and Takeuchi, 1959). The spontaneously released quanta
of ACh give rise to miniature endplate potentials (MEPPs) which spread
electrotonically, with exponential decrement, to the neighbouring membrane
of the muscle. Thefrequency of theminiature potentials is controlled entirely
by the conditions of the presynaptic membrane, while their amplitude is
controlled by the properties of the postsynaptic element (Katz, 1962). A
possible exception to this occurs during prolonged tctanization ofmuscles
treated with hemicholinium-3 (HC-3) when there is a progressive and
severe diminution of the MEPPs, virtually to extinction, and a parallel
diminution of the EPPs (Elmqvist and Quastel, 1965). This is attributed to
reduction of the quantal size of ACh but the possibility of receptor block
cannot be excluded (Martin and Orkand, 1961; Thies and Brooks, 1961).
As the MEPP is the sign of a spontaneously released quantum of ACh

linking with a receptor site, so the endplate potential resulting from a nerve
impulse is a measure of the number of quanta reacting with the endplate
receptors. If the endplate current reaches a critical level it causes sufficient
flow through the adjacent resting muscle membrane to generate an action
current in it. This has a regenerative property so that the full action current
of the muscle fibre results and is propagated along it, activating the con¬
tractile substance. Thus if all fibres in a muscle are depolarized simultane¬
ously the compound action potential is more or less directly related to the
accompanying twitch tension. It is because of this relationship that measure¬
ment of the synchronized action potential of the muscle is now used as a
measure ofmuscular response in the Harvey-Masland test (19415) in place
of tension as in the original test of Jolly (1895). (Staircase phenomena are
usually neglected.) It should be noted that although the amplitude of the
EPP is a measure of the ACh released by a nerve impulse, the amplitude of
the compound action potential of muscle to a synchronized nerve volley is
not, because the full action potential is triggered at a critical threshold.
Further increase in the EPP does not increase muscular activitv but con¬
stitutes a "safety factor ' which will be discussed below.
The muscle cell becomes repolarized by the outward passage ofpotassium

ions and almost immediately by the expulsion of excess sodium ions by a
metabolically controlled "pump". This does not normally lead to regener¬
ative activity even though receptors may still have ACh molecules attached.
There appears to be some mechanism causing temporary refractoriness but
its nature is not understood (Axelsson and Thesleff, 1958).
Acetylcholine diffuses rapidly from the synaptic cleft into the extra¬

cellular space. At the receptor sites (pre- and postjunctional) it is hydrolysed
at a very high rate by acetylcholinesterase (and other cholinesterases) so that
the concentration of acetylcholine there falls very rapidly, permitting the
muscle to respond to a rapid series of nerve impulses. It is the failure of
hydrolysis which causes a brief period of stimulation to be followed by
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prolonged "depolarization block" when the closely related quaternary
ammonium compound decamethonium is given to the normal subject.
Acetylcholine will have a similar effect if its hydrolysis is prevented by
complete inhibition ofcholinesterase by neostigmine and similar substances,
giving rise to the paralysis described clinically as "cholinergic crisis". The
term, imprecise as it is, has some merits since the persistent block described
above may be due to the insensitive state described by Axelsson and
Thesleff (1958) rather than to prolonged depolarization as suggested by the
early work of Burns and Paton (1951). A transmission block of this type is
increased by injecting acetylcholine or an anticholinesterase drug which
prolongs the absence of hydrolysis and which is unable to displace the
blocking substance from receptor sites. Closely related substances, exempli¬
fied by D-tubocurarine, are capable of attaching themselves to receptor sites
but do not depolarize the endplate membrane and are easily displaced by a
high concentration ofacetylcholine. These substances interfere with neuro¬
muscular transmission by competing for receptors ("competitive block")
but do not stimulate contraction and transmission block is relieved by
injecting acetylcholine or anticholinesterase substances. The distinction
between "competitive block" and "depolarization block" is not absolute.
In the monkey, dog, or rabbit administration of decamethonium causes
increased motor activity suggestive of initial depolarization, which is
followed by transmission block which is reversible by acetylcholine (Zaimis,
1953). This is not entirely a species difference since in the cat decamethonium
produces a "depolarization block" in the tibialis and gracilis muscles, while
in the soleus it appears to be initially depolarizing and then produces
"competitive block". The differing effects may be due to the former being
pale muscles and the latter a red muscle (Jewell and Zaimis, 1954). In the
present state of knowledge, the only difference between the endplates of
red and white muscle is geometrical. For example, the soleus muscle of
rabbit and monkey contains motor endplates that have a mean size sig¬
nificantly greater than the endplates in the gastrocnemius internus and
tibialis anterior which are chiefly white muscles (Coers, 1955).
Similar geometrical differences probably account for functional differences

between amphibian and mammalian muscle. Couteaux (1901) stresses the
importance of the depth, separation and orientation of the subneural
grooves and the distribution of acetylcholinesterase. With repetitive
activation of the curarized amphibian neuromuscular junction there is an
initial phase of potentiation that passes off after several volleys (Eccles and
MacFarlane, 1949). If the calcium is low or magnesium high at the junction
the endplate potential produced by a single impulse is greatly depressed and
the potentiation by a train of stimuli is greatly increased or prolonged (del
Castillo and Katz, 19546). In the curarized mammalian neuromuscular
junction the successive endplate potentials evoked by a train of nerve
stimuli show progressive decrement at first, then slight recovery as potenti¬
ated release of acetylcholine partially compensates for decreasing stores
(Liley and North, 1953). Under conditions where the release of ACh is
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greatly depressed, as with deficient calcium or excess magnesium in the
external medium, the mammalian preparation also shows the initial
potentiation shown by the amphibian. Meanwhile the sensitivity of the
postjunctional receptors is unchanged (Otsuka et al., 1962). It appears that
both types of junction show phenomena of transmitter exhaustion and
release facilitation but that in the mammalian junction a single impulse
produces a maximal response and there is much less storage ofACh than in
the amphibian. If the excess of acetylcholine released by a nerve impulse
over that required to stimulate the muscle fibre is considered as the "safety
factor" it follows that the safety factor is initially greater in the mammal but
the backing reserve is lower. This suggests that the nerve impulse invades
the nerve terminal and liberates transmitter more efficiently in the mam¬
malian type of neuromuscular junction as the postsynaptic membrane
apparently responds in the same way in each (Otsuka et al., 1962).
An attempt at numerical assessment of the population of synaptic

vesicles in motor nerve terminals and their probable rate ofdischarge during
repetitive stimulation is made by Eccles (1964). Taking the total length of
the long finger-like nerve terminals of an amphibian neuromuscular
junction as at least 500 /j. and the discharge of acetylcholine due to a nerve

impulse as about 200 quanta, Eccles makes an estimate of one quantum for
3 /j. length of nerve terminal or 10 /x2 of synaptic contact. In the rat, a
similar quantal liberation occurs over an area of little more than 1 p.2. In
normal human muscle the mean diameter of motor endplates is 32-2 /x
+ 10-5 /x with a range from 10-80 /x (Coers, 1955). Most endplates are of
the plate type. The cluster type found in other mammals is rare in man but
may occur in extraocular muscles (Kupfer, 1960). The linear type which is
found in the frog does not normally occur in human muscle. Eccles and
Jaeger (1958) have examined the factors determining efficiency of synaptic
transmission. Although the amphibian neuromuscular junction is taken
as representative of the motor end-organ of vertebrates it is clear that the
efficiency of a synapse is largely determined by its geometry. The linear type
of ending is much less efficient than the terminal knob type as the con¬
centration of transmitter is lower and its removal by diffusion more rapid.
The efficiency of the knob terminal is severely reduced if its diameter is
increased. All junctions require a synaptic cleft which must be as narrow as
possible compatible with removal of transmitter by diffusion. The sub-
synaptic membrane is also important since del Castillo and Katz (1956)
have shown that individual packets of acetylcholine have an extremely
localized action on it. The number of receptor areas available to a nerve
ending is greatly increased without widening the synaptic cleft if the sub-
synaptic membrane is thrown into folds as in the vertebrate neuromuscular
junction (provided the folds are not too deep). In short, the most efficient
junction has a terminal knob which is not too broad, separated by a narrow
synaptic cleft from a relatively large but folded subsynaptic membrane. In
all of these respects the mammalian neuromuscular junction is superior to
the amphibian, and this difference is sufficient to account for the functional
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differences described above which, it will be noted, include differences in
response to quaternary ammonium compounds as well as in response to
nerve impulses. The probable importance of the density of synaptic contact
in myasthenia gravis will be referred to later after an examination of the
pharmacological properties of themyasthenic neuromuscular junction.

E. Reactivity of the subsynaptic membrane

Early workers, including Oppenheim (1887) and Jolly (1895), recognized
a resemblance between myasthenia gravis and curare poisoning and
suggested using physostigmine, the antidote to curare, in its treatment.
Apparently it was used but abandoned as ineffective until reintroduced by
Remen (1932) and Walker (1934). The effective use of neostigmine by
Walker (1935) coincided with Dale and Feldberg's (1934) confirmation of
the role of acetylcholine in neuromuscular transmission and turned all
thinking on the pathogenesis of myasthenia towards the concept of a bio¬
chemical lesion causing a block of transmission at the neuromuscular
junction.
The concentration of cholinesterase in the subneural apparatus is

normal when estimated histochemically (Cohen and Zacks, 1959). The
prompt improvement of myasthenic "fatigue" after injection of a cholin¬
esterase inhibitor is adequate evidence that the enzyme is functionally
normal and that the subsynaptic membrane is capable of maximal response
to acetylcholine, but it is possible that a displaceable competitive substance
with properties resembling curare could be present. The curarizing dose for
myasthenic patients is only 5-10% of that ofmost normal people (Bennett
and Cash, 1943) but Dillon and Sabawala (1959) showed that the hyper¬
sensitivity to D-tubocurarine could still be demonstrated in biopsied muscle
and the effect persisted after repeated washing.
Grob et al. (1956a, b) investigated the effect of acetylcholine and choline

injected directly into the arterial supply of limb muscles in normal subjects
and in patients with myasthenia gravis. In normal subjects ACh produced
transient stimulation of motor activity followed bv a brief period of
depression of neuromuscular transmission. After recovery from this
"prompt" depressant effect there was a "late" and more prolonged reduction
in function (Fig. 12). The "prompt" depression was increased and prolonged
by the prior administration of neostigmine, and this appeared to be due to
persistence of the initial depolarization caused by the injected ACh. In
contrast the "late" depression was not increased. Its time course and the
degree of block resembled that produced by intra-arterial injection of
choline, suggesting to the authors that the "late" depression might be due
to choline released by hydrolysis of ACh (Grob et al., 1956a). The "late"
depression due to ACh was not reversed by further injection of ACh or by
neostigmine. In normal subjects the type of transmission block produced by
choline varied with the degree ofblock. When moderate it had the properties
of the depolarization type (p. 364), resembling the "late" depression of
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ACh, but when it was marked it had many of the properties of the com¬
petitive type of block (p. 364), as judged by the effect of added ACh or
neostigmine and the presence of post-tetanic facilitation.
In myasthenic patients Grob et al. (19566) found that the "prompt"

depression after intra-arterial ACh was reduced and a transient improve¬
ment in transmission was interposed between the "prompt" and "late"
phases of depression. Myasthenic patients also differed from the normal in
that the "late" phase of depression was reversed by neostigmine or by
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Fig. 12. Time course of the "prompt" and "late" depressant effects of intra-arterially
injected ACh on the muscle action potentials in response to a train of four maximal nerve
stimuli (40 msec apart) evoked every 2 sec. Amplitude of responses to first (• •)
and fourth (O • • • • O) stimuli is plotted. (From Grob et al.} 1956a.)

further injection ofACh (Fig. 13). The time course of the depressant effect
of choline in the myasthenic patients differed significantly from that
observed in normal subjects. The latency of the depressant effect was
greatly increased and the block was always of "competitive" type. The
depressant effect of choline on clinically unaffected muscles was less than
normal but in some of these patients the type of block was intermediate
between that observed in normal subjects and clinically affected muscles in
myasthenic patients. (Other pointers to a progressive series of changes from
fully normal to fully myasthenic will be omitted, but they are important in
indicating that the transmission at the "myasthenic" neuromuscular
junction differs quantitatively rather than qualitatively from normal.)
Grob et al. (1956b) consider that their results indicate the presence of
"competitive block" in myasthenia. They suggest that the time-course and
other properties of the "late" depressant effect of ACh in myasthenic
patients indicate that it may be produced by choline released following the
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hydrolysis of ACh, but they draw attention to an anomalous feature. The
"late depression" caused by acetylcholine was three times as much as that
caused by an equivalent mass of choline, whereas calculation of the amount
of choline yielded by hydrolysis would indicate that acetylcholine should
be less active. This could be accounted for by postulating that choline
released by acetylcholine hydrolysis would be in closer proximity to the
endplate receptors than would choline injected intra-arterially, but the
possibility that the receptor substance is altered in myasthenia requires
further scrutiny.
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Fig. 13. Myasthenic patient. Effect of neostigmine on the "late" depression of evoked
potentials produced by intra-arterially injected ACh. (Same conventions as Fig. 12 but
test-trains every 5 sec.) Above: left, control muscle action potentials; middle, "late"
depression after five i.a. injections of ACh; right, reversal of depression 2 min after i.a.
injection of neostigmine. (From Grob et al., 19566.)

An increased sensitivity of the myasthenic patient to quinine and curare
was demonstrated by Harvey and Whitehall (1937) and Bennett and Cash
(1943). In contrast Paton and Zaimis (1950) suggested from a consideration
of the different modes of action that a depolarizing blocking substance
such as decamethonium might prove less effective in myasthenic patients
than in normal subjects. This was soon confirmed by Sellick (1950) though
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Dundee and Gray (1951) thought that the response was within the limits
of normality. Systematic studies by Churchill-Davidson and Richardson
(1952) indicated a generalized tolerance of myasthenic muscle to deca-
methonium iodide, particularly in those patients in whom the only clinical
evidence of myasthenia was ptosis and diplopia. Indeed decamethonium
sometimes increased the strength of myasthenic muscles. Grob et al.
(1956c) were unable to confirm that the clinically spared muscles were
unusually tolerant when decamethonium was injected intra-arterially. The
tolerance described by Churchill-Davidson and Richardson was more
difficult to demonstrate when the muscular "fatigue" was widespread as
it was less marked in those muscles affected by the disease.
This implies that when the drug is injected the paralysis caused by it is

first seen in the clinically affected muscles. Churchill-Davidson and Richard¬
son (1952, 1953) found that the weakness so induced was rapidly and
completely reversed by anticholinesterase substances and that tetanic rates
of stimulation of the muscle were not so well sustained as a twitch. This was

later explained by the finding ofGrob et al. (1956c) that the first response to
stimulation ("twitch") was more resistant than later ones ("tetanus"). Their
results have been confirmed byGrob et al. (1956c) and by the writer who, how¬
ever, has noted transitional states between the "normal" and the CIO resist¬
ance type of response in myasthenic patients and in othermuscular disorders
(Fig. 14). Decamethonium, normally a "depolarizing" blocking agent in
the human, appears to act in the clinically affected muscles as a "competitive"
blocking substance after a fleeting depolarization, but there is no sharp
distinction between normal and abnormal. Churchill-Davidson and
Richardson (1953) describe this as a "dual block", a term coined by Zaimis
to describe similar actions on certain muscles in some animal species
(p. 364).
As the urinary excretion rate of decamethonium is unchanged in

myasthenics, Churchill-Davidson and Richardson (1952) concluded that
the different action could not be accounted for by an alteration in the com¬

position of the drug. They postulated a change in the characteristics of the
subsvnaptic membrane and suggested that this could be responsible for the
myasthenic reaction by altering the response to ACh or one of its breakdown
products. As ACh, choline, and decamethonium all act in similar ways in the
myasthenic patient it is undesirable to explain the abnormal findings of
Grob et al. (1956b) as being due to choline or to the production of a toxic
product during nervous activity since the same change of function at the
motor endplates could explain both sets of findings.
The position would be clarified by a study of the sensitivity of the end-

plate to ACh. The literature is conflicting in this respect. Lanari (1937) was
the first to inject ACh into the brachial artery of a myasthenic patient. Flis
opinion that the myasthenic muscle was abnormally sensitive to ACh was
confirmed by Harvey and Lilienthal (1941). Theseauthors injected 20-40 mg
into the brachial artery distal to a cuff obstructing the venous return. The
violent motor response which they obtained was much greater than they had

o
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Fig. 14. Effect of decamethonium (2 mg i.v. in divided doses) on evoked potential of
abductor dig. min. from supramaximal stimulation of ulnar nerve in two normal subjects
( ), two patients with "pseudo-myasthenic ptosis" ( ) and three with myasthenia
gravis ( ). The second group shows an intermediate type of response. (Simpson,
unpublished.)

found in normal subjects and the grip-strength seemed unchanged when the
spasm subsided. They concluded that the myasthenic muscle fibres retain
the capacity for vigorous contraction when adequately stimulated and that
they were hypersensitive to ACh applied in this way. They were drawn to
this conclusion although it conflicted with their belief that there was a close
analogy between the myasthenic state and partial curarization.
Acheson et al. (1948) made similar studies using 0-3-3-0 mg ofACh intra-



11. DEFECT IN MYASTHENIA GRAVIS 371

arterially and concluded that the sensitivity of myasthenic muscle to this
substance was normal or slightly depressed. Wilson and Stoncr (1947) and
Engbaek (1951) concluded that the myasthenic endplate showed diminished
sensitivity to ACh. Engbaek (1951) reconciled the conflicting opinions by
showing that the result depended on the dose ofACh. The normal threshold
dose was 100-350 pg. She found that 0-2-0-3 mg caused a motor response
in most normal subjects but was insufficient to do so in myasthenic
patients who required far greater doses, indicating a raised threshold. The
apparent hypersensitivity reported previously was due to stimulation by
an overdose which would have caused depolarization block in normal
muscle. Grob et al. (1956a, b) later changed their views in agreement with
Engbaek and showed that a suitable dose of intra-arterial ACh will cause
rapid depolarization block of normal muscle but facilitation of activity at
the myasthenic neuromuscular junction.
These studies on ACh, choline and decamethonium indicating a raised

threshold to depolarizing agents could account in part for the well-known
tolerance of myasthenic patients to doses of anticholinesterase drugs which
would be toxic in normal individuals. The writer has proposed a theory of
drug action which accounts for the reported observations (Fig. 15) (Simpson,
1960). It involves a "concentration and rate theory" stressing the density of
ionic charges attached to the receptor substance of the subsynaptic mem¬
brane. Thus an applied quaternary ammonium substance will be effective in
depolarizing the subsynaptic membrane only if the ionic charge of the
substance is adequate (Riker, 1953) and only if there is an adequate charge
per unit of receptor area. If this limiting charge density is not reached (as
with n tubocurarinc) no depolarization occurs and the receptors arc blocked
("competitive block"). If an adequate charge density is built up within a
limited period of time the membrane permeability is altered and a local
response occurs. Should the charge density reach a critical level (lower
horizontal line in Fig. 15) depolarization becomes sufficient to generate a
propagating action potential and the muscle fibre twitches (p. 362). And
should the charge density rise well above the critical level (upper horizontal

p;,, i or M.iould the stimulating substance be resistant to hvdrolvsis,
depolarization persists causing a "depolarization block".
Grob et al. (1956c) considered it to be anomalous that decamethonium

does not inhibit "prompt" depolarizing action of ACh in myasthenic
subjects even though its later block is of competitive type. This finding is
predictable from the present hypothesis. As the concentration of de¬
polarizing substance falls, ionic charge is lost from the receptors and the
subsynaptic membrane is allowed to repolarize by the normal sodium
pump mechanism, but further stimulation is prevented by "desensitiza-
tion" of the membrane (p. 364). If, however, escape or destruction of the
active substance is delayed and some ionic charge remains within the
"critical zone' after membrane sensitivity has recovered, there will be a
brief spell of facilitation as reported by Grob et al. (1956a, b). When
the charge density falls below the critical level it enters the zone of
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Fig. 15. Time course (diagrammatic) of rise and fall of charge-density at motor endplatc
of muscle for three doses of a depolarizing substance to show the differing effects due to
dose level, particularly in the recovery stages. Shaded area indicates zone of competition
with ACh, increased from (a) to (d) by factors causing lowering of "safety-factor". If
charge-density rises to a value between the horizontal lines propagated action potentials
occur. If it rises rapidly above this zone a brief twitch is followed by depolarization block.
Further response as charge-density falls through the critical zone is prevented by "desen-
sitization" but with high dosage prolonging the effect facilitation may be detectable,
(b) and (c) illustrate "dual block", and (d) shows "decamethonium resistance" according
to dosage of depolarizing drug and extent of reduction of "safety-factor". (From Simpson,
1960.)

"competitive block" (shaded in Fig. 15). Muscular response to neural
stimulation or to application of further depolarizing substances will be
blocked until the "sticky molecules" are slowly detached. The two latter
phases would be more prominent with large doses and with compounds
resistant to hydrolysis. This sequence of events would account for the "dual
block" of Zaimis and can be made to accommodate all the phenomena
associated with the action of drugs on the endplate.
This model removes the necessity to postulate abnormal breakdown

products of ACh or decamethonium in myasthenia gravis. It may now be
used to study some of the possible mechanisms involved in the transmission
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failure. If the ionic charge density (not necessarily the total charge) is
decreased, the "critical level" is raised [Fig. 15 (b)]. Acetylcholine produced
by nerve activity or drugs injected into the artery supplying the muscle will
accumulate charge on the receptor site too rapidly to permit detection of the
early competitive zone, but the presence of a raised threshold would be
detected (Engbaek, 1951). A higher dose which in the normal would stimu-
lateand then cause depolarization block ("prompt depression" ofGrob et al.)
would cause only stimulation in the myasthenic (Grob et al., 1956b) whereas
a massive dose would still cause strong contraction which may pass into a
brief depolarization block (Harvey and Lilienthal, 1941). This would be
followed by a brief period of facilitation and then by a phase of "com¬
petitive block" (Grob et al., 1956b) with a duration depending on the decay
constants of the particular substance. Where the latter phase is marked it
may be recognized as the "dual response" of Zaimis (1953). Smaller doses
which merely enter the stimulation zone and then drop rapidly through the
competitive zone give rise to such phenomena as "decamethonium resist¬
ance" (Churchill-Davidson and Richardson, 1952).
The model can also be used to examine the various theories for the

abnormal transmission in myasthenia. These can be resolved into the
factors determining the position of the "critical level" of ionic charge density
for depolarization which is inversely related to the "safety factor" of trans¬
mission. From the earlier discussion it was concluded that this depends
mainly on geometrical factors and attention was drawn to evidence that these
could account for local and species differences in response to depolarizing
drugs. From the analysis on p. 365 it is clear that a structural change of the
endplate will alter the factors governing release of transmitter from the nerve
terminals and the response of the subsynaptic membrane. The properties
of the myasthenic junction show resemblances with the neuromuscular
junction of amphibia. In this situation it is meaningless to argue whether
the differences between one synapse and another are pre- or postjunctional.
Unresolvable arguments of this type have bedevilled an appreciation of
the transmission defect in myasthenia gravis because they are invariably
based on the false presumption that the geometry of the endplate is
normal.

III. Possible Causes of Lowered "Safety Factor" in Myasthenia

The raised threshold of the myasthenic postjunctional membrane could
not be due to unusually high concentration of cholinesterase in the sub-
neural apparatus as this would decrease the rate of rise of the model curve,
lower the crest, and steepen the falling phase. The results which can be
deduced do not fit the observed facts. By histochemical methods the con¬
centration of cholinesterase in the subneural apparatus appears normal
(Cohen and Zacks, 1959) and there is no increase in the venous blood
(Stedman and Russell, 1937; Wilson et al., 1951). The raised threshold could
be due to alteration of the properties of the endplate receptors, requiring a



374 J. A. SIMPSON

greater charge density for activation, to simple geometrical considerations,
or to occupation of receptors by molecules with negligible charge ("curare¬
like substance" or "myasthenic toxin").
Curare blocks receptors without stimulating. The spontaneous MEPPs

retain their normal frequency but are reduced in amplitude and the EPPs
following stimulation of the motor nerve are reduced in amplitude, thus
lowering the "safety factor" of transmission (del Castillo and Katz, 1957).
The natural facilitation-depression events of nerve stimulation thus cause a
similar cycle of changes in the action potential and tension curves of the
stimulated muscle. Space does not permit a review of the numerous attempts
to demonstrate curare-type activity in the serum ofmyasthenic patients, but
none of these have been convincing. The writer is equally sceptical of the
Walker response (which purports to demonstrate a remote blocking effect
after exercising a limb). The report of clinical improvement after haemo-
dialysis (Strieker et al., 1960) is capable of a different interpretation. The
strongest evidence for a "myasthenic toxin" transmissible through the pla¬
centa is the neonatal myasthenia sometimes found in babies born to myas¬
thenic women. This condition lasts for 2-12 weeks, which is too long to be
accounted for by transmission of a substance with molecular resemblance
to tubocurarine. An alternative immunological explanation has been prof¬
fered (Simpson, 1960). Desmedt (1957, 1958) has compared the time course
ofmuscular response to repeated supramaximal nerve stimulation in human
myasthenia and in the curarized cat. The reduced safety factor in the curar-
ized animal discloses the balance of exhaustion of readily available trans¬
mitter, facilitated release, and post-tetanic potentiation of the normal nerve
terminal. Desmedt underlines the rapid restoration of the store of readily
available transmitter when tetanization stops, as shown by the return of the
single twitch response, and compares this with the relatively prolonged
"post-activation exhaustion" commonly found in myasthenic muscle
(p. 357). He interprets this as evidence of defective synthesis of depot-
acetylcholine. An alternative explanation would be defective mobilization
of "readily releasable fraction" from depot-ACh (p. 361). It is most unlikely
that the defect is at the presynaptic membrane as a disorder here would
interfere with tetanic and post-tetanic facilitation, which are normal in
myasthenia gravis, and the effect of neostigmine would be negligible. In
these respects there is a major difference from botulism (Brooks, 1954) and
from the myasthenic reaction sometimes seen in peripheral neuropathy
(Simpson, 1966a). In support ofhis interpretation Desmedt (1957,1958) has
shown that post-activation exhaustion of similar time-course is seen in the
cat injected with hemicholinium-3. No information has been published
about the responsiveness of the block to neostigmine. It is assumed by
analogy with the action of hemicholinium on the sympathetic ganglion that
the drug arrests synthesis of acetylcholine. At that synapse the interfer¬
ence is increased by physostigmine and antagonized by choline (Macintosh
et al., 1956). Some intracellular recordings from motor endplates show
mainly postjunctional action of hemicholinium at neuromuscular synapses
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(Schueler, 1960, and p. 363) but this is challenged by Elmqvist and Quastel
(1965).
If the post-activation exhaustion is due to the same mechanism as the

tetanic "fatigue" the two curves should be continuous if facilitation effects
are subtracted. But they are not. It is therefore still necessary to consider
another mechanism reducing the safety factor of transmission. Desmedt
has made a valuable contribution in drawing attention to the clinical im¬
portance of post-activation exhaustion, but the tetanic decrement can not
be ignored. There are some other differences between myasthenia gravis
and hemicholinium poisoning which demand further investigation. It is,
for example, strange that if synthesis of acetylcholine is inhibited by iodo-
acetic acid the time course of recovery of neuromuscular transmission (in
the frog) is unchanged (Takeuchi, 1958). Surprisingly, there is no informa¬
tion about the effect of neostigmine on hemicholinium block. If the mech¬
anism is a failure of synthesis of acetylcholine it is surprising that spon¬
taneous fibrillation is not more common, as after poisoning with botulinus
toxin. By the same analogy, the entire muscle membrane would be
expected to become sensitive to applied acetylcholine (Hofmann et al.,
1964). Furthermore, the mechanism suggested must also account for the
not infrequent finding ofmuscles in myasthenic patients which show gross
facilitation and little "fatigue" (p. 355). These considerations prejudice
the writer against accepting Desmedt's theory of defective synthesis of
transmitter in myasthenia gravis (though it may have validity in other types
of myasthenia described by Simpson, 1966a), but it may be accepted that
post-activation exhaustion is prima facie evidence of a presynaptic disorder.
More direct evidence should be obtainable from microelectrode studies.

Elmqvist and Quastel (1965) showed that hemicholinium-3 caused pro¬
gressive reduction in amplitude of MEPPs and EPFs (in the rat diaphragm)
only after nerve stimulation. As endplate responsiveness to bath-applied
carbachol was unchanged, they interpreted this as indicating a presynaptic
action leading to reduction in quantum content of ACh as presynaptic
stores became depleted. The same authors compared these findings with
microelectrode studies on intercostal muscle removed from normal and

myasthenic humans. Their first report on the latter (Dahlback et al., 1961)
stated that MEPPs were absent or, if found, infrequent but of normal
amplitude. They could not be evoked in the normal manner by raising the
potassium concentration. The responses to iontophoretically applied ACh
were normal and the area of chemosensitivity of normal and myasthenic
muscle fibres were the same (01-0-2 mm). They concluded that the
myasthenics showed failure of release ofACh. On tetanizing the myasthenic
preparation no decrementing response occurred (perhaps not surprisingly
as their cases did not have a respiratory muscle weakness) but high frequency
stimulation (100/sec) caused a lasting block of transmission with slight or
short-lasting post-tetanic facilitation. A later paper (Elmqvist et al., 1964)
contradicted the earlier report. Spontaneous junctional activity was again
absent at most endplates, but when found the frequency was normal (mean
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0 22 sec). The amplitude was only one-fifth that of normal MEPPs and
could be increased by neostigmine. Furthermore, indirect tetanic stimula¬
tion or raising the external potassium ion concentration did increase their
frequency. The discrepancies are attributed to improvement of the recording
technique. It is a general principle of interpretation of MEPP studies that
the frequency of the miniature potentials is controlled entirely by the
conditions of the presynaptic membrane, while their amplitude is controlled
by the properties of the postsynaptic element (Katz, 1962). These results
should therefore point to a postsynaptic disorder in myasthenia, but the
Swedish workers prefer to interpret them as indicating lowered quantum
content ofACh by analogy with their hemicholinium findings supported by
studies of the depolarization of endplate regions of normal and myasthenic
muscles by decamethonium and carbachol. These were bath applications
and not local threshold studies. In their second paper the authors admit to
being unable to rule out the possibility of a postsynaptic defect in addition to
a presynaptic failure. Decreased receptor density with enlargement of the
chemosensitive area could account for their findings (Axelsson and Thesleff,
1959). Elmqvisr (1965) considers this possibility but discounts it in view of
the normal response to iontophoretic micro-application of ACh. He also
states that an abnormally wide synaptic cleft or interposition of a diffusion
barrier between the nerve terminals and the motor endplate would increase
the rise time of the postsynaptic response, and this was not found.
The nature of the disagreement between the two papers should be noted.

In the first paper the MEPPs were infrequent but of normal size; in the
second they were frequent, and usually less than normal in amplitude. It is
postulated that the small MEPPs were true observations missed in the first
paper because of inferior recording technique. The normal-sized MEPPs
actually recorded are explained away as synchronous quanta released from a
damaged nerve terminal. An alternative explanation would be that normal
sized MEPPs are in fact evoked at receptor sites which are more widely
separated than normal. The small potentials found in the second paper
would then be MEPPs detected electrotonically by a microelectrode placed
a little distance from a receptor site (Katz and Thesleff, 1957). The micro-
electrode findings differed markedly from those in hemicholinium poisoning
in that no changes of quantum size occurred either with prolonged stimula¬
tion or with rest. As Elmqvist (1965) points out, this would make unlikely
the possibility that the defect in myasthenia is due to the inability of the
acetylcholine synthesizing mechanism to keep up with release as a result of
lack of substrate. The Swedish workers are aware that their interpretation
is debatable and that both pre- and postsynaptic disorders may be present in
myasthenia. Their quandary is only meaningful if it is assumed (as do all
physiologists contributing to this field) that the structure of the endplates is
normal. As suggested above, the antithesis is meaningless if the normal and
myasthenic endplates differ geometrically (Simpson, 1960).
It is now possible to summarize the disorders of function at the neuro¬

muscular junction as follows, (i) There is evidence that release of transmitter
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is normal (p. 351). (ii) The disorder of function is a measure of a decreased
"safety factor" which can be accounted for by altered geometry of the end-
plate towards the morphology of the amphibian junction, (iii) Altered
responses to depolarization and to blocking drugs can be similarly explained,
(iv) The small MEPPs can be accounted for in the same way. If therefore
there is evidence of such a change in the structure of the endplate, it is
then suggested that no other "explanation" of the decreased safety factor
is required.

IV. Histopathologic Considerations

A. Histopathology of neuromuscular junction
It was generally accepted that there is no histological abnormality of the

neuromuscular junction in myasthenia gravis until the use of intravital
staining with methylene blue was applied to the problem. Mott and Barrada
(1923) used this method in one patient without detecting any abnormality.
Either they were unlucky or, as suggested by contemporary critics, the
diagnosis was erroneous, but it was by a similar method supplemented by
staining for cholinesterase in the subneural apparatus that Coers and Woolf
(1954, 1959) showed florid morphological changes of the intramuscular
nerve endings. These changes are of two types (Fig. 16). In one, the "dys¬
trophic" type, there is increased branching of the terminal arborization and
the terminal knobs are distributed over a wider area of the muscle fibre than
normal. This type is probably reactive as the related muscle fibre is usually
(though not invariably) abnormal, and the same type of endplate has been
found in other neuromuscular disorders. In the other type, the "dvsplasic",
there are few terminal knobs, and these are arranged serially along a scanty
number of terminal branches ending on a long endplate region running
parallel to the muscle fibre. These changes are present in 1-30",, of endings
examined in biopsy specimens from myasthenic patients and in less than
1 % in normal subjects and other neuromuscular diseases, including
carcinomatous myasthenia (Coers et al., 1966). Woolf et a/. (1956) and
Bickerstaff and Woolf (1960) consider that the elongated terminals do not
represent the primary cause of myasthenia gravis, but more likely indicate
degeneration and repair ofa type calculated to restore conduction. Neverthe¬
less, the reader who has followed the argument to this point will recognize
that the morphology of the "dysplasic" endings has shifted towards that of
normal amphibia and so could account for all the disorders of function so far
described.
Bickerstaff and Woolf (1960) and MacDermot (1960) described a remark¬

able degree of sprouting of the terminal axons after their emergence from
the nerve bundle, resembling the collateral reinncrvation which accompanies
primary degeneration of the lower motor neurone, but which is also seen in
dermatomyositis. Axonal sprouting was most prominent in the vicinity of a
lymphorrhage, but could occur with muscle fibres which were apparently
normal. MacDermot (1960) noted that regenerative sprouting frequently



Fig.16.Methylenebluepreparationsofhumanmotornerveterminals,(a)Normalcndplate.(b) Elongatedendplatefromacaseofmyastheniagravis,(c)Motorendplatewithshrunkenterminal expansionsfromacaseofmyastheniagravisresistanttoneostigmine,(d)Axonalsproutwith diminutiveendingincaseofmyastheniagraviswithprominentlymphorrhages-myositicre¬ sponse,previouslytermed"dystrophic".(BycourtesyofDrA.L.Woolf.)
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arose from endplate knobs (Fig. 17). These prolongations may terminate
as an endplate on the same or another muscle fibre, and at this site a similar
process may again be seen, giving rise to a chain ofendplates connected by a
single fine nerve fibre. The final elongated endplates may give off large
numbers of very fine ultra-terminal sprouts. The extended endplate zone
so formed may cover a distance of several hundred microns along the length
of the muscle fibres involved. MacDermot (1960) and Bickerstaffand Woolf
(1960) put less emphasis on the two types of response and appear to suggest

(c) (d)

Fig. 17. Drawings of methylene-blue stained motor endplates in human muscle, (a) Normal in¬
nervation pattern. An intramuscular nerve bundle breaking up into distal nerve fibres each
supplying one motor endplate. (b) Myasthenia gravis. Abnormal swellings of the axons and myelin.
Very small endplates. Tortuosity of nerves, (c) Myasthenia gravis. Abnormal swellings of the axons
and myelin. Tortuosity and distal branching of nerves. Endplates elongated or small showing
ultra-terminal branches, (d) Myasthenia gravis. Elongated endplates and ultra-terminal fibres.
Abnormally fine beaded fibres running alone. (From MacDermot, 1960.)
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that they are different aspects of the same process. They confirm the import¬
ance of the elongated endplate in myasthenia. Ultraterminal fibres have also
been described in various types of neurogenic disorder in animals and man
when reinnervation of muscle is taking place (Gutmann and Young, 1944;
Coers and Woolf, 1959).
The neuromuscular junction has been further studied by electron-

microscopy. Bickerstaff et al. (1960) were unable to detect any feature which
differed from other mammalian endplates (they had no normal human
controls) and in particular they remarked on the presence of numerous
round or oval profiles 300-500 A in diameter in the axoplasm of the terminal
expansion of the axon. Circular structures were described in the terminal
expansions of some cases, possibly replacing mitochondria. Their signifi¬
cance is unknown.
Zacks et al. (1962) studied muscle biopsies from five patients with myas¬

thenia gravis and noted two types of abnormalities of the ultrastructure of
the neuromuscular junction. The subsynaptic membrane within secondary
synaptic clefts showed focal decrease of electron density in two specimens
described as being from "chronic moderately severe myasthenia gravis",
though one was a child aged 24 years with a somewhat uncertain diagnosis of
congenital myasthenia. The second type of abnormality, noted in three
patients with "rapidly progressive myasthenia or acute exacerbations of
chronic myasthenia gravis", were major degenerative changes in axon
branches and subsynaptic apparatus. These authors support the concept of
the workers previously quoted using the methylene blue technique that
degeneration of endplates and subsequent repair may occur during the
course of exacerbations and remissions of the myasthenic syndrome but,
unlike them, Zacks etal. (1962) stress the importance ofsubsynaptic damage.
A later case with improved fixation technique showed nearly complete
absence of secondary synaptic clefts (Zacks, 1964). Woolf (1966) states that
the number of synaptic vesicles is not reduced in the nerve terminal. He
now considers that the elongated endplate is not specific but is a compensa¬
tory reaction and draws attention to shrunken endplates in muscle of
myasthenics who have ceased to respond to neostigmine. Nevertheless, a
combination of elongated nerve terminals and disorganization of secondary
synaptic clefts would provide a satisfactory morphological explanation
for the functional defects described previously (p. 365). Further advances
in this field may be expected but interpretation will be impossible until
more normal human material has been studied.

B. Histopathology of muscle fibres
A detailed account of the histopathology of muscle in myasthenia gravis

is unnecessary for the present purpose. There is no consistent abnormality
but common findings are the presence of lymphorrhages and three types
of fibre atrophy, all of which are common to a number of diseases (Russell,
1953). Simpson (1960) has suggested a common antigen-antibody reaction
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in each of these and interpreted them as focal myositis. More recently
stress has been laid on the presence of grouped fibre atrophy (Fenischel
and Shy, 1963) and atrophy of Type II fibres. Engel and McFarlin (1966)
found "denervation atrophy" in 63% and "Type II fibre atrophy" in 50%
of 30 patients. The diagnosis of "denervation" depends on a personal
interpretation of the significance of certain histochemical appearances. It
would be compatible with the more severe endplate abnormalities de¬
scribed above but the possibility that the latter may be secondary to a
primary "myositis" cannot be excluded. The probability of defective
function of contractile substance of muscle has already been referred to
(p. 347). In any event, the common occurrence of abnormal muscle fibres
should be better known as this accounts for the fact, unknown to clinicians
of limited experience, that myasthenic weakness is not always fully revers¬
ible by anticholinesterase drugs. "Myasthenic" weakness can pass to
"cholinergic" weakness with increasing dosage without passing through a
phase of normal power.

V. Further Problems

Before accepting the morphological explanation two questions must be
posed. First, are there other human conditions with morphologically
similar endplates? Second, how does an explanation based on geo¬
metrical considerations account for the clinical fluctuations ofmyasthenia
gravis?
At birth human motor endplates are immature, many consisting of ter¬

minal clubs and a terminal arborization, if present, is simple (Tello, 1917).
Many immature endplates are seen up to the age of two years (Coers and
Woolf, 1959). These geometrical features may be correlated with the
functional studies of Churchill-Davidson and Wise (1963). In children
under the age of six months they found that successive muscle responses
to repetitive stimulation of the motor nerve showed a decrement of ampli¬
tude followed by post-tetanic facilitation. Furthermore, such infants were
remarkably resistant to high doses of depolarizing drugs such as deca-
methonium.
The relevance of Miledi's work on regenerating neuromuscular junctions

in the frog (Miledi, 1960) will be obvious. The spontaneous MEPPs were
decreased in frequency. When EPPs appeared at the regenerated endplates
as the result of nerve stimulation or of iontophoretic application of ACh
they were always adequate to generate spike potentials. On repetitive
stimulation the progressive decrease in amplitude of the EPPs was greater
than normal and this was increased by post-tetanic potentiation. Some
fibres showed abrupt failure (cf. p. 348). These features bear a striking
resemblance to the phenomena of the myasthenic junction as reported by
Elmqvist (1965). On the other hand, Thomson et al. (1950) found that the
decrementing twitch response of muscle stimulated repetitively by a re¬
generating nerve was made worse by ACh. This might depend on the
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duration of denervation since cholinesterase may regenerate slowly. Ob¬
viously further work is required on mammalian preparations though it is
necessary to make the reservation that experiments on healthy animals may
not reproduce the effects of degeneration and regeneration of motor nerve
terminals associated with, and perhaps secondary to, a disorder of the
muscle fibre.
With regard to the second question, the relapsing and remitting nature of

myasthenia gravis, it is immediately apparent that this could be accounted
for if the myasthenic defect is due to a balance between degeneration and
regeneration which can vary from time to time, possibly regulated by
humoral factors (Simpson, 19646; Zacks, 1964). Some evidence ofretrograde
degeneration among the terminal branches of motor axons innervating
normal muscle with regenerative sprouting is reported in the cat, rabbit and
rat (Barker and Ip, 1966). These authors suggest that normal motor endings
may have a limited life-span and be periodically replaced in normal muscle
by collateral regeneration.
The investigations of Barker and Ip (1966) also throw light on the

peculiarities of the distribution of myasthenic weakness, which is more
likely to affect ocular or bulbar muscles than those of the limbs or trunk
(Simpson, 1960). Regional differences in the morphology of endplates have
not been investigated, though Kupfer (1960) has suggested that cluster types
of endings may be seen in human extraocular muscles and the endplates of
"fast" and "slow" muscles may differ in their morphology (p. 364). Unlike
the hindlimb muscles, the extraocular muscles of the cat receive a multiple
motor innervation (Feindel et al., 1952) and preliminary observations by
Barker and Ip (1966) suggest that these may show a greater degree of axonal
sprouting. The size of the innervation ratio may be another factor affecting
the degree of sprouting, the rate of turnover being quicker for motor axons
bearing only a few endplates.

VI. Concluding Remarks
In the introduction it was pointed out that "causation" of a disease could

be discussed at five levels. This is not the place, nor is there sufficient evi¬
dence, to discuss in detail all that is known about the underlying causes
leading to myasthenia gravis, but it must be underlined that the account in
this essay has been limited to the first two levels listed on p. 346. A full
review of the pathophysiology has been followed by a briefer review of
the patho-anatomical features which are shown to account for them.
These aspects of the problem are the subject of this chapter, but it would
be less than complete to close without reference to a more fundamental
level of causation - what causes the suggested degeneration/regeneration
imbalance of motor endplates?
An association of pathological changes in the thymus gland with myas¬

thenia gravis has been recognized since Weigert (1901) described a patient
with a thymic tumour. Many years later it was established that operative



11. DEFECT IN MYASTHENIA GRAVIS 383

removal of the thymus was beneficial if carried out within a limited period
from the onset of symptoms (Simpson, 1958). The relationship between
thymus and muscle remained baffling but was generally thought to indicate
that the thymus produced a "myasthenic toxin" with curare-like properties.
Claims to extract a neuromuscular blocking substance from human thy¬
mus gland removed from myasthenic patients and normal infants (Wilson
et al., 1953) or from foetal whales (Nowell et al., 1959) have not proved
acceptable. Numerous claims to isolate a blocking substance from the
serum of myasthenic patients have not stood up to critical scrutiny (for
references see Bergh, 1953, and Nastuk et al., 1959). The most recent
"positive" results by Parkes and McKinna (1966) used plasma, serum,
or serum globulin prepared from patients who were under treatment with
anticholinesterase drugs, and the type of block induced was a "dual block".
They used the rat as a test animal and acknowledge that this animal may
show a dual response to drugs which are depolarizing in the human.
A new approach to the problem was suggested by Simpson (1960).

Presenting personal observations and a review of the literature, the writer
suggested that myasthenia gravis was a multisystem disease with clinical
and pathological evidence of a breakdown of immunological tolerance. He
suggested that the thymus - at that time considered to be an endocrine gland
- was concerned with the control of antibody production. As the suggestion
was highly unorthodox it was shown how the concept would fit known facts
and for this purpose the possibility was suggested that an antibody was
produced against receptor proteins of the neuromuscular junction. This
hypothesis offered an explanation for the "personal" nature of any humoral
blocking substance while accounting for neonatal myasthenia occurring in
infants born to some myasthenic women. Working independently from an
observation that myasthenic serum could cause cytolysis of frog muscle in
an organ bath (Nastuk et al., 1959) which suggested an immunological
reaction, Strauss et al. (1960) found evidence ofa complement fixingglobulin
in myasthenic serum which would bind to muscle fibres. This antibody,
later confirmed by the writer and others, did not have the predicted
properties but was attached to the A-band of skeletal muscle fibres and to
the myoid cells of the thymus. Subsequent studies (reviewed by Simpson,
19646, 19666) leave no room for doubt that there is a disorder of immuno¬
logical tolerance involving thyroid, stomach, and joints as well as muscle in
myasthenia gravis, but the relationship between this disturbance and the
abnormal endplate structure remains obscure. It is most unlikely that the
Strauss antibody is the cause of the neuromuscular disorder, and current
techniques have not been successful in detecting the presence of antibody
fixed to the endplates (McFarlin et al., 1966).
In the light of the present review it is clear that it is not necessary to

postulate a humoral blocking substance, but an immunological disorder
could readily account for the degenerated endplates with abnormal regenera¬
tion, as well as for the myositic features seen in the hisiology. It should be
remembered that current techniques are not capable of detecting humoral
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or cellular antibodies in allergic neuropathies in the human or in the
experimental animal.

Since Miller (1961) confirmed the importance of the thymus in immuno¬
logy, the concept of "auto-immune disease" has become fashionable. That
there is a breakdown of immunolcgical tolerance seems beyond question,
but it is by no means certain that "self-destructive" antibodies are respons¬
ible for the disorder of various organs. For example, the wasting syndrome
after thymectomy in one-day old mice resembles "runt disease" in being
associated with the absence of immunological reactivity. It is also difficult
to understand how "auto-immune disease" could remit - it should escalate.

Simpson and Anderson (1956, unpublished) were unsuccessful in producing
a myasthenic syndrome by immunizing mice with homologous muscle.
Goldstein and Whittingham (1966) appear to have been successful in
producing something very like myasthenia in guinea pigs immunized with
either calf thymus or muscle (no original EMG records are reproduced).
A proportion of these animals showed "experimental auto-immune
thymitis". These authors consider that the thymus is affected by an immuno¬
logical disorder but dees not cause it. They postulate release of a neuro¬
muscular blocking substance from the damaged thymus. This variation of
the "auto-immune hypothesis" is still less than completely satisfying.
In the original presentation of the hypothesis, Simpson (1960) suggested

that the thymus, under pituitary control, might play a role in tissue differ¬
entiation during embryogenesis of which the control of blood cells and
plasma proteins may be a fraction which survives after birth, thus harmoniz¬
ing the immunological role with earlier work on growth and differentiation.
Burnet (1962) later proposed a similar theory. Szent-Gyorgyi et al. (1962)
claim to have isolated a growth-promoting hormone (promine) and a
growth-inhibiting factor (rctine) from calf thymus. If the concept has any
validity it might be extended to the regulation of breakdown and repair of
organs which show a regular "turn over" of cells, with the immunological
mechanism acting as a regulator or detector of tissue breakdown. Disturb¬
ance of this mechanism at motor nerve terminals may be the fundamental
defect in myasthenia gravis.
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EXPERIMENTAL MYASTHENIA GRAVIS

J. M. Vetters J. A. Simpson
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Glasgow W.l, and University Department of Neurology,
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„ Guineapigs were immunised with anti-
gen prepared from fresh calf thymus

or muscle mixed with equal parts of complete Freund's
adjuvant (c.f.a.). When compared with control
animals inoculated with C.f.a. alone there was no

significant difference in neuromuscular transmission, or
response to neostigmine, or in the histological appear¬
ance of thymic medulla and skeletal muscle. These
findings constitute a failure to confirm an immuno¬
logical hypothesis for myasthenia gravis put forward by
other workers in 1966.

Introduction

In 1960 one of us presented a hypothesis on the
nature of myasthenia gravis.1 From clinical and
pathological considerations it was proposed that there
was a breakdown of immunological tolerance in which
the thymus was implicated. An earlier attempt at
simulating the disease in the mouse by inoculation
with homologous muscle and Freund's adjuvant2
had been unsuccessful. Goldstein and Whittingham 3
described production of a myasthenic state in guinea-
pigs inoculated with thymic tissue or muscle in
complete Freund's adjuvant. Immunisation with both
tissues evoked lymphocytic collections around HassaU's
corpuscles of the guineapig thymic medulla which
Goldstein and Whittingham3 provisionally inter¬
preted as " experimental autoimmune thymitis ". They
suggested that an autoimmune reaction in the thymus
liberates a humoral substance which causes the
characteristic neuromuscular block. The essence
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of their findings are given in two papers by Goldstein
and Whittingham.3 4
Our findings do not support the claims of the

Australian workers.

Materials and Methods
Animals
Outbred adult Dunkin-Hartley guineapigs weighing

500-700 g. were used.
Immunisation Procedures

Homogenates of fresh calf thymus and muscle were
prepared using the method of Goldstein and Whittingham.3
Sixteen animals were given 01 ml. of a mixture of equal
quantities of complete Freund's adjuvant (c.f.a.) and
thymus antigen into the pad of each hind foot. Twelve
were given 01 ml. of muscle extract in c.f.a. into each
hind foot pad and fifteen were given 01 ml. of c.f.a. alone
into each hind foot pad. The guineapigs were numbered
so that subsequent tests could be made without knowledge
of the antigen given.
Electromyography
The median nerve was stimulated beneath the axillary

fold by needle electrodes 3 mm. apart connected via a 1/1
isolation transformer (Muirhead type D-39-E) to a valve
stimulator producing square-wave pulses of 0-25 milli¬
second duration. The electromyographic response (e.m.g.)
of the flexor digitorum muscle was recorded by two needle
electrodes inserted into the belly and tendon of the muscle
and connected through a preamplifier of input impedance
10MO, 50 pF, to a ' Tektronix 564 ' storage oscilloscope and
to an ultraviolet recording oscillograph (Consolidated
Electrodynamics type 5-127, with a 5 KHz galvanometer).

The stimulator and oscilloscope time-base were
triggered from a ' Digitimer ' programmer (Devices Ltd.) to
produce trains of stimuli at 1, 5, 10, and 50 per second. The
e.m.g. response was recorded on ultraviolet recording
paper moving at 2 cm. per second and simultaneously
displayed on the tektronix oscilloscope with a 10 milli¬
second sweep, so that the wave form of each response could
be monitored. Measurements were made and normalised
directly from the oscillograph records with a Gerber
variable scale set to read 100 for the peak-to-peak amplitude
of the first evoked muscle potential.

14 days after immunisation each animal was anresthetised
with pentobarbitone sodium 40 mg. per kg. body-weight by
intraperitoneal injection and fixed by its limbs to a board;
the electrodes were inserted. Increasing single shocks
were applied to the stimulating electrode at intervals of
more than 5 seconds until the maximum e.m.g. response was



3

obtained. The stimulus strength was then increased by
50% and trains of stimuli lasting 3—4 seconds were applied
at frequencies of 1, 5, 10, and 50 per second. Neostigmine
bromide 0-2 mg. per kg. was then injected intraperitoneally;
after 10 minutes the sequence of stimulation was repeated.
The amplitude of the first response after neostigmine was
expressed as a percentage of the first response to supra¬
maximal stimulation before injection of neostigmine.
Histological Methods
Immediately after the E.M.G. the animals were killed

and necropsy specimens of thymus and of pectoral and
diaphragmatic muscles were obtained. These were fixed in
10% formol saline, processed conventionally, and embedded
in paraffin wax. 6 n sections from each thymic block were
stained with hematoxylin and eosin, periodic-acid/Schiff,
Masson, Heidenhain's iron hematoxylin, and Fontana
stains. Sections from muscle blocks were routinely stained
by haematoxylin and eosin and other stains as indicated.

Results

Neuromuscular Transmission

The amplitude of the response to a single supra¬
maximal stimulus did not differ significantly in the
three groups of animals ("controls" and "muscle" and
" thymus " immunised). The mean change in amplitude
of such single responses 10 minutes after neostigmine
was +2% for " controls —8-3% for " muscle
and —5-5% for "thymus" immunised animals.*
These results were not significantly different from the
pre-neostigmine values (p>0-05) by Student's t test.
On stimulation at 5 and 10 per second there was no

consistent decrease in successive responses in any
animal. On stimulating at 50 per second some animals
showed no change in the amplitude of the muscular
action potential. Some animals showed progressive
increment of the muscular response to the first 10-15
stimuli and the amplitude was then maintained. In a
number of animals the response progressively decreased
but the half-time of the decrement and the proportion
of animals showing this response did not differ in the
three groups. In none of these cases did the action
potential decrease by 30% by the tenth stimulus, and
the rate of decrement was not altered after neostigmine
(fig- 1)-
In a few cases in each group there was a rapid drop

in the amplitude of the muscle action potential within
the first 10 stimuli, but if further shortening of the

# Numerical data may be obtained from J. A. S.
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muscle was prevented the action potential returned by
the twentieth stimulus to its former level and the
further course with continued tetanisation was by one
of the types of response just described. Comparing
control and test groups using the Mann and Whitney
test there was no significant difference in the response
to tetanisation. We noted that rapid decrement in the
first 10 responses was always accompanied by obvious
movement of the limb and could be prevented by
improving the splintage. A decrement of this nature
was never reversed by neostigmine; indeed the most
striking examples were recorded after neostigmine
(fig. 2). Post-activation exhaustion was never
observed.

Histological Examination
All sections of the thymus were examined and

graded without knowledge of the group to which the
animals belonged. Despite careful application of the

BEFORE NEOSTIGMINE " AFTER NEOSTIGMINE

MUSCLE IMMUNISED

Fig. 1—E.M.G. traces before and after neostigmine in a control guineapig and in guineapigs
immunised with thymus or muscle.

BEFORE NEOSTIGMINE AFTER NEOSTIGMINE

Isec.

Fig. 2—E.M.G. traces before and after neostigmine in a guinea-pig immunised with thymus.
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criteria described by Goldstein and Whittingham 1 no
clear division of the appearances into thymitis and non-
thymitis could be made because almost all glands
showed some degree of clustering of lymphocytes
around the HassaH's corpuscles (fig. 3). This is also
shown in figs, la and lb of Goldstein and Whitting¬
ham 4 which showed normal guineapig thymus. To
try to overcome this difficulty we classified the sections
twice, using different densities of lymphocyte grouping
round the Hassall's corpuscles to fulfil the minimum
requirements for inclusion in the " thymitis " group.
The results from both assessments were the same; no
statistical difference between the control and test

groups could be demonstrated. Using the criteria
most favourable to the Goldstein and Whittingham
hypothesis the distribution was: control group ten
out of fifteen "positive"; muscle group eight out of
twelve " positive", thymus group eight out of sixteen
" positive ".
Stains for reticulin were not helpful since the glands

showed a variable pattern of reticulin deposition. The
" reticulin barrier " (Goldstein and Whittingham 4)
could be seen in control animals and even when it was

present in test animals it was not present throughout
the gland.

Fig. 3—Normal guineapig thymus.
The densely cellular outer layer is the cortex inside which lies

the medulla; this contains a cystic Hassall's corpuscle (H) with
lymphocytes clustered round it. (Hematoxylin and eosin;
reduced to s/4 of x 120).



Muscle sections from test and control groups were
essentially normal.

Discussion

Goldstein and Whittingham's3 findings are
important because, if substantiated, they would pro¬
vide direct support for an immunological hypothesis
of myasthenia gravis and offer a possibility of studying
this interesting disease in an experimental preparation.
Their suggestion that the basic lesion is a thymitis
which causes release of a neuromuscular-blocking
humoral substance is, however, materially different
from the hypothesis of Simpson 1 and others.
We have not confirmed their two main findings.

We found no significant difference between controls
and immunised animals in muscular response to
supramaximal neural stimulation. In our opinion
the first 10 responses to a fast (50 per second) train of
stimuli are not suitable for comparative measurement
unless it can be guaranteed that the muscle contraction
is isometric. Goldstein and Whittingham 3 used a
bipolar coaxial needle electrode for recording the
muscular response. But electrodes of this type have
directional properties causing preferential recording
of the action-potential field sensed by the bevel of the
needle tip. When a motor nerve is maximally
stimulated it is most unlikely that the coaxial electrodes
will remain spatially related to the same muscle
fibres as when the muscle is at rest. Since this type of
recording is highly selective it is not suitable for
estimating changes in the number of muscle-fibres
responding to a supramaximal nerve stimulus. For
these reasons the coaxial needle electrode is not used
in man for the diagnosis of myasthenia gravis. For
preference there should be one electrode over or in
the belly of the muscle and a reference electrode over
inactive tendon, and we have used an electrode system
of this type. Kaufman et al.5 using bipolar electrodes
in a needle cannula, a system with many of the dis¬
advantages of the coaxial electrodes, also conclude that
the changes observed in immunised animals do not
differ from those in controls and that they are due to
movement artefacts. They agree with us that neostig¬
mine has no significant effect and that there is no
evidence for a myasthenic response in the muscles of
animals immunised with thymus or muscle antigen.
With regard to the histological studies, our results
show no significant difference between controls and



test groups with respect to lymphocytic clustering
around Hassall's corpuscles of the thymus. Careful
histological examination forces us tc conclude that
there is a wide spectrum of intensity of lymphocytic
infiltration of the thymic medulla of guineapigs and
this is without apparent pathological significance.
This is in agreement with the findings of Webb.6
The view that histological appearances of immuno¬
logical reactivity in the thymus are not necessarily
abnormal is supported by studies of human thymus
gland. Middleton 7 found structures which he
identified as germinal centres in the thymus gland of
70% of young people dying suddenly: Vetters and
Barclay 8 examined thymus-gland biopsy specimens
of children and young adults who had had a thoraco¬
tomy for congenital heart-disease and found germinal
centres in a third of cases and rounded lymphoid
aggregates in another third. These patients had no
obvious disease other than the congenital cardiac
lesion. We conclude that thymic changes by them¬
selves cannot be regarded as abnormal.
We agree with Goldstein and Whittingham 4 that

the histological appearances of muscle were essentially
normal in all groups. These findings differ from
those of Webb 6 who found that a significant pro¬

portion of guineapigs immunised with muscle in
complete Freund's adjuvant had cellular infiltrates in
skeletal muscles. Webb,6 however, used a more
prolonged immunisation schedule and this may explain
the difference between his findings and those of our¬
selves and Goldstein and Whittingham.
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The first case of myasthenia gravis was described by Thomas Willis in 1672, but it was not
defined as a clinical syndrome until two centuries later with the classical papers of Erb,
Goldflam and Jolly. In 1900 Campbell and Bramwell reviewed all the case-reports up to that
date and since that time the disorder has become more familiar.

CLINICAL PICTURE

The characteristic feature from which its name derives is a severe weakness of muscles which
comes on after exercise and which may disappear after a short rest. Weakness may affect
any muscle, but most commonly the eyelids, extraocular muscles, bulbar muscles, neck, and
the proximal muscles of the upper limbs. The hand, lower limb and trunk muscles are

usually involved later, but in some cases they are first to be affected. The early descriptions,
still appearing in textbooks, emphasised the absence of atrophy, but this is not absolute.
Permanent weakness with moderate wasting occurs eventually in 10% of female and about
20% of male cases, the incidence being slightly higher if there is a thymic tumour (Simpson,
1958). This is most common in the extraocular muscles, triceps brachii, and quadriceps
femoris. A small number ofpatients show a characteristic type of atrophy of the tongue which
gives rise to three longitudinal furrows (Buzzard, 1905). Tendon reflexes are usually present
and may be so brisk that clonus is produced. If a reflex is elicited repetitively, the jerk may
decrease progressively until it disappears. Persistent absence of many reflexes should suggest
that the weakness is due to carcinomatous myasthenia rather than myasthenia gravis.

PRECIPITATING FACTORS

The diagnosis is simple if the clinician considers myasthenia gravis from the history of variable
weakness with fatiguability (though it is remarkable how many patients fail to notice this
aspect unless directly questioned). Most cases are missed in the early stages, being wrongly
diagnosed as multiple sclerosis or hysteria. The diagnosis of hysteria is particularly common
as there may be no objective signs when the patient reaches the doctor's consulting room,
and because the most common precipitating factor is emotional disturbance. Other factors
which appear to bring on the first attack or relapses are infection, allergy and pregnancy.
Once the disease is established, weakness is greater just before menstruation, in exciting or

embarrassing situations, or with extremes of heat or cold. Time does not permit me to spend
longer on these points, but I wish to emphasise the role of emotional disturbance and con¬
versely the beneficial effect of hope and peace of mind.
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When myasthenia is suspected, the diagnosis is established by demonstrating abnormal
fatiguability of muscle using simple bedside tests or an ergograph; and by restoring power to
normal by an anticholinesterase drug such as edrophonium or neostigmine. Electromyo¬
graphy is used to demonstrate failure of neuromuscular transmission.

NATURAL HISTORY

Now I want to pass on to some less familiar aspects of the natural history of the disease which
can only be appreciated by those who have seen a large number of cases. It occurs in every
race. Estimates of prevalence range from 1 in 50,000 to 1 in 10,000 of the population. I see
about 15 new cases in a year. It affects both sexes, women twice as frequently as men. In
young people the ratio is 4.5 females to 1 male, but myasthenia starting in later life is com¬
moner in males. The most common age of onset for both sexes is about 20 years. About 10%
of cases have a thymic tumour. This occurs in an older group of patients (modal age 45
years). It is rarely seen under the age of 30, but is present in 30% of cases starting over the
age of 40.
The characteristic course is one of relapses and remissions, but the long-term remissions

are not so common as many believe. Fewer than half of the cases have a remission of a
month or more and long remissions rarely occur more than once. The first 7 years appear to
be the 'active' stage of the disease (Fig. 1). Most of the deaths directly attributable to myas-

Years

Fig. 1 Shaded area represents severity of symptoms. Solid line is incidence of deaths in each year
from the onset. Broken line indicates response to thymectomy. (Diagrammatic.)

thenia gravis occur during the first 7 years, particularly during the first year (Simpson, 1958).
After 10 years, death from myasthenia per se rarely occurs, though the patient may be
constantly at risk of asphyxiation from inhaled foreign bodies because of the diminished
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respiratory reserve. On the other hand, most of the significant remissions occur during this
period and it is also the time when thymectomy is most profitable (Simpson, 1958). In the
next stage the response to surgery is less impressive, but further progression is unlikely.
Finally there may be a 'burned-out' stage in which the response to anticholinesterase drugs
disappears. At that stage the clinical picture closely resembles polymyositis and has been
termed 'myasthenic myopathy'.
The clinical course may be benign and the weakness may remain limited to a few muscles.

If subjective symptoms are limited to the extraocular muscles and remain so for 2 years, the
prognosis is good. On the other hand, if a thymic tumour can be demonstrated radiologically,
the myasthenia is often difficult to control by drugs or by thymectomy.

DISORDERS OF OTHER ORGANS

A relationship between myasthenia gravis and disorders of the thyroid gland has been
recognised for many years. Millikan and Haines (1953) found that 5% of cases had hyper¬
thyroidism which did not necessarily coincide in time with the myasthenia. In my experience
ahont 9% of males and 18% of females with myasthenia gravis show signs of a thyroid dis¬
order at some time during their life, but the disorder need not be thyrotoxicosis. Thyrotoxic
symptoms may be subsiding when myasthenia appears, and vice versa. If the period of
observation is limited, this may lead to the mistaken conclusion that the two disorders have
a 'see-saw' relationship to each other (Simpson, 1968).
Non-toxic goitre and, more rarely, primary myxoedema may be found and indeed most of

the early reports stress the presence of non-toxic nodular goitre, and the histological appear-

TABEL I Associated disorders in series of cases ofmyasthenia gravis

Simpson Osserman Storm-Mathisen Oosterhuis Downes et al. Wolf et al.
(1969) (1958) (1961) (1964) (1966) (1966)

Patients 629 325 90 180 74 399
Carcinoma (non-thymic) 3 8 2 4 0 6
'Rheumatoid' arthritis 20 15 3 6 5 3

Systemic lupus
erythematosus 1 0 0 0 2 2

Sjogren's syndrome 2 0 0 0 1 0

(+ 1?)
Sarcoidosis 1 0 0 0 0 1

Red cell aplasia I 0 0 2 0 0
Pernicious anaemia 10 0 0 1 0 1

Haemolytic anaemia 2 0 1 0 0 I

Nephritis 2 1 1 (?) 1 0 0

Hepatitis 2 2 0 2 9 0

Raynaud's syndrome 19 0 0 7 4 0

Psychosis 11 14 4 3 I 1

Epilepsy, etc. 13 2 0 1 0 14
Ulcerative colitis 0 1 0 0 0 0

Pemphigus 1 0 0 0 0 1

ance of lymphadenoid goitre (Ringertz, 1951). It is now recognised that many of these cases
have Hashimoto's thyroiditis (Simpson, 1960, 1964, 1966a; Becker et al., 1964). Routine
tests of thyroid function in myasthenic patients show that only a minority are outside normal
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limits and as many of these are hypothyroid as hyperthyroid (Simpson, 19666, 1968). Ob¬
viously the association is not a causative one. In my experience the incidence of thyroid
disease in the families ofmyasthenic patients is unusually high, suggesting that the two diseases
are linked by a common genetic factor (Simpson, 1958, 1960).
The incidence of diabetes mellitus in myasthenics and their relatives may also be a little

higher than normal. Other endocrinopathies have been reported in myasthenic patients, but
so rarely that they are probably coincidental.
It is well known that aplastic anaemia is correlated with tumours of the thymus and hence

with myasthenia gravis. In fact, in my experience, pernicious anaemia is a much more com¬
mon blood dyscrasia in myasthenics. Haemolytic anaemia, lymphadenopathy and spleno¬
megaly are occasional associates, suggesting that the reticuloendothelial system may be
abnormal. Other disorders occurring in a personal and in other series are shown in Table I.
An arthropathy resembling rheumatoid arthritis is not uncommon. It is often transient and
may precede or follow the myasthenic illness. Acrocyanosis is also common, resembling
polymyositis in this respect. Other disorders such as Sjogren's disease, pemphigus and
ulcerative colitis are rare and do not individually approach 'statistical significance', but it may
be considered meaningful that the group of disorders listed occurs in several series although
these are very small samples of the general population. There is increasing evidence that the
factor common to these disorders is a disturbance of immunological tolerance.

AUTOIMMUNE HYPOTHESIS

The factors which led me to propose the autoimmune hypothesis for myasthenia gravis
(Simpson, 1960) were as follows:

1. The age and sex incidence, and the natural history of myasthenia gravis were strikingly
similar to systemic lupus erythematosus as described by Harvey et al. (1954).

2. There was some reason to consider that myasthenia is a multisystem disease.
3. The thymus gland is usually abnormal. There has been a lot ofmisunderstanding about

this. Some textbooks describe 'thymic hypertrophy' and others 'failure of atrophy' such as a
normal gland is assumed to undergo. Both descriptions are wrong. The glands removed
from myasthenic patients are rarely larger than normal and the change of size with age is
within normal limits. The characteristic change is in the presence of 'germinal centres' in the
cortex and medulla (Castleman and Norris, 1949). The epithelial cells are not proliferated
unless there is a tumour. Even if there is a thymoma, the surrounding lymphoid tissue com¬

monly shows the germinal centres which are typical of the disease. In 1960 the thymus was

generally accepted as an endocrine gland, but it seemed to me to have the appearance of an
active lymph organ associated with immunological reactions.

4. The muscles commonly showed the lymphocytic infiltrations described by Weigert
(1901) and named iymphorrhages' by Buzzard (1905). The latter author also described
degenerative changes of muscle fibres. These were classified into three types by Russell
(1953) who considered that they were non-specific on account of similar appearances occurring
in the muscles in certain rheumatic-type diseases and endocrine myopathies. Simpson (1960)
suggested that the lymphorrhage was very suggestive of an immunological reaction and that
an autoimmune mechanism could be present in each of the diseases listed by Russell.

5. The concept of an autoimmune disease would account for one of the most curious facts
about the disease. If a myasthenic woman has a child, the baby may have myasthenia at
birth in about one in seven live births, but if the affected child survives it recovers completely
in 1-12 weeks without later relapse. This strongly suggests that some 'myasthenic toxin' can
pass the placenta, but al! attempts to transmit the defect to another adult by cross-transfusion
have failed. This could be accounted for if the toxic substance was an antibody against some
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tissue — muscle or nerve — with common antigens in mother and child. The duration of
neonatal myasthenia would fit this concept admirably.

6. While I was investigating this hypothesis, Nastuk et al. (1959) reported that, in common
with most earlier experimenters, they had not succeeded in demonstrating a curariform
substance in myasthenic serum, but in the course of their experiments they had noticed that
the serum caused lysis of frog muscle cells, a reaction later shown to be associated with
fixation of complement.

7. Finally, it had been known for a number of years that administration of cortisone to
myasthenic patients may cause remission after a temporary deterioration.
These seven points seemed to me to justify publication of tho autoimmune hypothesis in

1960, although the concept required that the thymus should have an immunological rather
than a hormonal function. Almost simultaneously Strauss et al. (1960) published their further
studies on the cytolytic effect of myasthenic serum on skeletal muscle. Using a fluorescent
technique, they wero ablo to demonstrate that this was associated with the presence in the
serum of an antibody against muscle. My colleagues and I had been searching for an antibody
of this type for the previous 4 years, but without success. In the light of later work it is now
clear that we were unfortunate in not using scrum from patients with a thymoma, who have
higher titres of antibody. It is impossible to review the many contributions to the subject in
the time available. It appears to us in Glasgow that many workers do not distinguish between
A band fluorescence, which Vetters (1965) considers is virtually confined to cases with a

thymoma, and I band fluorescence which is not confined to myasthenia gravis. Wc were
also able to show, in common with other workers, that many myasthenic patients have ab
normal serum antibodies against thyroid and gastric mucosa, and antinuclear factor is
commonly present in their serum (Simpson, 1964, 1966a). Gammaglobulin is commonly
increased in the blood and, less commonly, in the cerebrospinal fluid (Simpson, 19666).
These findings, which would not be deduced from the Nastuk-Strauss experiments, are

strong support for the concept of a breakdown of immunological tolerance involving many

organs. When Miller published his well-known studies on the immunological function of the
thymus in 1961, the concept became less heretical. For the first time a logical connection
had been established between the thymus and the muscular disturbance ofmyasthenia gravis.
The manner in which the neuromuscular junction is involved remains unknown. In tho

original hypothesis I proposed that an antibody against the protein of the receptor substance
of the muscle end plate could function as a very individual competitive blocking substance,
but there is no evidence that this is the mechanism (McFariin et al., 1966). It seems unlikely
that the antibody which fixes on the A band of muscle is responsible for the transmission
defect, though it may be responsible for the myositic type of abnormality which is probably
more common in association with a thymoma. Goldstein and Whittingham (1966) claim
to have produced thymitis in guinea pigs immunised with thymus or muscle and postulato
that the abnormal gland produces a substance which blocks neuromuscular transmission.
We have not been able to confirm their findings (Vetters et al., 1969).

NEUROMUSCULAR TRANSMISSION

In 1895 Jolly showed that the pathological fatiguability of myasthenia gravis could be repro¬
duced by faradic stimulation of motor nerve while the 'fatigued' muscle would still respond
fully to locally applied galvanism.
If electromyography is used to record the muscular response, it is seen that there arc two

effects of tetanic stimulation: firstly a progressive decrement of response, and secondly a
facilitation which may temporarily restore transmission, especially with rapid rates of stimula¬
tion. Dcsmcdt (1957) has analysed the late phase of'post-tetanic exhaustion' which persists
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for a long period after any temporary facilitation has passed off. He considers that it is the
cause of the clinical weakness and that it differs from the block caused in normal neuromuscu¬
lar transmission by curare. In his opinion the type of block is best explained by a failure of
acetylcholine production at the nerve terminals.
On the other hand, Churchill-Davidson and Richardson (1952) showed that the neuro¬

muscular blocking drug decamethoniumdid not have its normal depolarising action in myas¬
thenics. Instead it produced a curare-type competitive block, sometimes preceded by a brief
depolarisation block ('dual response'). Grob el al. (1956) showed that the action of acetyl¬
choline and of choline was altered in a similar manner. These results pointed to a post¬
junctional change, probably involving receptor sites.
Elmqvist (1965) carried out a series of microelectrode studies on an isolated nerve-muscle

preparation obtained by biopsy of myasthenic patients. He considered that miniature end-
plate potentials were reduced in size, indicating that there was a reduced quantum content of
acetylcholine at the motor nerve endings. The present trend of opinion is therefore in favour
of a prejunctional abnormality despite the pharmacological studies just described. As I
have briefly indicated previously (Simpson. 1960), I consider that there are both pre- and
postjunctional changes in myasthenia gravis and that all the known findings can be explained
on structural grounds. There is only time for a summary of these, but I have published a
detailed analysis elsewhere (Simpson, 1969).

PATHOLOGY OF THE NEUROMUSCULAR JUNCTION

Although it had been known since the beginning of this century that the thymus was often
abnormal and that lymphorrhages frequently occurred in the muscles, it was usual to classify
myasthenia as a 'functional' disorder of synaptic transmission, because in the thirty years

following the demonstration of the therapeutic value of physostigmine and its analogues
most writers considered that the block must be due to a circulating substance like curare, and
therefore the histological changes must be non-specific. But as we have seen, they are exactly
the sort of pathology one would expect in an autoimmune disease. Further, it is incorrect to
assume that there is no anatomical defect of the neuromuscular junction since Coers and
Woolf (1959) have shown by special supravital staining techniques that the motor nerve

endings are usually abnormal. They describe two types. The 'dystrophic type' has sprouting
of subterminal axons and terminal knobs which are shrunken and distributed over a wider
area of the muscle fibre than normal. It is probably secondary to changes in the muscle fibre
and is often related to a lymphorrhage. The 'dysplastic type' has few terminal knobs and
these are arranged serially along a scanty number of terminal branches ending in a remarkably
elongated end-plate region. It has not yet been established that these changes are specific,
but I consider that they can account for the known facts about transmission in the myasthenic
(Simpson, 1969). Electron microscopy has not added significantly to our knowledge at the
time of writing.

TREATMENT

The first thymectomy for myasthenia gravis was performed by Sauerbruch in 1912, but there
was little interest in the operation until Blalock et al. (1941) reported a series. The value of
the operation was hotly debated for the next 17 years. Later American reports were dis¬
couraging, although Keynes (1946, 1955) found it a valuable procedure. An independent
study by Simpson (1958) confirmed the claims of Keynes that the operation was valuable if
no thymoma was present and review of the various American statistics showed that they were
consistent with this. Eaton and Clagett (1955) acknowledged that their earlier unfavourable
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opinion had been due to failure to make this differentiation. Simpson (1958) showed that
thymectomy was most beneficial in women with a myasthenic history not exceeding 7 years,
though some patients were improved by later operation. Male patients showed the same

trend, though the numbers were too few to reach statistical significance. Some patients with
a thymoma were also strikingly improved, but the prognosis remained poorer if the patient
had a thymoma. Keynes (1955) advised radiotherapy before operation for a thymoma, but
this is not necessary in the absence of a tumour.
Radiotherapy alone or carotid sinus denervation are inferior methods of causing atrophy

of the thymus and I do not recommend them. Radiotherapy may cause temporary but
dangerous increase of myasthenic symptoms and the same is true of steroid therapy, possibly
due to thymolysis.
There is often an immediate improvement after thymectomy. If the physician is not alert

to this possibility the patient may be plunged into a cholinergic crisis by a dose of antichol¬
inesterase drug which had previously been ineffective. This is particularly dangerous about
48 hours after operation. Some patients maintain this improvement and may be cured of
their myasthenia or require a greatly reduced dose. More often, the dose requirement in¬
creases again to about the preoperative level. After a few months the patient may be disap¬
pointed with the result of thymectomy. However, if the same patient is questioned two or
three years later he will usually state that 'the tide turned' at the time of the operation.
Deterioration stopped, the myasthenia stabilised and then improvement occurred slowly but
progressively. It is for this reason that I have advised thymectomy for all cases of less than 7
years' duration, and for later cases showing deterioration or unsatisfactory response to drug
therapy.
My reason for this advice has been that the patient has nothing to lose if he is in skilled

hands. Working closely with two thoracic surgeons (in Edinburgh and later in Glasgow)
there have been no post-operative deaths in patients under my care during the last 13 years.
On the other hand it is only fair to point out that there have been striking improvements in
the medical care of the myasthenic patient since 1956 when I compared the results of thymec¬
tomy with medical treatment (Simpson, 1958). Since that date there has been wider use of
pyridostigmine, better recognition of the difference between myasthenic and cholinergic
crisis, greater familiarity with the use of edrophonium to evaluate the cause of weakness, and
tremendous advances in the management of ventilatory failure. It might well be that these
advances have restored the balance in favour of drug therapy. Unfortunately I do not have
time to describe these advances today. I still advise operation because it seems to me to
provide the best chance of cure without the necessity for continuous medication, but the time
has certainly come to re-evaluate the relative merits of thymectomy and medical care.
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The Drug s reatment of
Myasthenia Gravis
J. A. Simpson, MD, FRCP (Lond., Ed. & Glas.),

FRS Ed,
Institute of Neurological Sciences,
University of Glasgow.

Myasthenia gravis is a disease of unknown aetiology
characterized by impairment of transmission at the
motor nerve junctions in skeletal muscle. There are
two main lines of treatment (a) anti-cholinesterase
drugs, which form the subject of this articie, and
(b) thymectomy which can be dramaticaliy effective
in some cases, usually those of less than 6 years'
duration.

The Pharmacological Basis of Drug Treatment
Acetylcholine, the chemical transmitter at the motor
nerve end-plate in skeletal muscle, is destroyed by
cholinesterase which is present in the vicinity of
the neuromuscular junction. If cholinesterase is
inhibited the activity of the released acetylcholine
is increased and prolonged, and this is the pharma¬
cological action which is made use of in the
treatment of myasthenia gravis.
There are several factors that limit the efficacy
of this treatment. If too much acetylcholine is
present there is over-depolarization of the neuro¬
muscular junction, which results in blockade of
transmission of further nerve impulses, i.e., the
so-called "depolarization block" or "cholinergic
crisis". This state is sometimes reached without
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passing through a phase of normal muscle power.
In severe myasthenia gravis it is not possible to
restore muscular power to normal with anti¬
cholinesterase drugs and the degree of transmission
failure varies fron one muscle to another. Certain
muscles, such as those concerned in respiration,
may be in "depolarization block" while others (for
instance the eye muscles) remain under-dosed or
have reached a stage where no drug will improve
junctional transmission. Failure to recognize these
points leads to over-dosage in an attempt to over¬
come supposed "neostigmine resistance".

Choice of Anti-Cholinesterase Drugs
Neostigmine: This drug is often used as an intra¬
venous injection by anaesthetists, but should only
be used by this route for the treatment of myasthenia
gravis in an emergency. Intravenous administration
is dangerous. Intramuscular or subcutaneous injec¬
tion of neostigmine may be useful in the initial
stages of treatment as a guide to the likely effective
oral dosage. Crushed neostigmine tablets can be
given by gastric tube if dysphagia prevents normal
administration by mouth. The drug is incompletely
and irregularly absorbed from the gut. Following a
dose of the tablets there is a surge of muscular
power for 30-60 minutes followed by continued
activity at a lower level for 2-6 hours, after which
strength is lost rapidly. This makes it difficult to
adjust timing of dosage for a smooth control, but
if the tablets are given half-an-hour before a meal,
or in anticipation of a special effort, the "boost" is
valuable. The usual dose is 15 mg orally.
Pyridostigmine ('Mestinon'):Jhe duration of activity
of this drug is not substantially longer than that of
10



neostigmine, but it does not have the early
peak effect and its activity wanes more slowly,
thus allowing a sustained level of activity by
judiciously timed dosage. This is the drug preferred
by most patients. The usual dose is 60 mg. Some
patients who require the "boost" provided by
neostigmine are best treated with a combination of
the two.

Ambenonium Chloride ('Myte/ase'): The duration of
action of the 25 mg tablet of this drug is slightly
longer than that of 60 mg pyridostigmine. This
increases the risk of accumulation, which may be
difficult to detect as the side effects are less
prominent than with pyridostigmine. Ambenonium
chloride may be a valuable alternative for patients
who would otherwise have to be roused from sleep
for medication. It is available in the United Kingdom
as 10 mg tablets (25 mg tablets are available
overseas).

Adjustment of Dose
All of these drugs are active in inhibiting cholines-
terase at other sites in the body and they cause
side effects due to over-activity of the parasym¬
pathetic nervous system. These include abdominal
cramps, diarrhoea and excessive salivation. Atropine
can ameliorate these symptoms, but should not be
used routinely.
Whichever drug is selected the duration of activity
of a single dose must first be established, because
this varies from about 2 up to about 8 hours in
individual patients. The duration of action determines
the frequency of dosing, which must then be fitted
to the day's programme for meal times and other
activity. The amount of each dose should then be
11



adjusted to give optimal strength about one hour
after administration. Some day-to-day fluctuation
is common, but I do not advise frequent changes
of dosage or leaving it to the patient's choice, a way
which leads inevitably to "cholinergic crisis" due to
the patient's reliance on taking too many tablets
too often.
A patient with disease of average severity requires
8-10 tablets per day of one of the anti-cholin-
esterase drugs. At a level of 18-20 tablets daily
there is a danger of cholinergic block, particularly
with the longer-acting drugs. As these are slowly
cumulative the signs of over-dosage may become
apparent after 3-4 weeks of unchanged dosage.
The onset of a "cholinergic crisis" may be concealed
if atropine is used routinely because this drug
blocks the parasympathomimetic action of anti¬
cholinesterase drugs without affecting neuro¬
muscular activity. "Neostigmine resistance" does
exist in the later stages of myasthenia, but there is
no doubt that many cases so termed have a

cholinergic block. One suspects that myasthenic
patients may suffer more from over-dosage than
from under-dosage.
Experience is required to obtain optimal control.
In an early stage of the illness an appropriate level
of anti-cholinesterase medication will restore

strength to normal; but later it is not possible to
obtain normal power and an increase in dose may
cause further deterioration as "depolarization block"
dovolopc. One must bo careful not to overdose tho
bulbar and respiratory muscles while attempting
to improve the extra-ocular ones.
The pupil size is a valuable guide. To be on the
safe side the pupils should not be smaller than 3 mm
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in diameter in normal room lighting. This valuable
sign is lost if atropine is used.
Assessment of Weakness Not Responding to
Treatment
First consider the daily dosage and the timing of

deterioration. If the dosage of the drugs described
above is not greater than 1 5 tablets daily, and if the
pupil diameters exceed 3 mm, it is unlikely that the
weakness is cholinergic. Next enquire carefully
about the effect of the last few doses. Weakness
which increased 2 or more hours after a dose, and
which was temporarily arrested by the next dose,
is probably myasthenic. On the other hand, weak¬
ness which was marked about one hour after a dose
and was not significantly improved by the next
dose is almost certainly cholinergic.
Despite careful supervision it is inevitable that some
patients will be over-dosed. The usual causes are

(1) the patient altering the dose; (2) cumulation of
long-acting drugs; (3) miscalculation of equivalent
dosage when substituting parenteral for oral medi¬
cation; (4) increase in medication after achieving
optimal though still sub-normal power; (5) sudden
decrease of drug requirements, notably in the 48
hours following thymectomy.

Management of Anti-Cholinesterase Overdose
No further anti-cholinesterase medication should be

given until there is clinical evidence of a return to a
myasthenic state. Respiration should be safe¬
guarded by a cuffed tube intubation or tracheostomy,
with positive pressure ventilation if required. If
signs of parasympathetic over-activity are marked,
atropine sulphate 2 mg should be injected intra¬
venously every 60 minutes until the patient is
13



obviously fully atropinized or is improving. (Oxime
drugs such as Pralidoxime-P2S are of no practical
value as antidotes in this situation.)
When the patient appears to have returned to a
myasthenic state the diagnosis should be confirmed
with a test dose of edrophonium ('Tensilon'). The
patient should then resume anti-cholinesterase
treatment at the same intervals as before, but with
half the previous dose. A new level of dosage is
then gradually re-established, as for a new case.
The main risk facing a myasthenic patient is
respiratory failure due to weakness of the respiratory
muscles. This may occur because of a severe
myasthenic state or during a "cholinergic crisis",
also when either of these conditions is complicated
by respiratory infection. Few cases of myasthenia
die if respiratory function is adequately safeguarded.
All are at risk if it is not.

Contraindications
In my opinion no myasthenic patient should receive
an enema as this may cause sudden death.
Drugs which potentiate neuromuscular weakness
should be avoided. These include streptomycin,
neomycin, quinine, quinidine and chlorpromazine.
If sedation or analgesia is necessary, it is important
to avoid such drugs as morphine which may depress
respiration.
Further Reading
A detailed account of the use of edrophonium
('Tensilon') in differentiating between 'myasthenic'
and 'cholinergic' crises is given in "Disorders of
Voluntary Muscle" (2nd Edition edited by J. W.
Walton, J., and A. Churchill Ltd., London, 1969) on
pages 556 and 557.
14



PATHOGENESIS OF MYASTHENIA GRAVIS

British Medical Journal (1971) 2_5 276.

Sik,—As your unsigned leading articles tend
to acquire the authority of holy writ I hope
you will permit me to comment on your
first leading article (3 April, p. 1) to correct
some misunderstandings which have ap¬
peared elsewhere. You kindiy refer to my
paper1 giving the first fully formulated auto¬
immune hypothesis but infer that this was
confirmation of earlier work by demonstrat¬
ing clinical relationships with other auto¬
immune diseases. In 1960 this was hardly
possible (and Miller's paper on the thymus
was still a year oil). It showed that myas¬
thenia gravis was probably a multisystem
disease with some resemblances to the
natural history of systemic lupus erythema¬
tosus. An autoimmune hypothesis was pre¬
sented to account for this. In the next

decade many of the associated conditions
have subsequently been recognized as auto¬
immune.2
Reference to the original paper will show

that it rcjt'orted the conclusions of five years
of clinical and experimental work, freely
discussed in teaching and research seminars.
The passing reference of Similiters,-" a few-
months before final publication, to the possi¬
ble implication of autoimmunity in the
thymic changes of myasthenia gravis was re¬
ferred to, but that paper offered no concept
of the nature of the neuromuscular disorder.
It is not possible to decide whether

Smithcrs considered that the thymic
pathology was the cause or the result of
autoimmune disease. This is a critical point
in current thinking about myasthenia. It is
unfortunate that your leading article ignored
the valuable symposium at the New York
Academy of Sciences in December 1970. It
quotes the only group of workers support¬
ing Goldstein's experimental work. To the
longer list of negative findings1 will be
added a paper (in press) from an Australian
group which includes Goldstein's original
collaborator. My original hypothesis was that
a breakdown of immunological tolerance re¬
sulted from a thymic disorder (genetic or

acquired). The Goldstein hypothesis con¬siders that the thymus is damaged immuno¬logically without indicating where the pri¬
mary immunological disorder may occur andthe theory requires a neuromuscular block¬
ing substance, which is against all the
evidence."' The theory lacks the heuristicvalue of the origin?.! hypothesis, for which
no incompatible evidence has yet been pro¬duced. as it does not predict involvement ofother tissues—the very reason for conceivingan autoimmune theory.—I am, etc.,

J. A. Simpson
Southern General Hospital,Glasgow, S.W.I
1 Simpson. J. A., Scottish Medico! "journal, 1960,S, 419.
- Simpson. I. A., In Muscle Disco*i's, Ed. J. N.Walton. N. Canal, and G. Sr.ari.ito. Amsterdam,Excorptu M'\5ica. 1970. p. 14.3 Smithcrs, D. \v., journal of the Faculty of Radio-lo»ists, 1959. 10. 3.
» Vetters, J. M.. Simpson, J. A., auJ Folkardc, A.,Lancet, 1969, 2, z?..
5 Simpson, J. A., In The Biological Basis of Medi¬cine, Vol. 3, Ed. E. E. Bittni. and N. Bittar,New York, Academic Press, 1V69, p. 345.
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A MORPHOLOGICAL EXPLANATION OF THE TRANSMISSION
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John A. Simpson
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Since the cholinergic mechanism of neuromuscular transmission was accepted
before the second World War, it has been the custom to introduce a paper on the
nature of the transmission failure in myasthenia gravis with an account of the
normal mechanism and the sites at which transmission can be blocked by a num¬
ber of pharmacological agents. Further argument is then by analogy, and the
author of each paper stresses that aspect of experimental pharmacology that most
closely resembles his findings in myasthenia gravis. In this way, earlier workers
were impressed with some resemblances between the myasthenic phenomena and
curarization. The search for ^"myasthenic toxin" possessing curare-like proper¬
ties has been long and fruitless.1 The hypersensitivity of biopsied myasthenic
muscle to D-tubocurarine persists after repeated washing.2
A variant of the circulating toxin theme is that the transmitter substance may

be abnormal. Thus, Grob and coworkers2 postulated that choline or a toxic
product of nerve activity might be responsible for certain disturbances of func¬
tion on the grounds that these could be mimicked by close-arterial injection of
choline into myasthenic muscle. The abnormalities noted were apparent anomalies
of the immediate and delayed depression of muscle responsiveness caused by
acetylcholine (ACh). However, these anomalies were qualitatively similar to the
altered responses found with other depolarizing quaternary ammonium sub¬
stances. Churchill-Davidson and Richardson4 considered that the different action
of decamethonium in the myasthenic subject could best be accounted for by a
change in the subsynaptic membrane. On the other hand, Desmedt5 found that
the postactivation exhaustion which he studied in myasthenics was closely com¬
parable to the effect of hemicholinium-3, which has its principal activity in
blocking synthesis of acetylcholine.
This is not an exhaustive review, but it is sufficient to indicate that three main

theories have emerged: (1) the circulating curare-like substance; (2) the post¬
synaptic defect; (3) the presynaptic defect. Each of these has been constructed
from a pharmacological analogy. It is assumed that all mammalian neuro¬
muscular junctions show the same pharmacological reactions. (Indeed, there
would be no reason to think otherwise if one consulted the three recent major
monographs on synaptic transmission.)

Tn fact, with the possible exception of postactivation exhaustion, the phenomena
of myasthenia gravis only indicate reduction of the "safety factor" for transmission
that could be accounted for by either postsynaptic or presynaptic mechanisms.
(In my opinion, the circulating curare-like substance is a myth.) However, the
argument is meaningless if the geometry of the endplate is altered, since changes
are both pre- and postsynaptic.6-7 Furthermore, we must find an explanation that
will take account of the relapsing and remitting nature of myasthenia gravis and
the peculiarities of its asymmetrical distribution in the skeletal musculature.

* Supported by a grant from the Muscular Dystrophy Group of Great Britain.
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Histopathology of Neuromuscular Junction

Using the technique of intravital staining with methylene blue, Coers and Woolf8
showed two types of florid morphological changes of the intramuscular nerve
endings. In the "dystrophic" type there is increased branching of the terminal
arborization, and the terminal knobs are distributed over a wider area of the
muscle fiber than normal. The other type, the "dysplasic," has few terminal
knobs, and these are arranged serially along a scanty number of terminal branches
ending on a long end-plate region running parallel to the muscle fiber. Coers and
coworkers9 found these changes in 1-30% of endings examined in biopsy speci¬
mens from myasthenic subjects. In normal subjects and in other neuromuscular
diseases the elongated end plates occurred in less than 1 % of biopsies. The
dystrophic type is, however, found in other disorders and is considered to be
reactive, since the related muscle fiber is usually abnormal in these diseases and
in myasthenia gravis. MacDermot10 and Bickerstaff and Woolf11 infer that the
two types of response are different aspects of one process, which is reparative, in
order to restore conduction. They described a remarkable degree of sprouting of
the terminal axons after emergence from the nerve bundle and also from the
end-plate knobs. These prolongations may terminate as an end-plate on the same
or on another muscle fiber, and at this site a similar process may again be seen,
giving rise to a chain of end plates connected by a single, fine nerve fiber. Very
fine ultraterminal sprouts may be present at the final elongated end plate.10
Similar ultraterminal sprouting occurs in various types of neurogenic disorder

in animals and in man when reinnervation of muscle is taking place.8-12 It also
occurs during recovery from poisoning with botulinum toxin. Botulinum in¬
toxication is generally considered to block release of acetylcholine at nerve end¬
ings. Much that has been written about it requires reconsideration in view of the
structural changes recently discovered at the end plates.13

Changes of ultrastructure of the neuromuscular junction in myasthenia gravis
are also reported but will not be reviewed, since they are based on few cases that
disagree in regard to findings.7 The light-microscopy findings, however, show three
important features. (1) The extended end-plate zone, which may cover a dis¬
tance of several hundred microns along the length of the muscle fibers involved.
(2) Active axonal regeneration is common and is of a type associated with dis¬
orders of the motor neuron. (3) Muscle fiber atrophy of different types is com¬
mon.14 It may be grouped as in denervation atrophy.15
These findings indicate structural changes on both sides of the neuromuscular

junction. Functional conclusions based on the pharmacology of the normal junc¬
tion are not necessarily relevant in this situation. Is it possible that the geometrical
changes of end-plate structure could alone account for the myasthenic phenomena?

The Effect of Synaptic Geometry on Function

The most compelling argument for the postsynaptic theory of myasthenia has
been the abnormal response of the myasthenic subject to quaternary ammonium
compounds such as acetylcholine and choline3 and decamcthonium.4 In the normal
human subject, dccamethonium causes potentiation of the maximal twitch, fol¬
lowed by transmission failure which is nondecremental and is potentiated by
anticholinesterase agents (called depolarization block, although the mechanism
is debatable). In some muscles of many mammals, including the monkey, dog,
rabbit, hare and guinea pig, the action of decamethor.fium changes during the
blocking process into that of a substance competing with ACh, such as curare.
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This mode of action was described as a dual response by Zaimis.16 In the com¬
petitive phase a tetanus, though not well sustained, antagonizes the block and
so does neostigmine. Muscles showing the dual response are relatively insensitive
to decamethonium (and suxamethonium). This is not entirely a species difference
since, in the cat, decamethonium causes a depolarization block in the tibialis and
gracilis muscles, whereas in the soleus it appears to be initially depolarizing and
then produces competitive block. Jewell and Zaimis17 suggested that the different
effects may be due to the first group being pale muscles and the second a red
muscle. Simpson7 pointed out that this also correlated with a difference of end-
plate structure as described by Coers,18 and suggested that similar geometrical
features of the immature end plate could account for the myasthenic response
and resistance to depolarizing drugs shown by the muscles of human infants.19 A
recent study20 leads to the conclusion that the development of a differential
response to succinylcholine in the fast and slow twitch muscle of the kitten
depends on morphological differences in end plates, including surface area.
Similar geometric differences probably account for functional differences

between amphibian and mammalian muscle, including the different response of
end-plate potentials in the curarized preparation. It appears that transmitter is
liberated more efficiently by the mammalian than by the amphibian motor nerve
terminal. The mammal has a greater initial safety factor but a lower backing
reserve.

Efficiency of Synaptic Transmission

The factors determining efficiency of synaptic transmission were analyzed by
Eccles and Jaeger,21 who found that the linear type of ending, represented by
the amphibian neuromuscular junction, is much less efficient than the terminal
knob type since the concentration of transmitter is lower and its removal by dif¬
fusion more rapid. Above a certain optimal size, increasing the diameter of the
knob terminal severely reduces its efficiency.
The size of the prejunctional surface is not the only factor which is important

in the geometry of the neuromuscular junction. The width of the synaptic cleft
must be as narrow as possible, and yet sufficiently wide to allow transmitter
substance to escape by diffusion.
With regard to the subsynaptic membrane, this should provide many receptor

areas close to the site of ACh release. This implies a folded subsynaptic mem¬
brane, but the folds must not be too deep or too shallow. More information
about the secondary folds in myasthenic end plates is essential, since this could
be the most critical factor.
In all of these respects the terminal knob motor ending of the normal mammal

is superior to the elongated ending of the amphibian. It allows a greater charge-
density to gather at receptor sites.6-7

Eccles22 has calculated that in the amphibian end plate, one nerve impulse
liberates about one quantum of ACh for 3jx length of nerve terminal or 10fTz
of synaptic contact compared with 1 /j,z in the rat.
In the human, most neuromuscular junctions are of the plate type with diameter

ranging from 10-80^.18 The cluster type found in other mammals is rare in man,
but may occur in extraocular muscles.23 I am seeking evidence that local dif¬
ferences in end plate structure may account for the distribution of myasthenic
weakness and the selective vulnerability of certain muscles to curare-like sub¬
stances, but I cj.o not have results to report at this time. The linear type of ending
does not seem to occur in the normal human. It is, however, characteristic of



244 Annals New York Academy of Sciences

myasthenia gravis and this would account for the loss of safety factor of trans¬
mission, with assumption of characteristics resembling the amphibian junction.7

The Diminished Quantum Theory

There has been a noticeable omission in the presentation up to this point.
Elmqvist24 reported that the miniature end-plate potentials (MEPPs) of human
myasthenic muscle (biopsy of intercostal muscle) are abnormally small and that
this must be due to a smaller content of ACh in each quantum liberated spon¬
taneously, since the postsynaptic membrane responds normally. The first report
of the Swedish group25 stated that MEPPs were either absent or infrequent, but
of normal amplitude. They could not be evoked in the normal manner by raising
the potassium concentration. In a later paper,26 spontaneous junctional activity
was again reported absgnt at most end plates but, when present, the frequency
was normal and the amplitude was only one-fifth that of normal MEPPs. Ampli¬
tude could be increased by neostigmine. Normal frequency with lowered ampli¬
tude of MEPPs normally indicates a postsynaptic disorder.27 This conclusion is
rejected by Elmqvist because he found normal depolarization of end-plate regions
by decamethonium and carbachol in bath applications and normal response to
iontophoretic microapplication of ACh.
The normal sized MEPPs recorded by Dahlback and coworkers25 were sub¬

sequently attributed to synchronous quanta released from a damaged nerve
terminal and the small MEPPs were accepted as true observations. An alternative
explanation (figure 1) might be that normal sized MEPPs are evoked at
receptor sites which are more widely separated than normal and are then con-

Infrequent, normal amplitude Normal frequency, low amplitude
Simpeon 19^9

Figure 1. Diagram to represent spontaneous release of quanta of ACh at motor nerve
terminals. The ACh is presumed to be stored in vesicles grouped at elective release sites. Re¬
ceptors are presumed to be more evenly distributed on the subsynaptic membrane. The wider
spacing of receptors indicated in the author's hypothesis is not an essential part. It is introduced
to account for the altered reactivity of the subsynaptic membrane to depolarizing drugs.
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ducted electrotonically to the recording microelectrode.23 Elmqvist24 believes that
the small MEPPs indicate small quanta of ACh as in hemicholinium poisoning
of norvo but, unlike tho latter, they are not altered in size by prolonged stimula
tion or with rest. This would make it unlikely that the defect in myasthenia i3
duo to the inability of the ACh synthesizing mechanism to keep up with release
becauso of lack of substrate. The release of ACh at nerve terminals appears to
be normal, including the facilitation by a tetanus.29 The interpretation in terms
of small quanta is unnecessary if tho geometrical abnormality of tho end plate is
recognized. The onus of proof rests with the proposer of disorder of function,
which would be unique in natural pathology.

Regeneration of End Plates and the Role of the Thymus

There are few studies on the function of regenerating neuromuscular junc¬
tions, but those of Miledi30 on tho frog closely rosomblo tho findings of Elmqvist24
on myasthenic muscle, except that small MEPPs were not noted. Barker and Ip31
found some evidence of retrograde degeneration among the terminal branches
of motui axons inneivating normal muscle in the cat, rabbit and lat. They alsu
found regenerative sprouting at ond plates which, they suggested, might indicate
that normal motor endings may have a limited life-span and be periodically
replaced by collateral regeneration. They found a greater degree of axonal
sprouting in muscles receiving a multiple motor innervation, such as the extra¬
ocular muscles of the cat.

This evidence that the motor nerve terminals arc included with the many other
organs which show cycles of breakdown and regeneration requires confirmation.
It is interesting to note that there is a possible role for the thymus. Szent Gyorgi
and associates32 claim to have isolated a growth-promoting hormone (promine)
and a growth-inhibiting factor (retine) from calf thymus that could play a
part in the regulation of breakdown and repair of organs which show a regular
turnovor of colls. It is possible that the immunological mechanism acts as a
regulator or detector of tissue breakdown, as one side of a homeostatic mechan¬
ism controlled in young animals by the thymus3"33 Presumably, these substances
can cross tho placental barrier. If this control is disordered by disease of the
thymus, it might be anticipated that in addition to immunological disorders of
other organs the motor terminals would show excessive breakdown and faulty
regeneration.6'7 This could be the proximate basis of myasthenia gravis.

Summary

The rival theories of th»-disorder of neuromuscular transmission in myasthenia
gravis are derived by analogy from pharmacological experiments on normal
muscle. The geometry of the end plates in myasthenia is not normal. Theoretical
considerations suggest that the abnormal end plates would have a greatly re
duccd safety factor for transmission. The geometrical changes would account for
the altered response to depolarizing substances and possibly for the phenomena
recorded by microelectrodes at myasthenic end plates.
Tho changes may represent a disturbance of a breakdown regeneration cycle

in which the thymus is implicated. This would account for variability of localize
tion of myasthenic weakness and the fluctuating clinical course.



246 Annals New York Academy of Sciences
References

1. Nastuk, W. L., A. J. L. Strauss & K. E. Osserman. 1959. Search for a neuromuscular
blocking agent in the blood of patients with myasthenia gravis. Amer. J. Med. 26: 394-
409.

2. Dillon, J. B. & P. B. Sabawala. 1959. Hypersensitivity of in vitro myasthenic muscle
to d-tubocurarine. Neurology (Minneap.) 9 : 62-64.

3. Grob, D., R. J. Johns & A. M. Harvey. 1956. Studies in neuromuscular function. IV.
Stimulating and depressing effects of acetylcholine and choline in patients with myas¬
thenia gravis, and their relationships to the defect in neuromuscular transmission. Bull.
Johns Hopkins Hosp. 99: 153-181.

4. Churchill-Davidson, H. C. & A. T. Richardson. 1952. The action of decamethonium
iodide (C.10) in myasthenia gravis. J. Neurol. Neurosurg. Psychiat. 15: 129-132.

5. Desmedt, J. E. 1958. Myasthenic-like features of neuromuscular transmission after
administration of an inhibitor of acetylcholine synthesis. Nature 182: 1673-1674.

6. Simpson, J. A. 1960. Myasthenia gravis: a new hypothesis. Scot. Med. J. 5: 419-436.
7. Simpson, J. A. 1969. The defect in myasthenia gravis. In The Biological Basis of Medi¬

cine. E. E. Bittar & N. Bittar, Eds. 3: 345-387. Academic Press. London & New York.
8. Coers, C. & A. L. Woolf. 1959. The Innervation of Muscle. A biopsy Study. Blackwell.

Oxford, England.
9. Coers, C., A. Joffroy, J. Hildebrand & R. Malevez. 1966. Les alterations du tissu

musculaire et de son innervation dans la myasthenic. In Progressive Muskeldystrophie,
Myotonic, Myasthenic. E. Kuhn, Ed. : 325-339. Springer-Verlag, Berlin, Germany.

10. MacDermot, V. 1960. The changes in the motor end-plate in myasthenia gravis. Brain
83: 24-36.

11. Bickerstaff, E. R. & A. L. Woolf. 1960. The intramuscular nerve endings in myas¬
thenia gravis. Brain 83: 10-23.

12. Gutmann, E. & J. Z. Young. 1944. The re-innervation of muscle after various periods
of atrophy. J. Anat. 78: 15-43.

13. Duchen, L. W. 1970. Changes in motor innervation and cholinesterase localization in¬
duced by botulinum toxin in skeletal muscle of the mouse: differences between fast and
slow muscles. J. Neurol. Neurosurg. Psychiat. 33: 40-54.

14. Russell, D. S. 1953. Histological changes in the striped muscles in myasthenia gravis.
J. Path. Bact. 65: 279-289.

15. Engel, W. K. & D. E. McFarlin. 1966. Discussion on histopathology of myasthenia.
Ann. N. Y. Acad. Sci. 135: 68-77.

16. Zaimis, E. J. 1953. Motor end-plate differences as a determining factor in the mode of
action of neuromuscular blocking substances. J. Physiol. 122: 238-251.

17. Jewell, P. A. & E. J. Zaimis. 1954. A differentiation between red and white muscle in
the cat based on responses to neuromuscular blocking substances. J. Physiol. 124: 417-
428.

18. Coers, C. 1955. Les variations structurelles normales et pathologiques de la jonction
neuromusculaire. Acta Neurol. Belg. 55: 741-866.

19. Churchill-Davidson, H. C. & R. P. Wise. 1963. Neuromuscular transmission in the
newborn infant. Anesthesiology 24: 271-278.

20. Mann, W. S. & B. Salafsky. 1970. Development of the differential response to succinyl-
choline in the fast and slow-twitch skeletal muscle of the kitten. J. Physiol. 210: 581-592.

21. Eccles, J. C. & J. C. Jaeger. 1958. The relationship between the mode of operation
and the dimension of the junctional regions at synapses and motor end-plates. Proc. Roy.
Soc. (Biol.) 148: 38-56. *

22. Eccles, J. C. 1964. The Physiology of Synapses. Springer-Verlag, Berlin, Germany.
23. Kupfer, C. 1960. Motor innervation of extraocular muscle. J. Physiol. 153: 522-526.
24. Elmqvist, D. 1965. Neuromuscular transmission with special reference to myasthenia

gravis. Acta. Physiol. Scand. 64(Suppl. 249): 1-34.
25. Dahlback, O., D. Elmqvist, T. R. Johns, S. Radner & S. Thesleff. 1961. An electro¬

physiologic study of the neuromuscular junction in myasthenia gravis. J. Physiol. 156:
336-343.

26. Elmqvist, D., W. W. Hofmann, J. Kugelberg & D. M. J. Quastel. 1964. An electro¬
physiological investigation of neuromuscular transmission in myasthenia gravis. J.
Physiol. 174: 417-434.

27. Katz, B. 1962. The transmission of impulses from nerve to muscle, and the subcellular
unit of synaptic action. Proc. Roy. Soc. (Biol.) 155: 455-477.



Simpson: Transmission Defect in Myasthenia Gravis 247
28. Katz, B. & S. Thesleff. 1957. On the factors which determine the amplitude of the

'miniature end-plate potential'. J. Physiol. 137: 267-278.
29. Simpson, J. A. 1966. Disorders of neuromuscular transmission. Proc. Roy. Soc. Med.

59: 993-998.
30. Miledi, R. 1960. Properties of regenerating neuromuscular synapses in the frog. J.

Physiol. 154: 190-205.
31. Barker, D. & M. C. Ip. 1966. Sprouting and degeneration of mammalian motor axons

in normal and de-afferentated skeletal muscle. Proc. Roy. Soc. (Biol.) 163: 538-554.
32. SzENT-GYORCYr, A., A. Hegyeli & J. A. McLaughlin. 1962. Constituents of the thymus

gland. The relation to growth, fertility, muscle and to cancer. Proc. Nat. Acad. Sci.
U.S.A. 48: 1439-1442.

33. Burnet, F. M. 1962. Role of the thymus and related organs in immunity. Brit. Med. J.
ii: 807-811.

19757



ttity A-""- •-
/?0f*/ Collty 'j- P^/St'ciA+S '/ loxcjorx.
Pitnutn , ^£>»v</»n. l4H.

Myasthenia
J A SIMPSON

In the English-speaking countries the term 'myasthenia' is reserved for a

weakness of muscles which comes on after exercise and which may disappear
after a short rest, and which is associated with a failure of neuromuscular
transmission. The conductivity and excitability of the lower motor neurones
and muscle fibres are normal in myasthenia gravis. In some other causes
of the myasthenic syndrome they may be abnormal but the progressive loss
of power with sustained or repeated muscular activity in these symptomatic
myasthenias is likewise due to failure of transmission at the neuromuscular
junction. When a motor nerve is supramaximally stimulated there is nor¬

mally a sustained power of muscular response. The evoked compound
muscle action potential at first sustains its amplitude and then gradually
decrements. The period of sustained response depends on the frequency of
stimulation. Response is sustained in face of a falling output of transmitter
substance because there is normally a large 'safety factor'. When this
safety-factor is reduced, regardless of mechanism, the tension and action
potential of the responding muscle show a decrement even at quite slow rates
of stimulation such as 3/second which is abolished or postponed by anticho¬
linesterase drugs (neostigmine, edrophonium, etc.). This is the myasthenic
reaction and it may have many causes (Simpson, 1966).

SYMPTOMATIC MYASTHENIA

A myasthenic reaction, responsive to neostigmine, may be found in derma-
tomyositis, polymyositis and systemic lupus erythematosus. It is usually
present for a short period (one or two weeks) early in the disease and the
response to anticholinesterase drugs is less impressive than in myasthenia
gravis. It may also be present in the myasthenic syndrome associated with
carcinomatosis. In the latter case there is an excellent recovery of function
on administration of guanidine.

In all of these acquired myopathies, stimulation faster than 10/second
may produce an incrementing muscular response instead of the decrementing
response seen at lower rates of stimulation. The incrementing response is
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most striking in the myasthenic syndrome associated with carcinomatosis.
Detailed analysis by Elmqvist and Lambert (1968) of a case not yet associated
with carcinoma has shown that nerve and muscle excitabilities are normal,
including the endplate sensitivity to acetylcholine. In most respects the
abnormality of function resembles that caused in normal mammals by an

excess of magnesium at the endplates, the only difference being that the
mean frequency of spontaneous miniature endplate potentials (MEPPs) is
increased. These studies indicate that the lowered safety-factor is, in this
instance, due to deficient release of acetylcholine at nerve terminals. Recent
ultrastructural studies showing post junctional changes (Engel & Santa, 1971)
have yet to be evaluated.

In most hereditary muscular dystrophies the safety-factor for trans¬
mission appears to be normal but there may be progressive failure of the
muscle response (post junctionally) in metabolic myopathies (chronic hypoxia
or hypokalaemia) and in myotonic disorders.

Myasthenic reaction is a rare finding in disorders of the lower motor
neurone associated with 'dying back'. Examples are poliomyelitis, motor
neurone disease, syringomyelia and various types of peripheral neuropathies.
The reduction in the safety-factor for transmission is probably due to failure
of synthesis or release of acetylcholine and is seen shortly before the trans¬
mission fails completely.

Almost certainly this mechanism accounts for most of the symptomatic
myasthenias but the possible significance of altered geometrical structure of
the endplate has not been assessed.

MYASTHENIA GRAVIS

The symptoms and signs of the myasthenic disorder will not be enumerated.
It is necessary, however, to underline certain aspects of the natural history
which have to be accounted for when discussing the pathogenesis.

PATHOLOGY

About 10% of myasthenic patients have a lymphoepithelial tumour of the
thymus. All, including the tumour group, have a thymus containing more
than the normal number of germinal centres. This is the only sense in
which the term 'hypertrophy' is justified. The gland is no larger than normal.
Lymphorrhages are common in the muscles, especially in relationship to
venules and degenerated muscle fibres. Motor endplates of muscle have an

abnormal structure (vide infra). It is, therefore, scarcely creditable that
for many years this was considered to be disease without morbid anatomy.

AGE AND SEX

The disease affects people of all ages and races. If there is no thymoma the
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modal age of onset is about 20 years at which time female cases outnumber
males by 4. 5 to 1. Myasthenia starting in later life is commoner in males.
Thymoma is rarely seen under the age of 30 but is present in 30% of cases
starting over the age of 40.

MULTISYSTEM DISEASE

In 1955 I began to examine a large series of myasthenics with a view to
establishing the value of thymectomy as a treatment (Simpson, 1958). Certain
disorders recurred in the case histories with sufficient frequency to suggest
the possibility that myasthenia gravis might be a multisystem disease. The
age and sex incidence, the relapsing history, the multisystem pathology and
the lymphorrhages suggested to me that this was an immunological disorder
related to systemic lupus erythematosus. At the time of publishing this
hypothesis (Simpson, 1960) the thymus was still considered to be an endocrine
gland though I thought it looked more like an active lymph gland. Also, the
incidence of each related disorder, with the exception of thyroid disease, and
possibly arthropathy, was 'not statistically significant'. It is necessary to
be clear about this term. It means that chance cannot be excluded, but does
not mean that correlation must be fortuitous. Since 1960 one after the other

of all the disorders listed in Table I have been associated with immunological
abnormality, and the Table (bringing my own series up to date) shows that
these comparatively rare disorders occur in other myasthenic series. Quite
soon the immunological function of the thymus became accepted dogma
(Miller, 1961)

Table I. Diseases occurring in patients with myasthenia
gravis, other than thyroid disorders

Simpson Osserman Storm-Mathisen Oosterhuis Downes et al Wolf et al
(1971) (1958) (1961) (1964) (1966) (1966)

Number of patients 650 325 90 180 74 399

Carcinoma (non-thymic) 3 8 2 4 0 6

'Rheumatoid' arthritis 20 15 3 6 5 3

Systemic lupus erythematosus 2 0 0 0 2 2

Sjorgren's syndrome 2(+l?) 0 0 0 1 0

Sarcoidosis 1 0 0 0 0 1

Red cell aplasia 1 0 0 2 0 0

Pernicious anaemia 10 0 0 1 0 1

Haemolytic anaemia 2 0 1 0 0 1

Nephritis 2 1 K?) 1 0 0

Hepatitis 2 2 0 2 9 0

Reynaud's syndrome 19 0 0 7 4 0

Psychosis 11 14 4 3 1 1

Epilepsy, etc. 14 2 0 1 0 14

Ulcerative colitis 0 1 0 0 0 0

Pemphigus 1 0 0 0 0 1
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MYASTHENIA AND THE THYROID

At this point it is necessary to examine the role of the thyroid gland about
which there have been many speculations on its relation to myasthenia gravis.
Miliikan and Haines (1953) found that 5% of myasthenic patients had hyper¬
thyroidism which did not necessarily coincide in time with the myasthenia.
This figure is supported by my own experience and by most of the literature
(Simpson, 1968) and yet in a clinic for thyrotoxicosis it is rare to find myas¬

thenia (about 1 in 3,000). In a very complete series of experiments, Engel
(1961) made it clear that thyrotrophin and tri-iodothyronine had no effect on
myasthenia unless the metabolic rate was allowed to rise. Routine tests of
thyroid function in myasthenic patients show that only a minority are outside
normal limits and as many of these are hypothyroid as hyperthyroid. Indeed
myasthenia gravis is associated with a raised incidence of all non-malignant
thyroid disorders, including Hashimoto's thyroiditis (Simpson, 1968).
Obviously thyroid hormone does not cause myasthenia gravis. It is possible
that they have a common immunological link. My experience indicates a

high incidence of thyroid disease in the families of myasthenic patients.

A GENETIC FACTOR

It may well be that there is a common genetic factor between thyroid disease
and myasthenia gravis, as in other 'autoimmune disorders'. Namba and
Grob (1970) have recently shown a similar link with rheumatoid arthritis.
One member of a family may have thyroid disease or rheumatoid arthritis
while another has myasthenia: occasionally they occur in the same individual.
Two cases of myasthenia gravis occasionally occur in the same family and I
have records of two related patients (of different generations). Familial
myasthenia of late onset is certainly rare. Familial thyroid or autoimmune
disease of other tissues is more common. If there is a genetic factor it is
only one. A linkage of this type would account for the rarity of myasthenia
gravis in identical twins.

CONGENITAL MYASTHENIA

This occurs in siblings and usually manifests at an earlier age than sporadic
myasthenia gravis. It has little tendency to remissions. The identity of the
two conditions remains in doubt. It is not the same disorder as Neonatal

Myasthenia Gravis.

NEONATAL MYASTHENIA GRAVIS

This is a myasthenic syndrome which appears in 1 in 7 live children born to
myasthenic mothers. There is a classical myasthenic syndrome which
persists for only 1 to 8 weeks with a mean duration 18 days (Namba et al,
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1970). This indicates that some 'myasthenic toxin' can pass the placental
barrier and yet all attempts to transmit the myasthenic 'block' to another
adult by cross-transfusion or to block an isolated nerve-muscle preparation
have failed (Nastuk et al, 1959). The duration of neonatal myasthenia is
much too long for a conventional curare-like substance, but it is compatible
with an antibody which might be presumed to block only antigenically related
endplates (Simpson, 1960).

IMMUNOLOGICAL STUDIES

These clinical and pathological considerations led, in 1956-1959, to a search
for antibody against muscle end-plates and an attempt to produce autoimmune
myasthenia in mice. Both approaches were unsuccessful. An entirely
different consideration led Strauss to the detection of an antimuscle antibody.
While demonstrating the absence of a curare-like substance in myasthenic
serum, Nastuk et al, (1959) noticed that the serum lysed muscle cells of the
frog, a reaction later shown to be associated with fixation of complement.
Later studies published almost simultaneously with my own autoimmune

hypothesis demonstrated the presence in myasthenic serum of a globulin
which would bind to muscle (Strauss et al, 1960). Their success was due to
the use of sera pooled from a number of patients, always including one with
a thymoma in which it is now known that the titre of antibody is much higher.
But the antibody was not the predicted anti-endplate one. The Strauss anti¬
bodies react against antigens in the muscle fibre. There are probably various
antibodies: one causing I-band fluorescence is common but not confined to
myasthenia gravis; A-band fluorescence, on the other hand, is almost con¬
fined to patients with a thymoma (Vetters, 1965). Some antibodies react with
skeletal muscle only ('S' type), others with both skeletal and cardiac muscle
('SH' type) (Beutner et al, 1962). The skeletal muscle antibody also reacts
with a common antigen in myoid cells which are present in the thymus (van
der Geld et al, 1964).

Antinuclear factor, rheumatoid factor and antibodies against thyroid and
gastric parietal cells are also more common in myasthenic patients. Thus
the evidence for a breakdown of immunological tolerance is considerable
although the concept of an endplate-blocking antibody has had to be abandoned.
What we have learned abouf immunological disease in the last 10 years makes
it more likely that myasthenia is a disorder of cellular rather than humoral
immunity.

Housley and Oppenheim (1967) found no abnormality of lymphocyte trans¬
formation. Delayed hypersensitivity induced by l-chloro-2, 4-dinitrobenzene,
which is mediated by lymphocytes, lias been reported to be either reduced
(Adner et al, 1964) or normal (Kornfeld et al, 1965). Lymphocytes from a

myasthenic patient injected into rat muscle are stated to cause greater graft-
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versus-host reaction locally than do lymphocytes from control subjects,
including alterations in the structure of the motor endplates (Namba et al,
1969).

This seems to me to be a more promising approach than other attempts
to produce an animal model. Goldstein and Whittingham (1966) claim to have
produced myasthenia gravis in guinea pigs immunised with thymus or muscle
and they postulate that these antigens produced an autoimmune thymitis. The
damaged thymus is then considered to release a neuromuscular blocking
substance, 'thymin'. The role postulated for the thymus is quite different
from the Simpson hypothesis and would not predict a breakdown of immuno¬
logical tolerance to other antigens with associated multisystem disease.
Goldstein (1971) now has very impressive evidence for the validity of his
animal model and claims to have isolated 'thymin' in small quantities. His
work is supported by Kalden et al (1970) but cannot be confirmed by Vetters
et al (1969) and other workers including Jones et al (1971) who had the bene¬
fit of collaboration with Goldstein's original collaborator Miss Whittingham.
Unless these negative results are due to strain differences in the experimen¬
tal animals it is possible that the Goldstein model resembles the myasthenia
of human polymyositis described above rather than myasthenia gravis.

PHARMACOLOGICAL MODELS

The present position may be summarised as follows. There is clinical,
pathological and immunological evidence for a breakdown of immunological
tolerance in myasthenia gravis but how this causes neuromuscular block
remains obscure. I have recently presented a detailed argument in favour
of the following possible mechanism (Simpson, 1969; 1971). In brief, the
electrophysiological and pharmacological changes of the myasthenic muscle
indicate a reduction of the safety-factor for transmission at the neuromuscu¬

lar junction. It is not possible to account for everything by a purely pre¬

junctional or post-junctional disorder of function.
We are all children of our age and adopt the conceptual models which are

appropriate to our time. In problems of neuromuscular block most people
argue by analogy from pharmacological experiments. Thus the workers of
the late 19th and early 20th centuries looked for a 'myasthenic toxin' with
curare-like properties. In the 1950's, the era of competitive and 'depolar¬
ising' neuromuscular blockers, the concepts were of altered transmitter
substance or a change in the subsynaptic membrane. Later the favoured
analogue was hemicholinium -3 which has its principal activity in blocking
the synthesis of acetylcholine. All of these pharmacological analogues
assume the presence of normal endplate structure and it is implicit that all
mammalian neuromuscular junctions show the same pharmacological re¬
actions. But the endplates are not normal in structure in myasthenia
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gravis. (The same may well apply to the 'symptomatic myasthenias' dis¬
cussed above.)

HISTOPATHOLOGY OF NEUROMUSCULAR JUNCTION

Coers and Wool! (1959) showed two types of florid morphological changes of
intramuscular nerve endings in myasthenia gravis.

(1) a 'dystrophic' type associated with myositis and lymphorrhages.
(2) a 'dysplastic' type which is apparently unique to myasthenia gravis.

Later studies by the same authors and others have shown that the most
characteristic change is that the motor nerve ending has a reduced number of
branches. These terminate in greatly elongated endplates which sometimes
show a remarkable degree of ultraterminal sprouting with development of a
chain of endplates connected by a single fine nerve fibre. The appearance

indicates that degeneration and regeneration are both taking place, features
which could account for the variability of the clinical picture with its charac¬
teristic relapses and remissions.

These changes, demonstrated by supravital staining, are associated with
ultrastructural changes. The endplate zone is extended although according
to Engel and Santa (1971) each terminal area is reduced. The synaptic cleft
is widened and the subsynaptic membrane has shallow, relatively wide, folds
and clefts. The secondary clefts may be absent (Engel & Santa, 1971; Berg¬
man et al, 1971). The concentration of vesicles per unit of presynaptic area
is normal. The appearances are similar to immature developing neuromus¬

cular junctions and suggest a progressive remodelling of endplates and
abandoning of old, as proposed by Simpson, (1969). Bergman et al (1971)
have recently drawn attention to the capillaries in the muscle of myasthenia
gravis. The endothelium appears damaged and the basement membrane is
grossly thickened. A tentative immunological explanation was preferred.
Similar findings are present in dermatomyositis but further assessment is
required as thickening of the basement membrane of muscle capillaries is
also reported in other myopathies, especially in dystrophia myotonica
(Monticone et al, 1970).

MECHANISM OF TRANSMISSION FAILURE

These structural changes are sufficient to account for all known electro¬

physiological and pharmacological phenomena of myasthenia. The argument
about presynaptic or postsynaptic lesion is irrelevant when both are involved
and there is no need to postulate a 'chemical lesion' (Simpson, 1960, 1969,
1971). The transmissible factor related to the thymus must cause a geo¬

metrical change of the endplate rather than a curare-like block. This may
be an exaggeration of a normal process of remodelling of endplates for which
there is some evidence in normal mammals (Barker and Ip, 1966).
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A review of earlier experimental studies on the thymus indicates that the
differentiation of the immunologically competent cells and antibodies may be
a survival of a wider action on tissue differentiation in the foetus (Simpson,
1960). Szent-Gyorgi et al, (1962) claimed to have isolated a growth-promo¬
ting hormone (promine) and a growth-inhibiting factor (retine) from calf
thymus which could play a part in the regulation of breakdown and repair of
organs showing a regular turnover of cells. It is possible that the immuno¬
logical mechanism acts as a regulator or detector of tissue breakdown, as

one side of a homeostatic mechanism, controlled in young animals by the
thymus (Simpson, 1960: Burnet, 1962). Presumably these substances can
cross the placental barrier. Unfortunately Szent-Gyorgi has discontinued his
studies. It would be anticipated, if his findings are confirmed, that disease
of the thymus would result in excessive breakdown and faulty regeneration of
motor terminals in addition to immunological disorders of other organs. This
could be the basis of myasthenia gravis (Simpson, 1969).

SUMMARY

This is a long and complicated chain of evidence. It involves some uncon¬
firmed links, but one is encouraged to present these as the original hypothesis
proved to have heuristic value and successive steps in the argument have been
validated in the last decade. It is proposed (Figure 1) that a genetic factor,
which commonly manifests as thyrotoxicosis, is sometimes associated with
disordered thymic function. (The precipitating role of emotional disturbance
and the effects of pregnancy and the menstrual cycle suggest that they are
linked via the hypothalamus and pituitary gland.) Abnormal thymic function

GENETIC FACTOR

HYPOTHALAMUS-PITUITARY

THYROID THYMUS ADRENAL
CORTEX

I —— ———— (?Retine)
IMMUNOLOGICAL
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Figure I. Myasthenia
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disturbs the immunological mechanisms causing autoimmune disorders of
humoral and cellular type. The latter includes breakdown of motor nerve
terminals but there is active remodelling. The regenerative phase may be
adrenal or thymic-dependant. This is an exaggeration of a normal process.
It results in dysplastic endplates with ultraterminal sprouting. Endplates of
this type have a reduced safety-factor for transmission which leads to the
clinical manifestations of myasthenia gravis.

The possibility of similar morphological explanations should be investi¬
gated in the symptomatic myasthenias associated with lower motor neurone

degeneration and acquired myopathies.
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139. Myasthenia gravis: the effects of pregnancy and menstruation
J. A. Simpson, Department ofNeurology, Glasgow University, Glasgow, United Kingdom

Myasthenia gravis is known to he influenced by menstruation and pregnancy but the effects
are unpredictable in individual patients and even in different pregnancies of one patient.
Schrire (1959) reported subnormal excretion of pregnandiol in untreated myasthenic patients,
including men and post-menopausal women. We have not confirmed these findings. When
the response to different stages of pregnancy is plotted on a balance chart a general trend is
evident but there are too many exceptions to justify correlation with hormonal levels. Close
interrogation of a few patients suggests that there is a better correlation with the emotional
response to pregnancy or menstruation.
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SUMMAR Y

This paper describes the occurrence of pemphigus vulgaris in a 46-year-old female with a thymic
tumour. The myasthenia gravis went into remission within a few months of thymectomy, but the
patient continued to need steroids for pemphigus vulgaris for a further 5 years. The histological
appearances of the thymic tumour and skin and the serological findings are described.

Myasthenia gravis (Simpson, i960) and skin diseases of the pemphigus/pemphigoid group (Beutner
& Jordon, 1964; Beutner et al., 1965) are both considered to have an autoimmune basis. It is known
that individuals with one autoimmune disease are more likely to develop other autoimmune diseases
(Anderson et al., 1964). Although immunological and clinical studies have been performed on large
numbers of patients with myasthenia gravis, the simultaneous occurrence of myasthenia gravis and
autoimmune skin disease has rarely been described. The literature in English and French contains
only three reports (Wolf et al., 1965; Beutner et al., 1968; Peck et al., 1968). No details are given of
Wolf's case. The subject described by Beutner et al. (1968) was a 45-year-old male with a thymic
tumour who developed myasthenia gravis I year before he was diagnosed as having pemphigus
erythematosus. Peck et al. (1968) described four cases of myasthenia gravis associated with pem¬

phigus vulgaris; one of these was known to have a thymic tumour.
In addition to these patients with both pemphigus and myasthenia gravis, other reports have

described the detection of skin antibodies in a small proportion of myasthenic patients who had no
detectable skin lesions (Thivolet, Bejum & Andre, 1970; Whittingham & MacKay, 1971).
We wish to describe in detail a further case in which both myasthenia gravis and pemphigus vulgaris

were present (this case was previously listed by Simpson (1970, 1971).

METHODS

(a) Immunological
The tests for epidermal antibody were performed according to the method of Beutner et al. (1968,
1970). Human vaginal epithelium was used as a substrate.
Tests for other autoantibodies were performed as previously described (Vetters, 1967).

(.b) Histological
Tissue for microscopic examination was fixed in 10% formol saline and embedded in paraffin wax.
Sections were cut 6 //m thick and stained with a variety of conventional stains.
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CLINICAL DETAILS

The patient, a 46-year-old Jewish female, developed painful mouth ulceration and nodular thickening
on the dorsum of her hands in February, 1966. Four months later she developed dysphagia and
subsequently noted slurring of speech and ptosis. After some delay she sought medical help and was
admitted to hospital in December, 1966. She was diagnosed as having a thymic tumour and myasthenia
gravis and in January 1967 underwent thymectomy. Shortly after operation she developed a
generalized bullous eruption which was particularly severe round the thoracotomy scar. The eruption
was biopsied (see below).
Post-operatively her myasthenia gravis rapidly remitted and since July, 1967 she has not taken

anticholinergic drugs. Her pemphigus vulgaris did not improve so dramatically and it was not until
July 1972 that it was possible to discontinue steroids. She continues to have oral ulceration due to
monilial infection.

BIOPSIES

(a) Thymoma
This measured 10 x 8 x 7-5 cm. Microscopic examination showed that the predominant cell type was
the spindle shaped epithelial cell. In places, especially close to small blood vessels, the tumour cells
were more ovoid in shape. Sparse numbers of lymphocytes were present. The appearances are
illustrated in Fig. I.

figure 1. Thymic tumour. The predominant cell type is the spindle shaped epithelial cell. Rela¬
tively small numbers of lymphocytes are scattered amongst the epithelial cells. It is more common
for the epithelial cells of thymic tumours to be plump when thymomas are associated with myas¬
thenia gravis (H & E, x 250).

(b) Skin biopsy
One of the skin lesions was biopsied before thymectomy. Histological examination detected suprabasal
clefts in the epidermis, dyskeratosis and giant cell formation. A mild leucocytic infiltrate was present
in the underlying dermis. The appearances were found difficult to interpret and it was not until a
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figure 2. Skin biopsy. This section shows the characteristic suprabasal intra-epidermal cleft
formation of pemphigus vulgaris. Notice that the clefting also affects a hair follicle (H & E, x 100).

table 1. Autoantibody test results pre-operatively

Test Result Titre

Epidermal antibody
Muscle antibody
Nuclear antibody
Gastric parietal cell
antibody

Thyroid microsomal
antibody

Thyroglobulin antibody

Positive: 'intercellular' antibody
Positive: I band antibody
Positive

Negative

Negative

Negative

1/50
1/60
1/64

table 2. Alterations in titre of intercellular antibody

Date Titre Steroid dosage
(mg prednisolone/day)

January 1967 1/80 15

May 1968 1/10 10

March 1969 1/40 io-S

March 1970 1/10 3'5
March 1971 1/10 2'5
March 1972 <1/10 2'5

July 1972 <1/10 Nil
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second biopsy was performed, after the post-operative development of the generalized eruption, that
a confident diagnosis of pemphigus vulgaris could be made (see Fig. 2).

IMMUNOLOGICAL STUDIES

The results of the pre-operative and post-operative tests are shown in Tables 1 and 2 respectively.
The demonstration of intercellular antibody by immunofluorescence is illustrated in Fig. 3.

figure 3. Intercellular antibody. The characteristic staining pattern caused by binding of antibody
to cell membranes of the granular cell layer is illustrated (Guinea-pig lip, x 250).

DISCUSSION

It is recognized that the occurrence of one autoimmune disease increases the likelihood of developing
other autoimmune diseases (Anderson et al., 1964). Autoimmune disorders fall into two groups, the
organ-specific, e.g. autoimmune thyroiditis, idiopathic Addison's disease and pernicious anaemia, and
the non-organ-specific such as systemic lupus erythematosus, progressive systemic sclerosis and
rheumatoid arthritis. A patient with an organ-specific autoimmune disorder stands an increased
chance ofdeveloping another specific autoimmune disease. Similarly, subjects with non-organ-specific
autoimmune diseases are more likely to develop other diseases of this group.
The position of both pemphigus vulgaris and myasthenia gravis with regard to these groups is

somewhat anomalous. Pemphigus vulgaris is an organ-specific autoimmune disease, but the autoim¬
mune disease most frequently associated with it is systemic lupus erythematosus. Myasthenia gravis
appears to occupy an intermediate position between the organ-specific and the non-organ-specific
groups. Patients with myasthenia gravis have an increased incidence of organ-specific autoimmune
diseases, e.g. primary myxoedema and thyrotoxicosis (Feinberg, Underdahl & Eaton, 1957; Simpson,
1964) pernicious anaemia (Simpson, i960; Howard, Silverstein& Mulder, 1965) and also of systemic
lupus erythematosus (Wolf, 1966). It is therefore reasonable to expect that cases of pemphigus
vulgaris and myasthenia gravis should co-exist in the one individual. What is surprising is the very
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small number of patients who have both disorders. As stated above, the present case is only the
seventh reported in the English language. Of these, three have been associated with a thymic tumour.
Unfortunately no details of the histological appearances are given in the other two reports and it is
therefore not possible to determine whether any particular type of thymoma is associated with the
simultaneous occurrence ofmyasthenia gravis and pemphigus vulgaris. It should be noted, however,
that the predominantly spindle celled epithelial thymoma encountered in the present case is not
the type usually found in myasthenic patients. When thymic tumours are present in myasthenic
patients they usually have plump epithelial cells (Castleman, 1966). However, the thymic tumour
associated with systemic lupus erythematosus and pemphigus vulgaris described by Kough & Barnes
(1964) was similar to that in our case. It is therefore possible that spindle celled thymic tumours
have a special relationship to pemphigus vulgaris.
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4 1. Myasthenia gravis and myasthenic syndromes
J.A. SIMPSON, Glasgow, United Kingdom

Myasthenia (decrementing muscular response to repetitive nerve impulses) indicates
lowered safety factor of n-m transmission. (1) Lower motor neurone disorders (central or
peripheral) preceding final failure of ACh synthesis. (2) Myasthenic syndrome of carcino¬
matosis, due to defective ACh release. Lower limbs, often painful and areflexic, are
mainly involved, rarely bulbar or extraocular muscles. Muscle response decrements with
slow and increments strikingly with rapid indirect tetanisation. Anticholinesterases are of
little value; guanidine is effective. (3) Acquired myopathies associated with 'collagen
diseases' may have myasthenia with partial response to anticholinesterases at early stage,
soon becoming unresponsive. Incrementing response is common. Mechanisms similar to
(2) and (4) are postulated. (4) Myasthenia gravis is a clinical entity. 10% have thymoma,
usually over 30 years of age. At 65 years, 60% have thymoma. Clinical course shows
active stage (5 — 10 years) with remissions, major mortality and response to thymectomy.
Inactive stage (5—20 years) with no remissions, low mortality, poor response to thymec¬
tomy but continuing response to anticholinesterases. 'Burned-out'stage-residual weakness
(? myopathic ? neurogenic atrophy) with little response to drugs but low mortality.
Transient neonatal MG in 1 in 7 live babies of myasthenic mothers. Clinical links with
disorders of other organs indicate autoimmune disorder, supported by serology. MG
attributed to altered endplate structure due to defect of normal remodelling involving an
immunological role of thymus. Therapeutic conclusions.

259. Histological assessment of the myasthenic thymus gland and the response to
thymectomy
J.A. SIMPSON and J.M. VETTERS, Glasgow, United Kingdom

For 30 years germinal centres have been recognised as the characteristic features of
non-neoplastic thymus glands in patients with myasthenia gravis. Despite this it is uncer¬
tain whether the histological changes in the thymus are related to the response to thymec¬
tomy. Relatively few studies have been made on this relationship. Three differing con- I ,

elusions have been reached: (a) There is no correlation (Castleman and Noms, Medicine,
1949, 28, 27). (b) The more germinal centres the better the prognosis (McKay et al., I 1
Australas. Ann. Med., 1968, 17, 1). (c) The fewer germinal centres the better the prog¬
nosis (Alpert et al., Arch. Path., 1971, 91, 55).

The present study involved more than 50 patients who had been thymectomised for
myasthenia gravis; their operations were performed between 18 and Wi years before. The
thymus glands were examined using precise quantitative histological techniques. The
response to thymectomy was assessed without knowledge of the histological findings. The
authors' data are in broad agreement with that of Alpert et al. (1971) but the results as
yet do not reach statistical significance.
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Comparison of thymic histology with response to
thymectomy in myasthenia gravis

J. M. VETTERS1 AND J. A. SIMPSON

From the Department ofPathology, Western Infirmary and
Institute of Neurological Sciences, Southern General Hospital, Glasgow

synopsis Fifty-four thymus glands removed surgically from patients with myasthenia gravis
were examined using an accurate morphometric technique and the data compared with the response
to thymectomy. There is a tendency for patients with relatively unreactive thymus glands to obtain a
better result from thymectomy but this is not statistically significant.

Germinal centres were first reported in the
thymus glands of patients with myasthenia gravis
by Barton and Branch (1937) and Miller (1940).
They made only passing reference to them; at
that time it was believed that the characteristic

histological features of the myasthenic thymus
was 'hyperplasia'. However, Sloan (1943) recog¬
nized that germinal centre formation was the
characteristic feature of myasthenic thymus
glands. Subsequently, the studies of Keynes
(1946, 1949) showed that thymectomy caused
amelioration of the patients' clinical status.
Despite this, only five groups have studied
whether there was any correlation between the
histological changes in the thymus and the
response to thymectomy.
No uniform opinion has emerged from these

studies. Castleman and Norris (1949), in a study
of 23 cases, failed to find any relationship be¬
tween the thymic changes and the response to
thymectomy. Mackay et al. (1968) studied 10
patients and concluded that the patients who did
best were a group of young females whose
thymus glands contained numerous germinal
centres. Alpert et al. (1971) studied 79 myas¬
thenic patients, assessing the thymic histology
semiquantitatively, and noted that the most
favourable response to thymectomy was ob¬
tained in subjects whose thymus gland contained
few or no germinal centres. Seybold et al. (1971)
in a study of 102 patients with juvenile myas-

1 Present address: Division of Pathology, The University of Calgary,
Calgarv, Alberta T2N 1N4, Canada.

li

thenia gravis could detect no correlation between
'thymic hyperplasia' and the response to
thymectomy. Finally, Reinglass and Brickel
(1973) studied 12 patients and failed to detect
any correlation between the histological appear¬
ances and the response to thymectomy.
The present study using strict histological

quantitation methods was initiated to determine
the following:

1. If the percentages of thymus glands occu¬
pied by cortex and medulla in subjects with
myasthenia gravis differs from the data obtained
by Hammar (1926) in a study of normal subjects
who died suddenly—that is, do they show stress
involution or other changes in the amounts of
cortex and medulla present?

2. The relationship between the density of
germinal centres and the following: (a) response
to thymectomy; (b) age at thymectomy; (c)
duration of symptoms preoperatively.

3. Relationship between germinal centre size
and the postoperative response.

methods

thymic quantitation All available blocks were
studied. The area of each section and the percentage
of it occupied by cortex, medulla, and interstitial
tissue were determined by methods previously
described (Vetters and Barclay, 1973).
As previously discussed (Vetters and Barclay,

1973), the human thymus may contain structures
which have all the classical features of germinal
centres (GC)—that is, lymphocyte cuff, pale centre
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containing reticulum cells macrophages, tingible
bodies, and mitotic figures. However, a second
structure is frequently present—we have named them
'rounded lymphoid clusters' (RLC). These show a
range of appearances. (1) Dense aggregate of
lymphocytes with the peripheral lymphocytes
arranged concentrically. (2) Lymphocyte cuff with a

pale centre; no tingible bodies or macrophages
present. (3) Lymphocyte cuff with pale centre;
either tingible bodies or mitoses present.
Evidence was produced to show that the RLC are

usually obliquely sectioned germinal centres. They
are enumerated separately here because some
authors—for example, Goldstein and Mackay (1967)
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fig. 1. Age ofsubjects at thymectomy. Although thepatients' ages rangedfrom 2 years to
66 years at the time of operation, the vast majority of them were between 15 and 45
years of age.
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average duration of symp¬
toms preoperatively was
three years. It should be
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years of the onset of symp¬
toms. If the four cases not
operated on for eight or
more years are excluded,
the mean duration of
symptoms is approximately
1-7 years.
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—disregard structures other than classical germinal
centres. The number of germinal centres and RLC in
each section was recorded. Their size was determined

by measuring each structure in two axes at right
angles and calculating the mean.
From the data obtained, it was possible to calcu¬

late the percentage of each gland occupied by cortex
and medulla, the density of germinal centres/cm2
medulla and to obtain a ratio of the number of
germinal centres to the area of cortex present. These
figures were analysed statistically using a Hewlett-
Packard 9100B calculator.

clinical evaluation The clinical assessment was
made by J.A.S. from his clinical notes using the same
grading system as Alpert et al. (1971). The assess¬
ment was performed without knowledge of the
results of the quantitation studies.

details of group studied A total of 54 patients
was studied. Of these, six had thymic tumours; their
ages were 32, 41, 43, 49, 59, and 65 years. Excluding
two subjects with juvenile myasthenia gravis (both 2
year old females), the average age of the remaining
subjects was 27-8 ± 10 9 years. The age distribution
of the subjects without thymic tumours is shown in
Fig. 1.
The duration of symptoms before surgery is

shown in Fig. 2. The average duration of symptoms
preoperatively was 3-0 years; the standard error of
the mean was 3-7. The rather long preoperative
period is largely due to the inclusion of early Glasgow
thymectomy cases and patients referred from other
centres; both of these groups were given prolonged
medical treatment before surgery was undertaken.
When circumstances permit, we prefer to operate at
an earlier time.

results

comparison with hammar's data for subjects
who died suddenly It is known from the

experimental and clinical studies (de Sousa and
Fachet, 1972; Hammar, 1926, 1929) that disease
or stress causes rapid involution of the thymus
gland. For this reason, Hammar's (1926) data
obtained by study of thymus glands removed
from previously healthy subjects who died
suddenly remains the best information on the
variations of cortex and medulla found in
normal subjects. The data of groups of thymus
glands were compared with Hammar's figures.

Juvenile myasthenia gravis Definitions of juven¬

ile myasthenia vary. Subjects of 12 years and over
have been excluded from this group. Only two
subjects had this unusual form. Both were 2
year old females. Neither thymus contained
germinal centres. The percentages of thymus
occupied by cortex were 52-5 and 59-6 respec¬
tively and the percentages occupied by medulla
were 18-2 and 25-2. The mean values given by
Hammar's data on 28 children ranging up to 5
years old are 56-8 ± 1-7 and 21-8 ±0-9 for cortex
and medulla respectively. It is therefore clear
that these two subjects do not show a consistent
alteration from the figures given by Hammar
(1926).

Adult myasthenia gravis not associated with
thymic neoplasm There were 46 cases in this
group. Of those, 41 fell within the range 12-40
years. The results of comparison of these data
with Hammar (1926) are shown in Table 1. It

TABLE 1

comparison with hammar's data:
patients with no thymic neoplasm

Age group

(yr)
Hammar

(No.) (%)

Present
series

(No.) (%)

Student's
t test

P

11-20
Cortex
Medulla

45
38-5
26-6

14
24-7
32-7

3-799
2-880

0-0002
0-003

21-30
Cortex
Medulla

40
216
20-9

14
19-8
24-7

0-266
1-488

0-356
0-072

31-40
Cortex
Medulla

21
11-7
11-8

13
12-4
20-5

0-262
2-943

0-398
0-003

will be noted that the percentage of thymus
occupied by medulla is significantly increased in
the second and fourth decades and that the

percentage cortex is considerably decreased in
the second decade.

Adult myasthenia gravis associated with thymic
tumour Only six subjects with thymic tumour
had detectable residual or non-neoplastic thymic
tissue. Of these, four subjects were between 40
and 60 years (the others were 32 years and 65
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TABLE 2

COMPARISON WITH HAMMAR'S DATA: RESIDUAL

THYMUS IN PATIENTS WITH THYMIC TUMOURS

TABLE 4

RESPONSE TO THYMECTOMY

Age group
Or)

Hamtnar Present Student's
(%) series t test

(No.) <%)

40-60
Cortex
Medulla

7-8
6-7

70
10-5

0-204
0-107

0-42
0-15

* Two subjects aged 32 years and 65 years are omitted.

years of age). Comparison with Hammar's data
(Table 2) shows increase in the proportion of
medulla and decrease in the proportion of cortex
but these are not statistically significant.

All cases
Age/GC per cm2 cortex
Age/GC+ RLC per cm2 cortex
Age/GC per cm2 medulla
Age/GC + RLC per cm2 medulla

Non-neoplastic cases
Age/GC per cm2 cortex
Age/GC+ RLC per cm2 cortex
Age/GC per cm2 medulla
Age/GC + RLC per cm2 medulla

0-142
0-143
0-083
0-027

0 955 0-173
0 957 0-172
0-553 0-292
0-122 0-452

0-219 1-386 0-087
0-221 1-399 0-085
-0-060 - 0-408 0-343
-0-020 -0-122 0-452

TABLE 5

DURATION OF SYMPTOMS

density of germinal centres and rounded

lymphoid clusters Response to thymectomy
No relationship was detectable between response
to operation and density of reactive lymphoid

TABLE 3

RESPONSE TO THYMECTOMY

All cases
Duration/GC per cm2 cortex —0-013 —0 086 0-466
Duration/GC+RLC per cm2 cortex —0-016 —0 109 0-499
Duration/GC per cm2 medulla —0-198 — 1 -342 0-093
Duration/GC+ LVC cm2 medulla —0-231 — 1 -574 0 061

Non-neoplastic cases
Duration/GC per cm2 cortex 0 016 0-156 0-438
Duration/GC + RLC per cm2 cortex 0 000 0-002 0-499
Duration/GC per cm2 medulla —0-173 — 1-085 0-142
Duration/GC + RLC per cm2 medulla —0-181 —IT32 0-132

Response/GC per cm2 cortex
Response/GC+ RLC per cm2 cortex
Response/GC per cm2 medulla
Response/GC + RLC per cm2 medulla

Non-neoplastic cases
Response/GC per cm2 cortex
Response/GC + RLC per cm2 cortex
Response/GC per cm2 medulla
Response/GC+ RLC per cm2 medulla

-0-147 -0-983
-0-149 -1-001
-0-129 -0-861
-0-071 -0-471

-0-186 -1-640
-0-190 -1-190
-0-180 —1-125
-0-137 -0-854

0-160
0-197
0-320
0-055

0-055
0-121
0-134
0-199

clusters—that is, germinal centres and RLC—
expressed as ratios of medulla or cortex (Table
3). Exclusion of the tumour group did not affect
this.

correlation between reactive lymphoid

structure size and response to thymectomy

No correlation was detectable.

TABLE 6

RESPONSE TO THYMECTOMY

Favourable Unfavourable

Average diameter of GC and RLC 0-400 ±0-096 0-385 ±0-012
Student's t test 0-866
Probability 0-193

Age at operation No correlation was found
between age and numbers of reactive lymphoid
structures (Table 4). Exclusion of subjects with
thymomata did not affect the result.

Duration of symptoms The duration of symp¬
toms before operation bore no relationship to
the density of germinal centres and RLC
(Table 5).

discussion

comparison with hammar's data There is a

relative decrease in the percentage area of thymus
occupied by cortex and a relative increase in the
amount of medulla compared to Hammar's data
for subjects who died suddenly. This is highly
significant statistically for the alterations in
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medulla in the 11-20 year and 31-40 year groups
and for the altered cortical values in the 11—20

year group.
Hammar's data, obtained with meticulous

attention to detail, represent the best available
data on the values of normal thymic tissue. Two
explanations are possible for the apparent in¬
crease in the medulla in myasthenia gravis: (1)
this is genuine medullary hyperplasia; (2) the
changes are due to stress.
It would be possible to resolve this difficulty if

the precise weight of each thymus had been
determined. It would then have been possible to
calculate the mass of each tissue component.
Unfortunately, it was not possible to determine
the weight of each gland with sufficient precision
in many cases. However, the alterations in the
relative proportions of cortex and medulla are
similar to those detected in individuals who are

stressed by illness for several days before death
(Hammar, 1929). It is therefore reasonable to
conclude that, while the data may indicate a
genuine increase in medullary tissue—that is,
true medullary hyperplasia—it is equally likely
that the changes are due to stress. Moreover, the
data of Castleman and Norris (1949) show that
it is more common for myasthenic thymus glands
to weigh less than average, compared with
normal subjects of the same age. The term
'thymic hyperplasia' is therefore misleading
and should be avoided.

correlation of histological features with

response to surgery Previous studies into a

possible relationship between the histological
appearances of thymus glands removed surgically
for myasthenia gravis and the postoperative
response have fallen into three groups: (1) no
relationship (Castleman and Norris, 1949;
Seybold et al., 1971; Reinglass and Brickel,
1973); (2) favourable response correlates with
presence of numerous germinal centres (Mackay
et al., 1968); (3) favourable response more
likely in thymus glands with few germinal
centres (Alpert et al., 1971).
No previous authors have used quantitative

methods. The only previous studies to use semi¬
quantitative methods were those of Alpert et al.
and Reinglass and Brickel. The study ofMackay et
al. (1968) used subjective assessment of the histo¬
logical changes. The period of follow-up was

short—a maximum of 30 months. In addition,
the group studied by Mackay was small and con¬
tained an unusually high proportion of subjects
with thymic tumours. It is therefore reasonable
to regard these results as being anomalous be¬
cause of the small number of cases studied.
The study of Alpert et al. (1971) also included

a relatively high proportion of patients with
thymic tumours (27 out of 79 cases) but the
period of follow-up was much longer and the
histological assessment was made in a semi¬
quantitative manner. Alpert and his associates
concluded that the patients with the least reac¬
tive thymus glands tend to experience more
rapid benefit from thymectomy.
Reinglass and Brickel (1973) studied 12

patients, most of whom were young females;
none of their subjects had thymic tumours. They
used semiquantitative methods and were unable
to detect any correlation between the result of
thymectomy and the histological appearances of
the thymus. The seven patients who benefited
from thymectomy did so within one year of
surgery.
The present study shows a tendency for better

results to be obtained in subjects with relatively
non-reactive thymus glands, but the results are
not statistically significant. They are therefore
not in disagreement with the conclusions of
Castleman and Norris (1949), Seybold et al.
(1971), and Reinglass and Brickel (1973) who
failed to find any connection between the post¬
operative response and the histological appear¬
ances of the resected thymus glands.
A study of the data presented by Alpert and

his associates also shows a tendency for patients
with relatively non-reactive thymus glands to re¬
spond favourably. However, the difference in
incidence of thymic germinal centres between
those who respond favourably and those who do
not experience benefit from thymectomy is not
statistically significant. Additionally, statistical
analysis of the data given in Alpert el a/.'s Fig. 3
shows that there is no statistical difference in the
incidence of germinal centres between the group
of patients who developed remission within one
year and those who developed a clinical re¬
mission after two years. Although both the
present group and that of Alpert et al. show a
tendency to obtain better results in subjects with
relatively non-reactive thymus glands, neither
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groups' data achieve statistical significance. Un¬
fortunately, because of differences in the quanti¬
tation methods used, it is not possible to pool
the results in an attempt to achieve statistical
significance.
The hypothesis advanced by Alpert et al.

(1971) that the myasthenic thymus produces
lymphocytes which in turn induce neuromuscular
damage is an attractive one. In view of the well-
known long life span of thymic derived lympho¬
cytes it would be reasonable to assume that the
more active the thymus is in producing lympho¬
cytes which can induce neuromuscular damage,
the longer it would take for a patient to undergo
remission.
An alternative hypothesis, advanced by

Gideon Goldstein (Goldstein, 1966) that the
thymus in myasthenia gravis is damaged by an
autoimmune reaction 'thymitis' and releases
excessive amounts of a postulated neuromuscular
transmission inhibiting hormone 'thymin' has
several flaws. Firstly, the presence of lymphoid
follicles in human thymus which Mackay et al.
(1968) term 'thymitis' is not specific for myas¬
thenia gravis. Lymphoid follicles are readily
detectable in many young subjects who die
suddenly (Middleton, 1967), or who have
operations to correct congenital heart disease
(Henry, 1968; Vetters and Barclay, 1973).
Further, lymphoid follicles are seen frequently
in other diseases now believed to have an autoim¬
mune basis—indeed, Sloan (1943) observed
lymphoid follicle formation in subjects with
Addison's disease, acromegaly, and thyrotoxi¬
cosis. It would therefore be necessary to
postulate that only one disease with thymic
germinal centre formation causes excessive
release of 'thymin' while others, histologically
identical, do not. Secondly, if 'thymin' does
exist and is a hormone, its site of production in
the thymus has not been elicited. It is true that
ultrastructural evidence of hormone production
by the thymus (in Hassall's corpuscles) has been
produced by Vetters and Macadam (1973), but
we do not believe this substance is ' thymin' but
'thymosin', a hormone isolated by Allan Gold¬
stein (Goldstein et al, 1972) and detected in
peripheral blood by Bach (1973). This conclusion
is supported by the fact that, in some patients
with a congenital deficiency of T cell function,
the Hassall's corpuscles are absent. Further,

to date no observations have been made of

specific abnormalities in the structure or form
of Hassall's corpuscles in myasthenia gravis.
Careful histological assessment of myasthenic

thymus glands has failed to detect a statistically
significant relationship between germinal centre
formation and the response to thymectomy. It
remains to be determined whether any histo¬
logical features will correlate better.
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Letter to the Editor

reprinted from THE LANCET, November 3, 1973, p. 1033

IMMUNE RESPONSE GENES IN

MYASTHENIA GRAVIS

Sir,—The cause of myasthenia gravis is unknown, but
there is increasing evidence that it may be immuno¬
logical.1'2 The incidence of autoimmune diseases is in¬
creased in patients with myasthenia.1 The thymus is
abnormal histologically in 80% of cases, a thymoma being
present in approximately 10%.2 Anti-muscle and other
humoral antibodies are found in significant titre in 84%
of cases,3 and recent reports have demonstrated cell-
mediated immunity to muscle, thymic, and brain antigens
in 71% of myasthenic patients.4 The significance of these
findings is still undetermined. Genetic factors have also

table i—the patients

No. Sex Age Associated illnesses Comment

1 F 26 Atopic illnesses
2 F 37 Multiple sclerosis
3 F 68 Nil
4 F 39 Atopic illnesses
5 F 53 Raynaud's

phenomena;
rheumatic fever;
pemphigus;
Candida; ulceration
of tongue;

keratotic skin
nodules

6 F 41 Hayfever, atopic
illnesses

7 F 22 Nil
8 F 36 Thyrotoxicosis
9 F 21 Pruritus after hot

baths
10 F 27 Nil
11 F 39 Thyrotoxicosis
12 F 41 Nil
13 F 22 Nil Congenital

myasthenia
Congenital
myasthenia

Congenital
myasthenia

14 F 16 Nil

15 F 7 Nil

16 F 41 Rheumatoid
arthritis

17 F 29 Nil
18 M 37 Nil
19 M 35 Nil
20 M 53 Nil
21 M 26 Sarcoidosis, atopic

illnesses
22 M 21 Nil
23 M 42 Nil
24 F 15 Nil
25 F 48 Nil
26 F 41 Nil

Identical twin



2

been suspected to be operative in the disease, since there is
an increased familial incidence and myasthenia has occurred
in twins.5 During the past few years, studies in humans
and laboratory animals have demonstrated a relationship
between histocompatibility antigens, immune responsive¬
ness, and certain autoimmune and neoplastic disorders.'
We therefore decided to study the histocompatibility anti¬
gens in patients with myasthenia gravis and in their families.
The patients are listed in table I. HL-A typing was

performed using a modification of the technique of Kiss-
meyer-Nielsen and Kjerbye ' as employed by this laboratory
in the 5th Histocompatibility Workshop.8 A total of 88
sera were employed and the following specificities were
sought: At the first locus, HL-A1, HL-A2, HL-A3,
HL-A9, HL-A10 (W25, W26), W28, W29, W30, W31,
W32; at the second locus, HL-A5, HL-A7, HL-A8,
HL-A12, HL-A13, W10, W14, W15, W16, W17, W18,
W22, and W27.
The results of the histocompatibility testing are shown in

table II. Histocompatibility antigens HL-A1 and HL-A8
occur with disproportionate frequency in patients with
myasthenia and to a lesser degree in their families. HL-A1
occurs in 84-6% of myasthenics (xz =32-57) and 62-06% of
their families as opposed to a random frequency in the
population of Scotland of 30-8%. HL-A8 is present in
65-38% (x2 = 13-28) of myasthenics, in 58-72% of their
families, but in only 31-5% of the Scottish general popu¬
lation. These figures are highly significant, denoting a
true association between antigens HL-A1 and HL-A8, and
myasthenia. Two preliminary reports 8-10 have shown
similar findings, but in both an increased frequency ofHL-
A8 was present only in female myasthenic patients. In
8 of our cases where both parents were examined, 4 in¬
herited the HL-A1-8 haplotype from the mother and 4
inherited it from the father.
The possession of HL-A1 and HL-A8 antigens can be

only one factor in the determination of susceptibility to the
development of myasthenia, since, of the identical twins
studied, only 1 had the disease. Also, in our 2 cases from the

TABLE II—HISTOCOMPATABILITY TESTING

Random Myasthenia patients Myasthenia families %

Locus I HL-A1 597 30-8 26 84-6 29 62 06
184 22 <XJ =

32-57)
18

Locus II HL-A8 597 3115 26 65-38 29 58-62
186 17 (x' =

13-28)
17



same family of congenital myasthenia, both parents had
HL-A1 and 8 antigens but the child who was homozygous
had a milder clinical course than her heterozygous sister.
It is interesting to note that in coeliac disease, which is

also considered to be an autoimmune disorder, HL-A1
antigen is present in 78% of cases and HL-A8 in 88%.11
Similar findings occur in autoimmune hepatitis 12 and
childhood asthma.13
The pattern of inheritance of HL-A haplotypes within

the family showed some imbalance on a preliminary
analysis. This finding clearly justifies further investigation
into this and immunological parameters.
This work was supported by the Muscular Dystrophy Group

of Great Britain.
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SUMMARY

Thirty-one patients with myasthenia gravis were studied for their HL-A antigen
expression. Eighteen patients had family members available for HL-A typing, and
full genotyping for HL-A antigens was possible. The inheritance of HL-A8 was
studied in detail, and it was noted that this did not correlate exactly with the
development of myasthenia gravis. The multifactorial nature of the genetic
component of this disease was confirmed by these studies.

In the first paper to present a comprehensive account of myasthenia gravis with a postulated
immunological pathogenesis due to thymic disease, one of us (Simpson, 1960) commented
briefly on the rarity of familial myasthenia but drew attention, for the first time, to a familial
linkage between myasthenia gravis and thyrotoxicosis and possibly diabetes mellitus. It was
suggested that a genetic factor may express itself as either thyroid disease or myasthenia
gravis, with occasional presentation of both disorders in the one individual. The correlations
were elaborated in more detail by Simpson in 1968. The link between genes, thymus, thyroid
and neuromuscular function was considered to be convergent rather than linear, with a
disorder of immunological tolerance in common. The original autoimmune hypothesis,
independently supported on serological grounds by Strauss et al. (1960) was immediately
supported by demonstration of the immunological role of the thymus (Miller, 1961) and
clinical and serological evidence of autoimmune disorders in myasthenia patients (Simpson,
1966; Vetters, 1967; Kott & Rule, 1973). There is now general acceptance that myasthenia
gravis is associated with immunological abnormality. Current research is concerned with
establishing the nature of this association and the mechanism of the neuromuscular
abnormality.
A genetic study by Jacob et al. (1968) found no secondary cases of myasthenia gravis in

448 relatives of seventy myasthenia patients and no association was found between myasthenia
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gravis and the ABO and Rhesus blood groups, secretor status or the ability to taste PTC.
Herrmann (1971) reviewed most of the reported cases of familial occurrence of myasthenia
gravis with a special study of twins. He could not establish a definite genetic mechanism
but did not consider the possibility of gene-manifestation in alternative ways. Bundey (1972)
made a genetic study of infantile and juvenile myasthenia gravis and recognized two forms
of childhood myasthenia. An early onset form was considered to be inherited as an autosomal
recessive and a later onset form resembling the adult type (with autoimmunity and increased
incidence of thyroid dysfunction) showed no recognizable pattern of inheritance. The author
suggested that individuals with 'most genetic predisposition to myasthenia tend to develop
symptoms early, and that non-genetic factors are relatively more important for the develop¬
ment of myasthenia in adults'. This investigation showed no increase of thyroid dysfunction
in first-degree relatives of the early onset type but one myasthenic child had a mother with
rheumatoid arthritis and a father with pernicious anaemia. In the later onset type, however,
6% of first-degree relatives had a thyroid abnormality, 17% had an allergic disease and
there were single cases of connective tissue disorders.
Possible familial linkage with thyroid disease is confirmed by Oosterhuis (1964) who also

noted a raised incidence of rheumatoid arthritis in mothers of patients with myasthenia
gravis. Nantba & Grob (1970) reported a familial concurrence of myasthenia gravis and
theumatoid arthritis. We also have records of this association and also of pernicious anaemia
in close relatives of myasthenic patients (Simpson, unpublished). These reports, supporting
the original suggestion of Simpson (1960) that genetic expression may be variable with
different manifestations of immunological abnormality, would nullify the negative genetic
findings of Jacobs et al. (1968) and Herrmann (1971). The survey of Bundey (1972) gives
limited support to the concept of alternative expression. Genetic surveys based on recognized
(clinical) expression of gene function must necessarily be incomplete. We have, therefore,
been interested in surveying the human histocompatibility antigens (HL-A) in patients with
myasthenia gravis and their relatives and, in particular, those related to immune response
genes. There are reports of striking alterations in the frequency of at least one of the human
histocompatibility antigens (HL-A) in patients with myasthenia gravis (Pirskanen et al.,
1972; Feltkamp et al., 1974; Fritze, 1973; Behan et al., 1973; Fritze et al., 1974). All the
studies report an increased frequency of the second locus antigen HL-A8, with some increase
in HL-A1 and in one series (Fritze et al., 1973) of HL-AC, both first locus antigens. Fritze
et al. (1974) report that the presence of HL-A8 correlated with the presence of thymic folli¬
cular hyperplasia and with early onset in females.
These disease association studies have been prompted by experimental work with murine

models, where the genes defining the major histocompatibility system, H-2, have been shown
to have a close genetic relationship with immune response genes (Lilly, 1968; McDevitt &
Benacerraf, 1969). These immune response (Ir) genes are demonstrably responsible for many
aspects of immune responsiveness in the mouse including quantitation of antibody produc¬
tion, susceptibility to some leukaemogenic viruses, and delayed hypersensitivity. The H-2
system is believed to be the homologue of the HL-A system in man (Klein & Shreffler, 1971).
In an outbred population like man, however, it is relatively more difficult to demonstrate
clear-cut associations between a disease process or immunological response and iso-antigen
systems as polymorphic as the HL-A antigens. Family studies of the inheritance of HL-A
antigens and the occurrence of a particular disease may help to clarify the genetic associations
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currently postulated for the HL-A genes and possible human Ir genes (McDevitt & Bodmer,
1972; Bodmer, 1972).
We wish to present data on such family studies in a group of patients with myasthenia

gravis, some of which we have reported previously in relation to HL-A frequency (Behan
etal., 1973).

MATERIALS AND METHODS

This report involves thirty-one patients with myasthenia gravis, six males and twenty-five
females. For eighteen of these patients we were able to obtain material for HL-A typing
from family members. Two patients were sisters, so that the family data are for a total of
seventeen families. Six of these were families where the parent had the disease and there were
children of the marriage. In seven families, the patients were studied as offspring, in some
cases without sibships. The distribution of sibships, etc. is outlined in Tables 1 and 2. There

Table 1.

No. of HL-A8 HL-A8

patients positive negative

Without family data 13 10 3

Males 3 3 0

Females 10 7 3

With family data 18 10 8

Males 3 2 1

Females 15 8 7

Table 2. Families studied

HL-A haplotype
No. Sex HL-A8 Family members known

1 Female + Husband, one child Yes
2 Female + Three siblings No
3 Male + Parents Yes
4 Female + Husband, two children Yes
5 Female - Parents, one sibling Yes
6 Female + Parents, one sibling Yes
7 Female - Grandparents, mother Yes
8 (a) Female + Parents, sibling Yes

(b) Female + Parents, sibling Yes
9 Female - Husband, child Yes
10 Male — Wife, two children Yes
11 Female - Sibling No
12 Male + Parents, one sibling Yes
33 Female - Husband, two children Yes
14 Female - Three siblings No
15 Female + Twin sister No
16 Female + Grandfather, mother Yes
17 Female — Mother, sibling, two children Yes
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were three family studies involving three generations. For four families we had less complete
data and genotyping was less satisfactory. Those families in which it was possible to make
deductions about HL-A haplotype inheritance, either directly or indirectly from the available
information are also identified. In all but three cases, we were able to deduce the chromosomal
pairing for the first and second locus antigens, although we were not always able to identify
the parental source of each pair. We thus have information on family inheritance of the
HL-A antigens in fifteen patients, nine of whom were HL-A8 positive.
HL-A typing was carried out by a modification (Dick el al., 1972) of the lymphocytotoxicity

test using glass plates, described by Kissmeyer-Nielsen & Kjerbye (1967). Approximately
ninety sera were used, and the following specificities were sought: at the first locus, HL-A1,
2, 3, 9, 10, 11, W28, W19 (W29, 30, 31 and 32) and at the second locus, HL-A5, 7, 8, 12, 13,
W5, W10, W14, W15, W16, W17, W18, W21, W22, W27 and TY. Apart from W21 and
TY, at least two and in the main three, sera were used for each specificity.

RESULTS

The pooled data for family studies and individual patients show the usual preponderance
of female cases of myasthenia gravis (Table 1). There were twenty HL-A8 positive patients
and eleven HL-A negative. Two patients had thymomas, one was HL-A8 positive (male)
and the other HL.-A8 negative (female). The age of onset was early in most cases. There were
six HL-A8 negative females with an early onset of disease and nine who were HL-A8 positive
but all five of the males with early onset were H L-A8 positive.
There were nine families with HL-A8 positive patients: in one of these families (8) there

were two cases, sisters aged 23 and 17 who had both had the disease since birth. All the others
were single cases. The details of HL-A phenotype and genotypes are listed in Table 3. The
parental attribution of the HL-A8 antigen was clear in families 3, 6, 8, 12 and 16. In four cases
it was derived from the mother and in two from the father. In two families (1 and 4) the
myasthenic patient was one of the parents, and in each case there was one (male) offspring
who had inherited the HL-A8 bearing haplotype from the affected parent. Neither of these
offspring have as yet shown any manifestation of the disease. In family 2 there was an un¬
affected HL-A identical sister of the patient, and two haploidentical brothers who were
also disease free. In families 6, 8, 12 and 16 there were siblings who had inherited the same
HL-A8 bearing haplotype as the affected member, but who have not developed myasthenia.
Family 8 is doubly interesting in that one sister is heterozygous at the second locus, having
HL-A8 and 12, while the second sister is homozygous for HL-A8 and both have myasthenia
gravis. In the HL-A8 negative group of patients, family 13 is interesting in that we have two
unaffected offspring, one male and one female who have inherited different HL-A haplotypes
from the affected mother.

DISCUSSION

Myasthenia gravis is clearly multifactorial in its origin: although familial cases do occur, the
genetic factors are apparently not overriding. We have twin sisters, one with and one without
the disease (previously described by Simpson, 1965) and many sibships with only one case.
It is clear that despite the frequent association of the HL-A8 antigen and myasthenia gravis,
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Table3—continued
1stlocus

2ndlocus

Deduced haplotype*

Comment

Family6 Patient Father Mother Sister Family8 Patient(a) Patient(b) Father Mother Family12 Patient Father Mother Sister

Female Female Female Male

W30
2

W30

8W10 8W15 8WIO 8 812
12

8W17 8W5 W5W17
8W5

1,8/W30,WIO I,8 2,WI5 1,8
W30,WIO

1,8/1,8 2,12/1,8 1,8/1,8 2,12 1,8
I,8 1,8 1,8/2,W17 1,8

3,W5 2,W17 9,W5
1,8/9,W5

Homozygous8 Homozygous8

O

rt> c"f

P

Thepaticntscouldhaveinheritedeitherhaplotype Samehaplotypcaspatient
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Table3—continued

a

Family15 Patient TwinSister Family16 Patient

Female Female

Grandfather(maternal) Mother

W32 W32
2

W28 W28

WI6 W16

8WIO W5VV27 W58

1,8
W32,W16 1,8

W32,W16
2,WIO/1,8 VV28,W5 11,W27 W28,W5/1,

Presumedhaplotypes HL-Aidenticalwithpatient

8 a

Oq" rts

*Haplotypesarcarrangedasfollows,Paternalantigens/maternalantigens,e.g.infamily12,7/1,8.Whereparentalattributionisnotpossiblethepheno-
typesaregivenasinfamily2,i.e.1,8.
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Table4.FamiliesofHL-A8negativepatients

■P

O

co

1stlocus

2ndlocus

Haplotypes/ genotype

Comment

Family5 PatientFemale Father Mother Sister Family7 PatientFemale Mother Grandfather(maternal) Grandmother(maternal) Family9 PatientFemale Husband Son Family10 PatientMale Wife Son Daughter1
2

W32

7

W27

2,7/W32,W27

2

9

7

W15

2,7 9,W15

2

W32

12

W27

2,12 W32,W27

9

W32

W15

W27

9,W15/W32,W27

3

W29

7

12

3,7/W29,12

2

W29

W10

12

W29,12/2,W10

1

W29

12

W5

1,W5 W29,12

2

W10

12

2,VVIO (2),12

2

3

7

W15

2,W15 3,7

1

2

8

12

1,8
2,12

2

12

W15

2,12/2,W15

1

W28

12

W17

1,WI7 W28,12

1

8

TY

1,8
1,TY

1

8

W17

1,W17/1,8

Thymoma Probablyhomozygous2

b

D"

ct>
ft-

p

W28

12TY

W28,12/1,TY



Family13 Patient Husband Daughter Son Family14 Patient Sister1
2 3

Female

2

3

1

2

1

2

2

3

Female

9

10

9

10

9

10

W1910

Table4—continued
572Ji

37*7

8W181.WI8
2,8

5W181,W18/2,5 782,8/3,7 W5Possibleparentalhaplotypes
VV5W19,W17 W59,W5 W5W1710,W5
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Table 5. Sex and age ofonset

HL-A8

positive
HL-A8

negative

With family data
Males

Early 3 0

Late 0 1

Females

Early 5 (7*) 5
Late 0 1
Unknown 1 2

Without family data
Males

Early 2 0
Females

Early 8 1

Unknown 0 2

Total

Early females 15 6

Early males 5 0

* Two sisters have congenital myasthenia.

the relationship is not a direct one. The existence of HL-A8 negative cases of myasthenia
supports this belief, and our family studies demonstrate unequivocally that inheritance of
HL-A8 or indeed a particular HL-A phenotype is not an essential precursor to the develop¬
ment of myasthenia gravis. Any gene or genes which affect the likelihood of developing the
disease must lie at some distance from the second locus, and indeed might be on another
chromosome. The preponderance of HL-A8 positive males with early onset is not even
convincing proof of the importance of this antigen as an aetiological factor. In family 3,
where we have an HL-A8 positive male patient, his mother is disease free and is actually 8
homozygous. Similarly in family 16, the mother from whom the patient derived his HL-A
1, 8 haplotype does not have myasthenia. It might have been expected that in a family where
myasthenia was present, the combination of HL-A8 and female sex would predispose to
disease: in family 12, it is the male sibling who has the disease, and his haploidentical sister
is healthy. Even homozygosity for HL-A8 does not increase the chance of disease. Family 2
is a clear example of the failure to develop disease, even where the sex preponderance might
be expected to operate. Of two HL-A identical sisters, homozygous for HL-A8, only one has
myasthenia and two brothers who have both inherited HL-A8 are healthy. The parental
attribution of the 8 antigen in this family cannot be deduced; in one sibling at least, the
antigen is likely to have come from either parent. The diseases which are frequently found in
association with myasthenia also occur in our patients, e.g. thyrotoxicosis, 'rheumatoid'
arthritis and presence of various tissue autoantibodies: we did not attempt to establish the
prevalence of these conditions in the sibships we studied.

Recent work on the relationship of HL-A antigens to other diseases, particularly multiple
sclerosis, has suggested that the association may actually be stronger for at least one histo-
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compatibility antigen system other than HL-A. This system is presently detected by mixed
leucocyte reaction (MLR) only, and appears to be multiallelic. Jersild et at. (1973) have
demonstrated that the frequency of one allele of the MLR locus, 7a, is not only more frequent
in multiple sclerosis (MS) patients than in normals, but also tends to show linkage dis¬
equilibrium with the serologically detectable antigen HL-A7, which might explain the
increased frequency of HL-A7 in multiple sclerosis. The highest correlation may thus be
between MLR antigen 7a and disease, and not directly with HL-A7. Because HL-A7 and 7a
tend to occur together rather more often than would be expected if inheritance were entirely
random and are likely to be the products of linked genes, then HL-A7 will tend to be increased
in multiple sclerosis. However, the possession of 7a is not absolutely linked to HL-A7, and
thus HL-A7 negative cases of MS will occur (Jersild et at., 1973). The association of 7a with
multiple sclerosis is not absolute either, however, suggesting that still other factors, some of
which may be related to more distantly placed Ir genes, must be involved.
Studies on MLR genes and myasthenia gravis to identify a similar MLR allele, perhaps

associated with HL-A8, are obviously required. The frequent association of HL-A8 with
other diseases, including coeliac disease (Falchuk et at., 1972; Stokes et at., 1972), active
chronic hepatitis (Galbraith et at., 1974; Mackay & Morris, 1973), juvenile diabetes (Platz
et at., 1974), Addison's disease (Platz et at., 1974) and thyrotoxicosis (Grumet et at., 1973)
suggests that the presence of an MLR antigen, closely linked to HL-A8, might be of unusual
significance in the development of autoimmune disorders. Smith (1974) has pointed out that
it is difficult to discriminate between multifactorial models for inheritance of clinical disorders
and unifactorial models with low penetrance. The more genetic markers which can be clearly
identified to have an association with a specific disease, the greater will be our understanding
of the role which inheritance plays in the development of that disease.
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TOLLERANZA IMlMUNOLOGICA E MIASTENIA

IL RUOLO DEL TIMO NELL'ACCRESCIMENTO
E NELLA DIFFERENZIAZIONE

immunological tolerance and myastenia

the role of thymus in growth and differentiation'

J.A. Simpson

Dipartimento di Neurologia dell'Universita di Glasgow
Istituto di Scienze Neurologiche e Southern General Hospital

Glasgow - Scozia

Summary. In the period 1955-60 Simpson proposed a hypo¬
thesis on myasthenia based on clinical data. He indicated it as
a plurisystematic disease with analogies with systematic lupus
erythematosus, transmissible to the newborn, responsive to cor¬
ticosteroids, and with anatomo-pathological alterations residing
in the muscle and thymus, suggesting an immunological disease
of the cell-born type (Simpson, I960). Smithers (1959)
held that the myasthenic thymus resembled the thyroid of Ha¬
shimoto's struma, assuming auto-immune damage to the thymus,
but was unable to account for the neuromuscular disease. N a-
stuk and coll. (1960) observed that myasthenic serum injured
a frog's muscles. The reaction was of the complement fixation
type and Strauss and coll. (1960) showed that it was asso¬
ciated with a seizure of the seric globulins at the A threads of
the muscular fibres.

Subsequent research showed that this globulin, acting as an
antibody, was of high litre in patients with thymus tumour but
not closely linked to myasthenia. Myasthenic patients possess a
higher number of antibodies against the thyroid, gastric mucosa
and other tissues than normal people.

Subsequent developments of the S m i t h e r s and S t r a u s s
theories led to an « instructive » theory of auto-immunity with
thymitis. G oldstein and coll. state they have produced this
condition experimentally and explain the neuromuscular disease
as due to freeing of a blockage substance by the thymus. These
results are not confirmed by other researchers. Simpson's hy¬
pothesis is based on the idea of a « breakdown in immunologi¬
cal tolerance ». It is the only one that explain both clinical fin¬
dings and serological data and comes out in favour of a genetic
factor (B e h a n, S i m p s o n, Dick, 1913).

The nature of the neuromuscular damage remains obscure.
Simpson's hypothesis regards the immunological function of the
thymus and lymphocytes as part of a liomeostatic control me¬
chanism over increase and differentiation of the tissues. Theo¬
ries similar to his advanced by Burnet and by Bur well
and Burch are briefly examined.

Riassunto. Nel periodo 1955-60 Simpson propose una ipotesi
per la miastenia, basata su dati clinici, indicandola come una ma-
lattia plurisistematica con analogie con il lupus eritematoso siste-
mico, trasmissibile al neonato, rispondente ai corticosteroidi e
con alteraz.ioni anatomopatologiche risiedenti nel muscolo e nel



Tolleranza immunologica e miastenia 377

timo, suggesliva per una malattia immunologica del tipo « cell-
born » (Simpson, I960). Sm it hers (1959) riteneva che il
timo miastenico somigliasse alia tiroide della malattia di Hashi¬
moto, ipotizzando un danno autoimmune del timo ma non pote
spiegare la malattia neuromuscolare. Nastuk e coll. (1960)
osservarono che il siero miastenico ledeva i muscoli della rana.

La reazione era del tipo fssazione di complemento e Strauss
e coll. (1960) dimostrarono che era associata a un grippaggio
delle globuline sericlie alle bande A delle fibre muscolari.

Successivamente le ricerche mostrarono che tale globulina,
agente come un anticorpo era di elevato titclo in pazienli con
tumore del timo ma non era strettamente legata alia miastenia.
Pazienti miastenici posseggono un numero di anticorpi contro la
tiroide, la mucosa gastrica ed altri tessuti superiore a quello della
popolazione normale.

In seguito gli sviluppi delle teorie di S m ithers e di
Strauss portarono a una « istruttiva » teoria della autoimmu-
nitii con timite. Goldstein e coll. ajfermano di aver prodotto
tale condizione sperimentalmente e spiegano la malattia neuro¬
muscolare come dovuta alia liberazione di una sostanza bloc-
cante dal timo. Altri ricercatori non confermano tali risultati.
La ipotesi di Simpson e basata sul concetto di un « crollo di
tolleranza immunologica ». E' I'unica che pub spiegare sia le
vicende cliniche che i dati sierologici e depone a favore di un
fattore genetico (Behan, Simpson e Dick, 1973).

La natura del danno neuromuscolare rimane oscura. L'ipotesi
di Simpson riguarda la funzione immunologica del timo e
dei linfociti come parte di un meccanismo omeostatico di con-
troilo sull'accrescimento e la differenziazione dei tessuti. Ven-
gono passate in rassegna brevemente teorie sitnili a quelle dell'A.,
esposte da Burnet e da Burwell e Burch.

Durante il periodo dal 1955 al 1960 1'A . scopri per la prima
volta che un certo numero di malattie potevano forse essere in
rapporto con la miastenia. All'epoca della pubblicazione di tali ri¬
cerche (Simpson, 1960), tre di esse (lupus eritematoso si-
stemico, artrite reumatoide e sarcoidosi) furono considerate co¬
me di natura immunologica. Successivamente alcune delle altre
malattie considerate (tireotossicosi, gotta « linfoadenoaidea », a-
crocianosi, anemia perniciosa, aplasia pura dei globuli rossi e
diabete mellito) furono ritenute associate ai cosiddetti processi
« autoimmuni ». Ulteriori associazioni furono riferite con la ma¬

lattia di Hashimoto ( Simpson, 1964, 1971; Daly e Jack¬
son, 1964; Becker e coll., 1964), con la malattia di Sjogren
(Downes e coll., 1966; Simpson, 1966) e con il pemfigo
volgare (Wolf e coll., 1966: Beutner e coll., 1968; H a u-
s m anowa-Pctrusewicz e coll., 1969 ; Y c t lers e coll.,
1973).

Altri fattori a favore di tale ipotesi erano:
1) L'eta e l'incidenza del sesso dei pazienti, cosi come l'evo-

luzione della miastenia erano strettamente simili a quelli del lu¬
pus eritematoso sistemico.
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2) I] timo dei pazienti miastenici mostrava caratteristi-
camente dei « centri germinali ». Benche nel 1960 il ruolo immu-
nologico del timo non venisse accettato, sembro all'A. che faces-
se parte del sistema reticoloendoteliale correlato con le reazioni
immunologiche.

3) Le linforagie riscontrabili nei muscoli dei miastenici,
benche considerate dai patologi di allora come « non specifiche »,
evocavano suggestivamente un tipo di reazione immunologica.

4) Il passaggio di un anticorpo attraverso la placenta po-
teva spiegare la miastenia neonatale, mentre non si osservava al-
cun effetto di blocco neuromuscolare da parte del passaggio di
siero di miastenici in soggetti adulti.

5) II cortisone causava notoriamente una remissione della
miastenia dopo un temporaneo deterioramento.

6) Mentre si stavano effettuando le indagini su tale ipotesi
Nasluk e coll. riportarono la dimostrazione di una citolisi del
muscolo di rana determinata dal siero di miastenici.

Nel 1960 sembro giustificato pubblicare l'ipotesi del mecca-
nismo immunologico della miastenia. E' da notare che il fattore
immunologico fu indicato come un elemento di una catena
di eventi controllati geneticamente. Sfortunatamente il resto
dell'ipotesi fu sopravalutato dai successivi autori. In tale epoca si
ritenne che un anticorpo di origine linfocitaria agisse come so-
stanza bloccante combinandosi con i recettori acetilcolinici.

Mentre il lavoro era in preparazione, S mi t hers (1959)
segnalo un commento di Castleman (1955) che i centri ger¬
minali del timo dei miastenici somigliava alle alterazioni osserva-
bili nella malattia di Hashimoto e S m i t h e r s suggeri in
tale occasione che « vi era la possibility che questa malattia po-
tesse essere dovuta anche ad una risposta autoimmune associata
in certi casi ad una neoplasia ».

Indipendentemente da questa ricerca e a partire da premes-
se interamente diverse, un gruppo americano sviluppo una teo-
ria immunologica della miastenia. Nel corso di ricerche su so-
stanze determinanti il blocco neuromuscolare Nastuk e coll.
(1959) trovarono che il sangue dei pazienti miastenici (ed alcuni
soggetti-controllo di minor grado) causava la lisi delle cellule mu-
scolari della rana. Successivamente a questa sorprendente osser-
vazione essi riscontrarono che 1'attivita complementare del siero
) ientrava nei limiti della norma in alcuni casi. Cio portava a met-
terlo in rapporto con le remissioni e con le esacerbazioni rispetti-
vamente (Nastuk e coll., 1960). Nel loro lavoro essi suggeri-
vano la possibility che un meccanismo autoimmune potesse ave-
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re un ruolo eziologico nella miastenia. II meccanismo che essi ipo-
tizzavano era lo sviluppo di una autoimmunity contro uno dei
componenti (M) delle fibre muscolari e che « la terminazione ner¬
vosa dei nervi motori poteva essere direttamente o indirettamente
interessata ». Essi sottolinearono 1'evidenza che il timo era in gra-
do di confezionare degli anticorpi. Il gruppo di New York pubblico
poco dopo la dimostrazione di una frazione globulinica legata al
muscolo fissatrice di complemento nel siero di pazienti con mia¬
stenia (Strauss e coll., I960).

Nei precedenti cinque anni Simpson, in collaborazio-
ne con J. Anderson (Glasgow) e W. R. M. Alexander
(Edinburgo) aveva ricercato senza successo anticorpi musco¬
lari e aveva cercato di riprodurre un quadro miasteniforme
in animali da esperimento attraverso metodi immunologici.
I risultati negativi riportati da Simpson (1960) portavano
a indicare che « la sostanza indagata era intracellulare ». Divenne
piu tardi manifesto che la mancanza di successo in tale ricerca era
dovuta al fatto che erano stati raffrontati, per la ricerca di so-
stanze antimuscolo, sieri individuali, mentre Strauss e coll.
(I960) avevano sempre usato miscugli di sieri diversi provenienti
da pazienti miastenici e in ciascun miscuglio vi era stato almeno
un siero di soggetti affetti da tumore del timo. Fu dimostrato suc-
cessivamente che il titolo degli anticorpi era molto piu alto in
presenza di un timoma (Strauss e coll., 1966). In verita V e t -
ters (1965), del mio gruppo, ritiene che a livedo della banda A,
la immunofluorescenza del muscolo e virtualmente limitata ai
casi con timoma.

Questi fondamentali risultati furono rapidamente confermali
da Beutner e coll. (1962), van der Geld e coll. (1964),
Djanian e coll. (1964) e Simpson (1964). L'incidenza ri-
portata \'aria dal 10 al 47% secondo la tecnica usata. White e
Marshall (1962) hanno descritto una maggiore incidenza di
fattore antinucleare nel siero dei miastenici. Anticorpi contro la
tiroglobulina, i microsomi tiroidei, le cellule parientali gastriche e
il fattore reumatoide, sono tutti aumentati in una percentuale si-
gnificativa di sieri di miastenici ( van der Gel d e coll., 1963;
Simpson, 1964, 1966a; Adner e coll., 1964; Downes e
coll., 1966 ; Oosterhuis e coll., 1967 ; e V e 11 e r s, 1967).

Van der Geld e coll. (1964) dimostrarono che il siero
dei miastenici che reagisce con i muscoli, reagisce anche nei con-
fronti delle cellule della midollare timica. Dapprima si penso che
si trattasse di cellule epiteliali ma in seguito furono identificate
come cellule mioidi. Da tale osservazione ne deriva la massima di-
cotomia fra coloro che ritengono che il timo svolga un ruolo pri-
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mario nel disordine immunologico della miastenia e chi invece lo
ritiene danneggiato immunologicamente. Per il primo gruppo, le
cellule mioidi offrono una spiegazione della penetrazione dell'anti-
gene muscolare nel timo nonostante la barriera emato-timica ipo-
tizzata da Marshall e White (1961). Per la scuola che sostie-
ne la « timite », invece gli anticorpi antimuscolo che si sviluppa-
no fuori del timo reagiscono con le cellule mioidi determinando
cosi una lesione autoimmune dello stesso timo.

Allora, nel 1960, vi erano tre conclusioni indipendenti circa il
fatto che un'alterazione immunologica fosse alia base della mia¬
stenia, che differivano considerevolmente nel loro valore euri-
stico.

Il commento di S m i t h er s circa 1'aspetto del timo, sugge-
riva l'idea di una lesione di natura immunologica, ma non forniva
alcuna spiegazione circa i disturbi muscolari. Sarebbe stato irnpos-
sibile sulla base di quella semplice considerazione predire l'esi-
stenza di alterazioni associate di altri organi o che potesse essere
terapeuticamente valida la effettuazione di una timectomia.

I risultati di Strauss furono pertanto estremamente im-
portanti. Veniva ad essere ormai certo che molti miastenici han-
no anticorpi antimusolo per cui si puo verificare una lesione mu¬
scolare nel corso di una reazione interessante il complemento.
Molti clinici rifiutarono di accettare tale evidenza giacche solo una
minoranza di miastenici possiede tali anticorpi e perche e difficile
accettare come un difetto di trasmissione una lesione che interes-
sa le miofibrille anziche la placca nervosa. La miastenia inoltre
puo essere assente in pazienti con timoma pur essendo presenti
una reattivita antimuscolo e antitimo con la gammaglobulina se-
rica (Strauss e coll., 1966). Nessun ruolo per il timo veniva
ipotizzato ne potevano essere predette le alterazioni cliniche as¬
sociate. I modelli di Smithers e di Strauss d'altraparte
non esprimevano una spiegazione della miastenia neonatale. L'ipo-
tesi di Simpson era I'unica che spiegasse tutti i nuovi fatti
scoperti nella miastenia. Gli elementi piu importanti, che non
potevano essere previsti con le altre teoire erano i seguenti.

1) Interessamento di molti organi.
2) Miastenia neonatale.
3) L'evoluzione della miastenia.
4) Significato della risposta al cortisone.
5) Segnalazione, per la prima vola, della possibility di con-

comitanti disordini del sistema reticolo-endoteliale.
6) L'anatomia patologica del muscolo e del timo nella mia¬

stenia.
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7) Conclusione di Simpson sul fatto che il timo ha inol-
tre un ruolo immunologico importante, residuo di una piu ampia
funzione, sull'accrescimento e sulla differenziazione dei tcssuti nel
feto. Una necessaria conseguenza di questo asserto era che la ti-
mectomia avrebbe potuto arrestare il danno immunologico e di
altri organi se effettuata prima che si realizzassero lesioni per-
manenti negli organi periferici.

8) Possibile spiegazione della autoimmunity e in generale
dell'implicazione di patogenesi genetica e ipotalamo-pituitaria.

Prima di analizzare il ruolo del timo cosi proposto, e essen-
ziale ricordare che queste ipotesi erano state elaborate nel quin-
quennio 1955-60 e che furono pubblicate prima che il lavoro di
Miller (1961) e che altre ricerche mettessero in chiaro che il
timo ha un ruolo imporlante in immunologia. A quell'epoca infat-
ti era ancora considerato una ghiandola endocrina. Gli immuno-
logi pensavano che le globuline anticorpali derivassero principal-
mente dalle plasma cellule benche il possibile ruolo dei linfociti
fosse gia stato ipotizzato. Cio nondimeno S i m p s o n (1960) con-
getturava che una secrezione timica potesse « liberare un anticor-
po trasportato dai linfociti » e che la impossibility (in tale epoca)
di identificare un anticorpo antimuscolo poteva essere dovuta al
fatto che « la sostanza ricercata era inlracellulare ». Un anticor¬

po umorale era una suggestiva spiegazione della miastenia neona-
tale ed era ipotizzabile che un anticorpo contro i recettori pro-
teici della placca motrice potesse dar luogo ad un agente bloccante
neuromuscolare. Una argomentazione importante contro la ver-
sione 1960 della ipotesi di Simpson era il fatto che non fosse
possibile identificare un anticorpo a livello della giunzione neuro¬
muscolare mediante le tecniche di immunofluorescenza (M cFar-
lin e coll., 1966). Nel 1960 nessuna conclusione pote essere tratta
sulla natura della autoimmunity. Allora esistevano due dottrine.
1) Che un tessuto normale potesse generare anticorpi da un siste-
ma immunologico normale se questo veniva modificato dalla com-
binazione con determinate sostanze esterne, quali un virus. 2) Che
il riconoscimento immunologico del « proprio » o « non proprio »

(« self » e « not self ») potesse venire turbato da malattie del si-
stema immunologico. L'aggravamento improvviso della miaste¬
nia in occasione di malattie delle prime vie respiratoric puo de-
porre a favore della prima interpretazione, ma Simpson
(1960, 1964, 1966a) prefer! la seconda alternativa perche (a) of-
friva una migliore spiegazione delle malattie autoimmuni di altri
organi cosi come del muscolo, e (b) vi era una evidenza clinica
di un legame genetico fra la miastenia e le altre malattie.
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Nella successiva decade altri ricercatori ignorarono questi
argomenti e ritennero che il timo puo elaborare una sostanza a ef-
fetto bloccante neuromuscolare sia « nel corso del suo danneggia-
mento » (Strauss e coll. 1966) o come risultato di un danno
immunologico del timo (Goldstein e Witting ham,
1966). Posto questo, Strauss e coll. (1966) postularono che
gli anticorpi abnormi elaborati da pazienti con timoma o con mia-
stenia costituiscono una parallela evidenza di un timo alterato. Gli
auto-anticorpi sono pertanto rivelatori piuttosto che agenti del-
la malattia. Essi ritennero inoltre che tali anticorpi possono inat-
tivare il loro « fattore inibitore neuro-umorale », che potrebbe
essere, alio stesso tempo, antigenico. La presenza di tali anticorpi
in soggetti con timoma non associate a miastenia puo, d'altra par¬
te, riflettere una soddisfacente inattivazione di tale sostanza.
Goldstein e Wittingham (1966) ipotizzarono anche una
sostanza bloccante neuromuscolare («timina») che essi ritenevano
potesse liberarsi da un timo danneggiato da una reazione immu-
nologica («timite»).

Negli anni che vanno dal 1965 al 1970 divenne evidente che
la immunita umorale era meno importante di quella di origine
cellulare, originalmente postulata per la miastenia. Simpson
(1966b) dimostro che le proteine plasmatiche erano normali ec-
cetto quando la miastenia era associata alia malattia di H a-
shimoto, al timoma o a una del le altre complicazioni legate
alia presenza di anticorpi umorali. A a r 1 i (1970, 1971) dimostro
che la gamma-G-globulina fissata al muscolo da alcuni sieri di
miastenici era infatti di tipo reattivo immunologico, mentre i lega-
mi talora osservati in presenza di sieri normali non erano di tipo
immunologico. Pazienti miastenici sieronegativi, potevano, co-
munque, avere anticorpi per la tiroglobulina. La immunita cellula¬
re (stimata in base alia risposta leucocitaria agli antigeni muscola-
ri) era piu comune che la immunita umorale negli studi di A 1-
pert e coll. (1971) e di Kott e coll. (1973), ma Housley
e Oppenheim (1967) non trovarono alcuna anormalita del-
la trasformazione dei linfociti. Una ipersensibilita ritardata in-
dotta dal l-cloro-2, 4-dinitrobenzene, il quale viene mediato dai
linfociti, e stata riportata come ridotta (Adner e coll., 1964)
o normale (Kornfeld e coll., 1965}. A r m strong e coll.
(1971) trovarono il tasso di trasformazione linfocitaria in ri¬
sposta alia fitoemoaglutinina, alia globulina antilinfocitaria, alia
concavalina A e alia tubercolina era normale, mentre la sti-
molazione PHA di cellule timiche di un caso di miastenia pro-
vocava una marcata distruzione di culture muscolari. Linfociti
di un paziente miastenico iniettati in muscoli di ratto produce-
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vano una piu potente azione di rigetto nei confronti di quanto
avveniva con l'iniezione di linfociti di soggetti di controllo,
incluso alterazioni delle strutture delle placche motrici (N a m-
b a e coll., 1969). Ulteriori studi sulla immunita cellulare nella
miastenia dovrebbero essere incoraggiati.

Inevitabili conclusioni delle ipotesi di Strauss e di Gol¬
dstein sono che la asportazione del timo, puo curare la miaste¬
nia, impedire la possibility di avere un figlio con miastenia neo-
natale e prevenire la comparsa di miastenia quando non sia gia
presente. Nessuna di queste proposizioni e vera e non e neces-
sario documentare che sono false. L'inizio di una miastenia mol-
ti anni dopo una timectomia apparentemente completa rende inso-
stenibile che la malattia neuromuscolare sia dovuta ad una so-

stanza ad azione bloccante neuromuscolare originata dal timo.
D'altra parte una trasmissione alterata, dovuta in qualche modo
a un danno immunologico puo ancora verificarsi dal momento
che risulta ben stabilito che la timectomia non arresta la suc-

cessiva reattivita immunologica. Goldstein e i suoi colla¬
borator hanno enunciato di nuovo i loro asserti in una serie
di lavori (passati in rassegna da Goldstein e Mangana-
r o, 1971) e sono stati sostenuti da K a 1 d e n e coll., 1970),
ma non confermati da Vetters e coll. (1969) e da altri autori,
incluso Jones e coll. (1971) benche di quest'ultimo gruppo
facesse parte un antico collaboratore di Goldstein. A meno
che questi risultati negativi non siano dovuti a differenze fra gli
animali da esperimento, e possibile che il modello di Gold¬
stein rassomigli alia sindrome miasteniforme dei polimiosi-
tici piuttosto che alia vera miastenia.

Se il timo solfre di un danno autoimmune perche condi-
vide un antigene con il nruscolo, le alterazioni autoimmuni as¬
sociate di altri organi non precederebbero la malattia neuro¬
muscolare come in realta succede comunemente (Simpson
1960, 1964). La concorrenza di un certo numero di alterazioni
autoimmuni nel paziente miastenico sernbra corrispondere piu
verosimilmente al fatto che vi sia stato un crollo del normale
meccanismo omeostatico che previene la proliferazione dei « for¬
bidden clones » di anticorpi formanti cellule in risposta all'an-
tigene autologo.

Le teorie conlemporanee sulla funzione timica non sono

adeguate ai dati della esperienza clinica. E' indiscutibile che la
precoce rimozione del timo arresta il peggioramento della mia¬
stenia, ma e difficile conciliare tali risultati con la evidenza spe-
rimentale che la produzione di auto-anticorpi e secondaria alia
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deficienza immunologica, o con la ipotesi di Burnet che il
tirno da solo possa controllare i « clones » delle cellule. Tuttavia
l'esperienza clinica sembra indicare che l'organismo sta meglio
senza il timo che avendone uno che, presumibilmente, funziona
in maniera anormale, almeno per quanto riguarda i soggetti
miastenici. D'altra parte altri processi autoimmuni, quali la
malattia di Hashimoto (Simpson, 1964), il lupus erite-
matoso sistemico e la colite ulcerosa (Alarqon-Segovia
e coll., 1963) e il pemfigo volgare (Hausmanowa-Petru-
sewicz e coll., 1969; Vetters e coll., 1973), possono ap-
parire abbastanza presto dopo una timectomia nonostante la
scomparsa del quadro miastenico. La timectomia in eta neo-
natale nel topo nero della Nuova Zelanda, che e particolarmente
suscettibile alle malattie autoimmuni non previene ne ritarda
l'inizio della anemia emolitica autoimmune, ma, anzi, la accel-
lera (Howie e H e 1 y e r, 1966). Queste osservazioni possono
essere portate contro l'ipotesi di Burnet e Holmes (1964)
che i centri germinali del timo sono luoghi di produzione dei
« forbidden clones » delle cellule immunocompetent^ capaci di
reagire contro i tessuti del proprio corpo. Troppo poco e noto
circa la funzione immunologica di altri organi per avere un
quadro chiaro della questione. E' tuttavia giustificabile con-
cludere che la malattia autoimmune pud essere associata con
un'alterazione del timo ma tale rapporto non e obbligatorio.
Cio e altrettanto vero per il deficit muscolare della miastenia.
Inoltre se si arguisce che la giunzione neuromuscolare e dan-
neggiata da una sostanza che non e immunologica in natura,
la stessa conclusione si puo applicare a che questa sostanza
non pud essere esclusivamente un prodotto del timo.

Quantunque questo argomento non sia stato presentato in
dettaglio altrove, alcuni autori hanno concluso che le altera-
zioni muscolari e immunologiche sono collegate solo indiret-
tamente. La diflicolta pud essere dovuta alia prevalente inter-
pretazione della funzione timica. Dall'essere ritenuto una ghian-
dola endocrina senza una funzione identilicabile esattamente il
timo e divenuto improvvisamente il direttore della orchestra
immunologica. Pud essere che molte sue funzioni siano ignorate.
Nell'ipotesi originale della miastenia, che precedette questa for-
mulazione, fu ipotizzato che il « riconoscimento » di antigeni
proteici e la costruzione di appropriati linfociti e anticorpi, po-
teva avere una evoluzione specializzata verso un ruolo piu o
meno ampio del timo nella vita fetale nella regolazione dell'ac-
crescimento e della differenziazione dei tessuti (Simpson,
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1960). (Sarebbe stato meglio includere l'intero sistema retico-
loendoteliale in questa affermazione). Potrebbe essere particolar-
mente importante per la identificazione e la rimozione di cel¬
lule e organi esauriti, specie quelli sottoposti a cicli di collasso
e di rigenerazione (Simpson, 1969). Tale concetto e simile
a quello proposto da Burnet (1962) il quale ipotizza un
ruolo delle cellule linfoidi nella morfogenesi, essendo ritenuto
lo sviluppo della immunocompetenza come parte del processo
della differenziazione morfologica e funzionale dell'embrione e
del giovane animale. Dalla parte del meccanismo omeostatico
e del mantenimento e della rigenerazione dei tessuti, vi e una
qualche evidenza della esistenza di una funzione trofica dei pic-
coli linfociti (Lou tit, 1962), possibilmente come trasportatori
di DNA ai tessuti periferici (M e d a w a r, 1957). Burch (1963)
e Burwell (1963) hanno ipotizzato che il principale ruolo dei
piccoli linfociti normali e la regolazione della mitosi attraverso
una debole interazione di tipo immunitario con fattori tessuto-
specifici o di « identificazione » di cellule bersaglio agenti come
inibitori mitotici o « chalones ». Studi non confermati di S z e n t-

Gvorgi e coll. (1962) indicano che un ormone promotore del-
l'accrescimento (growth-promoting hormone o « promine ») e un
fattore inibitore dell'accrescimento (growth-inhibiting factor o
« retine ») possono essere isolati dal timo di vitello. E' possibile,
se questi risultati saranno confermati, che la malattia del timo
possa risultare come un eccessivo collasso o mancata rigenera¬
zione delle terminazioni dei nervi motori in aggiunta alle alte-
razioni immunologiche di altri organi. Attraverso la produzione
di placche motrici displastiche con germogli ultraterminali cio
potrebbe produrre delle alterazioni morfologiche atte a spiegare
la malattia miastenica (Simpson, 1969, 1971a, b). Recente-
mente Volpe e coll. (1972) hanno proposto una teoria sulla
malattia di Basedow-Graves convolgente una funzione trofica
dei linfociti e delle immunoglobuline umorali che somiglia da
vicino la mia ipotesi della miastenia.

Rimane aperta la questione del perche la miastenia sia una
malattia relativamente rara. In sede clinica, vi sono elementi,
basati sulla occorrenza familiare della miastenia e con i suoi le-

gami con le malattie della tiroide e con altri processi autoimmuni
(Simpson, 1960,1968; Hermann, 1971; Namba e coll.,
1971), che rendono probabile l'esistenza di un fattore genetico
responsabile di una diminuita tolleranza immunologica. Studi re-
centi, effettuati indipendentemente nel mio dipartimento e in
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Finlandia hanno dimostrato che si verifica una istoincompatibilita
con antigeni HL-A1 e HL-A8 con frequenza sproporzionata in
pazienti con miastenia e in minor grado nei membri delle loro
iamiglie (Pirskanen e coll., 1972; Behan e coll., 1973).
Questi antigeni sono associati in genere con processi autoimmuni.

Conclusion!

Da diverse osservazioni appare evidente che vi e un crollo
geneticamente determinato della tolleranza immunologica nei
pazienti alTetti da miastenia. II timo svolge un ruolo chiave ma
non esclusivo nell'ambito di una anormalita immunologica me-
diata attraverso le cellule ed anche nei causare una anormalita

morfologica delle placche motrici. II meccanismo decisivo della
lesione neuromuscolare rimane sconosciuto. E' tuttavia ammesso

che tale meccanismo sia immunologico ma nei senso biologico
piu lato che si riferisce alle reazioni « autoimmuni » come parte
di un meccanismo omeostatico normale della morfogenesi.
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For this specialised audience it is not necessary for me to cover in detail the various
signs and symptoms of myasthenia gravis. There is, however, some value in looking
again at the myasthenic syndromes with 3 questions in mind. (1) What are the
main differences between myasthenia gravis and other myasthenic syndromes?
(2) What features do they have in common? (3) Can these clinical data be correlated
with laboratory findings to disclose the cause of myasthenia? I hope 1 may be
forgiven for referring to previous personal publications for the benefit of readers
requiring more detail than can be provided here.
In some countries the term 'myasthenia' means only muscular weakness. In this

paper I am restricting it to abnormal weakness of voluntary muscles which develops
following repetitive activation or prolonged tension, with a marked tendency to
recovery of motor power after a period of inactivity or lessened muscular tension.
The loss of power is progressive if muscular contraction is continued voluntarily,
or by indirect electrical stimulation, but is reduced or abolished by administration
of anticholinesterase substances or by direct electrical stimulation of muscle. These
features are generally considered to indicate a defect of neuromuscular transmission
and this definition excludes further consideration of primary myopathies, the periodic
paralyses associated with disordered potassium regulation, hypoadrenalism and
similar causes of episodic weakness.
For practical purposes we need only consider 4 types of disease with myasthenia

as defined above: (1) lower motor neurone diseases, (2) myasthenic syndrome of
carcinomatosis, (3) acquired myopathies, (4) myasthenia gravis.

LOWER MOTOR NEURONE DISEASES

I start with this group only to dismiss it rapidly. It is not uncommon in the
electromyographic examination of patients with lower motor neurone diseases,
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to show a decrementing muscular response to tetanisation of peripheral motor
nerves. This has been reported in every lower motor neurone disorder, central or
peripheral (for review, see Simpson, 1966). The response to anticholinergic drugs
is minimal and it is extremely rare for this type of myasthenia to show progressive
'fatigability' on clinical testing. It is confined to muscles showing atrophic weakness
with loss of reflex activity. It is not important diagnostically, but has theoretical
importance when we come to consider the nature of the myasthenic phenomenon.

MYASTHENIC SYNDROME OF CARCINOMATOSIS

In 1953 Anderson et al. drew attention to the anomalous responses to neuromuscular
blocking agents of patients who had bronchial neoplasm associated with myasthenia.
Eaton and Lambert (1957) extended the findings to other malignant tumours and
reported an unusual finding on electrical stimulation of the motor nerve to affected
muscles. Whereas stimulation at rates below 10/sec caused a decrementing muscular
response, at faster stimulation rates there was a marked increase in the responses.
When the nerve is stimulated repetitively there is usually a decrease in the response
at high and low rates of stimulation. References to the later studies will be found
in the papers by Lambert et al. (1961) and Lambert and Elmqvist (1971).
The mean age of patients with this syndrome is 55 years. Weakness is most

pronounced in the lower limbs, less markedly in the upper limbs. Weakness of
bulbar and extraocular muscles occurs but is much less common than in myasthenia
gravis. A most striking sign is that vigorous exercise may temporarily restore power
to a weak muscle. Other features which are rare in myasthenia gravis are pain in
the lower limbs and loss of tendon reflexes. There may be some improvement with
anticholinesterase drugs, but it is inferior to that of myasthenia gravis and the
response may disappear at a later stage of the disorder. On the other hand, guanidine
is very effective in restoring function in the myasthenic syndrome, but of little value
in myasthenia gravis. The special features of the syndrome clearly differentiate
it from myasthenia gravis. It has a close similarity to the neuromuscular blockade
experimentally produced by magnesium (Elmqvist and Lambert, 1968).

ACQUIRED MYOPATHIES

An apparently identical syndrome (decrementing response to slow stimulation,
incrementing response to fast stimulation) was reported in a number of myopathies
by Simpson and Lenman (1959) in the absence of known carcinoma and it is now
clear that the majority of cases do not have a tumour (Lambert and Elmqvist, 1971).
These cases are not common. More frequently patients with acquired myopathy
have myasthenic 'fatigability' without the incremental response, which may resemble
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myasthenia gravis quite closely. The disorder is usually polymyositis, systemic lupus
erythematosus, or other 'collagen' disease, but may occasionally be a metabolic
myopathy such as thyrotoxic myopathy.
The fatigable response to repeated or sustained voluntary effort is less marked

than in myasthenia gravis. It is most prominent in shoulder girdle muscles and in
the neck. Dysphagia is common but extraocular muscles have not been involved
in my experience, ft usually occurs at an early stage of myositis and at that time
there may be a good response to edrophonium or neostigmine. On repeated testing,
however, the response becomes less and soon disappears. Anticholinesterases play
only a minor role in treatment. Where a physician makes an initial diagnosis of
myasthenia gravis, at first 'confirmed' by a positive edrophonium test but with failure
to respond to neostigmine or pyridostigmine in the early stage of the disease, the
usual cause is symptomatic myasthenia in polymyositis rather than true myasthenia
gravis.

MYASTHENIA GRAVIS

At this point one might well ask whether myasthenia gravis is a separate entity.
In the following Reports I believe it will become clear that there is no single item
which is exclusive to myasthenia gravis in the pharmacology, electrophysiology
and in the neuromuscular pathology. Many people would like to abandon the
name and use the term to indicate a disorder with many causes. In my opinion
this is a confusion of thought which arises from a regrettable absence in medicine
of an agreed systematic method of classification of disease. If we consider the
disabilities described as 'myotonia' or 'epilepsy' we are agreed that there are a number
of causes, but we have no mental difficulties in isolating 'dystrophia myotonica'
and 'petit mal' as clinical entities. In the same way, it is already clear that 'myasthenia'
is a syndrome resulting from loss of the safety factor for transmission at the
neuromuscular junction (Simpson, 1969<r/) which may have a number of causes.
Clusters of symptoms and "igns ('syndromes') with a recognised natural history
constitute a disease entity in terms of our present methods of classification and from
this point of view I have no hesitation in isolating myasthenia gravis as a disease
entity, although I would not disagree with those who feel that disease 'clusters'
commonly overlap. For instance, there is no doubt that both myositis and denervation
occur in this disease and on rare occasions there may be a sensory disorder and an
incremental response, like the Eaton-Lambert phenomenon (Simpson, 1960). On
the other hand, polymyositis is widely believed to have an immunological cause
and may be associated with a tumour of the thymus gland. Nevertheless there is
a recognisable 'cluster' which is so characteristic as to justify a separate label
'myasthenia gravis' - even though the adjective is not well chosen.
Examination of graphs of incidence related to age of onset, sex, and presence
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of thymic tumour make it clear that the distribution is neither random nor cumulative
with age (Fig. 1). If there is no thymic tumour, the distribution curves show single
peaks for each sex, with modal onset age of about 21 years for both sexes. It is
twice as common in females owing to a disproportion of 4.5 : 1 in adolescence,
but over the age of 40 years first onset becomes slightly more common in males.
There is no significant sex difference in myasthenia associated with thymic tumour.
The modal age of onset is 45 years and it rarely starts under 30 years of age. Myasthenia
gravis starting at 45 years has an even chance of being associated with thymoma.
Starting at 65 years there is almost a 2 : 1 chance of thymoma being present. The
prognosis for life is worse if there is a thymoma, but in other respects there is no
essential difference. In both types the myasthenia is associated with germinal centres
in the medulla of the thymus gland (Castleman and Norris. 1949). There is no evidence
that the thymic changes of the young myasthenic are the precursors of thymoma
of the older group, but in view of the common features it is considered advisable
to retain both types under the rubric 'myasthenia gravis' for the present.

Fig. I. Age at onset of symptoms of myasthenia gravis. Solid line indicates
females and broken line indicates males without thymoma. Shaded curve is

for both sexes with thymoma.

The natural history of myasthenia gravis also shows characteristic features justifying
clinical acceptance as a disease, although the severity of symptoms and the time
course vary from one patient to another. Some workers find it convenient to classify
cases according to clinical severity. In a large series of cases a definite pattern can
be identified (Fig. 2). In Stage 1 ('active stage' of Simpson, 19696) the severity of
clinical symptoms increases, but with a course characterised by relapses and remissions.
Fewer than half of the cases have a remission of a month or more and long remissions
rarely occur more than once. Stage 1 lasts 5-10 years and during this period occur
most of the deaths directly attributable to myasthenia gravis, particularly during

15
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the first year (Simpson, 1958). It is during this stage that thymectomy may be
beneficial (the earlier the better). In Stage 2, the intensity of myasthenic symptoms
fluctuates but genuine remission is rare and only a small number of patients benefit
from thymectomy although the disorder of neuromuscular transmission may still
be compensated for by anticholinesterase drugs. The mortality rate is much lower
in this stage but death may occur from asphyxiation.

Years

Fig. 2. Diagrammatic representation of natural history of myasthenia gravis
indicating 3 stages: (1) 'active', (2) 'inactive', and (3) 'burned-out stage'. Shaded
area represents severity of symptoms. Solid line is incidence of deaths in each

year from the onset. Broken line indicates response to thymectomy.

Stage 3 occurs at 14-20 years from the onset of symptoms. It is a 'burned-out'
stage in the sense that the severity of disease does not vary, thymectomy is of no
value, deaths are restricted to respiratory accidents and the response to anticholinergic
drugs tends to disappear. Many patients find that they can dispense with drugs
at this stage but they have a permanent, often 'non-fatigable' weakness with wasting
of muscles. The clinical picture closely resembles polymyositis. It has been termed
'myasthenic myopathy' but recent findings suggest that denervation atrophy of
muscles has occurred (Ooslerhuis and Bethlem, 1973).
This natural history distinguishes myasthenia gravis from the other myasthenic

syndromes. Another feature, which is believed to be unique, is that a woman with
myasthenia gravis may give birth to a child which is myasthenic for 1-12 weeks
and then does not manifest the disease again. This occurs in about 1 in 7 live births
to myasthenic mothers, suggesting that a 'myasthenic toxin' may cross the placental
barrier and persist in the baby for several weeks after birth. As abnormalities of
the thymus gland had been recognised for many years (and 10% of myasthenic
patients have a thymic tumour), it was considered that some curare-like substance
must be liberated from the thymus which could cross the placental barrier although
no substance with this property has ever been isolated from the blood of myasthenics.
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In 1960 Simpson drew attention to an apparent relationship between myasthenia
gravis and a number of disorders of other organs and suggested that myasthenia
was a multisystem disease of immunological type. The thymic pathology and the
well-known muscular lymphorrhages were reinterpreted as evidence of immunological
disorder and the neonatal myasthenia attributed to antibody passing from mother
to child. In the next decade the clinical observations were confirmed and many
of the associated disorders, including a rheumatoid type of arthritis, pernicious
anaemia, Raynaud's disorder, polymyositis and pemphigus were shown to have
an 'autoimmune' basis. At the same time Nastuk, Strauss and colleagues (Strauss et al.,
1960) observed a cytolytic effect of myasthenic serum on normal muscle and
demonstrated a muscle-binding globulin.

1 leave to the other speakers the further development of this theme but would
summarise the present situation in this way. There is now good clinical and pathological
evidence for a disorder of immunological mechanisms in myasthenia gravis and
general agreement that the thymus is in some way implicated. The original hypothesis
suggested that a circulating globulin could act as a curare-like substance specific
to the endplates of a single person or, sometimes, her child. This concept had to
be abandoned. There is no evidence of an antibody fixed to the endplate receptors
(McFarlin et al., 1966). The presence of anti-muscle and other antibodies in significant
titre in serum of myasthenic patients is strong indication of a breakdown of
immunological tolerance, but it is clear that this antibody could not cause the
transmission defect recognised in myasthenia, although it might be related to the
myositis which is sometimes present. Taking special precautions to identify that
fluorescent antibody is attached to A-bands rather than I-bands of muscle
(Vetters, 1965). we consider that A-band antibody is virtually confined to patients
with a thymic tumour. Van der Geld et al. (1964) reported the universal occurrence
of anti-muscle'and anti-thymus reactivities in myasthenia gravis associated with
thymoma. Strauss et al. (1966) confirmed this and also showed similar reactivity
in 24% of patients with thymomas (or previous history thereof) who did not have
myasthenia gravis.
Correlation between clinical severity and titre of anti-muscle globulin was claimed

by Weiner and Osserman (1966) and denied by Oosterhuis et al. (1967). There is
no correlation in my own data. Perlo et al. (1971) suggested that the time of onset
of remission after thymectomy correlates with the number of germinal centres
present in the thymus at the time of operation (delayed remission correlating with
many germinal centres). My own material suggests a correlation between a favourable
postoperative response and an absence or relative infrequency of germinal centres
(Vetters, 1972).
The present position is tantalising. An immunological disorder seems certain,

but it is now obvious that the working hypothesis of an antibody against endplates
must be abandoned. An alternative concept that the thymus is itself immunologically
damaged and releases a 'myasthenic toxin' (Goldstein and Whittingham, 1966) finds
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little support from other workers (Vetters et al., 1969; Vetters, 1972). It ignores
the original reasons for postulating an autoimmune disorder and cannot account
for the associated disorders of other tissues. More seriously, it cannot be reconciled
with the facts that myasthenia may first manifest itself after removal of a thymoma
and that thymectomy rarely causes immediate improvement of myasthenic symptoms.
Is myasthenia gravis an autoimmune disease? I think it is - but it is more than that.
It is unfortunate that arguments about the nature of disease and its causation

so often fail to recognise that the disorder of function is the end-result of a chain
of events. To concentrate on one link in the chain is to do less than justice to the
others and to ignore the possibility of treating different links in the chain. Many
of the arguments about myasthenia gravis and the myasthenic syndromes are of
that type. In order to clarify our thinking when we receive the Reports which follow
in this symposium I wish to present a simplified account of my present views. The
detailed arguments have been presented elsewhere (Simpson, I969«, £>; I971«, h).

The proximate mechanism op myasthenia

In the past there have been 3 main theories to account for the defect of neuro¬
muscular transmission in myasthenia gravis. (!) A circulating curare-like substance,
possibly derived from the thymus. The most recent theory of this type is Goldstein's
'thymin' theory (Goldstein and Manganaro, 1971). All theories of this type fail
because of the persistence or first manifestation of myasthenia after thymectomy.
Furthermore, no claims to isolate a blocking substance from the blood or thymus
have been confirmed. (2) A postsynaptic defect. This theory is based on anomalous
responses of myasthenic patients to injection of substances believed to act on

postjunctional receptors, (J) A presynaptic defect. This theory is based on a resemblance
between postactivation exhaustion of myasthenic muscle and the effect of poisoning
by hemichoIinium-3, which has its principal activity in blocking the synthesis of
acetylcholine.
Note carefully that these theories are analogues based on the action of certain

drugs on normal motor endplates. Other aspects of myasthenia gravis are ignored,
including the remitting course and the asymmetrical distribution in the skeletal
musculature.

In fact, with the possible exception of postactivation exhaustion, the phenomena
of myasthenia gravis only indicate reduction of the 'safety factor' for transmission
which is normally present. It could occur in various ways and this explains why
similar myasthenic phenomena may have different causes.

Lower motor neurone diseases

A decrementing response to repetitive stimulation only occurs shortly before there
is complete failure of transmission associated with 'dying back' of the motor neurone.
The temporary 'recovery facilitation' so commonly seen in myasthenia gravis is
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absent, indicating disease of motor nerve terminals (Simpson, 1966). The neurone
is not synthesising enough acetylcholine to sustain a train of impulses. Anti¬
cholinesterase drugs will be of little or no benefit. There is no real pharmacological
analogue but hemicholinium-3 has some resemblances.

Myasthenic syndrome of Eaton and Lambert
In this condition the first muscular response to a maximal nerve impulse is reduced.

Subsequent responses decrement progressively with slow stimulation but increment
with fast stimulation. This suggests that the number of quanta of acetylcholine
liberated are reduced unless release is facilitated by rapid stimulation. A similar
state occurs if the Mg++ concentration is increased at the endplate (Elmqvist and
Lambert, 1968; Lambert and Elmqvist, 1971). There is limited improvement with
anticholinesterases, but restoration to near normal with guanidine, a drug which
promotes release of acetylcholine at motor nerve endings.
Similar types of neuromuscular blockade can be produced experimentally by

botulinum toxin and by neomycin, one of a group of antibiotics which increase
the weakness of some patients with myasthenia gravis. It may be that some toxic
substance, possibly a polypeptide, is released by certain types of bronchogenic
carcinoma, but it should be noted that there are structural changes at the endplates
similar to those found in myasthenia gravis (Bergman et al., 1971).

Acquired myopathies
In polymyositis the electrical and pharmacological characteristics of the myasthenic

syndromes are the same as in myasthenia gravis or in carcinomatous myasthenia
and doubtless the explanations are similar.

Myasthenia gravis
I have shown elsewhere that the reduced safety factor for neuromuscular

transmission in myasthenia gravis may be accounted for by the altered geometry
of the endplates (Simpson, 1969b; 1971a). Certain assumptions are required to
account for unusually small miniature endplate potentials reported in biopsy material
by Elmqvist (1965) and attributed to lower acetylcholine content of spontaneously
liberated quanta. Responses to veratrine, guanidine and anticholinesterase drugs
suggest that there is no significant deficiency of stored acetylcholine in this disease.
Tetanic facilitation which is prominent in myasthenia gravis, in contrast to the
myasthenia of lower motor neurone disorders, suggests that there is no significant
failure of acetylcholine release (Simpson, 1966).
Other pharmacological analogies suggest that both prejunctional and post¬

junctional defects exist. But the analogies cannot be applied if the synapses are
abnormal and there is now increasing evidence that this is the case. The detailed
ultrastructural studies of Engel and Santa (1971) and Bergman et al. (1971) were
not available when my theoretical papers were prepared which suggested that linear
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prolongation of terminal knobs over receptor sites more widely spread than normal
would account for all observations. The ultrastructural studies stress widening of
the primary synaptic cleft, with reduction of secondary clefts. The mean area of
each terminal knob and the postsynaptic membrane profile concentration are
decreased (Engel and Santa, 1971), but the total area of endplates on one muscle
fibre is increased (Woolf, 1966), as they are elongated and commonly made up
of serial linear expansions (Coers and Woolf, 1959). In some cases the endplates
are shrunken and not elongated, especially in fatal cases responding inadequately
to neostigmine (Woolf, 1966). I leave a detailed account of the pathology of the
endplate to Dr. Fardeau (This Volume, pp. 427-438), but find it necessary to draw
attention to two points of clinical importance.

1. The pharmacological features of myasthenia gravis can be accounted for by
the structural changes in the endplates. A search for a better anticholinesterase
drug is unlikely to be rewarding and there are cases where, for structural reasons,
no therapeutic response is likely. I suspect that similar considerations will apply
in the other myasthenic syndromes.

2. The typical light-microscopic appearance of the myasthenic motor nerve

terminals, with deformed terminals and ultraterminal sprouting, leading to linearly
arranged terminals spread over a wide area of the muscle fibre, suggests that very
active regeneration is present, along with a process which is damaging the endplates.

THE AETIOPATHOLOGY OF MYASTHENIA GRAVIS

If this interpretation is valid, it is obvious that the clinical state represents a
balance between two processes - one degenerative, the other regenerative. Obviously
no disability is present when the balance is good and so the disease may have been
active long before there are clinical manifestations. This would account for the many
cases in which no precipitating cause can be found. The most common precipitating
factors - infections, emotional disturbances and allergies - could affect either side
of the balance. This dynamic bipolar situation immediately accounts for the
relapsing-remitting course of the active stage of the disease. But now we must ask
the crucial question - what causes the degeneration and regeneration of the endplates?
There is good clinical, pathological and serological evidence that immunological

tolerance is decreased in myasthenia gravis. I have reviewed the evidence elsewhere
(Simpson, 1960, 1969/;) and need not do so again. Instead I wish to emphasise
that this is only one aspect of a theory proposed by Simpson (1960) and which I
still hold, with some modifications required by the advances in immunology since
that date. It is wrong to describe myasthenia gravis as an autoimmune disease as
if that were the end of it. Time does not permit a full review but a brief restatement
of the theory is worthwhile as an introduction to the papers which follow.
There is some evidence that the mammalian endplates normally undergo cycles

of growth and degeneration. Myasthenia gravis is the result of a disturbance of
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this mechanism leading to deformed endplates without adequate safety factor for
cholinergic transmission. It is postulated that removal of effete tissue is normally
carried out by immunological mechanisms. The thymus gland undoubtedly has
an immunological role. The differentiation of immunologically competent cells,
and of antibody proteins, may be a survival of a wider action on tissue differentiation
in the foetus (Simpson, I960, for references). Szent-Gyorgyi et al. (1962) claimed
to have isolated a growth-promoting hormone (promine) and a growth-inhibiting
factor (retine) from calf thymus, which could play a part in the regulation of
breakdown and repair of organs showing a regular turnover of cells. Unfortunately
these studies were discontinued.

Figure 3 reproduced from Simpson (19716) summarises my present thoughts on

myasthenia gravis as the result of deformed endplates due to an imbalance of the
remodelling process controlled by the thymus. The findings of Shapiro et al. (1968)
suggest an adrenal role in the remodelling process which may have important
implications for treatment. The possible remodelling role of the thymus is, of course.
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Fig. 3. A scheme indicating possible relationship between aetiological
factors and associated disorders in myasthenia gravis (Simpson, 19716.
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tentative and requires confirmation of Szent-Gyorgyi's work. Note too that associated
autoimmune diseases such as Hashimoto's disease, 'rheumatoid' arthritis, pernicious
anaemia and pemphigus, and abnormal humoral antibodies including anti-myosin
substances, are considered as para-phenomena. The original paper (Simpson, 1960)
suggested a lymphocyte-borne antibody causing a localised myositis with damage
to both sides of the neuromuscular junction. Thyroid disorders are not limited
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to thyrotoxicosis and evaluation of my own data suggests that all thyroid diseases
are linked to myasthenia gravis by a common genetic factor, possibly acting through
the hypothalamo-pituitary axis, and by 'autoimmunity' (Simpson, 1968). Histo¬
compatibility antigens HL-AI and HL-A8, occur with disproportionate frequency
in patients with myasthenia gravis and, to a lesser degree, in their families (Behan
et ah, 1973). I do not believe that the thyroid plays an essential role in the aetiology
of myasthenia gravis.

CAUSATION OF MYASTHFNIA GRAVIS

How then are we to answer the question - what is the cause of myasthenia gravis?
There is no simple answer. It depends on how far back one is prepared to follow
the chain of events. My answers to the question are the conclusions of a clinician:

1. Myasthenia of this type is due to morphological abnormality of the motor
cndplates, which causes a decreased density of charge on receptors and diminished
safety factor for transmission.
2. The deformed endplates are due to a disturbance of a normal remodelling

process dependent on the thymus and possibly on the adrenal glands.
3. The thymic mechanism is immunological and the disordered function is

shown by associated 'autoimmune' disorders in other organs and in serological studies.
4. The reason for the abnormal thymic function is unknown, but correlations

with thyroid disease, factors which precipitate myasthenia, and familial studies
suggest that it is genetically determined and has a hypothalamo-pituitary link which
may be the site of action of stress factors which precipitate the disease.

IMPLICATIONS FOR TREATMENT

Is there any advantage in looking further than the muscle endplates or the thymus?
I believe that there is because each of these factors must be considered in the treatment

of myasthenic patients.
1. The safety factor for transmission is increased by anticholinesterase drugs

and, to a lesser extent, by boosting the muscular response by veratrine-like drugs.
There are dose-limiting factors and no response can be expected if the neuromuscular
system (on either side) is too severely damaged.

2. The natural history of the disease indicates that the process destroying the
motor terminals is self-limiting but can be removed by thymectomy performed
during the 'active stage'. It seems likely that immunosuppressive drugs would only
be effective during this stage.

3. The process responsible for remodelling the endplates continues into the
'inactive' and 'burned out' stages. There is some evidence that ACTH or corticosteroids
may promote this repair if the nerve terminals are not too seriously atrophic. Steroids
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have no direct effect on the safety factor of neuromuscular transmission and must
not be used as alternatives to anticholinesterases.

4. Thyroid and other associated disorders may require treatment, but this does
not affect the management of myasthenia gravis per se.

5. The genetic factor is not dominant and may be ignored in management.
The hypothalamic factor is, however, very important. The myasthenic patient should
be protected from stress and the most important type is psychological stress. This
is a theme which is largely ignored in our symposium. I do not have time to develop
it here, but close this contribution by stressing that psychological management is
a major factor in treatment.
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Absence of cellular hypersensitivity to muscle
and thymic antigens in myasthenia gravis1

WILHELMINA M. H. BEHAN,2 P. O. BEHAN, AND J. A. SIMPSON

From the University Departments ofPathology and Neurology, University of Glasgow

synopsis Humoral antibodies to skeletal muscle and its components and to thymus have been
demonstrated in the sera of patients with myasthenia gravis. A role for cellular hypersensitivity to
similar antigens in the pathogenesis of the disease has been suggested by some reports of the presence
of cellular immunity. A detailed immunological study using muscle and thymic antigens, including
those prepared from the patients' own tissues, failed to confirm these findings. It is suggested that
previous reports of cellular hypersensitivity represent the demonstration of an epiphenomenon.

There is good evidence that immunological
mechanisms are involved in the pathogenesis of
myasthenia gravis (Simpson, 1960, 1975). The
strongest argument is the fact that the thymus
gland is histologically abnormal in more than
80% of cases; in about 70% medullary germinal
centres are found and in about 10% a thymoma
is present (Castleman and Norris, 1949). The
proportion of patients in whom myasthenia is
associated with a thymoma has been reported
as from 10-30% of cases but the incidence in¬
creases with age and the overall percentage is
therefore approximately 10% (Castleman, 1955;
Simpson, 1958). Medullary germinal centres simi¬
lar to those found in myasthenia are also seen
in other disorders presumed to have an auto-
hypersensitivity basis—for example, thyrotoxi¬
cosis and Addison's disease (Sloan, 1943),
thyroiditis (Gunn et al., 1964), and systemic
lupus erythematosus (Goldstein and Mackay,
1967). The centres have also, however, been seen
in young normal subjects dying suddenly
(Middleton, 1967) or undergoing cardiac surgery
for congenital anomalies (Vetters and Barclay,
1973) and therefore their importance seems
debatable (Vetters and Simpson, 1974).
There is a definite clinical association between

myasthenia gravis and other presumed auto-
1 This work was supported by the Muscular Dystrophy Group of
Great Britain.
2 Reprint requests to: W. M. H. Behan, Department of Pathology,
Western Infirmary, Glasgow Gil 6NT.
(Accepted 9 May 1975.)

immune disorders—for example, rheumatoid
arthritis (Simpson, 1960), systemic lupus erythe¬
matosus (Wolf and Barrows, 1966), Sjogren's
disease (Brown et al., 1968), pernicious anaemia
(Simpson, 1960, 1964; Bletcher and Williams,
1967), pemphigus (Beutner et al., 1968; Vetters
et al., 1973), autoimmune haemolytic anaemia
(Cohen and Waxman, 1967; Halperrin et al.,
1966), Hashimoto's thyroiditis (Simpson, 1964),
and thyrotoxicosis and hypothyroidism (Osser-
man et al., 1967; Simpson, 1968). Serological
abnormalities including rheumatoid factor, anti-
nuclear antibodies, thyroid and haemolytic auto¬
antibodies have been frequently demonstrated in
myasthenia (van der Geld et a/., 1963; Adner
et al., 1964; Simpson, 1964). Abnormalities in
IgA metabolism have also been found in these
patients (Behan et al., in preparation). Histo¬
logically, skeletal muscles from myasthenic
patients show round cell infiltrates (lymphor-
rhages), non-specific findings which may suggest
an immune response.
Humoral antibodies to skeletal muscle or its

components have been demonstrated in the
serum of myasthenic patients by a variety of
techniques, including immunofluorescence
(Strauss et al., 1965; Nastuk et al., 1966; Vetters,
1967), tanned red cell agglutination (Djanian
et al., 1964), and precipitation in gels (Shulman
et al., 1966). Strauss et al. (1965) originally
demonstrated that the serum of 30% of myas¬
thenics, and of almost all patients with myas-
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thenia gravis and a thymoma, contained antibody
to muscle demonstrable on immunofluorescent
staining. They used 900 control cases consisting
of normal subjects and patients with a great
variety of neurological disorders and showed that
all but one were negative. Other workers have
reported positive immunofluorescence in normal
undiluted serum but Strauss used serum at a

dilution of 1 in 60 and considered the reaction
that he found was specific and characteristic of
the disease.
The role of these antibodies in disease patho¬

genesis, however, is doubtful since antibodies are
not present in the majority of patients with
myasthenia and, even when present, there tends
to be no correlation between the antibody titre
and the course and severity of the disease
(Oosterhuis et a!., 1967). Mothers with myas¬
thenia have been found to show high antibody
titres with no symptomatology in the neonate
and the reverse has been described (Oosterhuis
et a/., 1966). Again, patients with a thymoma
often have high titres of anti-muscle antibody
and yet show no evidence of myasthenia even
on detailed electrophysiological testing
(McFarlin et a/., 1966). Theoretically, it is also
difficult to account for a transmission defect
produced by anti-muscle antibodies involving
myofibrils rather than by a process which affects
the motor end-plates.
The original suggestion of Simpson (1960) of

a cell-mediated immunity in myasthenia gravis
has, therefore, been reconsidered. Several reports
have suggested that such mechanisms are in¬
volved but the results have been conflicting. It
was decided to investigate cellular hypersensi¬
tivity to a variety of muscle and thymic antigens
in myasthenia using a standardized and repro¬
ducible in vitro technique (Soborg and Bendixen,
1967; Rosenberg and David. 1970). These anti¬
gens were prepared similarly (1) to those used in
other reports which had claimed positive cell
mediated immune responses (Alpert et a!., 1972;
Armstrong et a/., 1973; Kott el a!., 1973; Goust
et a!., 1974), or those which had been claimed to
induce an experimental thymitis and a partial
neuromuscular block in guinea-pigs (Kalden
et a/., 1973), and (2) to those antigens which react
specifically with the sera of patients with myas¬
thenia (Aarli, 1972). In addition, control non-
muscle antigens were used to which the patients

demonstrated delayed hypersensitivity by skin
testing. Finally, a group of patients were tested
immediately before and within a week after
thymectomy with antigens prepared from their
own thymus and skeletal muscle so as to obviate
the possible effect of histocompatibility antigens.

methods

subjects Patients A Fifteen patients with myas¬
thenia gravis of varying stages of severity, none of
whom had undergone thymectomy.

Patients B Nine patients with myasthenia gravis
who were tested before and after thymectomy.

Patients C Thirty control subjects consisting of 10
normal subjects and 20 patients with a variety of
neurological disorders affecting the central and peri¬
pheral nervous system: sciatica (five), peripheral
neuropathy (two), meningioma (two), glioma (three),
cerebrovascular haemorrhage (two), cerebrovascular
thrombosis (four), subarachnoid haemorrhage (two).

antigens 1. Streptokinase/streptodornase (Vari-
dase, Lederle Laboratories) (SKSD) This was used
at a concentration of 300 units/ml tissue culture fluid.

2. Muscle antigens Three categories of muscle anti¬
gens were prepared from skeletal muscle obtained
at thymectomy, other operations, or necropsy and
dissected as free as possible of connective tissue, fat,
and blood. One of the five antigens listed below was
then prepared.

a. Preparation of muscle hamogenate Fresh muscle
was placed in a sterile dish, diced with a scalpel blade,
and then homogenized in phosphate buffered saline
pH 7.2, as a 20% w/v homogenate, in a Sorval
Omnimix Blender. It was then centrifuged for
15 minutes at maximum speed and aliquots of the
supernatant were stored at — 20°C and used within
three weeks of preparation. Before use, the antigens
were frozen and thawed once, then diluted with
RPM1 1640 tissue culture fluid to obtain the desired
dilution. Dose response curves were used initially
to determine cytotoxicity of the antigen. The concen¬
trations finally used were 1/100 and 1/50 dilutions of
the original 20% w/v homogenate.

b. Preparation of soluble and microsomal fractions of
muscle The method of Kalden et al. (1973) was
followed. Fresh skeletal muscle tissue was homo¬
genized (20% w/v) in phosphate buffered saline
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pH 7.2. The homogenate was centrifuged for 10
minutes at 2 500 g and the supernatant then used to
prepare the fractions needed. First the supernatant
was centrifuged for 30 minutes at 10 000 g at 4'C.
The sediment was discarded and the supernatant
further centrifuged in a Beckman vacuum ultra-
centrifuge at 105 000 g for one hour. The final sedi¬
ment obtained (so called microsomal fraction) and
the supernatant (so-called soluble fraction) were lyo¬
philized. The lyophilized fractions were prepared for
use by dissolving in RPMI 1640 tissue culture fluid
and making up to concentrations of 500 ng/ml
(microsomal fraction) and 500 n-g/ml and 250 (zg/ml
(soluble fraction). These concentrations were deter¬
mined to be non-cytotoxic by previous dose-response
measurements.

c. Preparation ofcitric acidextract ofmuscle Skeletal
muscle was thawed, minced, and washed in cold
phosphate buffered saline repeatedly until the super¬
natant was free of all discoloration. A citric acid
extract was then prepared as described by Espinosa
and Kaplan (1968) and used by Aarli (1972). The
procedure included repeated extractions with 0.85%
NaCl before treatment with 0.05 M citric acid. The
final extract obtained was lyophilized. It was easily
soluble in RPMI 1640 and concentration response
curves were used in order to obtain a concentration
of the extract which did not produce non-specific
inhibition in the controls. In most cases the concen¬

tration used was 50 ug/ml.

3. Thymus antigens Human thymus obtained at
operation for thymectomy was dissected free of con¬
nective tissue, fat, and blood vessels. It was washed
repeatedly in cold phosphate buffered saline and then
frozen to — 20°C unless used at once to prepare the
antigens.

a. Preparation of thymus homogenate Fresh thymus
tissue was minced, then homogenized in 20% w/v
in RPMI 1640 using a Sorval Omnimix blender. It
was filtered once through cotton gauze and then
frozen and thawed once before being stored at —20 C
until use. It was used at a final concentration of 1/20
of the original 20% w/v homogenate.

b. Preparation of thymus soluble antigen The method
of Goust et al. (1974) was used. Fresh thymus was
minced and suspended in 10% w/v in 0.5 M saline
and then homogenized in a Sorval Omnimix blender
at maximum speed in bursts of 20 seconds. The homo¬
genate was then spun at 1 000 g for 15 minutes and
the lipid-free supernatant lyophilized. The above
operations were all carried out at 4°C. Finally,

protein concentration was adjusted to give a final
concentration of 100 ng/ml.

skin testing Patients and control subjects were
skin tested by an intradermal injection into the volar
surface of the arm of 0.1 ml of a normal saline
solution containing 5 units and, if unreactive to this,
a saline solution containing 10 units of streptokinase/
streptodornase. The results were examined at 24 and
18 hours and were considered to be positive when
the raised indurated area was greater than 1.0 cm in
diameter.

In vitro technique of macrophage inhibition The
leucocyte migration test was performed according
to the technique of Soborg and Bendixen (1967)
with modifications as indicated. Essentially 50 ml
venous blood was taken under sterile conditions into
a syringe containing 1 000 units of preservative-free
heparin and 10 ml dextran. The blood was then
allowed to sediment at 37°C for 20 minutes. All but
the bottom 0.5 cm of leucocyte-rich plasma was re¬
moved and the suspension then centrifuged at 250 g
for 10 minutes. Nine volumes of 0.83% ammonium
chloride were added and the cells resuspended and
left in this solution for four minutes exactly. (The
ammonium chloride lysed the red cells present.) The
cells were then centrifuged at 200 g and washed twice
in RPMI 1640 tissue culture fluid and then once in
RPMI 1640 to which 10% fetal calf serum had been
added and 1.0% penicillin and streptomycin. After
the final wash the cell pellet was suspended in the
residual fluid and a trial capillary filled and sealed
with Critoseal. This capillary was centrifuged at 200 g
for four minutes and the concentration of the ceil
suspension remaining was adjusted so that after
dilution with antigen (1/5 dilution) a length of
2-3 mm of the capillary would be filled with packed
cells. Usually between 2.2 and 2.8 ml of cell suspen¬
sion of the required concentration was obtained,
meaning that a total of between 22 and 28 chambers
(each containing two capillaries) could be set up.
The cell suspension was then divided into at least
nine aliquots of 0.2 ml. Each aliquot was incubated
with 0.05 ml of one of the various antigens (and one

aliquot had 0.05 ml of RPMI 1640 alone added) for
two hours at 37°C. Thus a minimum of two chambers
was set up for each antigen and the controls. If the
number of cells permitted, the aliquots of each cell
suspension and the antigen were increased accord¬
ingly. At the end of the two hour incubation period
haematocrit tubes were filled with the cell suspensions
sealed at one end with Critoseal and centrifuged at
200 g for four minutes. The tubes were cut at the
cell-fluid interphase and the cell bearing ends of two
capillaries placed in each small culture chamber
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(planchette: Univers, Meckaniska, Sweden) secured
at one end with silicone grease (Dow Corning,
vacuum silicone grease). The chambers were filled
with tissue culture medium RPMI 1640, sealed with
a greased cover slip, and incubated for 18 hours at
37°C. The migration surfaces were then examined
under a Leitz Diavert inverted microscope with
drawing attachment and the area ofmigration drawn
on white paper. This area was measured with a plani-
meter. The migration index was then calculated thus:

migration index
surface area in presence of antigen

^
surface area in absence of antigen

Each result is the average of at least four capillary
measurements: unless the measurements agreed
within 15% the result was discarded. An inhibition
of migration of more than 30% was considered to
be a significant result.

autologous antigens Group B patients were
tested for possible cell-mediated immunity to their
own muscle and thymus. Their peripheral blood was
withdrawn before thymectomy and set up as de¬
scribed in the presence of crude homogenates of
muscle and thymus obtained at operation. The
experiment was repeated one week later using the
same antigens.

RESULTS

Delayed hypersensitivity, as demonstrated by
inhibition of macrophage migration greater than
30%, was observed in all patients tested with
the SKSD antigen. Excellent correlation was
observed between this finding in vitro and the
demonstration of cutaneous reactivity to SKSD
with thickened, indurated lesions greater than
1.0 cm in vivo.
No inhibition of any significant degree (greater

than 30%) could be found in normal subjects or
in the three groups of patients, to any of the
antigens prepared from thymus and muscle
(Figs 1, 2, and 3).
It can be seen that thymectomy had no influ¬

ence on the results of testing with SKSD anti¬
gens, as measured in vitro. Similarly, thymectomy
did not influence the negative results to muscle
and thymic antigens in the patients tested with
autologous antigens before and after operation.

DISCUSSION

We were able to demonstrate that the in vitro

technique of macrophage migration inhibition
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detected cell-mediated immunity to streptokinase/
streptodornase (SKSD) but we were unable to
show similar sensitivity to any of the skeletal
muscle or thymic antigens employed in our
experimental subjects. These results, therefore,
conflict with those of other workers who, using
the same technique, claim to have found hyper¬
sensitivity to muscle and thymic antigens in
patients with myasthenia.
Alpert et al. (1972) obtained positive inhibitory

responses to crude skeletal muscle and myosin-
containing fractions in 14 of 21 myasthenics.
They considered inhibition of migration of more
than 30% to be significant: 12 of their patients
showed this degree of inhibition but inhibition
to the same antigens of up to 10% was also
present in their control subjects. No positive
control antigens were used in the system—for
example, PPD, Candida, or SKSD but with non¬
specific proteins, such as meconium extract, they
obtained greater than 20% migration inhibition
in some patients. A strong positive correlation
was noted between the degree of cell-mediated
immunity and the titre of humoral muscle anti¬
bodies.

Armstrong et al. (1973), using thymic lympho¬
cytes, found cellular hypersensitivity to crude
muscle and crude thymus antigens in myasthenic
patients but also reported similar sensitivity to
muscle in nearly 50% of their control subjects.
In addition, they obtained a positive response
in a patient with a thymoma who did not have
myasthenia gravis. Kott et al. (1973) showed
positive in vitro responses to crude muscle and
myosin-containing fractions as antigen in 63%
of their patients with myasthenia gravis. They
noted, however, poor correlation between cell-
mediated immunity and the presence of humoral
antibodies but they were able to demonstrate a
correlation between the stage of the disease and
cell-mediated or humoral immunity. The authors
stated that tuberculin was used as a positive
control antigen but these particular results were
not presented.
Goust et al. (1974) found cell-mediated im¬

munity to muscle and thymic antigens in 45 of
their 46 patients. They used monkey muscle and
thymus and human muscle as antigens. They
demonstrated that some of their patients re¬
sponded only to human muscle and others only
to monkey muscle and one to monkey thymus

only. They noted that 'no correlation appears
to exist between the clinical and pathological
data' and presence of a thymoma, thymectomy,
or a changing clinical state did not influence the
results of their test. No control antigens of any
sort were used and some of their control subjects
had inhibition of 20-35% to the muscle and
thymus used as antigen. Positive responses to
the muscle extracts were also found in 12 of 14

patients with polymyositis but without myas¬
thenia gravis.
A criticism that can be made of all these

reports is that positive control antigens were not
used. In addition, dose response curves were not
employed to measure cellular hypersensitivity
when present. In our experiments, increasing the
dose of antigen had no effect, whereas if sensi¬
tivity were present one would expect some in¬
crease of inhibition with an increase in antigen
concentration. Furthermore, Goust et al. (1974)
noted that enhancement of macrophage migra¬
tion was present in 10 cases at one or both of
the antigen concentrations used and they stated
that 'in myasthenia gravis, with this technique,
an augmentation of the migration index seems
as significant as a depression'. Augmentation is
found in the macrophage migration inhibition
test when no sensitivity exists, so that this state¬
ment is open to criticism.
A non-specific inhibition ofmacrophage migra¬

tion may occur due to differing histocompati¬
bility antigens. Falk et al. (1970) showed that
non-sensitized lymphocytes were stimulated to
produce macrophage inhibiting factor on contact
with different histocompatibility antigens. We
used autologous antigens in some of our experi¬
ments in order to eliminate this effect but the

phenomenon may help to explain, in part, the
inhibition noted by other workers.
Our findings do agree with those of experi¬

menters who used different in vitro methods to

try to detect cell-mediated immunity to muscle
and thymic antigens in patients with myasthenia
gravis. HouseleyandOppenheim(1967)and Lisak
and Zweiman (1975), employing the technique
ofmeasuring lymphocyte proliferative responses,
were unable to show any sensitivity in patients with
myasthenia. Similarly, Abramsky et al. (1975),
using a lymphocyte transformation method,
found no response to crude muscle antigen
in the myasthenic patients they investigated.
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The inhibition which has been observed is
most likely an epiphenomenon. Indeed, Alpert
et al. (1972) point out in the interpretation of
their results that the findings need not reflect a
primary immunological effect but rather 'may
simply reflect a cellular response to tissue altera¬
tion resulting from another cause'. This was also
the opinion of Lisak and Zweiman (1975) who
stated 'it would be somewhat surprising if such
reactivity (cell-mediated immunity) was patho¬
genic in the face of the disparate clinical features
of the two disorders' (the other condition they
referred to was polymyositis in which cell-
mediated immunity has been shown by Currie
et al. 1971).
The specificity and significance of cell-mediated

immune responses to muscle in myasthenia gravis
is questioned because of the demonstration of
similar sensitivity in patients with muscular dys¬
trophy (Caspary et al., 1971), polymyalgia
rheumatica (Esiri et al., 1973), and Guillain-Barre
syndrome (Caspary et al., 1971). Furthermore,
Kott et al. (1971) have reported sensitivity to
central nervous system antigens in patients with
myasthenia gravis and Caspary et al. (1971) have
found similar reactivity to these same antigens
in patients with muscular dystrophy.
The possibility that muscle and thymic anti¬

gens might be involved in the pathogenesis of
myasthenia gravis, however, is also suggested by
the work of Goldstein and Whittingham (1966)
and Kalden and Irvine (1969) who claim that
myasthenia gravis can be produced in guinea-
pigs by immunizing them with these antigens.
Several other investigators, however, have been
unable to confirm their findings (Kaufmann et al.,
1969; Namba and Grob, 1969; Vetters et al.,
1969; Behan, 1974). None of the animals immu¬
nized by the former workers developed clinical
disease and subtle electrophysiological changes
were used as the criteria for diagnosis of myas¬
thenia. These changes are non-specific and open
to differing interpretations (Vetters et al.. 1969;
Brooks, 1971). The antigens used by Kalden et at.
(1973) failed to elicit any positive responses in
our system.
The occurrence of myasthenia gravis in associ¬

ation with diseases in which there is anergy—
for example, chronic lymphatic leukaemia
(Cohen and Waxrnan, 1967), lymphosarcoma
(Simpson, 1960), Hodgkin's disease, systemic

lupus erythematosus (Wolf and Barrows, 1966),
and sarcoidosis (Simpson, 1960; 1964)—militates
against cell-mediated hypersensitivity being in¬
volved in the pathogenesis of the disease.
Fudenberg (1971) has postulated that there is a
depression ofT-cell function rather than a hyper-
allergic state in the autoimmune disorders. In
fact, myasthenic patients show impaired immune
responses to dinitrochlorobenzene (DNCB) sensi¬
tization (Adner et al., 1964).
An association between certain histocompati¬

bility antigens and myasthenia has also been
demonstrated recently (Pirskanen et al., 1972;
Behan et al., 1973). HLA-8 has been found to
occur with a very high frequency in myasthenia
gravis, gluten enteropathy, dermatitis herpeti¬
formis, and autoimmune thyroiditis (Dausset
et al., 1974). It is claimed that F1LA-8 is associ¬
ated with disorders of impaired immunity
(Da Costa et al., 1974).
Our work, therefore, provides no evidence to

support the theory that cell-mediated immunity
to muscle or thymic antigens is involved in the
pathogenesis of myasthenia gravis. The most
likely explanation for the previous reports of
such cellular hypersensitivity is that these findings
represent an epiphenomenon and not true cell-
mediated immunity.

The encouragement and advice of Professor J. R.
Anderson are gratefully acknowledged.
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with IgG hctcroantibody 'chicken EA) on the v.n.L. front
14 patients tvith myasthenia gravis, 8 of whom had under¬
gone thymectomy 1-8 veers ago. The techniques have
been described.8-10 The results, together with tests on
p.e.l. cf 25 normal subjects of similar age and sex distribu¬
tion to the myasthenic patients, are shown in table i.
Althouga a minority of tests were performed with 0-5%

suspensions of auto-E, which we have since shown to be
below the optimum concentration, tire percentages of
A.R.r.c. in all three groups are many times greater than those
reported in man by Dr Charreirc and Dr Bach, almost
certainly because of differences in tcciuiiouv. Vve have
regarded as a.u.f.c. those lymphocytes binding 3 or more
auto-E: iflyrnphocytcs binding 1 or 2 auto-E are included,
the total approximates to 10% of the p.b.l. The mean
percentages of a.r.f.C. were not significantly different for
the three groups, nor does consideration of rhc mean total
lymphocyte counts (not shown) suggest a significant rise
in the absolute numbers of A.it.f.c. following thymectomy.
We have also compared the percentages of a.r.f.C. in the
p.B.l. of normal subjects of different age-groups, using

ROSETTE TESTS FOLLOWING THi'MEGTOAlY

Sir,—Dr Charreire and Dr Bach (Aug. 3, p. 299)
observe that approximately 1% of normal mouse-snieen
cells form rosettes with autologous erythrocytes (auto-E)
and thar the percentage of aurorosette-forming ceils
(a.r.f.C.) is increased in thymic-cencient (Jiymectomised,
Nude, NZB, and old CBA) mice. They report also auto-
rosette formation by 0T2% of human peripheral blood
lymphocytes (p.b.L.) from young adults and by 0-45% of
p.b.l. from cider people. Thcv suggest that autorosette
formation is related to the thymus and that T lymphocytes

table 1—rosette tests in myasthenia gravis and normal

SUBJECTS

'lAbLE 11—I'EKCLN i AGES AbiU:'.'J5Zi tL-rohhUiiw

AT Din-iRLN'T AGES

Subjects No.
Mean
age

(range)

Percentage cf lvmphccvtes
forming rosette: ^'ith:

Sheep
E

Chicken
EA

Auto-
E

Myasthenia gravis:.
Thymectomised .. 8 37 66 29 1-7

(20-70) (60-72) (22-38) (0-5-3)
Kon-thjir.cctomised 6 35 69 26 1-3

(17-64) (65-74) (19-33) (1-2)
Normal individuals.. 25 30-5 69 26 2

(IS—55) (55-S2-5) (15-12) (0-5-6)

may play a suppressor role in autoimmune responses:
this has also been postulated by Allison et ah'
We reported 8 autorosetie formation by 0-5-10% of

human r-.B.L. from normal individuals, and an increased
percentage of a.r.f.c. in some patients with cancer. This
might seem to support Dr Charrcire and Dr Bach's sug¬
gestion, for there may be suppression of T-cell function
in cancer patients.'
To obtain more direct information on the role of the

thymus in rosette formation, we have performed rosette
tests with auto-E, sheep E, arid with chicken E sensitised

8. Sandilands,G.,Gray,K.,Cooney,A.,
Browning,J.D.,Anderson,J.R. Lancet 1974,
i, 27.

9. Eilber,F.R.,Morton,D.L. Cancer 1970,
25, 362.

Age group (yr.) 18-29 30-39 40-53*
Autofostno-jnrmin<r cells
/Vhin { 3-6 2-8 3-4

Range 0-5-9 0-5-9-5 0-5-6
No. of individuals 34 8 8

optimum (1-5%) suspensions of auto-E, and have observed.
:io significant differences between the aces of 13 and 55
years (table n).
These results provide no evidence that thymectomy or

ageing arc associated with an inc. rase of a.r.f.C. in the
p.n.L. We suspect that autorosette formation by p.B.t.. may
be of little immunological significance, partly because we
have observed rosette formation by similar small percentages
of human p.b.l. using erythrocytes of various species
(guincapi-4, mouse, rat, and chicken E), and partly because
human r.B.i.. in culture are apparently not stimulated to
transformation by human B.11
Lastly, we are unaware of reports on the proportions of T

and B Iranian p.m.. following thymectomy. Accepting the
slicep-E and chicfcen-EA rosette tests as indications of T
and B ceiis, respectively, our results suggest that there lias
been no significant fall in the T-cel! population up to S
years sifter thymectomy (table i). Care was taken, at
operation, to remove the anterior mediastinal fatty tissue,
and it seems likely that thymectomy was complete or
nea.ly so, in which case maintenance of the T-cel! popula¬
tion in these patients appears to be largely independent cf
the thymus. It is not known, however, whether they are
capable of normal immune responses to previously un-
cncountered antigens.
We trunk Mr K. Eraser, who performed the thymectomies,

for permission to report these findings.
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DI-CRF.ASiiD SERUAi-IgA IN MYASTHENIA GRAVIS
Sir,—Iimnuncgiobulin A (IgA) is the major immunoglob¬

ulin found in external secretions after the first three years of
life, and its function appears to be to protect the external
mucosal surfaces against infections.' Another suggested func¬
tion is exclusion of antigens, and IgA deficiency has therefore
been said to result in atopic illnesses.2 3 Relative IgA deficiency
is the commonest isolated immune deficiency, occurring in
1/500 to 1/700 normal individuals and in association with a

miscellany of disorders. In apparently norma! individuals with
IgA deficiency, however, there is a conspicuous predisposition
to develop respiratory infections, allergies, intestinal malab¬
sorption, autoimmune disorders,' and malignancy.4
The most frequent association of decreased scrum-IgA and

disease is seen in patients with autoimmune disorders—rheu¬
matoid arthritis,5 systemic lupus erythematosus,' 6 pernicious
ainrinia,7 thyroiditis," chronic active hepatitis," Addison's dis¬
ease," .Sjogren's syndrome," and dermatomyosilis.* Other dis¬
orders in which decreased concentrations of IgA have been
found include chromosomal abnormalities," pulmonary htcmo-
siderosij,''1 and persistent viral and fungal infections." "
In a detailed immunological investigation of a large group

of patients with myasthenia gravis, we found that some pa¬
tients had decreased serum-concentrations of IgA. A study was
carried out using the radial immunodiffusion technique with
monospecific antiserum to IgA (Hyland Laboratories) in 51
patients, with appropriate age and se.t matched controls.

13 of the 51 patients had decreased concentrations of IgA,,
with a very low concentration in 1 serum and no IgA detect¬
able in 2 other sera (see figure). Of the 2 sera with no IgA,
1 was from a patient with congenital myasthenia gravis and
the other from a patient with myasthenia gravis and systemic
lupus erythematosus, the letter's mother having codiac disease
ar.'i also no detectable scrum-IgA. The congcnital-myasthcnic
patient had been found (6 years previously, before thymec¬
tomy) to have a very low concentration of serutn-IgA. Serum
samp!;"; before and after thymectomy were available in 12
patients: the immunoglobulin ievels were not affected by this
procedure. Increased concentrations of IgA were found in 6
patients, 2 having very high levels. The significance of these
findings is unknown.
There is evidence that IgA production is related to intact

thvnnc function.12 Neonatal thymectomy in the mouse and rat
inter'sres with production of IgA,'3"'5 resulting in subnormal

1. :„r.u\i. I". IS.. Jr. AVir ffi.e/. J. M-:d. 1965,279, 1327.
2. Sefwar/. I).Buckley, K. II. 1071,234, 513.
3. i-villm-W iliiams, C.. Ch'.a, A. W., Yuiga, II. A. Clin. Allergy, 1971, 1, 3S1.
4. Amuunn, A. J., Hone. R. Medicine, 1V71, 50, 223.
>. Jluntlcv, C. C., Thorpe, D. P., l.ycrly, A. I)., Kclsey, \V. M. Am. J. Dis.

C'::!d. 1967, 113, 411.
6. Chimin, H. N , Hartley, T. !;.. Mcrrii!. D. J. Allergy, 1966, 38, 215.
7. vXl.Tor:-:, R. J., Vi'angcl, A. G. Lance:, 1968, ii, S46.
8 I V. iv«is. K., Rosenberg. D., Bcrtrar.d, J., Manuel, Y., Rack, D., Guiband,

'' An'iis I'n Jiut. 1967.43, 277.
9. Sirwart. J , Go. S.. l:!!is, L".. Robinson, A.J. med. Genet. 1970, 7, 11.
10. Kricccr, i.. Hrough, .1. A. Site. ling!.]. Med. 1967, 276, 3S6.
11. !icbK. J. R. !.cr.ee:, 1968, i. 110.
12. Lancet, 1975. ii, 12^1.
13. Arnn'on, H. G.. St. Cyr, C. de V., Shafrner, J. H.J. exp. Med. 1964, 93,

VI5.
!4. GrurJ.-r.ann, H.. Hobik, H. I'. Presented at the Conference on Germinal

Centres of Lvmpkatic Tissue, Her;.<\ Switzerland, 1966.
i > \rrv»«- vr, H. G .'Si. C>r, C. d: V.. l.Tsbur, P. Witwe. 1963, 197, ! !99.
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concentrations of IgA but not complete absence. Congenitally
athymic nude mice have IgA deficiency, but many IgA-bearing
B lymphocytes'" are present. Similarly, IgA deficiency has
been found in ataxia telangiectasia, but there is again evidence
that IgA-bearing o lymphocytes arc present in this condition.
These lymphocytes will release IgA on mitcgcr.ic stimulation in
vitro."

Increased IgA is usually seen in association with inflamma¬
tory disorders, but, paradoxically, very high levels arc often
found in patients with immunodeficiency diseases. These in¬
creased concentrations have been recorded in both ataxia

telangiectasia and the Wiskott-Aldrich syndrome.
IgA deficiency has been reported in association with congenital

myasthenia gravis, "and a low concentration ofall immunoglob¬
ulin classes has been found in myasthenic patients with thy¬
moma." There seems to be a definite association between

deficiency of IgA and depressed cell-mediated immunity. It has
been suggested20 21 that a pre-existing deficiency in the cellular
immune (T-cell) system, associated with impaired expression of
ccll-mcdiated immunity, predisposes the patient to the develop¬
ment of autoimmune diseases. For instance, there is an in¬
creased incidence of autoimmune diseases in children with im¬

munological deficiency, and neonatal thymectomy in animals
predisposes to various autoimmune states.22 The presence of
the thymic-dependtnt immunological deficiency could facili¬
tate the entry to the host of an environmental agent, presum¬
ably a virus.

We have previously reported subtle impairment of tiiymus-
dcrived lymphocyte function in patients with myasthenia
gravis23 and suggested thai the disease had an immunode'i-

16. Bankhurst, A. D., Warner, N. D. Aust. J. exp. Biol. rned. Sci. 1972, 50, ool.
17. Alexander, R.; Lawten, L. Y., Wu, F., Cooper, M. D. Proceedings of the In¬

ternationa! Symposium on the Immunoglobulin-A System; p. 373. New
York. 1974.

18. Uundcy, S., LX>r.iaeh, D., Soothiil, J. F. Clin. exp. Immun. 1972, 1 1, 321.
19. Tc Vcide, K., Huber, J., Van tier Slikke, L. B. Ann. intern. Med. 1966, 65,

554.
20. Zitf. M. ibid. 1971, 75, 951.
21. Aliison, A. C., Dcnmsn, A. M., Barnes, 13. O. Lcncet, 1971, ii, 135.
22. Cooper, M. D., Peterson, R. D. A., Goo-J, R. A. Rheumatology; p. 86. Basel,

1970.
23. Simpson, J. A., VyTan, P. ()., Dick, H. Ann. X.Y.Ac.d. Sci. (in (he pros}.
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cicncy basis. The present findings of abnormal immunoglobu-
lin-A metabolism arc further evidence to support this hypoth¬
esis.
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In 1955-60, one of us proposed a hypothesis for myasthenia gravis based
on clinical data indicating a multisystem disease with resemblances to systemic
lupus erythematosus, transmissability to the newborn, response to corticosteroids,
and pathological changes in muscle and thymus suggestive of immunological
disease.1 The hypothesis was that a genetically determined breakdown of im¬
munological tolerance associated with abnormal thymic function permitted de¬
velopment of antibody against end-plate receptors of skeletal muscle, the anti¬
body possibly being carried by lymphocytes, as again suggested by Alpert et aid
Smithers3 considered that the myasthenic thymus resembled the thyroid of
Hashimoto's disease, suggesting autoimmune damage of the thymus, but did not
attempt to explain the neuromuscular disease. Nastuk et aid noted that myas¬
thenic sera Iysed frog skeletal muscle. The reaction was complement-fixing and
was shown by Strauss et aid to be associated with binding of a serum globulin
to A bands of muscle fibers. Later work showed that this globulin, acting as
antibody, was at high titer in patients with thymic tumors but was not closely
related to myasthenia.6 Myasthenic patients also have more serum antibodies
against thyroid, gastric, and other tissues than a control population.7' 8

Later developments of the Smithers and Strauss theories lead to an "instruc¬
tive" theory of autoimmunity with production of thymitis. Goldstein and col¬
laborators 9'10 claim to have produced thymitis experimentally by injection in
a range of laboratory animals with skeletal muscle or thymic tissue, and these
workers account for the neuromuscular disease as the release of a blocking
substance from the thymus. Their experimental animals do not show clinical
evidence of myasthenia and do not produce autoantibodies other than those to
muscle or thymus. Other workers 11 dispute the interpretation of their electro¬
physiological findings. The Goldstein hypothesis cannot account for persistence
or first appearance of myasthenia after thymectomy, though these facts are well

* We are grateful to the Muscular Dystrophy Group of Great Britain for support¬
ing this research.
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documented. On the contrary, autoimmune disease may flare up soon after
thymectomy. This has been reported for systemic lupus erythematosus and
chronic ulcerative colitis,12'13 Hashimoto's disease 8 and pemphigus vulgaris.14'15
It would also be predicted from the Goldstein hypothesis that the response of
myasthenia gravis to thymectomy should be, in some measure, proportional to
the histological reactivity of the thymus. Opinions on this point are conflicting.
Vetters and Simpson 10 review previous reports and in our material find better
response from removal of relatively unreactive glands, but the tendency was
not statistically significant.

The explanation for immunological tolerance to "self" as advanced inde¬
pendently by Weigle 17 and Allison 18 is that tolerance is dependent on healthy
thymus-dependent lymphocytes. In their theory, the formation of autoantibodies
against self-antigens, such as thyroglobulin and muscle, requires cooperation of
T and B lymphocytes. When self-antigens are present in the blood in small
amounts, T cells fail to react although sensitized B cells are present in normal
numbers. Bypassing the T lymphocytes can occur in several ways, particularly
in genetically predisposed individuals with specific but subtle T-cell defects and
who are exposed to certain viruses. The confirmed findings of Abdou and
collaborators 19 of increased B cells in the thymus, and the demonstration of
new antigenic determinants on the surface of thymocytes strongly suggest the
presence of an occult virus.

The Simpson 1 hypothesis is a "breakdown of tolerance" type of theory. It
is the only one that accounts for the clinical and serological overlap and that
postulates a genetic factor. Persistence or relapse of myasthenia gravis after
thymectomy is not surprising as we have shown apparent persistence of T cells
up to eight years after thymectomy.20 The heuristic values of the three major
hypotheses were reviewed by Simpson 21 and the concept of genetically deter¬
mined defective immunological tolerance was advanced. After 15 years of
research all over the world, it is only recently that evidence of antiacetylcholine
substance has been published.22 Recent attention has turned from humoral to
cell-borne immunological mechanisms as suggested in the original hypothesis.1

Thytnus-Dependent Cellular Function

Synthesis of new protein, as part of increased metabolic activity of resting
thymus-derived lymphocytes, is produced by stimulation of these cells with
phytohemagglutinin, which leads to blast transformation, DNA synthesis, and
cell division. Measurement in vitro of increased protein synthesis when phyto¬
hemagglutinin (PHA) is applied to resting lymphocytes offers advantages over
conventional methods that measure blast transformation, DNA synthesis or
both, to determine lymphocyte function. We have applied this technique to
study the peripheral blood lymphocytes of 37 myasthenia gravis patients and
healthy age- and sex-matched control subjects. This method is more accurate
and sensitive than measurement of PHA stimulation at three days.23 There is a
subtle but highly significant impairment of lymphocytic function in patients with
myasthenia gravis (Figure 1). This impairment is similar to that found in
patients with malignant disease and patients in the early stages of Hodgkin's
disease. Furthermore, this abnormal response is disccrnablc in myasthenia gravis
patients when skin tests with ubiquitous antigens such as strcptokinase/strcpto-
dornase (SKSD), Candida, and purified protein derivative (PPD) are strongly
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positive and the PHA stimulation at three days, as measured by thymidine
uptake, is normal.

The cause of this T lymphocyte abnormality is unknown and could be
explained by defective PHA receptors or decreased receptor density on the
lymphocytes, or by an abnormal serum factor. We have demonstrated that the
population of T cells in the peripheral blood of myasthenic patients is normal
and uninfluenced by thymectomy.20 The number of T cells in the peripheral

P = 0.00002 0.00002 0.00002 0.00005 0.05296

PHA Concentration (pg(ml)
Figure 1. Phytohemagglutinin (PHA) stimulation of protein synthesis in pe¬

ripheral blood lymphocytes. The data are expressed as the stimulation ratio, i.e., the
ratio of counts per minute in PHA-stimulated cultures to counts per minute in un¬
stimulated control for each subject at each PHA concentration. The data from 27
normal controls and from 15 patients with myasthenia gravis are pooled and pre¬
sented as the mean at each PHA concentration. Stimulation ratios differ significantly
at each PHA concentration (p= 0.00002) to 0.65 ng/ml where p= 0.05.

blood, as measured by auto-E-rosettes was found to be normal eight years after
thymectomy despite a good clinical response.

Studies on cell-mediated immunity (CMI) to muscle and thymic antigens
in myasthenia gravis have been conflicting. Inhibition of macrophage migration
by skeletal muscle fractions was reported by Alpert,2 Armstrong,21 Kott,25 and
Goust 26 and their collaborators, but these workers disagree in regard to correla¬
tion between the degree of cell-mediated immunity, the titer of humoral muscle
antibodies, and the stage of the disease, and the experimental controls may be
criticized.27 A nonspecific inhibition of macrophage migration may occur
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because of differing histocompatibility antigens.28 Using similar techniques with
muscle and thymic antigens but with more rigorous controls, including the use
of antigens prepared from the patient's own muscle and thymus, we have found
that there was no inhibition of macrophage migration of any significant degree
(greater than 30%) in normal subjects and in myasthenic patients either before
or after thymectomy though delayed hypersensitivity was observed in all patients
tested with a streptokinase/streptodornase antigen. The SKSD response was not
influenced by thymectomy.27 Our findings agree with the lack of sensitivity of
CMI shown in myasthenics by lymphocyte proliferative responses.29-31

As cell-mediated immune responses to muscle in myasthenia gravis resemble
those reported in other neuromuscular diseases32-33 they may, like the anti¬
bodies previously studied, be epiphenomena and markers of cellular damage, or
be active only at the initiation of the disease or its relapses. Nonetheless, the
clinical and immunopathological data still point strongly to a disorder of im¬
munological tolerance in myasthenia gravis. A possible solution to the dilemma
is suggested by tho hypothesis of Fudcnberg 34 that autoimmune diseases arc, in
fact, manifestations of either generalized or selective immunological deficiencies
that, in the genetically predisposed, permit microorganisms, normally handled
readily by the immune systom, to circulate freely and to attack tissues for which
they have a tropism. He has suggested that antibodies, far from causing auto¬
immune disease, may be part of a normal protective mechanism designed to
help the body eliminate dead or damaged tissue and may, in fact, help protect
an organ from increased damage. Adner et al.3* have previously shown that
myasthenic patients show impaired responses to sensitization with dinitrochloro
benzene. It may also be considered as militating against hypersensitivity in the
pathogenesis of myasthenia that it occurs in association with diseases in which
there is anergy, e.g., chronic lymphatic leukemia,30 lymphosarcoma,1-37 Hodg-
kin's disease, systemic lupus erythematosus,13 and sarcoidosis.1- s

Immune Response Genes in Myasthenia Gravis

Simpson 4-s-21 proposed that a breakdown of immunological tolerance,
probably genetically determined, may be manifested either as myasthenia gravis
or other autoimmune disorders, with occasional overlap, a view supported by
Fudenberg.34 Genetic determination of defective tolerance is supported by an
immunogenetic analysis of our patients. In preliminary reports 3S-39 we noted
that histocompatibility antigens HL-A1 and HL-A8 occurred with dispropor¬
tionate frequency in patients with myasthenia, and to a lesser degree in their
families. Other preliminary reports 40-41 showed similar findings but in both an
increased frequency of HL-A8 was present only in female myasthenic patients.
Feltkamp and coworkers 42 showed a positive correlation between HL AS and
myasthenia gravis that was significantly higher in women than in men. In their
experience the prevalence of HL-A8 was less and that of HL-A2 more in
patients who had serum antibodies to skeletal muscle or a thymoma or both.
A similar incidence of HL A8 antigen has been found in other autoimmune
disorders and in malignancies (Hodgkin's disease) that share a hypoallcrgic
state. It may be, however, that specific immune response genes with close link
age to HL A antigens may bo more important with respect to disease susccpti
bility.43

It is probable that there is linkage disequilibrium between HL-A second
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locus antigens and mixed lymphocyte culture (MLC) antigens.44 For example,
the HL-A haplotype HL-A 1-8 is very frequently associated with one particular
MLC antigen. Thus two unrelated individuals with these HL-A antigens may
also have identical MLC antigens. In preliminary studies we have found that
there was restricted MLC inheritance in the families of myasthenics. We have
only looked at three such families to date and an alternative explanation may
be a high frequency of homozygotes for MLC in myasthenic families.

Immunoglobulins

Most patients with myasthenia gravis show grossly normal plasma protein
fractions, an increase in gamma globulin being associated with concomitant
autoimmune disease.45 We have previously stressed the low incidence of rheu¬
matoid factor in the "rheumatoid arthritis" of myasthenics.37 We have now
demonstrated a selective decrease in IgA in 10 of 50 myasthenic patients, which
was not influenced by thymectomy. Three of these patients who showed the
lowest levels were all cases of congenital myasthenia who had undergone thy¬
mectomy. In addition, IgE levels were determined and these proved normal in
all cases.

Selective IgA deficiency, found in 1 in 700 normal subjects, occurs more
commonly in patients with autoimmune diseases and in immunodeficiency
states, particularly those with defective CMI. (Hobbs 4,1 prefers to use the
term "aberrant immunity" in connection with IgA deficiency).

Serum Complement

A role for complement in the pathogenesis of myasthenia has been sug¬
gested by several workers.4-4T- '* They measured serum complement levels
serially in patients and stated that it was lower during active disease, rising to
normal or supernormal levels in remissions. It was considered that an auto-
hypersensitivity reaction during the exacerbation of the disease utilized com¬
plement. Plescia and colleagues 43 found reduced levels of C2 and C4 and
inhibitors to these components but were unable to state how these phenomena
were related to myasthenia.

A detailed analysis of serum complement was carried out in 30 of our
patients. This included measurement of Clq, C3, C4, C7, and C3 proactivator,
and C3 conversion products with C3 activator levels, and the estimation of
CH50 units. Anticomplementary assays were also performed. All were normal
though we examined active phase and remittant cases.50 A possible explanation
for the discrepancy of these findings may be that cases of myasthenia found to
have low levels of complement had other autoimmune disorders such as SLE
or rheumatoid arthritis in which complement metabolism is disordered.

Summary

Clinical and laboratory data continue to support the concept of a genetically
determined breakdown of immunological tolerance in myasthenia gravis with
immunological damage to the motor end plates. The demonstration of impaired
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function of thymus-derived lymphocytes and of IgA deficiency correlate well
with the clinical data in which there is an increased incidence of autoimmune
diseases associated with anergy. Whilst the exact pathogenesis of myasthenia
gravis is unknown, the available data support the concept of an immune de¬
ficiency disorder.
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At the 1973 Barcelona Congress I ended a review by

indicating some factors which should influence the treatment of

myasthenia gravis at different stages. This paper provides an

opportunity to elaborate the points indicated briefly (Simpson 1974 d)

A question frequently put to me is - "What is the best

treatment for myasthenia gravis?". The question implies that

a) there are several alternatives, and b) they can be put in order

of rank.

This is an over simplification due to faulty analysis of the

disease and of the role of drugs. In a review of "The Defect in

Myasthenia Gravis" (Simpson, 1969) I have pointed out how misleading

was the belief of the previous 50 years that all disease can be

"explained" given an adequate knowledge of normal physiology or

biochemistry. In this approach, each disease is seen to represent

increased or decreased activity of a normal function. The

"pathophysiological" approach has the inevitable result that unthinking
l

clinicians begin to take note of only those things which fit that

conceptual framework. All thinking about myasthenia gravis was

concentrated on neuromuscular transmission in 1934 when Mary Walker's

demonstration of the dramatic relief afforded by physostigmine

coincided with Dale and Feldberg's confirmation of the role of

acetylcholine in neuromuscular transmission.

But there are different levels of "causation" in medicine,

and explanations of disease processes may concentrate on different

levels without necessarily being incompatible , and therapeutics

aimed at one level is not necessarily better than treatment aimed
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at a different level. To treat disease rationally it is therefore

necessary to be clear what level of "causation" is being treated.

As already pointed out (Simpson, 1969) a Corollary of the different

levels of "causation" is that an "explanation" at the most superficial

level will be adequate only in so far as it takes account of the

deeper levels. Thus five levels of "causation" of a disorder may be

recognised.

(i) Increased or decreased function of an organ ("pathophysiology")

(ii) The disorder of function may be secondary to a deformity of

structure ("pathoanatomical")

(iii) Intracellular disorder of function ("molecular biological")

(iv) Cellular or body fluid disorders may be secondary to disturbance

of a fundamental biological process ("dyshomoeostatic")

(v) First cause of each of the above (e.g. genetic, infective,

psychosomatic.)

In the review, I concentrated on the evidence that

(i) The clinical, electrophysiological and pharmacological evidence

available in 1969 all indicated that the functional disorder

in myasthenia gravis was due to a loss of the safety factor for

transmission which is normally present at the mammalian neuro¬

muscular junttion. I will return to the various possibilities

later.

(ii) The same data pointed strongly to the presence of a defect

which is both pre-synaptic and post-synaptic. There was

already histological and electron microscopic evidence for a

morphological abnormality of both sides of the neuromuscular

jurvfction and also of the muscle fibres. At a meeting at
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which I further elaborated this analysis (Simpson, 1971) the ultra-

structure was more fully described by Engel and Santa (1971).

A clear understanding of the abnormalities (more fully

described by ) is necessary to

understand treatment at the lowest level.

Concepts of the myasthenic defect based on analogies with

the action of drugs on morphologically normal synapses must

be wrong. They are essentially "models" built according

to the ideas fasteonable at the appropriate time. The

conceptual model available to Oppenheim (1887) and Jolly

C1895) was curare poisoning. Jolly (1895) suggested

physostigmine as an antidote. Apparently it was used but

abandoned as ineffective until reintroduced by Remen (1932)

and Walker C1934), The synthetic analogue, neostigmine was

used by Walker (1935) just after Dale and Feldberg (1934) had

confirmed the role of acetylcholine in neuromuscular trans¬

mission. It was natural that the concept of a circulating

myasthenic toxift like curare, or possibly inadequate production

of acetylcholine at the motor nerve terminal, should gain wide

acceptance. Later concepts based on the action of hemi-

cholinium-3 and on ad hoc interpretation of the abnormally

small miniature endplate potentials (the small quantum theory)

were in turn 'models' based on the reaction to drugs of

endplates of normal animals. Their authors were unaware of

the fact that the geometry of the myasthenic endplate is

abnormal, or they ignored that fact. At this date the

morphological changes are fully accepted and as I have stressed

(Simpson, 1960, 1969, 1971) these changes are sufficient to



account for the loss of safety factor and abnormal drug

responses which characterise the myasthenic endplate. Any

drug which raises the safety factor will be beneficial to the

myasthenic but it can never cure him. This is symptomatic

treatment only, and I will return to it later.

The second level of explanation for myasthenic transmission must

be an acount of the pathology which distorts the neuromuscular

junctions. I have interpreted the morphological changes as

indicative of an interaction between a process which destroys

the motor terminals and a remodelling process. This is a

dynamic interaction which could account for the natural history

of the disease, with relapses and remissions during an 'active

stage', followed by 'inactive' and 'burned-out' stages

(Simpson, 1971b, 1974). Short term variability and the

neonatal myasthenia occurring in some babies with myasthenic

mothers are more likely to be due to a blood bo-fne

factor. In 1960 I suggested that this might well be an

antibody against the receptor substance of the motor endplates,

or a cellular reaction of immunological type (Simpson, 1960).

After 15 years of failure to find definitive evidence for this

concept it is now clear from experimental studies with antibody

raised against homologous tissues, electroplaque organs of

various fish, that a myasthenic syndrome can in fact be produced

in this way in mammals, including primates ( ).

Furthermore, new techniques for detecting acetylcholine labelled

with isotopes have shown that serum from myasthenic patients

contains globulin which can block endplate receptors in the

manner postulated. In addition, we have shown subtle

impairment of function of thymus-derived lymphocytes in myasthenic

patients. It is not unreasonable to postulate that the



morphological abnormality of the neuromuscular junctions is

also immunologically determined and that, as originally

suggested by Simpson CL960) both abnormalities are due to a

breakdown of immunological tolerance due to a disorder of

function of the thymus gland during the 'active' stage of the

disease. Whether the continuing disease of the 'inactive'

stage is due to secondary changes elsewhere in the immune

system is a question which remains to be solved.

thymic abnormality may be genetically determined, possibly

through a hypothalmo-pituitary mechanism. In common with

others, we have reported evidence based on clinical (Simpson,

1960) and histocompatibility studies (Behan et aL, 1973;

Dick et aL, 1974) to support a genetic predisposition to

myasthenia gravis though this may not be an obligatory cause.

It is, for instance, possible that genetic predisposition might

affect the response to a virus or other infective agent. This

is certainly not excluded. Obviously the question which is so

often put, "is myasthenia gravis an autoimmune disease?" is

meaningful only at one level of causation. To return to the

opening section of this paper, according to the level of

causation considered, myasthenia gravis may be regarded as

(i) a genetically controlled disease

(ii) possibly due to viral infection

Ciii) a disease of the thymus

(iv) part of a breakdown of immunological tolerance

(v) a disorder of neuromuscular transmission due to

tentatively suggested that the

morphological abnormality of the junctions and probably

receptor blockade by antibody.



Cvi) associated disorders of immunological type affect

the thyroid, blood cells, joints and other tissues.

It is now possible to study the rationale of treatment.

Genetics, viral infection or other precipitating factors

In the present stsTe of knowledge it is not practical to attack

the predisposing or precipitating factors directly. However, this may

be an appropriate place to comment on the significance of emotional

disturbance on the precipitation of the first clinical episode and

subsequent relapses (Simpson, 1960, 1970). Other factors which appear

to be significant in this respect are infections, allergy, pregnancy,

the pre-menstrual state, and extremes of heat or cold. It was a

consideration of these aspects which made me consider the possibility of
«*•.

a hypothalmic-pituitary factor, in addition to some experimental evidence

of pituitary control of the thymus (Simpson, 1960). They are mentioned

here to stress the importance of appropriate management of the patient's

psychological and physical state.

Thymus gland and abnormal immunological state

It is clear from the chain of causation that the highest level of

causation which can be tackled therapeutically concerns the thymus and

the immune system.
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(i) Thymectomy

Controversy about the value of thymectomy was resolved by the

analysis of Simpson (1958) which showed a clear benefit in favour of

thymectomy, regardless of age or sex of the patient, provided that the
i

disease was still in what I later termed the active stage' and that

there was no thymic tumour. It is still controversial whether the

pathology of the thymus, at least so far as germinal centres are concerned,

is important. In my cases the presence of large numbers of germinal

centres has not been associated with a better response to thymectomy,

contrary to the opinion of some authors (Vetters and Simpson, 1974).

Even in the active stage, thymectomy is not a cure. Rather it

appears to cause a "shift to the left" (Fig. ) and the further course

becomes more benign. Recovery processes appear to be potentiated,

whatever they may be. Presumably the state of abnormal immunological

tolerance is at first thymic dependent but later becomes autonomous. One

could speculate about the possible reasons for this but I leave that

aspect to those more expert in immunology. Nevertheless the clinical

lesson is clear. Thymectomy is beneficial »f the operation is carried

out before these second^ changes take place, and so it should be
(S.jtfsen, MS&Jadvised as an early treatment^ not postponed in favour of medical treat¬

ment which is aimed at the next level of causation. These conclusions

have been substantiated by many later authors (Perlo et al», 1971).

Alternative methods of attacking this stage of causation are

radiotherapy, carotid sinus denervation, immunosuppressive dVf/gs, or

thoracic ducf drainage.
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(ii) Radiotherapy

Iri my opinion radiation of the thymus is merely a less certain

method of destroying thymic function. It has been stated by Keynes

(1955) that pre-operative radiotherapy should be carried out before

removal Of a thymoma. Perlo, Schwab and Castleman (1966) agree that

it increases the duration of post-operative survival. I do not

consider that this has been proved and have had no cause to regret

abandoning radiotherapy 15 years ago. Radiation of the thymus may

be considered in a patient who is "unfit" for surgery but it should be

stressed that the myasthenic state may be temporarily exacerbated. I

never use it.

Ciii) Carotid sinus denervation

This operation has had some advocates in France (Thevenard,

1954) because of evidence from animal experiments that adrenocortical

hypertrophy and thymic atrophy occurred after bilateral denervation of

a carotid sinus. As the beneficial effect claimed in myasthenia

gravis is delayed for a year one may be forgiven for being sceptical.

Mertens (1955) was not impressed with his results. It is certainly

an inferior method of destroying the thymus if such be its rationale.

Civ) Immunosuppressive dfwgs

On first consideration this would appear to be one of the

most logical weapons against the active process causing the disease.

Delwaide, Salmon and van Cap!wenberge 0-967) used azathioprine, Nouga and

Sonat C1968) used cyclophosphamide and Mertens, Balzereit and Leipert

C1969) used 6-mercaptopu-fine and amethopterin. These authors claimed

good results. The reports published up to 1970 were reviewed by

Rowland (1971). Evidence in favour of this forikSoIP'??ea%men?^m4y be
dangerous. Matell et al.(1976) claim;, a 'positive effect' in 78| of

patients. When improvement does occur, it may not be obtained for

i
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several months after staiTing treatment. This is

not necessarily a serious criticism as the same may be true of

thymectomy. A more serious consideration is that the breakdown of

immunological tolerance present in myasthenia gravis is not necessarily

of the hyperergic type. We have recently published evidence that,

like some other autoimmune disorders, the myasthenic may be in a state

of immunological deficiency (Simpson et al, 1976)./
Eddleston and William s

(1974) have suggested that histocompatibility antigen HL-A8 may be a
marker of defective suppressor T cell function. It remains uncertain
whether purine analogues and folic acid antagonists are beneficial in
this type of autoimmunity. At first sight it would seem that they are
not likely to be of value, but thereare possible immunological factors
such as suppressor and K-cells which might be favourably affected.
Transfer factor would also be worth investigating". _ . ' _.i"

It is fair to say that after a decade of use,

the value of immunosuppressive drugs has not been established.

Nevertheless I must draw attention to the natural history of the

disease. If my comments about the timing of thymectomy are valid,

it should also be expected that immunosuppressive treatment would be

benefi .ial only during the 'active stage', (Simpson, 1974 <x^.
In the series of Mertens et al*(1969) the disease responded better to

immunosuppression if recently detected. I do not have personal

experience because I prefer the certainty (and safety) of thymectomy.

Furthermore, even in cases of myasthenia successfully treated by

thymectomy, we have found that the number of T cells in the peripheral

blood, as measured by auto-E-rosettes, is normal eight years after the

operation (Sandilands et al, 1975) and Matell et al.(1976) found

only a slight decrease in T cells after several months of treatment with

ACTH or a^athioprine. It may be that the functional capacity of the

T cells is altered but at least we can conclude that the numbers do not

correlate with the clinical state.



(v) Thoracic duct lymph drainage

By cannulation of the main thoracic duct it is possible to

remove lymph cells and immunoglobulins (Bergstrom et al,1975).

According to Matell et al•(1976) there is a rapid decrease in T-cells

in the blood and all their patients improved within 48 hours, returning to
the pre-treatment state in about the same time when drainage was stopped.

Nevertheless 13 of 14 patients so treated were in nearly complete

remission 1 year later. Again the stage of the disease is not

mentioned - the Swedish authors use the Ossermann classification which

is not relevant in this context. Unfortunately they cannot be certain

of the long term value of lymph drainage as several of their patients

received ACTE and aZathtoprine after drainage. Furthermore, in seven of

their patients retransfusion of homologous cell-free lymph worsened the
. # # Ufj . .

myasthenic symptoms and so did an immoglobulin - containing fraction of
*\

the lymph in three patients.

(vi) Steroids

It is widely assumed that steroids modify myasthenia gravis by

their immunosuppressive action, but I have chosen to discuss this form of

treatment separately because of some important theoretical implications.

It is not the new form of treatment that many young people believe. In the

very early dayjr- of steroid therapy Torda and Wolff (1951) reported
remission of myasthenia following the use of ACTH but it did not become

popular at that time because it was recognised that initial deterioration

was common and could be fatal (Grob and Harvey, 1952) and that a favourable

response may not occur until the drug is withdrawn (Westerberg and

'Mai** , 1955). In 1952 and 1953 I was fortunate in being allocated

some of the first ACTE and cortisone imported into Britain. The results

were not impressive in the four patients treated. No severe deterior¬

ation was seen but it was confirmed that the patients felt better after

withdrawal of the drug, though less than with the subsequently admin¬

istered neostigmine. The initial deterioration and subsequent



improvement were cited in the paper presenting the autoimmune hypothesis

(Simpson, 196#). Steroid therapy was considered too dangerous and was

gnerally abandoned untwl we learned how to cope with crisis situations

in the myasthenic, and intensive therapy units became commonplace. In

these changed circumstances von Reis et al. (1966) in Sweden were able to

report that ACTR in larger dosage than we had used could induce rapid and

often fairly complete remission for prolonged periods of time, provided

that the pronounced initial deterioration could be overcome. They gave

about 1000 1.17. in 5-8 days. Since their paper there have been many

others on ACTH, cortisone, or prednisolone using a vftriefy dosage

regimes. Namba et al- (1970) give an excellent review. Genkins et al•

(1971) reported on 100 patients and some 300 cooCtVs of treatment in a

period of 5 years and there is now widespread adoption of steroid

treatment. It does not seem to matter which of the above drugs is used

(Brunner et al,t 1976) or whether the dosage is daily or on alternate

days (which is claimed to avoid the adren o "suppressive effect). In

gneral, there is increased weakness starting on the second or third day

and greatest by the 6th or 7th day, with some recovery after 10 days.

Muscle strength continues t'o improve for about a week after a 10 day

course of treatment and may be maintained for 2~3 months. Benefit may

be prolonged by further single injections of ACTS (100 units) once or

twice weekly for many months. Despite the acknowledge</risks (£%

mortality) the treatment is justified in severe cases who are not

adequately controlled with anticholinesterase drugs. What is more, the

benefit may be :St<t'ki-nj in patients in the 'inactive stage' or even
in the 'burned out' stage. Muscles (eg- extraocular) which have not

responded to anticholine'J'&'/tf/W' for months or years, commonly show

return of power and renewed response to these drugs. The response cannot

be thymocytolytic as it occurs in patients who have had thymectomy.

Indeed the response may be greater in those who have had thymectomy

(Genkins et al, 1971). Nor is there good evidence for action on humoral

or cellular imm unity reactions. It is for these reasons that I have
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described steroid treatment under a separate heading and have previously

speculated (Simpson, 1971b) that ardrenocortical hormones may play a

role in the remodelling of the endplates which are deformed. The

findings of Shapiro et al•(1968) suggest an adrenal role in the

remodelling process and this is being further studied in my laboratory.

(For fuller discussion cf Simpson 1969, 1971a, 1974).

My own experience of steroid treatment is limited, being a late

convert because of my unfavourable experience in 1952. I have not yet

seen the sfoiktWjand prolonged remissions described by others but the
effect on end-stage ocular palsy has been quite remarkable and justifies

the undoubted risk of high dosage steroid therapy. It seems most

unlikely that activity of this type is due to facilitation of neuro¬

muscular transmission^Pinelli et al. ( ) consider/ffiat transmission

was directly affected but Namba (1972) and Howard et al-(1976) found

no such effect.

Neuromuscular transmission

It will be apparent that drugs which alter the safety iactor of

neuromuscular transmission^ play an important role in the management of
the myasthenic patient but cannot be considered to be treatment of

'the cause" except at the lowest level of causation. The safety

factor is raised by drugs which increase the production or release of

acetylcholine (guanidine, 4-aminopyridine,ephedrine), inhibit its hydrolysis j

by cholinesterase (physostigmine and its analogues; organophosphorus

compounds; alkaloids), or potentiate the response of the muscle to

endplate depolarisation (ep/vedrine; veratrine alkaloids; potassium).

I have listed these under their principal actions; some act at more

than one site. Drugs which reduce the safety factor for transmission

must be used with caution in patients with myasthenia gravis (vide infta)
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Potentiation of ACh release + sehsitisation of ACh receptors

(i) Guanidine hydrochloride Guanidine has both pre-synaptic and

post-synaptic facilitatory actions on neuromuscular transmission

(Feng, 1940, 1941). It is rarely used for the treatment of myasthenia

gravis but is very effective in the management of carcinomatous

myasthenia (Lambert,1966) in a dose of 20-50 mg/kg body weight/day,
divided into three doses.

(ii) 4-Aminopyridine sulphate or chloride.

(ii#) Adrenaline and ephedrine sulphate

Despite exceedingly weak anticholinesterase activity, adrenaline

and many of its primary and tertiary amine analogues potentiate the

transmitter process. Bowman and Raper (1966) considered that the

facilitating actions of adrenaline and noradrenaline are due to their

effects on the motor nerve terminals where they augment the output of

transmitters. However, it should be emphasised that the structure

of catecholamines, like some other drugs, is appropriate for both

facilitation and depression and the action is dependent on dosage and

on other drugs administered. There is controversy regarding the

action of adrenaline on the muscle fibre membrane. It is of no

practical value in the management of myasthenia gravis. On the other

hand, ephedrine, an inhibitor of the amine oxidase which oxidizes

adrenaline^has been claimed to have an antimyasthenic action since the
report of Edgeworth (1930) from her personal experience. (A

myasthenic patient, she used ephedrine for her asthma and found that

both disorders were improved.J An oral dose 10-25 mg thrice daily is
used. Large doses should be avoided as they may aggravate the weakness

I have not been convinced that ephedrine has any useful clinical action

on skeletal muscle in myasthenia gravis and it may be that Ring^vist and
Ringqvist(1971) are correct when they suggest that clinical imrovement w.
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ephedrine may to a significant extent be explained by its bronchodilator

action, which could be very important in a patient taking anticholine¬

sterase drugs. Ephedrine may be used to supplement anticholinesterase

drugs but is of little or no value independently.

Veratrum alkaloids lower the stability of membranes of excitable

cells, causing repetitive firing in response to threshold stimulation

and hence 'amplifying' the stimulus-response relationship. This occurs

both pre- a*el post- synaptically at the neuromuscular junction. Thus

veratrine and germine diacetate (Flacke et aly.1971) may temporarily

increase the efficiency of neuromuscular transmission in myasthenia

gravis, but only at the price of decreased efficiency of oxidative

metabolism of the muscle and nerve fibres and loss of intracellular

potassium in addition to action on other otgans uausing bronchiolar

constr ction and occasional cardiac arrhyth/»u<l. Veratrine causes

hypotension but germine is said to be without this action. I have not

used this group of drugs. Their value is certainly marginal, probably

not persistent^and entirely inferior to the anticholinesterase drugs.

Anticholinesterase drugs

Acetylcholinesterase (AChE) localised in the subneural apparatus of

the motor endplate of a skeletal muscle fibre hydrolyses acetylcholine

(ACh), thus freeing receptors fer occupation by further molecules of

ACh released by subsequent nerve impulses. Inhibitors of this enzyme

prolong the occupancy of receptor sites by ACh, thus potentiating its

action and raising the safety factor for transmission, where this is

diminished for any of many possible reasons. If carried to excess, so that
ACh persists at receptor sites, the endplate remains depolarized or

else becomes desensitized, a condition which has been termed 'cholin¬

ergic blockade'.
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The first effective anticholinesterase substance, extract of

Calabar bean, is an aboriginal antidote to curare poisoning. Because

of the resemblance of myasthenia gravis to that condition, Jolly (1895)

suggested that the active substance physostigmine (eserine) might be

tri&d in myasthenia. (He also suggested veratrum alkaloids but

there is no evidence that he actually used a e m .) Physostigmi

a carbamate ester and a tertiary amine first used in the treatment of

myasthenia gravis by Walker (1934), is a potent .cholinesterase in¬

hibitor,but as it crosses the blood-brain barrier and acts on synapses

within the central nervous sytem, it has been replaced by one or other

of the synthetic analogues.

Another tertiary amine, galanthamine (Nivalin ) isolated from
the Bulgarian snowdrop is said to be useful ( Ugunov, 1966).

Walker (1955) was also the first to use neostigmine, one of a

number of quaternary ammonium compounds with anticholinesterase

activity. The most suitable for clinical use have been neostigmine^
pyridostigmine and ambenonium.

Hydroxyanilinium salts or esters may have this property. The
one established for clinical use is edrophonium (Tensilon).
All of these drugs probably also act on the motor nerve terminals

and perhaps directly on the post-synaptic membrane but it is

generally accepted that the anticholinesterase activity is the more

important clinically.

Edrophonium (Tensilon). This drug, an anticholinesterase adminis¬

tered intravenously (2.0 - 10 mg) is used to confirm the diagnosis of

myasthenia gravis or to differentiate between underdosage and overdosage

with anticholinesterases. As an abbreviated account of this test could

be misleading and possibly dangerous the reader is referred to Osserman

and Kaplan (1953). The potentiation of ACh is substantially over in

min but the test should not be repeated without awareness that



residual activity can be demonstrated electro-physiologically at least

30 min after intravenous injection. The clinically detectable

anti-myasthenic action is too brief to use in treatment.

Neostigmine (Prostigmin) may be given orally, or by subcv faneous o

intramuscular injection. Absorption is rapid and it should rarely be

necessary to use the intravenous route^with greater danger of
bradycardia. Although it is incompletely and irregularly absorbed

from the gut, neostigmine should normally be given by mouth. The

15 mg tablet is approximately equivalent to 1 mg by injection.

If dysphagia prevents normal administration the crushed tablets can be
'A

given by gastiic tube. Following a dose there is a surge of

muscular power for 30 - 60 minutes followed by continued activity at

a lower level for 2-6 hours, after which strength is lost rapidly. This

makes it difficult to adjust timing of dosage for a smooth control but

the 'boost' effect is valuable if the tablets are given 30 minutes

before a meal or in anticipation of a special effort. Most myasthenics

do not require this and prefer to avoid the 'let down' between doses

by selecting pyridostigmine as the drug of choice.

Pyridostigmine (Mestinon) Although introduced as a long acting

anticholinesterase substance, the duration of action of pyridostigmine

is not substantially longer than that of neostigmine. There is less

saving from the possible overdose of the peak effect to the 'let down'

stage characteristic of neostigmine. Slower warning of activity allows

a sustained level to be achieved by judiciously timed dosage. The

60 mg tablet is approximately equivalent to 15 mg neostigmine.

The useful duration of activity of neostigmine and pyridostigmine

varies in individual patients from 1-8 hours or more. For effective

treatment, the spacing of dosage should first be established by having

the patient keep a written record of the effect of one tablet.
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This is repeated four or more times, with a gap of at least one hour

after the patient considers that power has relapsed to the pre-dosage

level. Once the time interval is established, dosages are timed

throughout the day so that a dose is taken half-an-hour before each

major meal. Each dose is then increased by half-tablet increm£.n(V
until maximum improvement occurs. The amount of each dose may be the

same, or adjusted according to the activity of the succeeding epoch.

It may, for instance, be preferable to have unintsiw,!'ted sleep rather

than have a dose in the early hours of the morning. Other patients

must have the dose at regular intervals, day and night.

The most difficult decision is regarding the dose required by a

patient. Those unfamiliar with myasthenia gravis, but aware that

overdosage with anticholinesterase drugs le ds to increasing weakness

("cholinergic block"), assume that between myasthenia and

cholinergic weakness there must be a stage of full restoration of

transmission with normal strength. In many cases, possibly in most,

this does not happen and there is then considerable danger of

overdosing the patient. Furthermore, as the safety factor for

transmission is not equally reduced in all muscles, it follows that

some muscles will require a dose of anticholinesterase which is an

overdose for other muscles. Thus, in chronic (stage 2 or 3) myasthenia

it is common to find fasciculation of lower limb muscles when

facial,bulbar muscles are still underdosed. The edrophonium test
A

with suitable precautions for control of respiratory failure is

valuable in assessing dose levels, particular attention being paid to

important functions such as chewing, swallowing and breathing. When

in doubt, it is o\vcij£ ,safer to have the patient slightly underdosed.
If lROsCQ.fi a effects are prominent it is customary to use atropine or

propantheline (Pro-Banthine). I prefer not to do so if possible

because the most reliable indicator of an early cholinergic state is the
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pupil size and this guide is lost if anticholinergic drugs are used.

As indicated above,pyridostigmine was introduced as a long-acting

anticholinesterase (and in some countries there is a "time-span"

formulation with longer action) but the 'plateau of activity' is little

difficult from that of neostigmine. However the activity passess off

more slowly and so this drug is preferred by most patients. In fact,

a prolonged low level activity can be demonstrated 48 hours after a

dose of pyridostigmine CSimpson, unpublished observations). For this

reason, mery gradual cumulative effects may occur and a patient who

seemed to be correctly dosed on discharge from hospital may return in

2-3 weeks with signs of overdosage. It is my contention that the

general demand for an anticholinesterase drug with 24 hour action is
• ' /

u," h i

misguided. All drugs act for longer than pyridostigmine have proved

unsuitable because of cumulative effects.

Ambenonium (Mytelase)

This drug is widely used in the USA though rarely in Britain.
cf

It's duration action is slightly longer than pyridostigmine.

Central actions are more common but as muscarinic side effects are less

frequent it may be difficult to detect the onset of cholinergic crisis.

A 25 mg tablet is about equal in potency to 15 mg neostigmine or 60 mg

pyridostigmine.

Bis-neostigmine compounds Still longer activity is obtained from

anticholinesterases combining two neostigmine radicles in one molecule,

separated by a polymethylene chain of different lengths. Distigmin

(Ubretid), 5 mg, is promoted for use in myasthenia gravis though the
4

danger,cumulative effects was recognised in Vienna twenty years ago.

(Patei sky et al-, 1955). I do not recommend it.
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Alkyl-phosohates Organophosphorous compounds, which are potent anti¬

cholinesterases, are no longer used because of the cumulative effects
and because they have more action on central synapses than the

quaternary ammonium compounds, giving rise to headaches, nightmares,
and personality disturbance. Cumulative effects go pari passu with

long duration activity. A short acting drug is much safer when used
at near-toxic levels of dosage.

Potassium and aldosterone inhibitors

Potassium is used as an adjuvant in the treatment of myasthenia

gravis. I am not convinced that it is beneficial and it may cause

nausea and diarrhoea resembling cholinergic crisis.

Spironolactone, given to conserve potassium (Gottlieb and Laurent,

1961) is of no proven value though it gives a sensation of wellbeing.
Provision of potassium to counteract the loss of intracellular potassium

during steroid therapy is quite another matter and its use for that

purpose is rational.
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Myasthenia Gravis: Passive Transfer from Man

to Mouse.

REES, D. , BEHAN, P.O., BEHAN, W.H., SIMPSON, J.A.

Toyka and co-vorkers (Science vol. 190; 397-399, 1975) claimed that isolated
immunoglobulin from pooled sera of patients with myasthenia gravis reduced the
amplitude of miniature end-plate potentials (MEPPS) in mice. BPF1 strain of
mice were used in their experiments and inoculated daily with 0.4-0.65 ml of
the fraction containing 1.2/2.6 gm per 100 ml of IgG and they also received
cyclophosphamide 24 hours after the first injection to reduce immune responses
to the human immunoglobulin. "The mice showed reduced amplitudes of miniature
end-plate potentials and reduced number of acetylcholine receptors at the neuro¬
muscular junctions. Some mice showed typical decremental responses on
repetitive nerve stimulation with reversal by neostigmine." Some of these
effects were found in mice as early as 3 days after receiving human IgG. The
authors claimed that this was evidence of a circulating factor in the serum of
patients with myasthenia gravis which reproduces some of the features of the
disease in mice.

The present study was carried out to try and confirm the above findings. BDF1
mice and LACA mice were used and inoculated with 7 mg of isolated and purified
IgG from myasthenic sera given intraperitoneally daily for 14 days and the mice
examined electrophysiologically between the 5th and 26th day. Examination in
vitro of sciatic nerve triceps suraepreparation and nerve diaphragm muscle
preparation, and internal intercostal and peroneus muscle preparations showed no
abnormalities. In fact the electrophysiological properties were as found in
specimens removed from healthy mice and were preserved for periods of up to 30
hours. In a parallel experiment several nerve muscle preparations were perfused
with 0.01-0.05 mg /ml of isolated IgG in order to test direct curare-like action
of the IgG fraction on the acetylcholine receptor complex. These preparations
survived also up to 30 hours and exhibited no abnormal pattern in their
electrophysiological characteristics.

Our data are in direct conflict with the findings of Toyka and his co-workers
and it is difficult to give an explanation. The sera were obtained from patients
with myasthenia gravis in all stages of the disease and some having had a

thymectomy and others a thymoma. Possible reasons for our failure to confirm
■Toyka's results will be discussed.
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MYASTHENIA GRAVIS—VALIDATION OF A HYPOTHESIS*

J. A. Simpson
Glasgow University Department of Neurology, Institute of Neurological Sciences,

Southern General Hospital, Glasgow

The use of hypotheses is the method of science. To
suppose we can make discoveries by the Baconian
method is a delusion. A hypothesis or supposition is
not a conclusion; it is only a starting point for
methodical observation and experiment, the endeav¬
our being not only to prove it, but to disprove it.

Hughlings Jackson

When I first became interested inmyasthenia gravis in the early I950's
the important problem seemed to be the
defect in neuromuscular transmission and
the general opinion was that it was due to a
biochemical lesion at the neuromuscular
junction. I built myself an electromyograph
but very soon found that the electrophysio¬
logical changes showed only that there was a
loss of safety factor for neuromuscular trans¬
mission which could be due to any of a
number of disorders (Simpson, I960; 1966;
1969). It could not settle the then current argu¬
ments as to whether there was defective
formation or release of acetylcholine, ab¬
normal endplate responses (as suggested by
studies with the new drug decamethonium),
or a 'curare-like' substance from an extra-

muscular source such as the thymus or
released from active muscle, as suggested by
the Mary Walker phenomenon. In short,
there were pre-synaptic, post-synaptic, and
myasthenic-toxin theories.

I went to Queen Square in 1953 to build a
DC amplifier and develop the new glass
microelectrode for human muscle studies.
Bernard K.atz told me it couldn't be done in

mammals, and certainly 1 could not get it to
work with the technique available at that
time, before transistor amplifiers and commer¬
cial micromanipulators. So I spent a lot of
time talking to myasthenic patients—and this
turned out to be a more sensitive probe as I
will describe!
There is no time to give a detailed analysis

of the various theories on the transmission
defect and f have presented this elsewhere

"Joan Vincent Memorial Lecture to the Muscular
Dystrophy Group of Great Britain, January 1977.

(Simpson, 1971; 1975). But I think it is
important to stress that they are all models,
usually based on pharmacological analogues
which are currently fashionable. Thus Willis
(1672), in the first description of the disease
in the era of humors and animal spirits,
concluded; 'Without doubt in these, although
the Animal Spirits do after a manner actuate
and irradiate the whole nervous stock, yet
their numbers are so small, and in so few
heaps, that . . . before noon the stock of the
Spirits being spent, which had flowed into
the Muscles, they are scarcely able to move
Hand or Foot'. This is a model based on the

topical view of nervous activity and it is
clearly a presynaptic theory.
Two centuries later when Erb and Gold-

flam established the well known clinical

picture of muscular 'fatiguability' on repeated
or continuous effort, the transient paralysis
caused by curare was known and this became
the mode! for Oppenheim (1887) and Jolly
(1895). They suggested using physostigmine
but there is no evidence that it was tried until
the famous report of Mary Walker (1934)
who soon also used the analogue neostigmine
(Walker, 1935). In the same year Dale and
Feldberg confirmed the role of acetylcholine
in neuromuscular transmission and from that
time all thinking turned to the model of a
biochemical lesion. In the early 1950's I was
working with the early methonium com¬
pounds when Churchill-Davidson and Rich¬
ardson (1952) reported anomalous effects of
decamethonium in myasthenics. I have found
that this is not confined to myasthenia gravis
but that is another story. The important
point was the clear evidence for abnormal
receptor response—i.e. a post-synaptic dis¬
turbance, if the mode! is valid. The next
pharmacological model was hemicholinium-3
which Desmedt (1957; 1958) considered to
be a better model than curare, particularly
with regard to 'post-activation exhaustion"
which is certainly an important feature of
myasthenia gravis. At that time hemicholin-
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ium was considered to act on the synthesis
or packaging of ACh or its transfer to a
readily-releasable store. Unfortunately, like
most pharmacological probes, the action of
hemicholinium is not exclusively pre-synaptic
and it is not true that curare does not cause

post-activation exhaustion (Bergmans, 1975).
When technical advances and superior

skills permitted microelectrode studies of
biopsied human muscle, Elmqvist (1965)
reported that spontaneous miniature endplate
potentials (MEPP) were reduced in size. It is
a general principle of interpretation of MEPP
studies that the frequency of MEPPs is con¬
trolled entirely by the conditions of the pre¬
synaptic membrane, while their amplitude is
controlled by the pcwr-synaptic element
(Katz, 1962). These results should therefore
point to a post-synaptic disorder in myasth¬
enia, but the Swedish workers preferred to
interpret them as indicating lowered quantum
content of ACh, also on the analogy of
hemicholinium studies.
There are 2 major flaws in the pharmaco¬

logical models. Firstly, the drugs do not have
single sites of action. Secondly—and this is
the major unrecognised flaw—the known
effects are those of drugs acting on normal
synapses. If the neuromuscular junction is
not morphologically normal the model has
little or no validity. In 2 theoretical papers 1
have shown that all the known electrical and
pharmacological features of myasthenic
muscle, including the small MEPP, can be
accounted for by geometrical changes of the
neuromuscular junction (Simpson, 1969;
1971).
Structure of the neuromuscular junction
When I started my work the textbooks were
emphatic that there were no pathological
changes in myasthenia gravis and so the
lesion must be 'biochemical'—the approp¬
riate model for the 1940-60 era. Mott and
Barada used intravital staining of muscle
with methylene blue as early as 1923. They
did not detect any abnormality but contem¬
porary critics suggested that the diagnosis
was erroneous. Coers and Woolf (1954; 1959)
used this method along with staining of the
subneural apparatus for cholinesterase (which
incidentally is not present in excess). They
demonstrated florid morphological changes

of the intramuscular nerve endings. There is
no time to discuss their findings, which were
described at our Second Symposium by the
late Dr A. L. Woolf (1963), or the electron-
microscopic studies of the 1960's, but the
precise morphological studies of Engel and
Santa (1971) make it clear that in addition
to the elongated simplified terminals with
ultra-terminal sprouting shown by intravital
stains, there is significant disorder at the
ultrastructural level, fitting very well with
my simultaneous theoretical analysis. The
mean area of each terminal knob is reduced
but multiple small nerve terminals appear
over an extended region of the muscle fibre.
In some regions the primary synaptic cleft is
widened and the postsynaptic region is
abnormally simple. Secondary synaptic clefts
are sparse, shallow, abnormally wide or
absent. No abnormality of number or size of
synaptic vesicles is reported—certainly no
morphological support for the 'small quan¬
tum' theory which was so widely and un¬
critically accepted.
Still more recently it has been possible, by

cc-bungarotoxin which is a specific molecular
probe for the nicotinic AChR molecule (or
by an immunoperoxidase method), to show
that endplate binding in myasthenic muscle
averages 80 per cent below normal (Fam-
brough el a!., 1973). Contrary to expectation,
the receptors appear to be at the crest of the
folds and not in the secondary clefts.
Quite obviously the previous 'models',

based on pharmacology of normal neuro¬
muscular junctions, must be rejected. But 4
questions immediately present themselves:
1. What causes the morphological changes 1
have described? 2. Why is the disease charac¬
terised by relapses and remissions? 3. How
can we account for the fact that 1 in 7 of all
live children born to myasthenic mothers
have a short lasting myasthenia? 4. What is
the role of the thymus?

I have described how my electrophysio¬
logical studies in the early 1950's led me to
believe that this type of study could not take
me further than a demonstration of loss of
safety factor. They were completely incompe¬
tent with respect to these 4 crucial questions.
Fortunately I was trained as a general
physician educated to look at disease as
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biology out of control. While 1 was building
my apparatus at Queen Square, Dr Arnold
Carmichael asked me to review the myasthen¬
ic patients of the National Hospital to sort
out the transatlantic argument about the value
of thymectomy. Sir Geoffrey Keynes had
been writing serial reports on his encouraging
results with thymectomy for myasthenia
gravis whereas the American workers who
had started it were abandoning the procedure
as useless. Keynes had always maintained
that the results were good if there was no
thymoma (Keynes, 1954). The American
teams in Boston, Baltimore and the Mayo
Clinic were selecting severe cases and partic¬
ularly those with a thymoma. My survey
vindicated Keynes and showed that the
published data for America were in accord¬
ance when these cases were regrouped. The
rest is history and I need not go into the
other findings regarding the influence of age,
sex and duration of illness on the results of
operation. Nothing that has been reported in
the many studies since Simpson (1958) has
contradicted the findings. I want only to
make 3 points: (1) the best results are ob¬
tained if operation is within the first 5 to 7
years from the onset of illness; (2) the
disease ceases to progress but actual improve¬
ment may be delayed for 2 or 3 years; (3) late
relapse remains possible. Indeed there are
many reports of myasthenia first presenting
years after a thymus has been removed on
other indications. These facts make it im¬
possible that the thymus is the source of a
myasthenic-toxin, be it 'curare-like' or a
hormone released by thymitis, in a more
recent version. But the thymus obviously
plays a key role.
When 1 began to examine some 250 cases

of myasthenia and the records of 150 more
from the National Hospital and Sir Geoffrey
Keynes's series I decided to forget all that
the books had to say about chemical lesions
and to listen to the patients. I prepared a
proforma and noted every fact I could elicit
about the previous history of these patients,
including every illness whether it seemed
relevant or not. 1 soon realised that certain
features recurred in the histories. On return¬

ing to Glasgow in 1955 I conceived the idea
that instead of rejecting as 'irrelevant' any

data which were 'not statistically significant',
it would be worth considering whether there
was some correlation between them—viz.
that the muscular disorder might be part of
a multi-system disease. I have already
described at the Third Muscular Dystrophy
Symposium (Simpson, 1968) my finding that
myasthenia was correlated not only with
thyrotoxicosis, but with all other non-tumour
types of thyroid disease (Simpson, 1960;
1968). This was also the first report of the
linkage between myasthenia gravis and
'rheumatoid' arthritis, pernicious anaemia,
reticuloendothelial disorders and diabetes
mellitus, and the first suggestion of a genetic
factor with alternative forms of expression.
It immediately seemed appropriate to

regard the pathological features from the
same point of view. Histological changes in
muscle and other organs had been described
for many years but were always dismissed as
'non-specific' on the grounds that similar
changes occurred in other diseases. Weigert
(1901) was probably the first to describe focal
collections of mononuclear cells and lympho¬
cytes within the muscle. His suggestion that
they were metastatic tumours was disproved
by Buzzard (1905), who believed that the
cells originated from small blood vessels
('lymphorrhages'). Russell (1953) considered
that lymphorrhages were 'non-specific' as
they occurred in thyrotoxicosis, Addison's
disease, rheumatoid arthritis and other dis¬
eases. It seemed to me that instead of
dismissing the lymphorrhage as 'non-specific'
it would be more profitable to consider what
factor might be common to each of these
diseases. As lymphocytic infiltrations are
common in the target organs of allergic
disorders, an immunological reaction sugges¬
ted itself.

In the same way as the pathology was
being dismissed as 'non-specific', the recent
description of myasthenic syndromes in some
muscular diseases had given rise to the
opinion in the 1950's that myasthenia was a
type of muscular reaction not confined to one
disease and so myasthenia gravis might not be
a clinical entity. As soon as the concept of a
disease which could occasionally be general¬
ised and which had pathological features in
common with connective tissue diseases, was
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considered, the hypothesis of an immuno¬
logical disorder resembling systemic lupus
erythematosus (SLE) suggested itself. In 1954
when Harvey el al. published their classical
paper on SLE I immediately recognised the
similarity in the age and sex incidence and
the fluctuating natural history. They even
described myasthenia in SLE patients. I also
remembered that before going to Queen
Square I had the opportunity to give some
of the first cortisone in the UK to myasthenic
patients, and was aware of the early deterior¬
ation and 'rebound' improvement. All the
pieces were falling into place, and the jigsaw
looked like an autoimmune disease. Immedi¬
ately I could see how a 'personal' neuro¬
muscular blocking substance could pass
through the placenta to affect the fetus (and
persist there for much longer than curare
could) and yet person to person transfusion
did not transfer myasthenia and no animal
transfer had been achieved (Nastuk et al.,
1959).
But what of the thymus? Castleman and

Norris (1949) had recently emphasised the
importance of the germinal centre, even in
glands with a thymoma. During the period
1 am describing, the thymus was believed to
be an endocrine gland with an obscure
function which might be related to fetal
growth and development. It seemed to me
that it was more like a lymphoid organ.
The logic of my argument led me to

conclude that the thymus was responsible for
cellular and humoral immunity and that
when defective, because of a genetically
determined breakdown of immunological
tolerance, it would release lymphocytes which
would damage the neuromuscular junctions
and form antibody to the ACh receptors—
the personal blocking substance that 1 needed
-—but which could also damage other organs.
It is very difficult in biology, and especially

so in medicine, to publish a theoretical study.
Unlike the physicists we value our manual
workers more than our thinkers. And so it
was not until 1960 that the opportunity to
present it was given by a Honyman-Gillespie
Lecture in Edinburgh. Note that this was the
year before Miller (1961) published his
seminal work on the immunological function
of the thymus and the whole story of the

thymus in autoimmune diseases. The lecturer
was encouraged to speculate about his topic.
Unfortunately he was forbidden to discuss
experiments on animals, and so I could not
relate that on my return to Glasgow in 1955
I obtained the co-operation of John Anderson
in an attempt to produce an 'autoimmune'
myasthenia in mice by inoculating them with
an emulsion of homologous muscle with
Freund's adjuvant. Well, we were 20
years too soon. I now know that the mouse
is a poor subject for this type of experiment,
the antigen must have contained very little
AChR protein, and the mouse has such a
high safety factor for n-m transmission that
we could not have detected any change with
the techniques of that time.
However, the point about a hypothesis is

its heuristic value. This is something 1 wish
to emphasise as its importance has been over¬
looked. By the coincidence which is so
common in science, other people described
autoimmune theories of myasthenia at about
the same time. Their premises were different
and it is impossible to predict the later
findings by extrapolation. 1 have given a
more thorough analysis of the rival theories
in a recent Robert Schwab Memorial Lecture
in Boston (1975) and do not have time to
repeat the arguments.
In 1956 1 moved to Edinburgh and with

collaborators there (W. R. M. Alexander)
and in Glasgow started a search for anti¬
bodies against the endplates. They were very
tolerant of my unorthodox ideas. The
experiments became more urgent in 1959
when Smithers suggested that the myasthenic
thymus might be immunologically damaged
(drawing attention to a comment by Castle¬
man (1955) that the germinal centres re¬
sembled the thyroid changes in Hashimoto's
disease). In the same year Nastuk et al. (1959)
searching for a neuromuscular blocking
substance in blood from myasthenic patients
(and a few control subjects in lesser degree)
found that the serum caused lysis of frog
muscle cells. I still had no direct evidence of
antibody when I gave the Honyman-Gillespie
Lecture in the spring of I960, but one month
after it was published the New York group
announced the discovery of a complement-
fixing antibody against the myosin of skeletal
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muscle in the blood of many myasthenic
patients, [t was a long time before we in
Edinburgh could confirm the findings of
Strauss et al. (1960). The reasons are im¬
portant. ft turned out that the New York
work used pooled sera and in every pool
there was at least one sample from a patient
with a thymoma—now known to be high
titre serum. We had always used single
samples and for a long time had no patient
with a tumour. Furthermore, our experience
on control sera indicated that only A-band
fluorescence (as distinct from I-band) was
significant. When 1 returned to Glasgow,
John Vetters (1965) showed that the A-band
antibody was very highly indicative of
thymoma.
The American workers went on to specu¬

late that an antibody developed against
skeletal muscle found a similar antigen in the
thymus which became damaged and released
a neuromuscular blocking substance (Strauss
et al., 1966). an unrecognised return to the
concept of a 'curare-like substance' although
it was their final refutation of this concept
that had started their immunological studies
(Nastuk et a/., 1959).
Later in Australia and America, Goldstein

and a series of collaborators purported to
show that the thymus was immunologically
damaged ('thymitis') and released 'thymin'.
Their theory, based on animal experiments
which I cannot confirm (Vetters et al., 1969),
would be incompatible with the occurrence
of human myasthenia years after removal of
the thymus. There is no reliable evidence for
a neuromuscular blocking substance pro¬
duced by the thymus. The skeletal muscle
antibody discovered by Strauss is inconsistent
and is directed against myofibrils but it was
clear evidence of immunological disturbance.
Indeed for many years the failure to find an
antibody against ACh receptors appeared to
be fatal to the Simpson (1960) hypothesis.
Critics failed to see the essential difference
from the Strauss and Goldstein models. I had

clearly postulated a breakdown of immuno¬
logical tolerance of genetic origin with
alternative expression. The thymus was
regarded as a controller of immunological
competence and the neuromuscular damage
was due to cellular and humoral antibody.

My clinical evidence on the stages of the
disease (Simpson, 1974) indicated that after 5
to 7 years the immunologically competent
cells no longer required the thymus and that
there were 2 types of lesion at the junctions,
one an antibody block, the other morpho¬
logical. The hypothesis also emphasised an
important regenerative factor, later postula¬
ted as adrenal in origin.
It could be predicted that myasthenics

would produce antibodies against other
organs, have associated autoimmune diseases
(not only personally but in close relatives),
that thymectomy must be carried out within
a certain period, that the disease would be
phasic and that antibody against AChR
would be found.

1 showed the first correlation with pernic¬
ious anaemia, rheumatoid arthritis, reticulo¬
endothelial disease, sarcoidosis and diabetes
mellitus in 1960, with Hashimoto's
disease in 1964 and polycythaemia vera
in 1976, and confirmed other reports of
pemphigus, epilepsy and Sjogren's disease.
Antibodies were found against nuclear factor,
gastric parietal cells, thyroid, liver and
rheumatoid factor (Feltkanrp et al., 1963;
Simpson, 1964) and later against skin. Subtle
disorders of lymphocyte function were de¬
tected (Behan et al., 1976). The genetic
linkage was shown to be associated with the
HL-A8 antigen in many but not all cases
(Behan et al., 1973; Dick et al., 1974) and
finally we showed that the autoimmune
disorder was of the immune-deficiency type
which is being increasingly recognised
(Simpson et al., 1976).
Only the Simpson hypothesis can account

for these later findings. As we have seen, the
electrophysiological and ultrastructural find¬
ings of the decade 1965-75 were falling into
line. Only the AChR. antibody remained. At
this point 2 important discoveries opened up
the field.

1 have described our unsuccessful attempts
to produce an experimental myasthenia in
mouse, using homologous muscle as antigen
and the consistent failure of all workers in
the 1960's to find an antibody against any
junctional tissue in human myasthenia gravis
(McFarlin et al., 1966). In 1966 Goldstein
and Whittinghanr claimed to produce an
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experimental myasthenia in guinea pigs
inoculated with fresh calf thymus, muscle or
lymph node. I have already criticised the
'thymitis' concept developed by Goldstein
and must now say that with few exceptions
other workers are unable to reproduce his
findings. In our own experiments the pheno¬
mena reported by Goldstein were shown to
be experimental artefacts (Vetters et al., 1969).
The position was transformed when Patrick
and Lindstrom (1973) observed that repeated
immunisation of rabbits with nicotinic AChR
protein purified from the electric organ of
Electrophorus electricus caused the development
of muscular weakness and a decrementing
electromyogram response to repeated nerve
stimulation, reversible by neostigmine. They
were preparing an antibody for other pur¬
poses but fortunately they rapidly realised
the significance of their observation for
myasthenia gravis. The antigen is certainly
from the endplate receptor tissue though not
necessarily the receptor substance itself. It
does, however, block the depolarising re¬
sponse of the electroplaque to carbamyl-
choline. Their findings were rapidly confirmed
and extended to other species including
primates (Tarrab-Hazdai et al., 1975) in
which the resemblance to human myasthenia
is very striking. Engel et al. (1976) have
shown that the morphological and electro¬
physiological changes at the neuromuscular
junctions in experimental autoimmune myas¬
thenia gravis (as it is now termed) in the rat
closely resemble those of human myasthenia
gravis in the chronic phase though there are
differences in the acute phase of the experi¬
mental disease.

So there is now strong evidence that the
neuromuscular junction can be selectively
damaged by antibody raised against homo¬
logous tissue. It still remains to demonstrate
that antibody can compete for receptors. In
the last 2 years it has been shown that serum
from human myasthenic patients can block
the binding of cc-bungarotoxin to endplate
receptors either extracted (Almon et al., 1974)
or in .situ (Bender et al., 1975; 1976) and
antibody against human AChR has been
measured in myasthenics by a number of
techniques involving radioimmunoassay of
antibody—AChR—bungarotoxin complex
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(Lindstrom et a!., 1976) or by complement—•
fixation (Aharanov et al., 1975).
The final validation of the peripheral part

of the hypothesis should be a passive transfer
of the disease. Although neonatal myasthenia
suggested that this should be possible to a
histocompatible subject, it has not been
achieved post-nataliy. In 1975, Toyka et al.
from the Johns Hopkins University in
Baltimore reported that they had succeeded
in passive transfer from man to mouse. To
achieve this they had to immunosuppress the
mice with cyclophosphamide so that they
would tolerate 14 daily injections of IgG
separated from myasthenic serum. These
mice showed some of the electrophysiological
changes of myasthenia gravis (including
small MEPPs) and the numbers of ACh
receptors were reduced by 42 per cent on
some but not every muscle. Only one animal
was weak, and only one was tested with neo¬
stigmine. The safety factor was restored.
1 have already warned about the limitations
of the electrical and pharmacological studies.
Nevertheless this report is very exciting. 1 had
hoped that we would be reporting confirm¬
atory results from our own experiments at
this meeting. Sadly, we have not yet been
able to do so (Rees et al., 1976). Possibly we
have again been unlucky with low titre sera.
But this has been a story of an idea waiting
for techniques. In I960 the thymus was an
endocrine gland and microelectrodes could
not be used in mammalian muscle. In the
next decade techniques for detecting antibody
were too primitive. Immunology knew noth¬
ing of suppressor cells as the role of the
thymus gradually became clearer. Genetic
linkage had to wait for the transplant workers
to get excited about histocompatibility anti¬
gens. Then a biologist needed an antibody
against a tissue from an exotic animal. A
hypothesis has slowly become a theory and
parts of it are accepted dogma. 1 feel that
Hughlings Jackson would have approved.
The quotation at the head of this paper con¬
cluded my 1960 paper in this Journal. The
reader must judge how far the hypothesis
has been validated.

References are in 2 lists. The first gives
those other workers cited. The second is a

chronological list of'local' papers which may
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be helpful to others studying myasthenia
gravis.
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4 Myasthenia gravis: a clinical approach
to pathogenesis

JOHN A. SIMPSON

Institute of Neurological Sciences, Southern General
Hospital, Glasgow

In teaching the logic of clinical diagnosis to medical students it is valuable
to group the data obtained from questioning and examining patients as
answers to three questions 'Where, What, and Why?' - more formally,
the localization, the pathology, and the aetiology of the disease process.
The scientifically trained student will also ask 'How does the lesion pro¬
duce the functional defect?' Concentration on the last question has, para¬
doxically, retarded understanding of myasthenia gravis.

Where is the lesion?

Myasthenia is a term to describe muscular weakness which increases with
maintained or repeated contraction of skeletal muscle and is reduced by
rest. The contraction may be voluntary, reflex or electrically provoked, but
only if the electrical stimulus is applied to the motor nerve. The response
to direct stimulation of the muscle fibre is normal, and the propagated,
action potential of the motor nerve fibre is also normal. It is therefore a
reasonable conclusion that the disorder is at the neuromuscular junction,
a conclusion supported by the therapeutic finding that anticholinesterase
drugs such as neostigmine decrease the weakness whereas sensitivity to
D-tubocurarine is increased.
A myasthenic disorder may be found in a number of diseases involving

lower motor neurones or muscle (Simpson, 1966a). It is a sign of loss of
the safety factor for transmission which is normally present and which can
be reduced in several ways. The disease entity termed Myasthenia Gravis
is characterized by a severe defect of neuromuscular transmission without
clinical evidence of a motor neurone disease or of a myopathy in the usual
sense. (There is a little evidence of dysfunction of the contractile mechanism
but it is not the primary disorder). There is recent evidence from single
fibre electromyography and the new methods for endplate receptor micro¬
scopy that the disease process may involve all motor endplates in skeletal
muscle but the disorder is more severe, or involves more endplates, in
certain muscles. This gives rise to a characteristic distribution though the
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exact pattern differs from patient to patient. The (statistical) order of
appearance and the severity of clinical weakness are shown in Fig. 1
(Simpson, 1960). Thus the typical patient has drooping eyelids, double
vision, weakness of face and jaw muscles, then of the neck and proximal
muscles of the upper limbs, spreading ultimately to the muscles of respira¬
tion and swallowing — a combination dangerous to life (Fig. 2). The distri¬
bution is rarely symmetrical and the weakness varies remarkably. In one
week the right eyelid may droop and in the next it may be the left. Weakness
is increased by emotional stress or by exercising the appropriate muscle,
and relieved by rest. Complete remission for weeks, months or years may
occur. Atrophy of muscle is found in 10% of cases but is not an early
feature and virtually confined to certain muscles, not within the distribution
of any particular peripheral nerve. Furthermore the muscle stretch reflexes
are retained and often unusually brisk. With rare exceptions sensation is
not affected. Power is temporarily restored by anticholinesterase drugs.

Onset Total

Fig. 1. The left of the key shows the percentage of various muscle groups involved at the
onset, and the right of the key the percentage involved at some time during the course of
myasthenia gravis. Note the early onset and frequent involvement of extra-ocular muscles
and orbiculares oculi, then bulbar, neck and shoulder girdle muscles.
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All these features lead to the conclusion that the disease causes a defect of
transmission at the neuromuscular junctions which is disproportionate in

, certain muscles. On the other hand the function of other cholinergic
synapses in the central nervous system and the peripheral autonomic
nervous sytem is apparently normal.

How does the functional deficit occur?

From the time the disease myasthenia gravis was identified by Erb and
Goldflam a century ago, the main interest has been in the mechanism
of the muscular weakness. It is unnecessary to review the theories, all
of which are essentially pharmacological analogues or models based on
topical interests, an approach which led to bitter arguments between
supporters of presynaptic, postsynaptic and 'myasthenic toxin' theories.
Critical analysis leads to the conclusion that there is a disorder of all three
types (Simpson, 1969) though recent developments have concentrated
attention on the lesion of the receptors and on the antibody 'myasthenic
toxin' so long denied since I first suggested it in 1960. The fatal flaw in
all the models has been the failure to recognize that the pharmacology of
the normal neuromuscular junction does not apply to one which is morpho¬
logically abnormal (Simpson, 1971). Having reiterated this warning, I leave
further discussion on the mechanism of transmission failure to other

speakers in this Symposium, with the observation that concentration on
the proximate mechanism was responsible for failure to appreciate the true
nature of the disease. The clues were already in the literature of the early
20th century. They disappeared after 1934 when it was confirmed that
acetylcholine is a neuromuscular transmitter and this concentrated all
attention on biochemical models of myasthenia gravis. The fallacies
immediately become obvious if we proceed to the other elementary
questions taught to the clinical student.

What is the pathology of the lesion?

The physician at the bedside makes a conclusion about the hidden pathology
• of disease by reading the 'pathological clock'. In this stage of the diagnostic
logic the details of localization take second place to the natural history of
the illness (how it has evolved) which is then related to the time course of

1 the major categories of pathological processes. In addition the physician
looks for the tissue specificity of the disease. Does it involve a number of
organs or is it confined to one (or a few) cell lines, which would suggest
a biochemical disorder?
Since the early descriptions of myasthenia gravis it has been recognized

that severe illness may be followed by complete remission and then by
later relapses. I have pointed out that it is unusual to have more than one or
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two complete remissions and that these are more likely to occur during the
first 5-10 years of the illness. Later remissions are usually less complete
and the disease then enters a stage of relative stability, still responsive to
anticholinesterase medication but with less danger to life but, conversely,
with less potential for improvement by the operation of thymectomy.
Finally there may be a stage of permanent weakness with little response to
anticholinesterases (Fig. 3, Simpson, 1974). In this stage atrophy may occur,
especially in the extraocular muscles, the tongue (Fig. 2) and the triceps
humeri muscles. Previously termed 'myasthenic myopathy', modern histo-
chemical studies indicate that the atrophy of stage 3 is of denervation type
(Fenichel and Shy, 1963). There is increasing evidence that the pathological
process may be arrested or reversed, even at stage 3, by long-term admini¬
stration of corticosteroids.

Fig. 2. (a) A myasthenic patient showing her teeth. Note the vertical snarl, left ptosis and
paresis of left external rectus oculi. (b) Same patient. Early stage of the triple grooved tongue.

In 1960 I pointed out that this natural history (early relapses and
remissions with progressively irreversible change) has resemblances to
allergic disease and connective tissue diseases (notably systemic lupus
erythematosus) which were then beginning to be recognized as immuno¬
logical in nature. At the same time (Simpson, 1960) I drew attention to
previously unrecognized correlations with a number of disorders of other
organs — 'rheumatoid' arthritis, pernicious anaemia, sarcoidosis and other
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lymphoproliferative disease, and diabetes mellitus. At the same time it
was pointed out that the known linkage between myasthenia gravis and
thyrotoxicosis was only part of the story. Myasthenia gravis is linked (in
the same individual and also in siblings) with all non-malignant diseases of
the thyroid and there is no necessary temporal sequence, making it unlikely
that myasthenia is caused by thyrotoxicosis as had been suggested by many
earlier authors. In a Honyman-Gillespie Lecture in Edinburgh on 28 April
1960 in which I made the first complete proposal that myasthenia gravis
was an autoimmune disease, I showed a section of thyroid gland as possible
Hashimoto's disease. This was omitted from the published version as the
pathologists were undecided, but I later published it (Simpson, 1966b) and
also a confirmed case of Hashimoto's disease (and incidentally vitiligo)
in myasthenia gravis after thymectomy (Simpson, 1964). Reviewing the
relationship between myasthenia gravis and disorders of the thyroid gland
(Simpson, 1960,1968) it is apparent that they are genetically-linked diseases
with a related immunopathology. More recently other 'autoimmune'
diseases have been recognized in myasthenics such as Sjogren's disease
(Downes et al., 1966; Simpson, 1966b), pemphigus vulgaris (Wolf et al.,
1966; Vetters et al., 1973) and ulcerative colitis (Alarcon-Segovia et al.,
1963).
It was the natural history and the related non-muscular diseases that

suggested to me that myasthenia gravis was a disease of the same type
as systemic lupus erythematosus which is sometimes associated with
myasthenia (Harvey et al., 1954). Lymphorrhages in muscles had been
described for many years in myasthenic patients but were considered non¬
specific by Russell (1953) because of their prevalence in other diseases.
Most of those listed by Russell would now be regarded as having immuno¬
logical abnormalities. It was also believed that there were no histological
abnormalities at the neuromuscular junction until Coers and Desmedt
(1959) demonstrated consistent morphological changes, a finding recently
extended by electronmicroscopy. This review does not require a full account
of these changes. It is enough to point out that (i) they are sufficient to
account for loss of the safety factor of transmission and certain abnormal
responses to drugs in myasthenics (Simpson, 1969, 1971) and (ii) they with¬
draw validity from pharmacological 'models' of myasthenia (Simpson,
1971), (iii) the changes indicate cycles of degeneration and active but

' abnormal regeneration of motor nerve terminals as well as of endplates
of muscle. This is important as the variability of the clinical state could
indicate a balance between a degenerative lesion (possibly immunological)
and a restorative one.

So the tentative answer to the question 'what is the lesion?' is that the
symptoms and signs can be accounted for by an active lesion on both sides
of the neuromuscular junction, but also in other organs, with a natural
history which suggests an immunological disease.
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Why has it occured?

The question of aetiology is the crucial one for designing therapy and
providing a prognosis. At this point in the diagnostic logic the clinician
should ask four questions: (i) is the disease of the presenting organ(s)
secondary to abnormal function of another organ? (ii) does it occur ran¬

domly or is it age or sex linked? (iii) is the primary organ damage deter¬
mined genetically or by an environmental factor — or both? (iv) is the
disease transmissible to other human or animal subjects?

The primary defect. It has been recognized since the beginning of the
century that 10-15% of myasthenic patients have a tumour of the thymus
gland of the mixed epithelial lymphocytic type. In others the organ was
considered to be 'hypertrophic'. In fact the glands removed from myasthenic
patients are rarely larger than normal and the change of size with age is
within normal limits. Castleman and Norris (1949) pointed out that the
significant abnormality is the unusual number of 'germinal centres' in the
cortex and medulla of the thymus, even in those cases with a thymoma.
Furthermore, the early conflict of opinion regarding the therapeutic value
of thymectomy was resolved when it was shown (Simpson, 1958) that the
best results obtained from removal of the non-tumour gland, and especially
if this was removed during Stage 1 (Fig. 3). However, myasthenia may
relapse years after thymectomy or may even occur for the first time after
removal of the gland (for other indications), and there is no correlation
between the therapeutic benefit from thymectomy and the number of

Fig. 3. The three stages of myasthenia gravis. The time scale is an average one. In the
active stage (1) there are major relapses and remissions, most of the mortality, but also best
response to thymectomy. In the inactive stage (2) there are fewer deaths or severe relapses
but also fewer remissions and less response to thymectomy. In the burned out stage (3) there
is no response to thymectomy and resistance to anticholinesterase drugs but improvement
may occur spontaneously or with steroids.

2

Death

Thymectomy
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germinal centres in the gland (Vetters and Simpson, 1974). These facts make
it impossible to accept that the gland produces a neuromuscular blocking
substance as in earlier theories and more recently advocated by Goldstein
(1968, for review). Although it was then regarded as an endocrine gland,
Simpson (1960) was impressed with its lymphoid structure and suggested
a cellular and humoral mediated immunological function leading to
structural damage of neuromuscular junctions and production of antibodies
against AChR protein and other tissues. As this hypothesis preceded the
paper by Miller (1961) which established the immunological role of the
thymus, it is necessary to examine the reason for postulating a receptor-
blocking antibody (vide infra). The immunological work of the next 10
years established that immunological reactivity could persist after removal
of the thymus and this aspect will not be pursued in this paper.
Age and sex distributions: Myasthenia gravis occurs in every race.

Estimates of prevalence range from 1 in 50,000 to 1 in 10,000 of the popu¬
lation. There is a distinct difference between the tumour and non-tumour

types. If the age at onset of symptoms is charted for those without a
thymoma (Fig. 4), both sexes show a modal age of 20 years with 4.5 females
to 1 male in the under 30's, changing to an equal incidence or slight male
preponderance in later life — a distribution found in systemic lupus erythe¬
matosus and other connective tissue disease. Patients with a thymoma, on
the other hand, have a modal age of 45 years and account for 30% of cases
starting over the age of 40 years. There is no significant sex difference for
the latter group. Whatever 'causes' myasthenia gravis, young women are
more susceptible, but the relative insusceptibility of later life is lost if a
thymoma occurs.

Fig. 4. Age at first symptoms of myasthenia gravis (percent of total cases). The solid line
indicates age of onset for females without thymoma, the dotted line the onset age for males
without thymoma. The hatched area indicates the ages of onset of cases of both sexes with a
thymoma.
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Genetic orenvironmentalfactors? Cases ofmyasthenia gravis in more than
one generation of a family are rare. Less rare are same generation cases
starting in early childhood (Congenital Myasthenia). If these are excluded,
because some workers do not accept that they have 'true' myasthenia gravis,
the existence of a genetic mechanism is considered to be not definitely
established (Herrmann, 1966; Jacob et al., 1969). However, I have drawn
attention to the possibility of alternative gene expression (as thyroid disease
or non-myasthenic autoimmune disease), a concept given limited support
by the study of Bundey (1972). Recently it has become clear that there is
an association between myasthenia gravis and at least one of the human
histocompatibility antigens HLA-B8, though this is not an essential pre¬
cursor of myasthenia gravis (for review, see Dick et al., 1975). Eddleston
and Williams (1974) suggest that the HLA-B8 antigen may be a marker of
defective suppressor T-cell function. Genetic factors probably constitute
risk factors for autoimmune diseases but the relative scarcity of familial
cases indicates that the causation is multifactorial. We have no evidence
for the nature of manifesting factors, but this is now the most important
aspect of research.
Is the disease transmissible? The possibility of a 'curare-like substance'

in the blood stream has been considered for a century and, in the last half
of that era, that it could be formed in the thymus. There has never been
acceptable evidence of transfer of the disease from one adult human to
another by plasma or serum, and Nastuk et al. (1959) discredited all claims
to cause block of neuromuscular transmission in vitro. Nevertheless there is
one important fact which must be accounted for in any theory ofmyasthenia
gravis. A myasthenic mother commonly (1 in 7 live births) has a baby which
is myasthenic for the first few weeks of life and then recovers. The duration
of this effect and the apparent restriction of passive transfer to her own
child suggested to me that the neuromuscular block could be due to an anti¬
body raised by the mother against her own ACh receptors and active only
against those of her genetically similar offspring (Simpson. 1960). It could
not be the 'thymin' postulated by Goldstein as this neonatal type of myas¬
thenia still occurs after thymectomy. For many years it was impossible to
test the hypothesis because the postulated antibody could not be detected
and isolated, or else the test preparations were too insensitive to detect the
presence of blocking substances in the serum of myasthenic patients. Using
the more sensitive indicators now available (reduction in amplitude of
miniature endplate potentials, or reduction in number of acetylcholine
receptors at neuromuscular junctions), it is now claimed that serum IgG
from myasthenic patients induces characteristic changes in the muscle end-
plates of mice when passively transferred (Toyka etal., 1975, 1977). Though
we have not been able to reproduce this work (Rees et al.. 1977) it looks
very convincing. It is exactly the mechanism I postulated in 1960. Is it
immunological?
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The immunological status of myasthenia gravis

It would need another chapter to do justice to this aspect. But for the
present purposes some short conclusions will be sufficient to concentrate
attention on the essentials which remain for the research of the '80s. (i) It
is now fully accepted that there is clinical overlap between myasthenia
gravis and many diseases now recognized as 'autoimmune' (Simpson 1960,
1964, 1977). (ii) For 16 years we have known that myasthenic patients
produce antibodies against skeletal muscle, thyroid, rheumatoid factor,
anti-nuclear factor and other tissues (Strauss etai, 1960; van derGeld atai,
1963). Only recently, with new techniques described elsewhere in this book
(Chapter 9), is it confirmed that the blood of myasthenics has a high titre
of anti-AChR globulin (Almon et al., 1974; Lindstrom et al., 1976). (iii)
There is some evidence of cell-mediated immunity against muscle and thy¬
mus (Behan et a!., 1975). (iv) An experimental model of myasthenia gravis
can be produced in a wide range of mammals immunized with AChR
protein from the eel electroplax (Patrick and Lindstrom, 1973; Engel et al.,
1976). These are, of course, exciting events. Placed in a long term con¬
spectus they show (a) that the proposed immunological lesion of neuro¬
muscular junctions is reasonable and likely, and (b) that it is part of a break¬
down of immunological tolerance involving a number of tissues. Some
alterations in plasma proteins (Simpson, 1966c) and particularly a low level
of serum IgA (which is T-cell dependent) in some myasthenics (Simpson
et al., 1976; Behan et al., 1976) point to an immunodeficiency type of auto¬
immune disease with defective T-cell function. This could be genetic or

secondary to neoplasia or other disorder of the thymus.

Conclusions

It has not been possible in the available space to give a full discussion of
many important aspects. For that reason the bibliography of this chapter
refers to personal and other papers with fuller discussion of controversial
points, or to the first description of significant findings. At the time of this
review I feel reasonably certain that we have the answers to Where, What,
and How? The 'Why' question remains the important one. What is the link
between genes, thymus and autoimmunity? Is there a trigger that fires a
pre-loaded gun? Is it a virus, hormonal, even psychosomatic? These are now
the important questions in myasthenic research. For decades it was side
tracked into arguments about neuromuscular transmission and then about
antibodies which are epiphenomena. Now that we can mimic the end stage
of the immunological lesion it would be tragic if we are again side tracked
from the only questions that will lead to prevention or cure of myasthenia
gravis.
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A review of our current knawlodgo of the etiology and pathogcncoio of
myasthenia gravis is presented, with particular emphasis on the immunologi¬
cal aspects of the disease. Part 1, published in this issue, deals with the
clinical and genetic features of myasthenia gravis which led to the autoim¬
mune theory of the etiology of this disease. Various theories in this field are
reviewed, and recent advancos in our knowledge of the acetylcholine receptor
protein, and its immunology, are examined. Part 2, which will appear in the
March/April issue, provides a review of the dysfunction of physiology,
pharmacology, and structure of the neuromuscular junction in myasthenia
gravis, and the part played by the autoimmune process.
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MYASTHENIA GRAVIS:
A PERSONAL VIEW OF
PATHOGENESIS AND

MECHANISM,
PART 1

JOHN A. SIMPSON, MD

Myasthenia gravis (MG) lias been defined by Viets as
a specific muscular disease characterized by the de¬
velopment of an abnormal amount ol muscular weak¬
ness in voluntary muscles following repetitive
activation or prolonged tension, with a marked ten¬
dency to recovery of motor power after a period ol
inactivity or lessened muscular tension.Yicts did not

require a response to anticholinesterase drugs as part ol
a primary definition of MG. despite his long experi¬
ence. since 1935. with Robert Schwab using the neo¬

stigmine test in the treatment of this disease.
MG is readilv recognized when well established,

but it is often missed in the most frequent patient—a
woman in her earlv 20s— because the symptoms seem
too severe for the patient's apparent well-being at the
time ol medical consultation and when the history of

emotional provocation is obtained. Indeed, some pa¬
tients are diagnosed as suffering from hysteria or from
multiple sclerosis for many years before the true diag-
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nosis is reached. Factors that appear to bring on the
first attack or relapses ofMG. in addition to emotional
upset, are infection, allergy, and pregnancy. Once the
disease is established, weakness is greater just before
menstruation, in exciting or embarrassing situations,
or with extremes of temperature. Once the possibility
of myasthenia gravis is considered, the diagnosis is
simple and can be easily confirmed bv demonstrating
abnormal fatigability of muscle using simple bedside
tests or an crgograph such as Schwab's bulb ergograph.
and bv restoring muscle strength to normal with the
use of an anticholinesterase drug such as edrophonium
or neostigmine."1' Electromyography is used to demon¬
strate failure of neuromuscular transmission.

1 he name given to the disease (for f consider it to
be a clinical entity and not a svmplom complex of
multiple causation) is derived from the characteristic
weakness ol voluntary muscles which occurs after
exercise and which mav disappear after a short rest.
1 he most common, and usually the earliest, muscles
involved are those of the evelids (including orbicularis
oculi). the extraocular muscles, the bulbar muscles, the
neck muscles, and the proximal muscles of the limbs.
The hand, lower limb, and trunk muscles arc usually
involved later, though in some cases thev arc the first to
be affected.

Muscular atrophv is more common than earlier
descriptions would suggest. In mv experience, perma¬
nent weakness with moderate wasting occurs even-
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tuallv in 10'/< of female and approximately 20% of male
cases, the incidence being slightly higher if there is a
thvmic tumor.8- It is most common in the extraocular,

triceps brachii. and quadriceps femoris muscles. Atro
phv of the tongue resulting in three longitudinal
furrows is characteristicbut not common.

Tendon jerks are usually present and may be so
brisk that clonus occurs. There is no adequate cxplana
lion for this. If the reflex is elicited repeatedly, the jerk
may decrease progressively until it disappears. Per¬
sistent absence of knee and ankle jerks should suggest
that the weakness is caused by carcinomatous my¬
asthenia rather than by myasthenia gravis.

NATURAL HISTORY

MC occurs in every race. Estimates of prevalence range
from 1 in 10.000 to 1 in 50.000. Women are a flee ted
twice as frequently as men. but the fcmaletnialc ratio
changes from 4.5:1 in MG beginning before the age of
30 vcars. to an equal incidence or slight preponderance
of males when the disease begins in later life.1118:1 T he
most common age of onset for both sexes is about 2(1
■rears. Approximately 10' of patients have a thymoma:
the modal age lor such patients is 15 vcars. I his tumor
is rare in cases with onset before 30 years of age but is
present in 30' < ol cases beginning after the age of 40.

I hc course ol the illness can be divided into three

stages. In stage 1 ("active stage""1'), the severity ol
clinical symptoms increases but with a course charac¬
terised bv relapses and remissions, l esser than hall the
eases experience a remission ol a month or more, and
long remissions rnrel v occur more t hail once. Thir. stage
lasts 5 to 10 vears: it is the period (particularly the first
year"-) during which most deaths directly attributable
to MG occur, l itis is the stage at which thymectomy is
usually beneficial, though the improvement max be
delaved.' '

In stage 2 ("inactive stage"), the intensity of the
myasthenic symptoms fluctuates but genuine remis¬
sion is rare. Only a small number ol patients benefit
from thymectomy, although tin: transmission disorder
max still be partially corrected bv ant'cholinosterasc
drugs. In this stage, death max occur Irum asphvxiation.
but the mortality rate is much lower than in stage 1.

Stage 3 ("burned-out stage") occurs 14 to 20 vcars

Irom the onset ol symptoms. T he severity of the disease
either does not vary or tends to decrease. Thymectomy
is now of no value, deaths are restricted to respiratory
accidents, and the response to anticholinergic drugs
tends to disappear I here is a permanent weakness,
often without the myasthenic characteristics defined

by \ iets and with wasting of some muscles. Although
previously named "myasthenic mvopathv" because of
clinical and EMG resemblance to polymyositis, this

atrophy has recently been found to be caused by
denervation.®

It is my belief that in the active stage (stage 1)
immunological damage of the neuromuscular junction
results from a breakdown of immunological tolerance.
The thymus plavs a significant role in this process.
Antibody blockade and structural changes at neu¬
romuscular junctions cause loss of the normal safety
factor for transmission. This can be compensated for
by anticholinesterase drugs during a prolonged "inac¬
tive stage." but it is not reversible bv thymectomy,
though it may be benefited bv corticosteroids. In stage
3. the patient has become adapted to his disorder, the
remaining endplate damage may not be capable of
compensation, and denervation atrophy of muscle mav
occur.

To me, this classification bv stages is more valuable
than a classification by severity or distribution of
symptoms such as that of Osserman,'" except that ir is
generally agreed that if subjective symptoms are lim¬
ited to the extraocular muscles and remain so for two

vears, the prognosis is good. Additionally, if a thymic
tumor is present, the myasthenia is often difficult to
control either by drugs or by thymectomy.

DISORDERS OF OTHER ORGANS

It has been recognized for many years that there is a

relationship between MG and disorders of the thyroid
gland. In my experience,"- about 9% of males and 18%
of females with MC show signs of a thyroid disorder at
some time during their life; however, there is no regular
temporal relationship ("see saw" or other) between
these disorders.88 The disorder need not be thyrotox¬
icosis: in fact, nontoxic goiter and, more rarely, pri
mary myxedema may be found. Indeed, most of the
earlv reports refer to "lvmphadcnoid goiter."'1' It is now
recognized that many myasthenia patients have
Hashimoto's thyroiditis. "■81fH-8, It was clearly shown by
Engcl that myasthenia could not be caused by hyper¬
thyroidism,-1'as has been suggested. Only a minority of
myasthenics have abnormal thvroid function tests, and
these patients are as commonly hypothyroid as hyper
thyroid."''-88 I have shown that the link between MG
and thyroid disorders is probably genet ic.8--8'-88
The incidence of diabetes mellitus may also be

slightly higher than normal in myasthenics and their
relatives: an arthropathy resembling rheumatoid ar
thtitir, or ankylosing spondylitis is not uncommon.81
The arthropathy is often transient and seronegative,
and it mav precede or follow the myasthenic illness. A
familial linkage has also been shown between rheu¬
matoid arthritis, MG. and thyroid disease.1'1'

I have noted cases of rheumatoid arthritis and also
of pernicious anemia in relatives of myasthenics. Per-
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nicious anemia is a much more common blood dvs-
crasia in myasthenics than the better-known aplastic
anemia associated with thvmic ttiniors.'118'1-'- Epilepsy
is not uncommon:41'1" neither is acrocyanosis, sarcoido¬
sis. Sjogren disease.-'411' pemphigus v ulgaris,4-"" "" or
ulcerative colitis." There is increasing evidence that the
lactor common to these disorders is a disturbance of

immunology. In drawing attention to these conditions
and their possible immunological link. I have proposed
an analogy with systemic lupus erythematosus.81 a
disease that also occurs in association with my¬

asthenia."1"'1

GENETIC ASPECTS

The possibility of a genetic link for disorders has been
mentioned. Familial MCI is rare but well recognized;
vet only one of a pair of identical twins mav be
alfected.8"' Neonatal myasthenia differs in that the
affected parent is always the mother and the disorder
persists for only one to eight weeks, with a mean
duration of 18 days."" It occurs in one in seven live
children born to myasthenic mothers, even if birth
lakes place after the mother has had a thymectomy.
This linkage is apparently caused bv passage through
the placenta ol a substance that may be an antibody."'1

A genetic study by Jacob et al (1968) showed no
secondary cases of MG in 448 relatives of 70 my¬

asthenic patients, and no association was revealed
between MG and the ABO and Rhesus blood groups,
sccretor status, or the ability to taste PTC.48 Herrmann
(1971) was unable to establish a definite genetic mech¬
anism in his study of familial myasthenia.45 Bundey
(1972) recognized an earlv-onset form of childhood
myasthenia, with autosomal recessive inheritance of
the trait;1' her study gives limited support to the
concept of alternative gene expression that I proposed
in I960.8'

In recent years there have been many reports of
striking alterations in the frequence of at least one of
the human histocompatibility antigens (HL-A) in
patients with MG.1" 71 We find a frequent asso¬
ciation of the HL-A8 antigen and MG. but it is clear
that the relationship is not a direct one (there are 111.-
AH-negativc cases). 1'his association is interesting be¬
cause the H1.-A8 antigen may be the marker of a
defective suppressor T-cell function.-5 However, our
familial studies do demonstrate unequivocally that
inheritance of HL-A8. or indeed of a particular HI.-A
phenotypc. is not an essential precursor to the develop¬
ment of MG.-4

Another histocompatibility antigen system, such as
the LD antigens.3" detectable only by mixed leukocyte
reaction (MLR), may exhibit a stronger association
with MG and with autoimmune disorders. Genetic

factors probably constitute risk factors lor autoim¬
mune diseases, but the relative scarcity of familial cases
indicates that causation is multifactorial. We have no

evidence to explain the nature of the factors that lead
to manifestation of the disease in a susceptible indi¬
vidual.

AUTOIMMUNE HYPOTHESIS

In 1960 I proposed a genetically determined autoim¬
mune basis for MG founded on clinical and

pathological evidence.84 I have already noted that the
incidence of the disease by age and sex. its natural
history, and the evidence for multisystem or linked
disease are strikingly similar to these same parameters
in systemic lupus erythematosus, as it was described bv
Harvey et al." I here is an apparent disparity between
the occurrence of neonatal MG and the failure to

transmit the defect to another adult by cross-transfu¬
sion. This disparity could be resolved if the toxic
substance were an antibody against some tissue—
muscle or nerve—with common antigens in mother and
child. The duration of neonatal myasthenia would lit
this autoimmune concept admirably.

Other factors leading to the hypothesis were the
pathological changes in the thymus and the skeletal
muscle in this disease. The thymus gland is usually
abnormal, but descriptions such as "thymic hypertro¬
phy"' or "failure to atrophy" are unsatisfactory. The
glands removed from myasthenic patients are rarely
larger than normal, and the change of size with age is
within normal limits/The characteristic abnormality is
the presence ol "germinal centers'" in the cortex and
medulla.-1 The epithelial cells do not proliferate unless
there is a tumor. Even if there is a thymoma, the

surrounding lymphoid tissue commonly shows the
germinal centers typical of the disease.

By 1960 the thymus had generally been accepted as
;m endocrine gland, but it seemed to me to have the
appearance of an active lvmph organ associated with
immunological reactions. For the first time, this
provided a rationale for thymectomy as a form of
treatment. Follow-up studies had indicated that the
best results occurred when thymectomy was performed
as soon as possible after the onset of myasthenic
symptoms.8- Thus it was strange that Castleman and
Xorris'1 and others found no relationship between
operative response and the histological appearances ol
the thymus and. in particular, that Alpcrt ct al8 and
Pcrlo ct al'4 found that a favorable response was more
likely with the removal of those glands with fewer
germinal centers. The report of Mackay ct aL" that
favorable response correlated with the presence of
numerous germinal centers seemed more likely to be
correct. 1 was. therefore, surprised to find that the
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Glasgow cases1"4 supported .Alport and his colleagues.
Whatever this means, it is evidence against the impor¬
tance of "thymitis." which has been claimed bv other
workers.

The muscles eommonlv but not invariable show

the lvmphocvtic infiltration described bv Wcigert1"8
and named lymphorrhages by Buzzard.19 Although la¬
beled by many pathologists as "nonspecific." these
lvmphorrhages suggest an immunological reaction in
the muscles.Many other diseases previouslv associ¬
ated with lymphorrhages. which caused Russell to

regard them as nonspecific,78 are now recognized to be
associated with immunological reactivitv.

Xastuk et alr,K reported in 1959 that, in common
with most earlier experimenters, thev had not suc¬
ceeded in demonstrating a curarelike substance in
myasthenic serum. In the course of their experiments,
however, thev had noticed that the scrum caused lvsis
of frog muscle cells, a reaction later shown to be
associated with fixation ofcomplement.'"

In 1 960 Strauss et al published additional studies
in which they used a fluorescence technique to demon
strate binding of a myasthenic serum globulin to
skeletal muscle.'" At this same time (1956-1960) mv
colleagues and I had been searching—unsuccessfully—
for such an antibody. It is now clear that we were
unfortunate in not using serum from patients with a
thymoma, who. it is now know n, develop higher titers
of antibody. Our incidence of positive binding results
still remains lower than in most centers because we

differentiate A-band from I-band fluorescence. We
believe that A band fluorescence is virtually confined
to cases with a thymoma, whereas I-band fluorescence
is not restricted to MG."H

Aarli confirmed that the y-G globulin fixing to
muscle from some myasthenic serum was indeed react

ing immunologically.'-whereas the binding sometimes
found with normal sera was nonspecific We were able
to show, in common with other workers, that manv

myasthenic patients have abnormai serum antibodies
against thyroid and gastric parietal cells, and an
antinuclear factor is commonly present in their
serum."1-8' 1 have agreed with Strauss et al'"'and others
that the antimusclc antibodies demonstrated bv so

many workers were epiphenomcna in the sense that
11 ic s catmot accouii l fui tin. disutdci ol tidliMilissiun. It
is clear, however, that these multiple antibodies arc
evidence of disordered immunological function. The
techniques available in 1966"" were inadequate to dem¬
onstrate antibody bound to acetylcholine receptors
(AChRs). though such binding was predicted on the
basis of the hypothesis. Only in the last three years have
new and more sensitive methods made demonstration
of antibody binding to AChR possible.

IgA Levels in MG. My study showed that plasma pro¬
teins (estimated electrophoretically) were normal ex¬
cept when myasthenia was associated with Hashi¬
motos disease, thymoma, or one of the other complica¬
tions linked with humoral antibodies.8" When methods
for fractionating immunoglobulins became available,
we found some cases with low levels of IgA, a globulin
that is T-cell dependent.9' These were mostly cases of
congenital myasthenia, as also reported by Bundey et
al.1" Lisak and Zweiman (1975) found no abnor¬
malities of IgA,3' but their series did not include
congenital myasthenia patients. Bramis et al (1976)
have confirmed that serum IgA concentration may be
subnormal in myasthenic patients, and in their series of
107 patients the lowest concentrations were associated
with thymoma.16 Low concentrations were also found
in myasthenic patients without thymomas who had
associated extrnthymic neoplasms. Decreased IgA con
centration tended to be associated with many or

prominent germinal centers in the thymus, and serum
IgA It'vols tended to increase slowly after thymectomy

Cellular Immunity and MG. During the period 1965 to
1970. interest passed to cell-mediated mechanisms of
immunity. Alport et al8 and Kott et al3' obtained
positive inhibitory responses to crude skeletal muscle
and myosin-containing fractions of leukocytes from
two-thirds of their myasthenic patients However, we1-'
have criticized the controls in these papers and in that
of Goust et aid" A nonspecific inhibition of mac¬
rophage migration may occur because of differing
histocompatibility antigens.-9 Armstrong et al. using
thymic lymphocytes, found cellular hypersensitivity to
crude muscle and crude thymus antigens in my¬
asthenic patients, but they also reported similar sen-
sitivitv to muscle in nearly 50% of their control
subjects."1 Using different in-vitro methods, other
workers have shown abnormal lymphocyte prolifera¬
tion or transformation responses to crude muscle anti¬
gen in MG patients."1-'-"-37-62

We have reviewed the published work in this field
and have concluded that the cellular reactions demon¬
strated are. like the humoral antibody reactions, not
pathogenic.1-' We have, however, found a subtle but
significant impairment of the ability of T-cells from
myasthenics to synthesize new protein in response to
stimulation by phytohemagglutinin.91 The hypothesis
of Fudenberg'3 may provide a solution to the apparent
dilemma of a disorder of immunological tolerance
without evidence of cytopathic antibodies or cells. In
1968 he proposed that autoimmune diseases are man¬
ifestations ofeither generalized or selective immunologi-
cal deficiencies. This concept is supported by a clinical
correlation between MG and some anergic diseases.9"
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Although there are still main' details requiring
clarification. I submit that there is no doubt that MG is
a disease of disordered immunitv. and the evidence is

growing that the neuromuscular junction is immu¬
nologically damaged. Thus, it is now commonplace to
read about "the autoimmune theorv of myasthenia

grat is." Yet it should be remembered that there are a
number of theories of this tvpe for MG. and arguments

against one should not be viewed as contradicting all.

COMPARISON OF AUTOIMMUNE THEORIES

In 1960. the conclusion was drawn independently bv
three groups that an immunological disorder was
associated with MG. A fourth "theorv" was added in
1966. but thev all differ considerably in their heuristic
value."1

1. Smithers. In 1959. Smithers'" emphasized a com¬
ment by Castleman (1955)-" that the germinal centers
of the myasthenic thvmus resembled the thvroid

changes in I Iashimoto s disease. Smithers suggested
that "there is a possibility that this disease may also be
due to an autoimmune response associated at times
with neoplasia." The suggestion was that the thvmus
was immunologically damaged, and Smithcrs did not
offer anv explanation lor the neuromuscular disorder.
I Vom this presentation, it was impossible to account lor
the occurrence of associated disorders of other organs,
for neonatal myasthenia, or for the beneficial effects ol

thymectomy.

2. Strauss et at. Independently, an American group

developed an immunological theory of MG. Searching
for a neuromuscular blocking substance. Xastuk et al
(1959) found that blood from myasthenic patients, and
to a lesser degree from a few control subjects, caused
Ivsis of frog muscle cells.1'" Following up this surprising
observation, thev found that the serum complement
activity was within the normal range in most my¬
asthenic patients but was outside t he normal range in a
few eases. The increased or decreased complement
levels tended to correlate with remissions or exacerba¬

tions, respectively.'"
Nastuk et al suggested that an immune mechanism

might plav an etiological role in MG.'" The mechanism
they visualized was the development of autoimmunity
against one of the components (M) of the skeletal
muscle fibers, and they stated that "the terminal arbor
of the motor nerve might be indirectly or directly
involved." They drew attention to evidence that the
thymus gland was capable of manufacturing anti¬
bodies. This group soon published evidence demon¬
strating the presence of a muscle-binding, comple¬
ment-fixing globulin fraction in the serum of patients

with MG.''" and the subsequent studies ol a similar
nature have already been described.

1 hese were extremely important findings, compati¬
ble with an immunological abnormality, but Strauss
and his colleagues realized the difficulty of accounting
for a transmission defect with a lesion involving myo¬
fibrils rather than endplates. Because of this apparent
inconsistency, clinical workers refused to accept the
findings as evidence of an immunological cause of MG.
especially since not all myasthenics demonstrated such
antibodies. In addition, there may be no myasthenia
present despite documented aniiskeletal muscle and
antithymus reactivity in the serum of some thymoma
patients.'"'

1 he New York group could not at first demonstrate
a role for the thymus, but when it was shown to have, in
its mvoid cells, an antigen in common with skeletal
muscle.'-' Strauss and his colleagues considered that it
might elaborate a neuromuscular blocking substance
"in the course of its derangement."'"' This was an

unrecognized return to the old concept of a circulating
"curarelike substance" released from the thvmus. al¬

though ironically it was the firm refutation of this
concept bv Nastuk et al (1959)"" that had led initially
to their immunological studies. Thev abandoned the
concept of cytolytic antibodies and concluded that
autoantibodies were merely additional evidence ol
disordered thymic function. Thev speculated further
thiii such antibodies might inactivate a supposed
"neurohumoral inhibitor" which could be. at the same

time, antigenic.

3. Goldstein. The theories of Goldstein and his collab¬
orators derive from those of Smithers and Strauss.
Goldstein s hypothesis maintain!; that an autoimmune
reaction in the thymic medulla results in "ihymitis."
which then causes the release of a humoral substance
that produces the characteristic neuromuscular
block."' This humoral substance was later named

thyinin ''and characterized asa polypeptide. '"
This thvmitis theory originates from experimental

observations, and its validity depends on the reliability
of the experiments, which will be discussed in the next
section. It should be emphasized that it is the same

type of theory as that of Strauss. Inescapable conclu¬
sions from the Strauss and Goldstein hypotheses are
that thymectomy: (1) should cure MG, (2) could
negate the possibility of having a child with neonatal
myasthenia, and (3) could prevent the occurrence ol
myasthenia when it has not already been present.
None of these logical extensions is true; nor is it
necessary to document that they are false. The docu¬
mented onset of MG many years after apparently
complete thymectomy" makes it untenable that this

Myasthenia Gravis MUSCLE & NERVE Jan/Feb1978 49



disease can be caused bv a neuromuscular blocking
substance originating in the thymus. On the other
hand, disordered transmission resulting in some way
from immunological damage could still occur, since it
is well established that thvmectomv does not arrest

subsequent immunological reactivity. We have shown
that there is no significant decrease in the circulating
T cell population for up to eight years after thymcc
tomy.7-' Furthermore, if the thymus suffers'"autoim¬
mune" damage because it shares an antigen with
skeletal muscle, the associated autoimmune disorders
of other organs should not precede the neuromuscular
disease as. in fact, thev commonly do.81-84

4. Simpson. This hypothesis was elaborated to account
for the following clinical and pathological facts:
a. As recognized initially in I960.81 MG is associated

with a number of diseases, which were then or have
subsequently been shown to be immunological in
nature.

b. The incidence of MG by age and sex. and its
natural history, were strikingly similar to those of
systemic lupus erythematosus.

c. The thymus of myasthenic patients charac¬
teristically showed "germinal centers." Although in
1960 the immunological role of the thymus was not

yet accepted, it seemed to me that it was part of the
reticuloendothelial system and associated with im

munological reactions.
d. Lvmphorrhages in muscles, though considered bv

contemporary pathologists to be "nonspecific."
were verv suggestive of an immunological reaction.

e. Passage of an antibody across the placenta could
account for neonatal myasthenia. Later writers
have reported this observation without noting that
the significant points arc the duration of the neona¬
tal myasthenia and the inability to achieve passive
transfer of myasthenia between adult humans.

I. Cortisone was known to cause remission of my¬

asthenia after a temporary deterioration,
g. Nastulc ct al reported cvtolvsis of frog muscle cells

bv human myasthenic serum.''8

It must be remembered that it was not until 1961

that Miller1'1 published the work that convinced most

people of the immunological role of the thymus. In
I960 it was still regarded as an endocrine gland.
Therefore, although it seemed justifiable to publish the
hypothesis, because it was so novel it had to be shown
to be compatible with known facts. It was for this
reason that I postulated that thymus-derived cells
produced antibody against endplate receptors, and
ultimately structural changes of the neuromuscular

junction (described bv C'-oers & Woolf—). It should also
be noted that the immunological factor was postulated
as one of a chain of genetically controlled events.

EXPERIMENTAL MYASTHENIA

Once an immunological hypothesis for MG had been
formulated, it was natural to attempt to produce
experimental myasthenia bv immunological means. In
1955. John R. Anderson and I inoculated mice with
myasthenic muscle tissue and Freund's adjuvant but
without success. Our hypothesis was that the thymus
would produce antibodies or immunologically active
cells in response to this antigen that would attack the
animal s own muscle. In retrospect, the failure of the
experiment was inevitable since little of the antigen
would be derived from endplatcs.

Marshall and W hite (1961) showed that injection
ol an antigen into a guinea pig thymus caused histo¬
logical reactions resembling the thymus pathology of
MG which were not present after immunization bv
other routes. '8 Thev suggested that there is a blood-
thvmus barrier that mav be deficient in MG. Alter¬
natively. thev suggested that a segregated (free) anti¬
gen mav have arisen within the gland, or that the
cellular reactions of the germinal centers mav have
arisen spontaneously as a "forbidden clone.

Goldstein and W'hittingham (1966) inoculated
voting guinea pigs with antigens prepared from fresh
calf thvmus, muscle, or lymph node along with
1 round's complete adjuvant, and reportedly produced
a myasthenic EMG response to nerve stimulation in all
the experimental animals except those subjected to
prior thymectomy.18 There was no "clinical" my¬
asthenia. and rapid nerve stimulation was necessary.
Goldstein and a series of collaborators have repeatedly
reported similar findings in a number of animal spe¬
cies. Goldstein s hypothesis proposes that an autoim¬
mune "thvmitis" in the thymic medulla causes the

release of a humoral substance which produces the
myasthenic neuromuscular block.1,11 le later claimed to

have isolated a substance from normal bovine thymus
that produced myositis and myasthenic neuromuscular
blur km guinea pigs.4'

The basic findings of Goldstein's papers were sup¬

ported bv Kalclen ct al11 and bv Kawanami.who later
reported passive lymph-node-cell transfer of die wan¬
ing phenomenon on evoked EMG. Other workers,
including mv own group, have not been able to re¬

produce Goldstein's findings, and some attribute his
observations to artifact.The uncertainty of these
results—combined with the absence of evidence, using
fluorescence techniques, of an antibody acting against
endplates rather than against other parts of the muscle
fiber—produced a tantalizing gap in the theory.
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The immunological hvpothesis was further ad¬
vanced by the work of Patrick and Lindstrom (1).'1
They were the first to observe that repeated immuniza¬
tion of rabbits with nicotinic AChR, purified from the
electric organ of Electrophorus electricus, produced mus¬
cular weakness and a decrementing electromvogram
response to repeated nerve stimulation, which was
reversible bv anticholinesterase. Cross-immunoeleclro-

phoresis. the lack of catalytic activity, and the antigen's
amino acid composition and binding properties have
shown that it is not acetvlcholinesterase. There seems

no doubt that the substance isolated is from the

endplate receptor tissue though not necessarily the
receptor substance itself. Nevertheless, it is antigenic
and can raise antibodies which also act against the
host's endplate receptors.

The electric organs off. electricus, Torpedo marmorala,
and 7. californica also possess antigens in common with
the endplate receptors of many avian and mammalian
species, including man. and also with call thymus.
Serum from rabbits immunized with these antigens
has been shown to contain anlibodv to purified AChR.
and this anlibodv is capable of blocking the depolariz¬
ing response of the elcctroplaque to carbamvlcholinc.' '
Ihese findings have been easilv confirmed and ex¬
tended to other species.' ''''

Some investigators have successfulIv produced ex¬

perimental MG in animals that are close clinical
models of the disease. The experimental mvaslhenia
produced in monkevs bv Tarrab-Hazdai et til11'1 is a

strikinglv good model of human MG th;tt includes
ptosis reversible with edrophonium. Lngel et al have
shown that the morphologic and electrophvsiologic
changes at the neuromuscular junctions in experimen¬
tal autoimmune MCi in the rat closelv resemble those
of human MG in the chronic phase, though there are
differences in the acute phase of the experimental
disease.-"

The demonstration thai experimental autoim¬
mune mvasthenia can be transferred passivclv bv
Ivmphoid cells suggests that the disease involves I'-cell
reaction.

Measurement of Immune Factors. 1 lie principle used to
isolate and separate .AChR is its reaction with one of
the specific binding toxins from A 'a/a urija siaineiisis or
Irom Ihingurits inultianctus (n-bungarotoxin). It is also
possible to measure the anlibodv titer to AChR bv
incubating serum with isotope-hi be led AC ill R linked to
toxin. The antibocK-.AChR-toxin complexes are then
precipitated along with carrier immunoglobulin bv the
addition ol anti-immunoglobulin. and the radioac-
tivitv of the resulting pellet is measured.

Using this technique, Uindstrom et al have been
able to measure antibody against human muscle
AChR." They have also found that rat thvmus con¬
tains a small amount of AChR (about 0.5% of the
concentration in rat muscle). When the same radioim¬
munoassay (RIA) was used with huma sera, they found
significant titers of anti-AChR antibody in 82 of 84
sera from 50 patients with active MG. whereas none of
the 82 sera from persons without MG had anti-AChR
antibody. Later the same authors found significant
liters in 87% of 71 patients with MG.06 No anti-AChR
antibodies were detected in any other neuromuscular
diseases tested, including patients with the Eaton-
Lambert syndrome. The anlibodv was found in a

myasthenic mother and in both of her twin children,
who were suffering from neonatal mvasthenia.

Titers of antibody correlated well with clinical
severity, including response to treatment with cor¬
ticosteroids. and with spontaneous remission, and
titers were increased in MG patients with thymoma.
The RIA method is claimed to detect a 300-fold

difference in antibodv titer from sera of most MG

patients compared with normals, and thus is of diag¬
nostic value. The diagnostic vield obtained was much
higher with this method than with the test for inhibi¬
tion of toxin binding described below.

The authors caution against using AChR from
other species to assay for anti-AChR antibodv from
humans, as thev were unable to detect cross-reaction
between antihuman muscle AChR and eel AChR."
Lindslrom's radioimmunoassav measures onlv those

antibodies directed at determinants other than the
ACh binding site. There is some evidence that the
an.tibodv will block receptor response to acetvlcholine.
but the slow time course ol blockage in experimental
autoimmune mvasthenia suggests that immune re¬

sponses to .AChR result in morphologic alterations of
the nerve-muscle junction: these alterations have been
demonstrated.-" Thus. Lmdstrom's work supports the
concept ol immunological damage ol muscle endplate
with morphologic change of the latter (as the Simpson
hvpothesis suggested"'1'"') in addition to providing evi¬
dence for blocking antibodies to receptors.

A sensitive assav for those serum factors inhibiting
the binding of isotope-labeled n-bungarotoxin to the
AChR has been described bv Almon. Appel. and
colleagues.'-1 The basis of the test is the measurement
ol the serum's abililv to block the uptake of labeled «-

bungarotoxin bv AChR extracted Irom denervatcd rat

muscle. The serum of at least 5 and possibly 1 1 out of
15 patients with MG showed inhibitory activity that
was localized to the globulin fraction. Serum globulins
from normal individuals and from a patient with
polvmvositis had no inhibitors' effect. 1 he serum factor
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had a molecular weight too large for a polypeptide and
was probably a globulin.

Aharanovet al have developed a quantitative micro-
scale complement fixation assay to determine the prcs
ence of humoral antibodies against AChR purified
from the electrogenic tissue of the electric ray Torpedo
californica.'' With this microscale technique, some or all
of the receptors may be extrajunctional. These re¬
searchers report a significant difference in the antibodv
titers between myasthenic and nonmyasthenic pa¬
tients, with 12 of 15 myasthenic patients showing
antibodies and only 1 of 24 controls.

Role of Immune Factors in MG. Usinga-bungarotoxin as
a specific molecular probe for the nicotinic AChR
molecule, Fambrough et al found reduced endplate
binding—averaging 80T below normal—in muscle
from MG patients.1" This is unlike denervated muscle
in which there is a spread of AChR to the entire
sarcolemmal membrane. These researchers have now

confirmed that, by blocking the AChRs of rat muscle
bv the intravenous administration of the a-toxin of the
Formosan cobra (Naja naja atra), it is possible to pro¬
duce electrophysiologic and pharmacologic changes
typical ofMG.""

The studies ol Fambrough et al support the pro¬

posal'1" that either antibodv blockade or a reduction of
available AChRs would account for the characteristics
ofMG, including the observation that miniature end-
plate potentials mav be reduced in amplitude (see pari
2). As Satyamurii ct al point out."" however, it is not

possible from these studies to sav whether the receptor
protein itself is defective, the receptor packing in the
postsynaptic membrane is abnormal, or the receptor is
damaged or blocked, perhaps by autoimmune mecha¬
nisms.

Bender and his colleagues have shown that scrum
from MG contains a factor that blocks a bungarotoxin
binding to AChR of human muscle receptors its de¬
tected bv imnumoperoxidase staining of o-bun-
garotoxin.111 'This technique, which complements thitt
of Almon ct al.' demonstrates that toxin binding is
inhibited at neuromuscular junctions, hxtrajunctional
sites were found only in dcncrvated muscle. The
staining technique shows that AChRs arc located
mainlv at the postsynaptic membrane folds (and onlv
tit the upper portions ol these folds): also, a slight
amount of staining of the presynaptic membrane is
alwavs seen. In one patient the blocking factor was
localized to the IgG fraction.

F.ngel ct al have devised a technique that demon¬
strates localization of IgG and C3 at motor cndplatcs
in MG by reacting biopsied muscle with staphylococ¬
cal protein A (which binds to the Fc region of human

IgG subcla33C3 1, 2, and 1) and rabbit antihuman C.l
conjugated with peroxidase.The immune complexes
were detected both at the sites of AChR and on

degenerate material in the synaptic space. Staining of
presynaptic sites was considered to be secondary to the
diffusion of reaction product from the postsynaptic
membrane. More immune complexes were detected at
the endplate in the less severe than in the more severe
cases of MG, the criterion for severity being mor-

phometric analysis of electron micrographs of the
endplates.

Engel and his colleagues interpret these findings as

indicating that the myasthenic weakness is caused by
AChR destruction bv the autoimmune reaction. This

proposal assumes that IgG binding to AChR has
resulted in completion to C3 of the activation phase of
the complement reaction sequence, and that subse¬
quent sequential activation of C5 to C9 would com¬

plete the attack phase and set the stage for lytic
destruction of the postsynaptic membrane. They con¬
sider that iinmunopharmacological blockade and IgG-
induced modulation of AChR may also contribute to
the deficiency of AChR at the myasthenic endplate.
Passive transfer of myasthenia immune complexes
would help to differentiate among these possibilities.

Ibyka et al have reported the successful passive
transfer ol myasthenia from man to mouse using an

immunoglobulin fraction of scrum from myasthenic
patients."" The mice showed reduced amplitude of
miniature endplate potentials and reduced numbers of
AChRs at the neuromuscular junctions. Some showed
;t decreasing response on repetitive nerve stimulation
;il 3/sec. with reversal bv neostigmine. Onlv one of the
annuals ivas cliuicalK ueak in the original lepon. but
in a later study 12 mice injected with crude immu¬
noglobulin from five different MG patients showed
marked clinical weakness beginning two to seven davs
<tlti i tin. first dose. ""'Although we ' have not succeeded
in repeating their results, the Baltimore work is verv

convincing: it is surprising, however, that no mention
was made of the responsiveness of the weak mice to

edrophonium or neostigmine. 1 he active fraction was
identified as an IgG which was enhanced bv G3 but not
by G5. and hence unlikelv to be a cytolytic effect.'""
I he latent period of the clinical effect mav be consid¬
ered unfavorable to the concept of immunophar-
maeological block, but these animals were not tested
bv refined electrophysiologic techniques.

Whatever the blocking mechanism and the resul¬
tant cellular reaction associated with these immune

complexes at AC 111 R sites is. the evidence supports the
Simpson hypothesis"" rather than the Goldstein con¬

cept of a polypeptide thvmin released bv thvmitis.
However. Aharanov et al maintain that there is cross-
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reactivity at cellular and humoral levels between the
AChR (from E. elcctricus) and calf thymus fractions.
Thee agree with Goldstein in viewing the thymus as a
target organ for autoimmune disease. They recognize
that this poses a problem in accounting for the
therapeutic effect of thvmectomy unless this effect
results from the general immunosuppression caused by
that treatment.

The thymectomy question was further explored by
Lcnnon et al,54 who found that in rats with experimen¬
tal autoimmune myasthenia gravis (EAMG). thvmec-
tomv. carried out at the stage associated with a 7S
globulin antibody to both eel and muscle AChR. had
no significant effect on the myasthenia. At that time,
however, they were able to transfer AChR-immune
cells to normal recipients using lymph nodes of donor
i"itts. It may already have been too late for thymectomy
to arrest the disease, and any resultant immunosup¬
pression was of no clinical importance. On the con¬
trary. normal rats depleted of T-cells by thymectomy
and X-irradiation before challenge with AChR/adju-
vant failed to develop EAMG. Susceptibilitv to EAMG
was not restored by transfusing thvmus cells, but these
animals did develop anti-AChR antibodv at a titer
that was not significantly different from the usual
response, transfusion of B-cells alone was much less
effective in restoring immunological responsiveness.
I hese experiments strongly suggest that the immu¬
nological damage to the rat's cndplatc receptors de¬
pends on 1 -cells which rapidlv populate Ivmph nodes,
that these cells can transfer EAMG to normal rats, and

that the thymus does not otherwise produce a receptor-
active substance.

Namba et al have shown that the circulating
lvmphocvtes and Ivmphoid cells of the Ivmph nodes
and spleen of mvasthenic patients produce stronger
gralt-versus-host reactions in mice than do similar cells
from normal subjects.1,1 However, the Ivmphoid cells of
the thvmus of myasthenic patients with Ivmphoid
hvpcrplasia do not exhibit such activilv. When Ivm-
phoevtes from both myasthenic patients and normal
subjects were injected intramuscular!v in rats, they
produced local infiltration of polvmorphonuclcar and

lymphoid cells, including lymphorrhages, and later
fibroblasts and eosinophils. The motor endplates of the
host animal showed a triphasic increase in the mean
diameter accompanied by changes in fine structure
and innervation of motor terminals.Terminal

branching was the same regardless of whether the
human lymphocyte donors had MG. and the changes
probably represent a normal lymphocyte transfer reac¬
tion. Nevertheless, the increased diameter of endplates,
though transient, was confined to rats injected with
lymphocytes from mvasthenic donors.

SUMMARY

These experimental studies may be summarized as
follows. Serum antibodies and circulating T-cells
raised against an acetylcholine receptor substance
produce a good experimental model of myasthenia
gravis. New methods of assav which test the affinitv of
endplate receptors for toxins believed to react specifi¬
cally. indicate the presence of complement-fixing hu¬
moral neuromuscular blocking globulin in mvasthenic
subjects and not in normal controls. There is some
evidence that lvmphocvtes may attack motor end-
plates. If the lvmphocytes are from myasthenic donors
or from electroplaque-immunized animals, the dam¬
age to endplates reflects this difference in source: in the
latter case, they passively transfer a myasthenia-like
disease.

It is premature to describe these experiments as
definitive, but I submit that they provide considerable
support for the autoimmune theory of mvasthenia and.
in particular, for the first part of my hypothesis. There
is now no doubt that the neuromuscular junction can
be modified structurallv and phvsiologicallv bv immu¬
nological mechanisms that are probably cell-mediated,
and the evidence for antibodv blockade of AC -h R in the
human disease is verv strong. The hypothesis that this
is caused bv a geneticallv determined breakdown of
immunological tolerance remains, alter 17 vears. com¬

patible with all the evidence.

End of part J; pari 2will appear in theMarch/April 1978
issue of All'SCI.E & XERl'E.
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A reviow of our curront knowlodge of the etiology and pathogenesis of
myasthenia gravis is presented, with particular emphasis on the immu¬
nological aspects of the disease. Part 1, published in the January/
February issue of MUSCLE & NERVE, dealt with the clinical and genetic
features of myasthenia gravis which led to the autoimmune theory of the
etiology of the disease. Part 2, which appears in this issue, provides a
review of the dysfunction of physiology, pharmacology, and structure of
the neuromuscular junction in myasthenia gravis, and the part played by
the autoimmune process.
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MYASTHENIA GRAVIS:
A PERSONAL VIEW OF
PATHOGENESIS AND

MECHANISM,
PART 2

JOHN A. SIMPSON, MD

Turning now to the essential feature of myasthenia
gravis (MG)—the muscular weakness that increases
with prolonged or repeated muscular contraction and
that is alleviated by rest—we must first recognize that
all theories of disordered neuromuscular transmission
are essentially model making. As I have pointed out
before,4'' we are all children of our age and we adopt the
conceptual models appropriate to our time. Thus, in
the first recognizable description of the disease (pub¬
lished in 1672 and quoted by Viets3"), Thomas Willis
concluded:

Without doubt in these, although the Animal Spirits do
after a manner actuate and irradiate the whole nervous

Stock, yet their numbers are so small, and in so few heaps,
that when as many spirits ought to be heaped together
somewhere in it for motion, there is great danger left
presently in the neighbouring parts, their continuity
should be broken. Wherefore, when the spirits inhabiting
the Brain, arc conscious of the debility of others disposed
in the Members, they themselves refuse local motions, for
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that it would bo too difficult a task to impose on their
companions . . . ; before noon the stock of the Spirits
being spent, which had flowed into the Muscles, they are
scarce able to move Hand or Foot.

This in a model based on the topical view of nervous
activity, and it is clearly a presynaptic theory.

Two centuries passed before the magnificent contri¬
butions of Erb and Coldflam established the clinical

picture.'3" By that time the transient paralysis caused by
curare was known, and many sources had reported
finding no abnormalities on postmortem examination
of patients who had died of MG. Oppenheim (1887)41
and Jollv (1895)" recognized a resemblance between
MG and curarc poisoning and suggested using phy
soctigmine for treatment, though this does not appear
to have been tried until the famous case reported by
Mary Walker (1934).39 This paper and the later one1'"
on the use of the physostigmine analog neostigmine
coincided with the confirmation by Dale and Feld-
berg1" of the role of acetylcholine (ACh) in neu¬
romuscular transmission. This was an era of rapid
development in the study of biochemistry, and from
that time all thinking turned toward an etiologic
concept of a biochemical lesion causing a transmission
block at the neuromuscular junction.

Over the next 25 years, rapid advances in neu¬

rophysiology and pharmacology suggested several
mechanisms for such a block. This led to considerable

disagreement. Most papers on the mechanism of MG
started with a review of neuromuscular transmission
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and its blockade by pharmacologic means. In short, the
models had become pharmacologic analogs. During
that era, many older clinical observations were forgot¬
ten. The new theories tended to ignore the established
fact that the thymus was invariably abnormal and that
its removal could effect improvement in the my¬
asthenic state. Those who recognized these facts were
forced to postulate that the thymus was the source of a
"myasthenic toxin" with curarelike properties—a con¬
cept perpetuated by the "thymitis" school and criti¬
cized above (see part 1). No satisfactory evidence for a
circulating neuromuscular blocking substance in
human myasthenia38 appeared until the recent reports
of Toyka and colleagues.53-54 These have yet to be
confirmed. The duration of neonatal myasthenia is
much too long to attribute to placental passage of a
substance with a molecular size resembling curare.35
Only the Mary Walker effect, examined below, is
seriously offered as evidence of the presence of such a
toxin in MG.

THE WALKER EFFECT

It has been stated by many authors since Laquer,35
Buzzard,5 and Walker51 that exercise of a major group
of muscles in a myasthenic patient causes the release
into the bloodstream of a substance that induces

weakness of unexercised muscles. The procedure
adopted by Walker61 and by subsequent researchers
was to occlude the circulation in an upper limb while
exercising the muscles of the forearm. They maintain
that, in many cases, on releasing the constriction from
the one part the clinical signs of myasthenia (e.g.,
ptosis) increase in other parts (the "Walker effect").

Wilson and Stoner (1944) reported similar findings
substantiated by cinematography,52 and others have
made like claims, all ofwhich I find unconvincing. The
alteration in the palpebral fissure illustrated by Wilson
and Stoner is not impressive. The latency of ptosis after
ielease of the occluding cuff is recorded at 1 Vj min,5110
sec-4 min,62 and 4-6 min.52 It is difficult to accept
latencies of this order as being the result of the
pharmacologic action of a substance passing from arm
veins to the eyelid muscles. Since myasthenic ptosis
may occur rapidly in situations ofemotional stress or in
bright light (as in an experimental situation with close-
up photography), more convincing evidence is needed.
It is unlikely that muscular activity produces a toxic
substance proportional to the degree of contraction,
such as lactic acid which might cause a reduction of
serum calcium,43 since a blink will often restore the
droopy eyelid to normal, presumably by posttetanic
potentiation. My own experiments, and those of oth¬
ers,38 have led to considerable doubt about the reality
of the Walker effect.

More serious consideration must be given to the
experiments of Tsukiyama et al (1959),55 which used
nerve stimulation distal to a cuff in one arm with EMG

recording of the evoked muscular potential of the other
arm. About 1 min after the cuff wa3 released the test

potential began to fall, reaching a minimum in 1-4
min with recovery in the next 10-15 min. The depres¬
sion was reduced after administration of an anti¬

cholinesterase. If myasthenic "fatigue" were caused by
a substance generated by motor nerve activity, or
caused by a metabolite from contracting muscle, one
would expect an escalating effect with continued stim¬
ulation. In fact, as shown below, the opposite happens.
The greatest fall in amplitude of the action potentials
takes place at the beginning of the decrement, and a

subsequent plateau level is commonly established.

ELECTROPHYSIOLOGY

This is not the place to examine in detail the elec¬
trophysiologic and pharmacologic studies on which
the rival models (discussed below) are based. These
have been reviewed elsewhere.48 The essential facts will
be outlined in association with the various models
rather than in historical order.

First, are we justified in assuming that the defect is
exclusively synaptic? Jolly33 showed that the pathologic
fatiguability could be reproduced by faradic stimula¬
tion of the motor nerve while the "fatigued" muscle
would still respond fully to locallv applied galvanism.
Later workers, using electrical recording of the anti¬
dromic action potential of tire motor nerve, confirmed
that the nerve continued to respond.' Nevertheless,
some involvement of muscle fibers is suggested bv the
reduction or abolition of the normal "staircase phe¬
nomenon" demonstrated by Slomic et al.50 Ballantvne
and liar tsen,2 using a computerized technique, have
also found evidence for diminished conduction velociit
of teiinitial motoi uei vc fibeis and agree with others"1-4"
that there is significant reduction in the duration of
motor unit potentials. But other physiologic evidence
ofdenervation, such as fibrillation, is scantv.48

Most of the electrophysiologic evidence for trans¬
mission failure is not very helpful in determining the
mechanism involved. Conventional needle eiee

tromvography shows a progressive reduction in ampli¬
tude and fallout of motor unit activity, with
development of synchronization and brief pauses fol¬
lowed by brief posttctanic facilitation. Some motor
unit potentials become polyphasic, suggesting failure
of single muscle fibers; yet sudden cessation of activity
of whole units undoubtedly occurs,1113 which could
scarcely be the result of a lesion distal to the terminal
arborization. Single fiber electromyography-11 shows
greater variability in the firing time relationships
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between muscle fibers belonging to the same motor
unit ("jitter"), which increases during prolonged ac¬

tivity, and there is occasional blocking of single muscle
fiber responses. Both of these defects can usually (but
not invariably) be normalized by edrophonium. The
EMC findings may be attributed to variability in the
amplitude of endplate potentials, which has been
demonstrated in human myasthenic muscle2" and
which could be the result of any lesion that has this
effect. Similarly, the decrementing mechanical re¬

sponse found by Jolly,33 as well as the decrement of
compound muscle action potential evoked by repeti¬
tive supramaximal nerve stimulation,30 shows that the
normal safety factor for transmission of repeated stim¬
uli is missing from the myasthenic neuromuscular
junction.

There are some clues to the site of the defect.
Desmedt has stressed the "post-activation exhaustion"
that follows a train of stimulation or a strong voluntary
contraction and that slowly disappears with a half-
time of 10-15 min.12'13 Inasmuch as a similar phe¬
nomenon occurs in the cat poisoned with hemi¬
cholinium (a drug that acts mainly by inhibition of
ACh synthesis), this model suggests a presynaptic
lesion for myasthenic postactivation exhaustion. Des¬
medt considers this to be the cause of the clinical

fatiguability rather than the decrement during tet-
anization. As is the case with most pharmacologic
probes, however, the action of hemicholinium is not
exclusively presynaptic, and there is recent evidence
that postactivation exhaustion is also caused by d-
tubocurarine.5"

If there is a biochemical defect, it must be in the

synthesis or packaging of ACh or in its transfer to a
readily relcasable store,13 rather than in its release from
synaptic vesicles. A characteristic feature of the muscle
action potential response to rapid (50/sec) trains of
supramaximal nerve stimuli is that it is temporarily
facilitated after the initial decrement, and posttetanic
facilitation is detectable after a single stimulus32 or on
continued stimulation after the muscle fibers have
ceased to respond. The muscle potential evoked by the
first stimulus of a train may be of lower amplitude than
later potentials, so there must be some muscle fibers
available for recruitment in the myasthenic; that is,
there is sometimes a partial block to neuromuscular
transmission of a single impulse. The degree of facilita¬
tion is highly variable; in some muscles it may be the
dominant factor.42'4"-411

Inasmuch as posttetanic transjunctional potentia¬
tion of this type is generally accepted as a prejunctional
phenomenon, it seems unlikely that there can be a
significant defect of ACh release in MG.4B Therefore, I
have drawn attention to the absence of facilitation in

myasthenia which is associated with diseases of the
lower motoneurons.47 It is equally unlikely that dener¬
vation leading to secondary structural changes of the
endplate would be a characteristic feature, as sug¬

gested by W. K. Engel.25 Responses to veratrine,
guanidine, and anticholinesterase drugs suggest that
there is no significant deficiency of stored ACh in this
disease. If Desmedt's interpretation of postactivation
exhaustion is correct, it must apply to a "readily
releasable fraction" rather than to the synthesis of
"depot-ACh" or to the mechanism of release.

Support for Desmedt's interpretation came from a
series of experiments summarized by Elmqvist on

biopsy specimens of intercostal muscle from my¬
asthenic patients.1'1 He reported that spontaneous min¬
iature endplate potentials (MEPPs) were reduced in
size. A general principle used in interpreting MEPP
studies is that thefrequency of the miniature potentials is
usually controlled by the conditions of the /^synaptic
membrane, while their amplitude is usually controlled
by the /tor/synaptic element.34 These results should
point, therefore, to a postsynaptic disorder in my¬
asthenia. However, the Swedish researchers preferred
to interpret them as indicating a lowered quantum
content of ACh. by analogy with their findings with
hemicholinium.19 These findings were supported by
studies of the depolarization of endplate regions of
normal and mvasthenic muscles by decamethonium
and carbachol. In these studies, myasthenic endplates
gave a normal response to iontophoretic microapplica-
tion of ACh. While I accept these data, I do not believe
that the conclusions for a presynaptic mechanism
("small quanta") necessarily follow.48-49 Recent evi¬
dence on autoimmune MG in the rat24 supports my

interpretation that the small MEPPs are caused by a
decrease in the number of reacting postsynaptic ACh
receptor (AChR) sites. Grob reported that spontaneous
endplate activity in limb muscles of myasthenic pa¬
tients was more difficult than normal to locate, but it
did not differ significantly in amplitude, duration, or
frequency.28 He disagreed with Elmqvist regarding the
chemosensitivity of the endplates.

PHARMACOLOGY

Pharmacologic studies on myasthenic patients have in
general indicated a postsynaptic disorder. Churchill-
Davidson and Richardson showed that the neu¬

romuscular blocking drug decamethonium did not
have its normal depolarizing action in myasthenics.'
Instead, it produced a curare-type competitive block,
sometimes preceded by a brief depolarization block
("dual response"). Grob et al showed that the actions of
ACh and choline were altered in a similar manner.29

These findings point to a postjunctional change, prob-

Myasthenia Gravis MUSCLE & NERVE Mar/Apr 1978 153



ably involving receptor sites. Contradictory statements
in the literature on the sensitivity of the endplate to
ACh can be attributed to unrecognized dose-response
relationships; there is little doubt that the myasthenic
endplate shows diminished sensitivity to ACh.21 (For a
fuller review of this controversial subject, see Simp¬
son.4") Increased sensitivity to curare and quinine4-41
accompanies all types of diminution of the safety
factor for synaptic transmission and does not influence
the argument. Nevertheless, it is important to note that
hypersensitivity to rf-tubocurarine persists in biopsied
myasthenic muscle after repeated washing,16 which is
further evidence against a circulating curarelike sub¬
stance.

MODELS OF NEUROMUSCULAR BLOCK

At this point it is necessary to draw attention to the
nature of the arguments for the transmission defect in
myasthenic muscle. The above limited review is suffi¬
cient to indicate that three main theories have

emerged: (1) the circulating curarelike substance, (2)
the presynaptic defect, and (3) the postsynaptic defect.
Each of these has been constructed from a phar¬
macologic analogy. They arc models. It is implicitly
assumed (1) that all mammalian neuromuscular junc¬
tions show the same pharmacologic reactions, (2) that
the pharmacology of the normal junction also is rele¬
vant for the pathologic junction, and (3) that there is
no anatomic abnormality of the neuromuscular junc¬
tions. All these assumptions are probably false. In my

opinion, the only logical conclusion that can be drawn
from the reported findings is that there are both pre-
and postsynaptic abnormalities but there is no cir¬
culating curarelike substance.

For many years,4fi-48-49 I have discussed the pos¬

sibility that the abnormalities described could result
from a geometric change in the junction's structure,
with the added possibility of receptor blockade by an

antibody (a "personal" blocking substance transmissi¬
ble only to one's offspring). An analysis by Eccles and
Jaeger of the factors determining efficiency of synaptic
transmission showed that a flat ending is much less
efficient than a knob-shaped one."1 The width of the
synaptic cleft must be as narrow as possible, yet wide
enough to allow transmitter substance to escape by
diffusion. The subsynaptic membrane should provide
many receptor areas close to the site of ACh release.
This implies a folded subsynaptic membrane, but the
folds must not be too deep or too shallow. Modification
in each of these respects would account for the elec¬
trophysiologic and pharmacologic findings in MG.
Therefore, I have suggested48-49 a possible mechanism
for the small MEPP findings (and also for some

apparent anomalies in the earlier papers from the
Swedish group) that makes it unnecessary to interpret
amplitude changes on a presynaptic basis ("small
quanta").

Blockade of AChRs in rats by the a-toxin derived
from the venom of the cobra Naja naja atra, described in
part 1, supports the concept that a reduction of
available AChRs may play an important role in MG.44
The experimental findings include small-amplitude
MEPPs and all the other electrophysiologic phe¬
nomena of human MG, including postactivation ex¬
haustion and decremental response at slow rates of
stimulation, with return to normal after some hours.
Drachman et al now consider MG to be a receptor
disorder.'7 There is little doubt that the postsynaptic
lesion is of major importance, but an additional pre¬
synaptic disorder cannot yet be excluded.

As pointed out above, the pharmacologic models
are based on three unproved assumptions. We also have
to account for the characteristic distribution of muscle

susceptibility and for the relapsing and remitting
clinical course. We now have evidence1'1 that the char¬
acteristic twitch responses of "white" and "red" mus¬
cles to nerve stimulation, and their different responses
to drugs, correlate with the geometry of their neu¬
romuscular junctions. The latter are modified pari passu
with the twitch characteristics in nerve transposition
experiments. Is there histologic evidence for abnormal
endplate structure in human MG?

ENDPLATE STRUCTURE

It was generally accepted, especiallv during the "bio¬
chemical lesion" era, that there is no histologic abnor¬
mality of the neuromuscular junction in MG. The use
of intravital staining with methylene blue showed
otherwise. Mott and Barada used this method in one

patient as early as 1923.17 They did not detect any
abnormality, but contemporary critics have suggested
that their diagnosis of MG was erroneous. Goers and
Woolf89 used intravital staining in addition to staining
of the subneural apparatus for cholinesterase (which,
incidentally, is not present in excess). They demon¬
strated florid morphologic changes of the intramuscu¬
lar nerve endings. They found that two types of
abnormal endings occurred in myasthenic muscle. The
"dystrophic" type, with increased branching of the
terminal arborization and distribution of terminal
knobs over a wider-than-normal area of muscle, was

considered to be a reaction to muscle fiber disease and
not specific for MG. The "dysplasic" type had few
terminal knobs. These were arranged serially along a

scanty number of terminal branches, and ended on a

long endplate region running parallel to the muscle
fiber. The dysplastic type, common in myasthenic
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muscle, was rare in normal subjects and in other
neuromuscular diseases.

In addition to a remarkable degree of sprouting of
the terminal axons, which resembled collateral inner¬
vation, MacDermot noted ultraterminal sprouting
from the elongated endplates.36 The extended endplate
zone so formed may cover a distance of several hundred
micrometers along the length of the muscle fibers
involved. Although the authors interpreted the
changes as reactive, it is clear from the preceding
discussion and from the analysis of Ecclcs and Jaeger1"
that these endplates will be much less efficient than
normal, with a safety factor resembling that of am¬
phibians rather than normal mammals.

Furthermore, ultramicroscopic studies have shown
that the mean area of each terminal knob is reduced,
even though many small nerve terminals appear over
an extended region of the muscle fiber.sw In some

legions, the primary synaptic cleft is widened and the
postsynaptic region is abnormally simple; secondary
synaptic clefts are sparse, shallow, abnormally wide, or
absent. Engel and Santa occasionally observed growth
cones of actively regenerating axons, but not ultrater¬
minal sprouts.-''1 In nerve terminals, there was no

significant change in the mean diameter or number per
unit area of synaptic vesicles. In view of these findings,
it is not surprising that muscle fibers show varying
damage5 or that denervation atrophy27-® and tvpe 2
muscle fiber atrophy20 may occur. The recent finding of
similar changes of endplate fine structure in experi¬
mental autoimmune MO24 makes it highly probable
that the morphologic changes are correlated with the
transmission failure. The recent work22 showing an
inverse correlation between immune complexes on the
postsynaptic membrane and the severity of myasthenia
supports this point ol view.

The light-microscopic and ultrastructural studies
suggest that degeneration and repair of the neu¬
romuscular junction occur simultaneously in MG.
This could readily account for the presence of relapses
and remissions in stage 1 ol the natural history ol the
disease.48

It has been my contention that AChR blockade
with antibody, and structural changes resulting from
cell-mediated immunologic damage of the neu¬
romuscular junction, both pre- and postsynaptieally,
would adequately account for all known clinical, elec¬
trophysiologic, and pharmacologic phenomena of
MG. The transmissible factor related to the thymus
must cause the demonstrated geometric change of the
endplate rather than a curarelike block. This may be
an exaggeration of a normal process of remodeling or

replacing of endplates, or of AChRs,14 for which there
is some evidence in normal mammals.3-56 I have sug¬

gested that an immunologic mechanism might be used
in the normal animal as a homeostatic device for

detecting and removing effete and degenerating
tissues. Possibly the thymus also plays a role in promot¬
ing regeneration.48 It does appear to have endocrine-
type secretion granules in the Hassall epithelial cells,57
but their function is unknown.

My reason for ending with a speculation here is
that if we could isolate the factor responsible for the
active regenerative activity of damaged motor nerve
terminals, wc would perhaps have the ultimate therapy
for myasthenia gravis. When the autoimmune hypoth¬
esis was first propounded,45 it was highly speculative; it
has taken 15 years to find acceptable evidence for
many points. I can do no better than to end with the
same quotation from Hughlings Jackson:

The use of hypotheses is the method of science. To
suppose we can make discoveries by the Baconian
method i? v* dHi'S'on A hypothesis of supposition ic not ?
conclusion; it is only a starting point for methodical
observation and experiment^ the endeavour being not
only to prove it but to disprove it.46
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The place of surgery in the treatment of
myasthenia gravis
K. FRASER, J. A. SIMPSON AND J. CRAWFORD*

summary

The clinical conditions, operative and postoperative
management of 64 patients submitted to thymectomy
from 1965 to 1976 have been reviewed retrospectively.
The results of 11 thymectomies done before 1965 have
been previously reported (Fraser, 1966). We consider
that the duration of illness is a more important criterion
than the age or sex of the patient or the distribution of
weakness, and we recognize three stages (Simpson,
1974). Stage 1, the active stage, is characterized by
remissions and best response to thymectomy; it
normally lasts for 5-7 years and is followed by stage 2,
the inactive stage. In stage 2 there is less risk of death
but few spontaneous remissions and less response to
thymectomy. In stage 3, the burned-out stage, there may
be steady improvement but thymectomy is without
benefit and responsiveness to anticholinergic drugs
becomes less.
It has been our policy to perform thymectomy as

early as possible in stage 1. In addition, stage 2 patients
have been advised operation if the response to anti¬
cholinesterase medication has been unsatisfactory.
Although major improvement is not anticipated until
2-3 years after operation, we have felt justified in
offering thymectomy because we have had no death as
a direct result of the actual operative procedure. One
patient died suddenly and unexpectedly on the tenth
day postoperatively (1-7 per cent). At follow-up there
were 6 late deaths. Of the 52 patients available for
review, 92-3 per cent had no symptoms or only mild
disability.

The role of the thymus in myasthenia gravis was first
recognized by Weigert in 1901. In 1960 Simpson
showed the immune nature of the disease. In 1912
Sauerbrach removed the first thymus in a patient who
had hyperthyroidism associated with myasthenia
gravis. The patient obtained marked improvement in
the myasthenia gravis. The operation was done by the
transcervical route(Schumacher, 1913). Apart from one
thymectomy by Haberer in 1917, nothing further was
heard of the operation until 1936, when Blalock
successfully removed a thymic tumour in a patient
with myasthenia gravis. Five years later he took the
logical step and commenced removing the thymus
even in the absence of tumour in an attempt to
alleviate symptoms of the disease (Blalock et al., 1939;
Blalock, 1944). In 1942 Keynes commenced thymec¬
tomy for myasthenia gravis in Britain, and published
his first of several classic articles on this treatment in
1946. Great tribute is due to Keynes and other
surgeons, especially Blalock, for their surgical skill
and courage. Even in 1942 transthoracic operations
were still very much in their infancy while operations
within the mediastinum were excursions into territory
as yet unexplored and unknown.

Patients and methods
Fifty of the patients were female and 14 were male. Age
incidence was as set out in Table I. As one would expect, the

majority were between the ages of 20 and 40, 37 patients being
in this age group. The ages ranged from 2 to 66 years.
Eight patients had a clinical history of less than 6 months,

36 patients a history of 6 months to 2 years, 11 patients from
2 to 5 years and 9 patients had had symptoms for more than
5 years.
One patient had ocular signs only, 12 patients had a mild

generalized weakness including ocular signs and 51 had a
moderately severe degree of weakness and difficulty with
deglutition and speech. Four cases were in stage 2 and 2 in
stage 3; all others were in stage 1. The stage 3 patients were
operated on as a last resort. One of them had rheumatoid
arthritis, goitre, polycythaemia and was positive for ANF.
The other had systemic lupus erythematosus.

Table I: AGE DISTRIBUTION OF THE PATIENTS

Age group
1-10 11-20 21-30 31-40 41-50 51-60 60 +

No. of 1
patients

10 24 13

Preoperative preparation
No patient in this series required artificial ventilation before
operation. All patients had respiratory function tests. These
tests were unhelpful as a guide to the postoperative manage¬
ment of the disease. Physiotherapy was carried out for 1 week
before operation. Following Keynes' insistence, under no
circumstances were enemas given for fear of the possible
consequent sudden death that an enema may cause (Keynes,
1946).

Anaesthesia and operation
Anticholinesterase drug therapy was continued until the last
dose due before operation, which was omitted (normally 3-4 h
before operation).
Premedication was light—originally methaqualone and now

nitrazepam given 2 h before surgery. The patient was confined
to bed during that time.
Anaesthesia was induced originally with thiopentone, later

replaced by propanidid which in turn has been succeeded by
Althesin. Intravenous induction was followed by nitrous oxide,
oxygen and halothane under which orotracheal intubation was

performed and intermittent positive respiration maintained
using 1 percent halothane (Crawford, 1971). A nasogastric tube
was passed before transfer from the anaesthetic room to the
operating theatre. Electrocardiogram, pulse and blood pressure
monitoring facilities were used in the latter part of the series.
An intravenous infusion was always instituted but it was never
necessary to give more fluid than required to keep the vein
open. After operation spontaneous ventilation was allowed to
return, and with a tidal volume of 250-300 ml and a minute
tidal volume of 4-5 I measured by a Wright's respirometer, the
patient was allowed to leave the theatre.
Surgery was performed through a vertical midline incision

and the sternum was split in the axis of the wound. This
traditional approach is used for two reasons: first, thymic
tissue can be, and is not infrequently, found in the fatty tissue
outwith the gland, and secondly because the authors agree
with the Leading Article in the British Medical Journal which
states that the surgeon can see what he is doing through this
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approach (Leading Article, 1975). All thymic tissue was
removed and any portions of fat seen in the vicinity were also
excised. Sometimes the dissection of the thymus caused the
tearing of one and occasionally both pleurae; if this happened
the pleural cavities were drained and the usual retrosternal
drain was omitted.

Postoperative management
The most difficult period in the management of myasthenic
patients is the 3 days after operation. We believe that we have
successfully solved the major problems which are, (a) preserva¬
tion of respiration and (b) regulation of anticholinesterase
medication in a rapidly changing situation. A team approach
is essential but we have found it advantageous to have a strict
protocol to ensure that responsibilities are clearly defined so
that antimyasthenic medication is prescribed with exact
knowledge of the concurrent efforts of other members of the
team. Decisions on drainage, fluid and electrolyte replacement
and antibiotics were taken by the surgeon, those on ventilation
and analgesia by the anaesthetist and on anticholinesterase
medication only by the neurologist.
Drainage, fluid balance and antibiotics: When the pleurae were
not opened the drainage was by a single retrosternal drain into
a Redivac suction bottle. This drain was removed after 24-48 h.
Drainage tubes within the thorax were removed after 36-48 h.
Intravenous drips were discontinued after 24 h, fluid balance
being readily maintained by mouth. Antibiotics were not used
prophylactically and, indeed, were rarely required for post¬
operative pneumonia. Absence of tracheostomy was doubtless
a factor in reducing the incidence of pulmonary and mediastinal
infection. When necessary, the appropriate antibiotic was used
with preference for penicillin and avoidance of antibiotics
which have a neuromuscular blocking action (notably strepto¬
mycin and neomycin), which may be dangerous for myasthenic
patients.
Ventilation and analgesia: Provided that the neuromuscular
status is not worse after operation and breathing is not inhibited
by pain, breathing should be no greater problem after opera¬
tion than before it. Since these factors should be restored
within a week, we see no advantage in creating a tracheostomy.
When respiratory support is required we prefer to ventilate the
patient through an oral laryngeal tube. Tracheostomy
complicates management by introducing another wound and a
longer recovery period. In those requiring ventilation the
advantage of easier tracheobronchial toilet is acknowledged,
but we are convinced that pulmonary management by tracheal
intubation is satisfactory and shortens the recovery time. The
patient is transferred to the ward with a nasogastric tube in situ.
When an intensive therapy unit was opened in the Western

Infirmary our policy was changed and 25 patients were admitted
to the unit for the first day or two following operation. Four¬
teen of these cases were treated as they would have been in the
general surgical ward. Eleven patients were ventilated, 7 having
had lung minute volumes of less than 2 1, and only 3 of these
required a tracheostomy. Subsequently it became apparent
that it was not necessary to send most patients to the intensive
therapy unit and we reverted to returning the patient to the
general ward.
In both situations the anaesthetist or ITU stafT were

responsible for maintaining oxygenation, keeping the lungs dry
and controlling pain. If the sternum is sutured with wire there is
little pain from the primary wound after the first day, but
intrapleural drains were painful until removed. As the neuro¬
logist used pupil diameter to assess the cholinergic status it was
agreed that only pethidine or pethilorfan would be prescribed,
these drugs being less miotic than morphine or omnopon. The
central respiratory drive is not impaired in myasthenia gravis
and there should be no hesitation about prescribing these
analgesics in the necessary dosage. If pain is suppressed and
the endotracheal tube withdrawn as soon as adequate spon¬
taneous ventilation is maintained, the respiratory recovery
is rapid. When orotracheal ventilation was necessary for 4
days it was deemed advisable to perform a tracheostomy, the
tube being removed after a further 9 days. However, this
policy depends on maintenance of the patient's respiratory
musculature.

Anticholinesterase medication: There has been no change in the
surgical management since the previous report by Fraser (1966).
The good results of this further series are a measure of the
success of our combined policy. The essential difference from
that adopted elsewhere is the decision to maintain anticho¬
linergic medication almost unchanged, regarding the operation
as an incident requiring the minimum of modification to
dosage. In many centres it is the practice to withdraw all anti¬
cholinesterase drugs before operation and not to resume for
at least 24 h after it, commonly for longer, and also to perform
a tracheostomy as a routine. The rationale for that course of
action is that it has been recognized for 20 years or more that
the requirement for neostigmine or its equivalent often drops
dramatically during the first 48 h after operation and that if
this is not recognized the patient may be thrown into a cholin¬
ergic state with increased paralysis, pulmonary oedema and
cardiac effects.
The method we use requires careful personal observation by

one experienced observer. The neurologist examines the newly
conscious patient in the recovery room. If there is significantly
more myasthenic-type weakness than at the last preoperative
examination, a full dose of pyridostigmine is given. Until
normal swallowing power is restored, the crushed tablets are
given by nasogastric tube in preference to parenteral routes.
If this first examination shows no deterioration since going to
theatre, the first dose is postponed until the second examination
which is made after the interval previously required between
doses, individually from 2 to 6 h. At that time the preoperative
dosage is resumed, provided that no signs of overdosage are
present. The patient is then watched carefully by the attending
staff and re-examined frequently by the neurologist during the
first 3 days and then at intervals of not more then 12 h until
recovery is well under way. Dosage is prescribed only as far
ahead as the next anticipated visit. Meanwhile, any change in
the patient's condition must be reported to the neurologist by
telephone. No other attendant is empowered to alter the anti¬
cholinergic medication. No attempt is made to achieve maximal
control during this time. It is sufficient that breathing and
swallowing should be adequate and if weakness is present that
it should be of myasthenic and not of cholinergic type.
The indications for reducing or withholding a dose of

pyridostigmine or for increasing the time between dosage are
(a) evidence of overdosage, (b) no detectable increase of
muscular power 1 h after a dose, (c) pupil diameter of 3 mm or
less in normal ward lighting, (d) fasciculation of skeletal
muscles (best seen in the less myasthenic muscles, usually in the
legs). The importance of avoiding other drugs which constrict
the pupils will be obvious. For similar reasons atropine and
related drugs should be avoided unless there are special
indications. Other muscarinic effects should not be seen. An

edrophonium test is rarely necessary and must be used with
discretion, covered with atropine.
The gastric tube is removed as soon as tablets can be

swallowed. On average patients were out of bed by the second
day and ready for discharge home by 8-10 days after operation.
By that time a new dosage regime of pyridostigmine had been
established according to the principles outlined by Simpson
(1971).

Pathology of the thymus gland
At operation the thymus gland showed a wide range of
variation. Some glands were largely made up of tissue similar
to fatty tissue, frequently with complete separation of the two
halves of the body. Eight glands were small and 1 was atrophic;
3 were made up of thick, dense tissue and 30 had recognizable
germinal centres. One patient had sarcoidosis in the medi¬
astinal lymph glands and intercostal muscle. The histological
changes of the thymus in this series of cases have been reported
by Vetters and Simpson (1974), who found that the frequency
of germinal centres bore no correlation to the speed or degree
of recovery following thymectomy. Eight patients were found
to have thymic tumours, some of which had been suspected
before operation. The largest of these tumours was 4x2 cm.
The histological decision as to malignancy in thymic tumours
is notoriously difficult and on occasions the surgeon may be
the person most capable of deciding as to whether invasion
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has in fact occurred. Six of these tumours showed 'surgical'
invasion in that they were adherent to the pleura, in one case
to the phrenic nerve and in another to the innominate vein.
Despite this, 5 tumours were reported as non-malignant and
the sixth as showing low grade malignancy. In one case tumour
cells were seen outwith the capsule of the thymoma but were
not invading the surrounding tissues. This patient is still alive
74 years after the operation, although his condition is not
improved to any extent.

Mortality
One death occurred on the tenth postoperative day in another
hospital, the result of cardiac arrythmia. This occurred in a
38-year-old woman who had had symptoms for 24 years in
early stage 3. In addition to myasthenia gravis she had
rheumatoid arthritis, a non-toxic goitre and quite severe poly-
cythaemia (Simpson, 1976). That she was a poor operative
risk was recognized and fully explained to her. As a precaution
she was ventilated for 4 days in the intensive therapy unit, but
she was well enough thereafter to return to the surgical ward
and was discharged to the referring hospital on the eighth day.
She collapsed suddenly the next evening with cardiac arrythmia
followed by cardiac arrest which could not be reverted.
Autopsy was unhelpful as to the cause of death.
A further 6 patients died after recovering from the operation.

One patient of 65, having a low grade malignant tumour, died
unexpectedly at 2 months front acute bronchopneumonia. One
patient (stage 3 before operation), who died after 24 months,
had concomitant rheumatoid arthritis and the thymic gland
histology showed features of systemic lupus erythematosus.
One of the patients having a thymic tumour died with a lung
abscess at 1 year after operation. One death occurred after 2
years from a fulminating generalized infection, as reported by
the general practitioner; this patient had had a simple thymoma
removed. Another died from acute pancreatitis at 24 years and
1 from generalized weakness after 54 years.

Results
Of the surviving 57 patients, there is no follow-up for
2. A further 3 patients have an incomplete follow-up,
1 being satisfactory at 2 months, 1 at 4 months and
1 was fit to travel to Australia over 1 year after
surgery.
Of the remainder at the time of review in late 1976,

26 patients had no symptoms and 22 patients had mild
symptoms such as occasional weakness and/or
diplopia; 9 of these stated that they were 'greatly
improved' or 'incomparably better' since thymectomy.
Eight patients had either given birth to a baby (1 had
had 2 babies) or were pregnant at the time of review.
Two patients were not improved and 2 patients were
worse.

Of the 8 patients in whom a tumour was found and
removed at thymectomy (8 per cent), 3 have only mild
symptoms 3-7 years after surgery and 2 show no
change at 7 and 74 years. Three patients with tumours
have died; 1 died unexpectedly at 2 months from
pneumonia, 1 at 1 year from a lung abscess and the
third at 2 years from a fulminating infection. One
patient has not been traced.
This assessment (Tabic II) indicates the satisfactory

clinical state of most patients after operation. As the
severity of myasthenia before operation is not
standardized, it may be preferable to use a grading
based on the change of status when the follow-up
state is compared with the preoperative condition. For
this purpose, the cases are summarized in Tabic III
according to the classification of Simpson (1958).
Category A: Full working life with no restriction.

No neostigmine required. No subjective weakness. A
small degree of permanent objective weakness,
unrelieved by neostigmine, is permitted. The present

Table II: ASSESSMENT AT FOLLOW-UP OF 52
CASES

Years since No Mild
operation symptoms symptoms Unchanged Worse
0-263 2
2-5 6 9
5-10 12 11 2
10+ 1

Total 25 23 2 2

Table III: RESULTS IN RELATION TO SEX AND
PRESENCE OR ABSENCE OF TUMOUR

Non-thymoma Thymoma
Both sexes Both sexes

Category Female Male % No. %
A 7 7 25 —-

B 18 2 35-7 1
C 8 — 14-3 1
D 6 1 12-5 3

Dead (all 4 — 7-1 3

causes)
Not traced 3 — 5-4 —

Total 46 10 100 8

state must represent a marked improvement from the
original.
Category B: Able to lead a full life with only minor

myasthenic symptoms, requiring no neostigmine or
controlled by not more than 4 tablets (60 mg) daily. A
significant improvement is required.
Category C: Full life with few restrictions but (a)

demonstrable myasthenia not requiring neostigmine
or (b) still requiring neostigmine but at least 40 per
cent less than before and with improved response.
Category D: Must be (a) improved, but neostig¬

mine requirements unchanged or increased; (b) un¬
improved, irrespective of neostigmine dosage or (c)
worse.

It will be noted that the requirements for reduced
dosage of neostigmine (pyridostigmine) loads the
assessment in favour of 'no change', but those in
categories A, B and C are all able to lead a full life.
These are severe criteria, especially for cases on a low
dosage preoperatively. Nevertheless, the results of the
present series of 92-3 per cent having no symptoms or
only mild disability are even better than those reported
in 1958 by Simpson (Table III). This is attributable to
the lower mortality in the present series. The poor
long term prognosis for patients with thymoma is
confirmed. For the non-tumour cases males have a

surprising advantage, contrary to all previous reports.

Discussion
Myasthenic patients once controlled with anticho¬
linesterase drugs should be offered thymectomy
provided that they can be under the constant care of a
neurologist, anaesthetist and a surgeon who have
worked together in the treatment of this disease.
In 1958 Simpson showed that thymectomy in

myasthenia gravis offered a great saving of life and a
greater proportion of remissions. With personal
attention to pro and postoperative control of anti
cholinesterase dosage, since 1956 no patient has failed
to survive thymectomy, yet as late as 1971 a Leading
Article in the British Medical Journal described
thymectomy as having a relatively high morbidity
and mortality due to the wide spontaneous fluctuation
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in anticholinesterase requirements which may develop
in the immediate postoperative phase. By 1975, how¬
ever, Havard had stated that the risks of thymectomy
were greatly reduced consequent on the advances in
ventilation and better differentiation between myas¬
thenic and cholinergic crises (Havard, 1975). Havard
found complete remission or substantial improvement
in 80 per cent of the cases without tumour: some¬
times it takes 5 years for such improvement to occur.
A similar figure is quoted by Edwards and Wilson
(1972). Havard believes that thymectomy should be
offered to most patients with myasthenia gravis other
than those with only ocular symptoms. Thymomas
should always be removed as thymectomy will prolong
life and increase the rate of remission. Havard found
that 85 per cent of tumour cases untreated were dead
within 1 year (Havard, 1973), but Simpson found a
mean survival (from onset of myasthenia to death) of
4-5 years in patients with thymomas (Simpson, 1976).
With modern techniques and the better understanding
of the constant supervision required postoperatively,
the operation should present no great problem. The
long term results show that 48 out of the 64 original
cases (75 per cent) had either no disability or only
minor symptoms when reviewed
We attribute the excellent results in this series to two

factors. First, improved postoperative management
has eliminated deaths associated with the operation.
The better long term prognosis is, in our opinion, due
to the policy of operation in stage 1 and, indeed, as
early as practicable after the onset of symptoms. The
number of thymic tumours, though representative (8
per cent of the total), is too small to assess, but it is
encouraging that we have not experienced the
mortality noted in the earlier series (i.e. 60 per cent in
less than 3 years after operation).
We have found that preoperative lung function

tests provide no reliable criteria for the type of
respiratory support required in the postoperative
phase, in contrast to the views expressed by Loach et al.
(1975). The present authors aim to avoid tracheostomy,
and this procedure was required in only 3 patients.
We believe this avoidance of tracheostomy and/or
prolonged ventilation results from the very close
neurological supervision in the immediate post¬
operative hours and early days to balance the drug
therapy. We further believe that the standard surgical
approach is necessary if all the thymic tissue is to be
excised.

Addendum
Since this review was completed a further 4 females
and 1 male patient have undergone thymectomy for
myasthenia gravis. Only 1 required to be ventilated

and this was on the fourth day and mainly owing to
sputum retention. The time interval is too short for
assessment of improvement.
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PRINCIPLES OF TREATMENT OF MYASTHENIA GRAVIS

John A. Simpson
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Neurological Sciences, Southern General Hospital, Glasgow, Scotland.

There are now a number of methods of treatment for myasthenia gravis
(MG). The purpose of this review is to indicate that there is no
"best" treatment - all may be required for different aspects of
management. Details will be provided by other speakers. The first
priority is to preserve life by controlling respiration if it is
threatened, and to promote maximum power of muscles by raising the
safety factor for neuromuscular transmission. Then the primary
immunological disorder should be treated.

SAFETY FACTOR FOR NEUROMUSCULAR TRANSMISSION

The safety factor for transmission is raised by drugs which
i) potentiate the production or release of ACh ii) sensitise the
ACh receptors or amplify the muscle response iii) inhibit hydrolysis
of ACh by cholinesterase. Drugs which lower the safety factor for
transmission should be avoided. For references, see Simpson (1974)
(18).

Potentiation of ACh release and sensitisation of ACh receptors.

4-aminopyridine chloride and guanidine hydrocholoride increase
the release of ACh from motor nerve terminals and guanidine has some

post-synaptic facilitatory action on neuromuscular transmission.
Though effective in the carcinomatous myasthenic syndrome, they have
no proven value in MG. Despite exceedingly weak anticholinesterase
activity, adrenaline and many of its primary and tertiary amine
analogues potentiate the transmitter process, probably by augmenting
ACh output, but with a possible additional action on muscle membrane.
The structure of catecholamines is appropriate for both facilitation
and depression, dependent on dosage and on other drugs administered.
Adrenaline is of no practical value in MG, but ephedrine, an
inhibitor of the amine oxidase which oxidizes adrenaline, has been
claimed to have an antimyasthenic action. An oral dose of 10-25 mg
thrice daily is used. Large doses may aggravate the weakness.
I have not been convinced that ephedrine has any useful clinical
action on skeletal muscle in MG. Apparent clinical improvement may
be due to bronchodilation (15), advantageous in a patient taking
anticholinesterases. The role of ephedrine in MG is entirely
adj uvant.
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Veratrum alkaloids cause repetitive firing of nerve endings
and of the stimulated muscle and hence 'amplify' the stimulus-
response relationship. Thus veratrine and germine diacetate may
temporarily increase the efficiency of neuromuscular transmission in
MG but with impaired oxidative metabolism of muscle and nerve, and
loss of intracellular K+, bronchiolar constriction and occasional
cardiac arrhythmia. Veratrine causes hypotension but germine is
claimed to be without this action. I have not used this group of
drugs. Their value is certainly marginal, probably not persistent,
and entirely inferior to anticholinesterases.

Anticholinesterase drugs

Inhibitors of endplate acetylcholinesterase prolong the
occupancy of receptor sites by ACh, thus raising the safety factor
for transmission. If carried to excess, so that ACh persists at
receptor sites, the endplate remains depolarized or becomes
desensitized ('cholinergic blockade'). The first effective anti¬
cholinesterase was physostigmine, a carbamate ester and tertiary
amine. Another is galanthamine, from the Bulgarian snowdrop. They
cross the blood-brain barrier and act on central synapses, unlike the
quaternary ammonium compounds neostigmine etc. which have replaced
physostigmine. Some hydroxyanilinium salts or esters also have
anticholinesterase activity, notably edrophonium. All of these
drugs probably also act on the motor nerve terminals and perhaps
directly on the post-synaptic membrane, but it is generally accepted
that the anticholinesterase activity is the more important clinically.

Edrophonium, administered intravenously (2-10 mg), has a peak
action too brief for treatment of MG and it is used to confirm the

diagnosis of MG or to differentiate between underdosage and over¬
dosage of anticholinesterases. It is a very reliable test agent,
but the test should not be repeated without awareness that residual
activity can be demonstrated electrophysiologically for at least
30 min after i.v. injection.

Neostigmine should rarely be given intravenously as bradycardia
may be dangerous but may be given by subcutaneous or intramuscular
injection (1 mg parenteral is approximately equivalent to 15 mg
orally). Although absorption is incomplete and irregular, it is
rapid and neostigmine should normally be given by mouth. Crushed
tablets by gastric tube are preferable to injection if dysphagia
prevents normal administration. Following a dose there is a surge
of muscular power for 30-60 minutes followed by continued activity at
a lower level for 2-6 hr. Then strength is lost rapidly, causing
difficulty in adjusting timing of dosage. Most myasthenics prefer
pyridostigmine for this reason, but in some.cases the 'boost' effect
of neostigmine is valuable if the tablets are given 30 min before a
meal or in anticipation of a special effort.

Pyridostigmine does not have the same peak effect and its
plateau of activity is very little longer than neostigmine but it
wanes more slowly, allowing a sustained blood level to be achieved
by judiciously timed dosage. The 60 mg tablet is approximately
equivalent to 15 mg neostigmine.
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The useful duration of activity of both neostigmine and
pyridostigmine varies individually from 1-8 hours or more. For
effective treatment, spacing of dosage should first be established
by having the patient keep a written record of the effect of one
tablet. This is repeated 4 or more times, with a gap of at least
1 hr after power has relapsed to pre-dosage level. The interval
being established, dosages are then timed so that one is taken 30 min
before each major meal. Each dose is then increased by j-tablet
increments until maximum improvement occurs. The amount of each
dose may be the same, or adjusted according to the activity of the
succeeding epoch. In some patients uninterrupted sleep may be
preferred, others require regular dosage, day and night.

The most difficult decision is the dose required by a partic¬
ular patient. In many cases there is no stage of full restoration of
neuromuscular transmission, with normal strength, between myasthenic
weakness and "cholinergic block" due to overdosage. Furthermore, as
the safety factor for transmission is not equally reduced in all
muscles the drug requirements of some muscles will represent an
overdose for others. In stage 2 or 3 myasthenia, fasciculation of
lower limb muscles is common when facial and bulbar muscles are

still underdosed. Fasciculation in stage 1 or immediately after
thymectomy is not desirable. With suitable precautions for
ventilatory control, the endrophonium test is valuable in assessing
dose levels, particular attention being paid to chewing, swallowing
and breathing. When in doubt, it is always safer to have the
patient slightly underdosed. If muscarinic effects are prominent it
is customary to use atropine or propantheline. I prefer to avoid
them, if possible, because the most reliable indicator of an early
cholinergic state is the pupil size, and this guide is lost if
anticholinergic drugs are used. The pupil diameter should not be
less than 3 mm in normal room lighting.

Ambenoniurn has a slightly longer action than pyridostigmine
and central actions are more common but as its muscarinic side
effects are less prominent it may be difficult to detect the onset
of cholinergic crisis. A 25 mg tablet is about equivalent to 15 mg
neostigmine. I do not support the demand for long acting drugs.
All of them have a gradual cumulative effect so that a patient may
seem to be correctly dosed on discharge from hospital but return
with overdosage signs in 2-3 weeks. This is a serious disadvantage
of bis-neostigmine compounds such as distigmin (5 mg). My
experience agrees with Pateisky et al (1955) (13). Organophosphorus
compounds, which are potent anticholinesterases, are no longer used
because of the cumulative effects and because they have more action
on central synapses than the quaternary amonium compounds.
Cumulative effects go pari passu with long duration activity. A
short acting drug is much safer when used at near-toxic levels of
dosage.

Potassium and aldosterone inhibitors

Potassium is used as an adjuvant in MG but I am not convinced
that it is beneficial. It may cause nausea and diarrhoea
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resembling cholinergic crisis. Spironolactone, given to conserve
potassium, is of no proven value though it gives.a sensation of
well being. Provision of potassium to counteract loss of
intracellular potassium during steroid therapy is quite another
matter and its use is rational.

Drugs which lower the safety factor
These should only be used if the indication i^ clamant, as in

infection which is life threatening, or in treatment of associated
epilepsy with phenytoin.

Inhibition of ACh production or release
A number of antibiotics have this action; they include

streptomycin, dihydrostreptomycin, neomycin, kanamycin, gentamycin,
viomycin, bacitracin, polymyxin A and B, and colistin, especially
with renal insufficiency. Low ionized serum calcium may be
implicated in a presynaptic action (20).

Reduction of stimulus/response relationship
Membrane stabilizers, hydantoinates, quinine

procainamide are, in principle, harmful but rarely
significant deterioration in MG.

Block of ACh receptors

Relaxation for surgery is complicated by the myasthenic's
sensitivity to neuromuscular blocking drugs such as curare,
suxamethonium etc, and the anomalous responses which are dose-
dependent and vary in different muscles. It is best to use
curare; despite increased sensitivity, the mode of action is
unchanged and neostigmine is still its antidote.

Drugs which may be dangerous
Enemas may cause sudden death in myasthenics. The mechanism

is unknown; stretching of a bowel rendered tonic by anti¬
cholinesterases may be postulated. Corticosteroids, ACTH and
thyroxine may cause temporary deterioration. Respiratory
depressants, including morphine and sedatives, must be used with
care, but diazepam is relatively safe. A myasthenic syndrome may
be caused by pencillamine but there is no evidence that it
aggravates spontaneous MG.

ANTI-IMMUNOLOGICAL THERAPY

The highest treatable level in the chain of pathogenesis
leading from the unknown precipitating factor, acting on a
genetically susceptible individual, to the disordered motor end-
plate is the immunological lesion(s) long proposed and recently
accepted, and unquestionably involving the thymus gland. In
principle, the autoimmune disorder may respond to i) removal or

, quinidine, and
cause
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suppression of the thymus ii) ultra-thymic immunosuppression iii)
removal of antibodies and immuno-aggressive cells.

Removal or suppression of thymus

Controversy about the value of thymectomy was resolved by the
analysis of Simpson (1958) (17) which showed a clear benefit in
favour of thymectomy, regardless of age or sex of the patient,
provided the disease was still in what I later termed 'the active
stage' and that there was no thymic tumour. The operation is now
entirely safe regardless of the surgical method and the favourable
results have improved further with operation at an early stage
(4,17). The contrary view of Papatestas et al (1971) (11), was
later reversed (12). Even in the active stage, thymectomy is not a
cure. Rather it appears to cause a "shift to the left" (towards
remission) and the further course becomes more benign, as is
increasingly evident with passage of time. Recovery processes
appear to be potentiated. Presumably the stage of abnormal
immunological tolerance is at first thymic dependent but later
becomes autonomous. Regardless of the reasons, the clinical lesson
is clear. Thymectomy is beneficial (and safer) if the operation is
carried out before these secondary changes take place, and it should
be advised as an early treatment (17), not postponed until there is
"increasing severity of the myasthenia despite adequate attempts to
control symptoms by drug therapy" (14).

It is still controversial whether the pathology of the thymus,
at least so far as germinal centres are concerned, is important.
In my cases (19), the presence of large numbers of germinal centres
has not been associated with a better response to thymectomy,
contrary to the opinion of some authors but supported by the
extensive New York experience (1) .

It is, unfortunately, impossible to aggregate the reports on
thymectomy because of differing indications for surgery (notably
duration of illness) and methods of assessment (post-operative
group vs change of status), but it is now widely accepted that
early operation leads to progressive improvement, of unpredictable
degree, best evident in the 2nd or 3rd year but sometimes immediate.

Alternative means of suppressing the thymus have not yet been
shown to be so effective. Carotid sinus denervation, claimed to
cause adrenocortical hypertrophy and thymic atrophy, has been
abandoned. Radiotherapy as a method of destroying thymic function
is less certain than thymectomy. Pre-operative radiotherapy has
been advised before removal of a thymoma (5) and also for non-
tumour cases (14,16). I do not consider that the additional benefit
is proven and have had no cause to regret abandoning radiotherapy
20 years ago. It may be considered for the rare patient who is
"unfit" for surgery, but it should be stressed that the myasthenic
state may be temporarily exacerbated.

Ultra-thymic immunosuppression

Early reports on treatment with non-steroid immunosuppressive
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drugs were not impressive but merit serious consideration because
of the possibility of response in those cases Where the autoimmune
process is no longer thymus-dependent. Matell et al (1976) (7)
support Mertens et al (1969) (8) that there is gradual improvement
maximal after 6-15 months, with azathioprine, even after unsuccess¬
ful thymectomy or steroids and they have shown a decrease in
receptor antibody titre in the serum especially in patients with
thymoma (6). Further studies are necessary since the duration of
illness may be less relevant for ultra-thymic immunosuppression than
for thymectomy.

Corticosteroids are assumed to modify KG by their immuno¬
suppressive action but additional actions on the safety factor for
transmission and endplate remodelling are possible. Early reports
of "rebound" remission following ACXH, after initial deterioration,
were not followed up because of early fatalities until we learned to
cope with crisis situations in MG and intensive therapy units became
commonplace. It was then possible to use larger dosage of ACTH or
prednisone with striking benefit (9). The first week deterioration
is associated with a rise of receptor antibody preceding a sustained
fall (6). Any corticosteroid or timing regime may be used (2) at
any clinical stage, including the most advanced. Serum concen¬
tration of AChR antibody decreases (6) and anticholinesterase
dosage may be reduced progressively (but not abruptly withdrawn).
A common regime is prednisone 100 mg daily or on alternate days
for a month or more. Results of treatment are impressive but the
side effects and hazards are not negligible (2).

Removal of antibodies and immuno-aggressive cells
Thoracic duct lymph drainage, with removal of 0.5-2 litres

daily to a total of 4-56 litres causes improvement within 48 hr.
Although myasthenia increases again in a few days, all 20 patients
reported by Matell et al (1976) (7) remained greatly improved after
more than a year, though the long-term effect might be due to
additional immunosuppressive therapy. Serum AChR antibody concen¬
tration decreased by 10-60%, and this correlated well with clinical
improvement (6). About 10% of the total blood lymphocytes were
removed but as they reacted normally to mitogenic stimulation there
is no evidence that cell depletion is important. Furthermore,
retransfusion of homologous cell-free lymph or an immunoglobulin-
containing fraction of lymph worsened the myasthenic symptoms.
That the anti-AChR antibody is the important factor is shown by the
similar response to plasmapheresis.

Plasmapheresis (plasma exchange) effectively reduces serum
anti-AChR antibody with a progressive improvement in strength.
Newsom-Davis et al (1978) (10) reported good results in 7 of 8
cases, the exception being congenital myasthenia without detectable
elevation of anti-AChR antibody. All but one case was already
receiving prednisone and all had had thymectomy. They used up to
9 daily plasma exchanges, usually of 2 litres each, for 10-12 days
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and followed this with cyclophosphamide or azathrioprine in 3.
Muscle power increased after a lag of 2 days. Dau et a 1 (.1977) (3)
treated 8 cases with good effect. Muscular strength improved
during the first exchange. This is also our experience. We have
treated 20 cases, with average of six 4 litre exchanges; 3 relapsed
in 3-40 weeks but one remitted with a second course. Seventeen

patients have not relapsed in a year's follow up. They were
started, after the 3rd exchange, onpreanisolone 100 mg and
azathioprine 150 mg/day for 4 weeks, tailing off during the next
6 weeks. Susceptibility to infection is increased, causing death
in 1 case, as also noted with lymph duct drainage (.7). It is too
early to define the role of antibody depletion in the long term
management of MG. If it merely removed an immuno-pharmacological
block the role would be restricted to management of myasthenic
crisis or for preparation before thymectomy and would not benefit
the transmission failure due to morphological changes at endplates.
If, as seems possible (10) it also permits synthesis of new
receptors, it would be advisable to combine antibody depletion
with long-term immunosuppression and this is now our standard
practice.

HAZARDS OF TREATMENT

No treatment is free from possible dangers. Signs of over¬
dosage with anticholinesterase drugs are now well recognised and
readily avoided. Particular care is required in the first two days
after thymectomy (4). Prolonged use of these drugs may damage the
motor endplates but this is a small risk and one which must be
accepted.

The potential dangers of long term steroids are well known.
Although said to be negligible with alternate-day steroid adminis¬
tration, steroids should not yet be considered to be the optimal
treatment for MG. With modern management thymectomy is safe,
especially if carried out at an early stage by a team experienced
in the post-operative care (4). Lymph duct drainage and plasma¬
pheresis cause short term liability to infection, and occasional
syncope. They are relatively safe, but for repeated plasmapheresis
it is necessary to make an arteriovenous fistula or insert a shunt.
Immunosuppressive drugs other than steroids are potentially
dangerous to the haemopoietic system, but the risk appears to be
less than anticipated.

SUMMARY

Rational treatment of MG requires judicious application of
three principles i) immediate and continued use of drugs to raise
the safety factor for neuromuscular transmission. Pyridostigmine
is the most generally useful and long acting drugs are dangerous,
ii) plasmapheresis followed by long term immunosuppression and/or
steroids gives temporary relief and promotes endplate regeneration
iii) early thymectomy is the only proven method of permanently
lowering the autoimmune response. Rationally, the best treatment of
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all would be to identify and remove the primary cause, possibly a
virus, and to promote regeneration of endplate receptors. These
must be the goals of future research.
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asthenia Gravis:Treatment Principles
Dr. John A. Simpson, Department of Neurology, Glasgow University and Institute of
Neurological Sciences, Southern General Hospital, Glasgow, Scotland

There is no "best" treatment for my¬
asthenia gravis (MG). However, there
are now a number of treatment meth¬
ods, all of which may be required for
different aspects of management.1 The
first priorities are to preserve life by
controlling respiration if it is threat¬
ened and to promote maximum power
of muscles by raising the safety factor
for neuromuscular transmission. Then
the primary immunological disorder
should be treated.

Safety Factor for Neuromuscular
Transmission
The safety factor for neuromuscular

transmission is raised by drugs that:
• potentiate the production or re¬
lease of acetylcholine (ACh);

• sensitize the ACh receptors or
amplify muscle response; and

• inhibit hydrolysis of ACh by cho-
linesterase.

Drugs that lower the safety factor
for transmission should be avoided.
Guanidine hydrochloride and 4-

aminopyridine hydrochloride, which
increase the release of ACh from mo¬

tor nerve terminals, have no proven
value in the treatment of MG, al¬
though they are effective in the car¬
cinomatous myasthenic syndrome.
Catecholamines can both facilitate

and depress neurotransmission, de¬
pending on dosage and concurrent
medications. Adrenaline is of no prac¬
tical value in treating MG, but ephed-
rine has been claimed to have an

antimyasthenic action. Despite ex¬
ceedingly weak anticholinesterase ac¬
tivity, adrenaline and many of its
primary and tertiary amine analogs
potentiate the transmission process.
Large doses of ephedrine may aggra¬
vate weakness, however, and it may
not have any useful clinical action on
skeletal muscle, the apparent im¬
provement being due to bronchodila-
tion.2
Veratrum alkaloids, such as vera-

trine and germine diacetate, amplify
the response of muscle to neural sti¬
mulation and, therefore, increase the
efficiency of neuromuscular transmis¬
sion in MG. However, they also im¬
pair muscle and nerve metabolism.
Their value is marginal, probably not
persistent, and entirely inferior to an¬
ticholinesterases.

Anticholinesterase Drugs
Anticholinesterase drugs raise the

safety factor for transmission by pro¬
longing the time during which ACh
can occupy receptor sites. If the time
of occupancy is excessive, however,
the endplate becomes desensitized
('cholinergic blockade'). The first ef¬
fective anticholinesterases were phy-
sostigmine and galanthamine, which
cross the blood-brain barrier to act on
central synapses. The quaternary am¬
monium compounds in use today,
such as neostigmine, probably act on
the motor nerve terminals and per¬
haps the post-synaptic membrane.
Some hydroxyanilinium salts and es¬
ters, such as edrophonium, also have
anticholinesterase activity.
Edrophonium has a peak action too

brief for use in treatment of MG. It is,
however, a very reliable test agent for
confirming the diagnosis of MG and
for differentiating between overdos¬
age of anticholinesterases.
Neostigmine should be given by

mouth, as it is absorbed rapidly.
Crushed tablets administered by gas¬
tric tube are preferable to injection
when dysphagia precludes normal ad¬
ministration. Neostigmine induces a
surge of muscular power that tapers
over two to six hours, after which
time strength is lost rapidly, making
the timing of dosage difficult.
Pyridostigmine does not have the

same peak effect and its plqteau of ac¬
tivity is only slightly longer than neo¬
stigmine. It wanes more slowly, how¬
ever, allowing attainment of a sus¬
tained blood level through judiciously
timed doses. For this reason most my¬
asthenics prefer pyridostigmine, al¬
though the 'boost' effect of neostig¬
mine is valuable before meals or in
anticipation of a special effort. Anbe-
nonium has a slightly longer action
than pyridostigmine built may be diffi¬
cult to detect the onset of cholinergic
crisis with this drug.
The most difficult decision to be

made is what dosage to give a particu¬
lar patient. The useful duration of ac¬
tivity of both neostigmine and pyrido¬
stigmine varies between one and eight
hours among individuals. In many pa¬
tients there is no stage of full restora¬
tion of neuromuscular transmission
between myasthenic weakness and
'cholinergic block.'

Furthermore, the drug requirement
for some muscles will represent an
overdose or underdose for others.
When in doubt, it is always safe to
have the patient slightly underdosed,
and the most reliable indicator of an
early cholinergic state is pupil size.
Long acting drugs have a gradual

cumulative effect so that a patient
who may seem to be correctly dosed
initially will develop overdosage signs
in a few weeks. When using near-
toxic dosage levels, therefore, it is
much safer to use a short-acting drug.
Potassium, which is sometimes used

as adjuvant therapy in MG, may cause
nausea and diarrhea that resemble
cholinergic crisis. Nor is spironolac¬
tone, given to conserve potassium, of
proven value, although it contributes
to a sense of well-being.
Drugs that lower the safety factor

should only be used if the indication
is clamant, as in life-threatening in¬
fection or in treating concurrent epi¬
lepsy with phenytoin.

Drugs and Procedures that
Reduce Safety Factor
Medications and procedures that

can prove harmful to the MG patient
by reducing the safety factor include:
• antibiotics that inhibit ACh pro¬
duction or release, such as strep¬
tomycin, dihydrostreptomycin,
neomycin, kanamycin, gentamy-
cin, viomycin, bacitracin, poly¬
myxin A, polymyxin B and colis-
tin;

• drugs that reduce the response of
muscle to stimulus, such as mem¬
brane stabilizers, hydantoinates,
quinine, quinidine and procaina¬
mide;

• drugs that block ACh receptors,
such as those used to provide
muscle relaxation during surgery,
and of which curare is still pre¬
ferred;

• respiratory depressants including
morphine and sedatives, although
diazepam is relatively safe;

• hormones such as corticosteroids,
ACTH and thyroxine, which
cause temporary deterioration;
and



• enemas, which may cause sud¬
den death in myasthenics through
an as yet unknown mechanism.

The highest treatable level in the
chain of pathogenesis leading from
the unknown precipitating factor act¬
ing on a genetically susceptible in¬
dividual to the disordered motor end-
plate is the immunological lesion that
unquestionably involves the thymus
gland. In principle, the autoimmune
disorder may respond to:
• removal or suppression of the
thymus:

• ultrathymic immunosuppression;
and

• removal of antibodies and im-

muno-aggressive cells.

Thymectomy—
"Clearly Beneficial"
Regardless of the age and sex of the

patient, thymectomy is clearly bene¬
ficial when the disease is in the early
'active' stage and there is no thymic
tumor.3 Thymectomy is not a cure,
however; rather, it shifts the progress
of the disease towards remission and
the further course becomes increas¬
ingly benign. Presumably the abnor¬
mal immunologic tolerance is at first
thymus-dependent but later becomes
autonomous. Whatever the reason,

thymectomy is safe and beneficial and
should not be postponed until drug
therapy becomes ineffective.4 Early
operation leads to progressive im¬
provement of unpredictable degree
that is best evident in the second or

third year thereafter, but is sometimes
immediate.
Alternative means of thymic sup

pression have not been as effective.
Carotid sinus denervation has been
abandoned and radiotherapy is ccr
tainly less sure than thymectomy. Ra¬
diotherapy may be considered for the
rare patient who is 'unfit' for surgery,
but it should be stressed that the my¬
asthenic state may be temporarily ex¬
acerbated.
Early reports on treatment with

nonsteroid immunosuppressive drugs,
while not impressive, merit further
consideration because of the possi¬
bility of response in those cases
where the autoimmune process is no
longer thymus-dependent.5 The dura¬
tion of illness may be less relevant
when considering ultra-thymic im¬
munosuppression than thymectomy,
however,
Corticosteroids are assumed to

modify MG by their immunosuppres¬
sive action but additional actions on

the safety factor for transmission and
endplate remodelling are postulated.
Once the ability to handle MG crisis
situations evolved, it became possible
to use large doses of ACTH or predni¬
sone with striking benefit.0 Although
the results of corticosteroid treatment

are impressive, however, the side ef¬
fects and hazards of corticosteroid
therapy are not negligible.7
It is too early to define the role of

antibody depletion in the long term
management of MG. Because it seems
to permit the synthesis of new ACh
receptors,8 it is advisable to combine
antibody depletion with long term im¬
munosuppression and this is becom¬
ing standard practice. Thoracic duct
lymph drainage leads to rapid im¬
provement which can be maintained,
perhaps with additional immunosup¬
pressive therapy.5 Plasmapheresis
(plasma exchange) is also effective in
reducing serum anti-ACh antibody
and produces a progressive improve¬
ment in strength.8 Susceptibility to in¬
fection, however, increases with anti¬
body depletion.5
Rational treatment of MG requires

judicious application of three princi¬
ples:
• immediate and continued use of
drugs to raise the safety factor
for neuromuscular transmission,
for which purpose pyridostig¬
mine is usually best and long act¬
ing drugs dangerous ;"

• plasmapheresis followed by long
term immunosuppression and/or
steroids given temporary relief
and promotes endplate regenera¬
tion; and

• early thymectomy is the only
proven method of permanently
lowering the autoimmune re¬
sponse.

The best treatment of all would be
to identify and remove the primary
cause of the disease, possibly viral,
and to promote regeneration of end¬
plate receptors. These must be the
goals of future research.

(This article is adapted from a report
delivered by Dr. Simpson at the IVth
International Congress on Neuromus¬
cular Diseases.) □
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Summary Twenty-one patients with myasthenia
gravis underwent a course of plasma

exchange combined with immunosuppressive therapy. In
fifteen there was dramatic clinical improvement which
has been maintained for periods up to 19 months. Nine
of these patients now take no anticholinesterase drugs.
Six patients had a recurrence 3-9 months after the first
course but in the three given a second course remissions
were again obtained.

Introduction

Myasthenia gravis is characterised by fatiguable
muscle weakness. Autoimmune mechanisms are clearly
involved in its pathogenesis: it is associated with other
autoimmune diseases;1 certain HLA antigens are over-
represented;2 various autoantibodies are found in high
frequency;3 T-cell function is impaired;4 thymectomy5
and immunosuppressive and steroid therapy6 have bene¬
ficial effects; and more than 70% of patients have histo¬
logical abnormalities in the thymus gland.7 More than
90% of patients with the disease have antibodies to
acetylcholine receptor protein (AChR) in significant
titre.8 Similar antibodies are found in experimental
autoimmune myasthenia gravis,9 a disease which can be
passively transferred to normal animals by infusion of

DR REESINK AND OTHERS: REFERENCES continued
7. Geretv RJ. Maternal transmission of hepatitis B. Engl J Med 1976; 295:

170.
8. Maynard JE. Passive immunization against hepatitis B: a review of recent

studies and comment on current aspects of control. Am J Epidem 1978;
107: 77-86.

9. Courouce-Pauty AM, Delons S, Soulier JP. Attempt to prevent hepatitis by
using specific anti-HBs immunoglobulin. Am J Med Sci 1975; 270:
375-83.

10. Reesink H\V, Brummelhuis HGJ, Schut LJTh, Reerink-Brongers EE. Pre¬
vention of hepatitis-B by 2-monthly administration ofanti-HBIg. In: Vyas
GN, Cohen SN, Schmid R, eds. Viral hepatitis: proceedings of the second
symposium on viral hepatitis. Philadelphia: Franklin Institute Press,
1978:714-15.

11. Kleinknecht D, Courouce-Pauty AM, Delons S, et al. Prevention of hepatitis
B in hemodialysis patients using hepatitis B immunoglobulin—a con¬
trolled study. ClinNcph 1977; 8: 373-76.

12. Barker LF, Gerety RJ, Lorenz DE, Rastogi SC, Seligmann Jr EB. Biological
standardization in viral hepatitis. In: Vyas GN, Cohen SN, Schmid R. eds.
Viral Hepatitis: proceedings of the second symposium on viral hepatitis.
Philadelphia: Franklin Institute Press, 1978: 581-87.

13. Reesink H\V, Duimel WJM, Brummelhuis HGJ. Standardization and modi¬
fication of the hemagglutination (inhibition) techniques for the deter¬
mination of HBAg and anti-HBAg antibodies. Vox Sang 1973; 24:
528-34.

14. Mushahwar IK, Overby LR, Frosner G, Deinhardt F, Ling Chung-M. Preva¬
lence of hepatitis B e antigen and its antibody as detected by radioim¬
munoassays.JMed Virol 1978; 2: 77-87.

15. Palmer Beaslev R, Stevens CE. Vertical transmission of HBV and interrup¬
tion with globulin. In: Vyas GN, Cohen SN, Schmid R, eds. Viral hepati¬
tis: proceedings of the second symposium on viral hepatitis. Philadelphia:
Franklin Institute Press, 1978: 333-45.

antibodies from affected donors10 or patients with myas¬
thenia gravis.11

Because of these studies, small numbers of patients
have already been treated by plasma-exchange and there
is evidence of short-term clinical remission.12'13 We
report here our observations on a large series of patients
with myasthenia gravis treated by plasma-exchange
combined with immunosuppression.

Patients and Methods
Patients

Thirteen women and eight men aged 27—75 (mean 52) with
undisputed myasthenia gravis were studied. All patients had
the disease confirmed by a classical clinical history, demon¬
strable fatiguable weakness, a positive response to edro¬
phonium hydrochloride, and a decrementing response to repe¬
titive supramaximal nerve stimulation. Nineteen patients had
the generalised form of the disease and in two only the eye
muscles were clinically affected (duration 1-29 yr, mean 9).
Seventeen patients had had a thymectomy. Six had associated
disorders including rheumatoid arthritis (two), asthma (two),
hypothyroidism (one), and epilepsy (one).
All patients were on anticholinesterase therapy. Five were

also on steroids (30-60 mg prednisolone per day) before
plasma exchange, and three of these five had received in addi¬
tion, in the preceding 6 months, a 3-month course of azathio-
prine (150 mg daily) without showing clinical improvement.

Plasma-exchange
16-32 1 of plasma were exchanged on continuous-flow cell

separators over 2-3 weeks; one patient had 14 4-1 exchanges
in two separate fortnightly periods. Another two patients had
two further courses of exchange, with immunosuppression,
after recurrences. Replacement fluid in all cases was plasma
protein fraction.

Immunosuppression
At the end of the first week—i.e., after the third plasma-

exchange—each patient was placed on prednisolone (100 mg
daily) and azathioprine (150 mg daily). The azathioprine dose
was maintained for 3 months but the steroids were gradually
reduced over this period.
Clinical Assessment

Patients were graded before and immediately after treat¬
ment and 4 months later. An objective assessment of the sever¬

ity ofmyasthenia was obtained from: (1) the longest time that
outstretched arms could be held horizontally; (2) the duration
of maintained upward gaze without blinking; (3) measure¬
ments of peak expiratory flow-rate and lung vital capacity. A
clinical grade14 was then assigned: 0 (excellent); 1 (mild symp¬
toms); 2 (moderate symptoms); 3 (moderately severe disease);
or 4 (severe disease requiring ventilation).

Follow-up
The duration of follow-up was 3-19 months (mean 9).

Results

All patients showed undisputed clinical improvement
at the end of treatment (see table). Indeed, after only
three exchanges most claimed some improvement which
was often confirmed by the examiner. The two patients
with pure ocular myasthenia (12 and 13) had complete
resolution of signs and symptoms. Improvement after
exchange was also seen as a reduction in clinical grade
and confirmed by reduction in the requirement for anti¬
cholinesterase drugs after plasmapheresis.

Patients continued to improve with time (see table), so
that on outpatient monthly review most patients were
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RESULTS

Patient

Duration
of disease

(yr)

Years
since

thymectomy

Before plasma
exchange

4 months after
plasma-exchange

Recurrence
Clinical

grade

Drugs
(mg/day)

Clinical
grade

Drugs
(mg/day) Duration of

Pyr Ster Pyr Ster
improvement
(months)

1 (M,61) 18 18 4 1080 40 1 120 20 4 +

2 (M,51) 6 1 3 480 1 14
3 (F,30) 3 2 4 360 40 0 9 +

4 (F,26) 4 3 3 720 0 14
5 (F,43) 8 2 3 360 0 16
6 (F,64) 29 3 420 1 240 8 +

7 (F,66) 4 3 3 780 1 8
8 (F.46) 20 7 2 120 1 8
9 (F,68) 10 4 3 720 1 180 4 +

10 (M31) 7 6 2 240 1 240 3 +

11 (M,46) 20 18 3 1020 2 120 9
12 (M,46) 5 2 2 240 0 19
13 (M,66) 3 1 3 720 0 18
14 (F.56) 2 3 720 0 300 14

15(M,36) 10 7 3 1200 40* 2 360 8
16 (F,54) 2 3 180 2 180 4
17 (F,52) 20 18 3 1020 2 720 14
18 (F,47) 16 10 2 480 0 9
19 (M,62) 5 3 4 720 60* 0 12
20 (F,28) 3 3 3 600 25* 0 6
21(F,75) 5 3 480 1 240 •• 1 7 +

Drugs: Pyr=pyridostigmine;
Sler—prednisolone.
"150 mg azathioprine daily.

found to need less drug treatment as time passed; eleven
had stopped all drugs 3—6 months after treatment.
The main complications were related to the exchange

technique. Repeat exchange was difficult in several pa¬
tient who had inaccessible veins or in whom the neces¬

sity for inserting Scribner shunts or making arterio¬
venous fistula: produced thromboses. A few patients had
sweating and fainting attacks; in two, these were severe
enough to cause postponement of the procedure. Four¬
teen patients stated that within ten days of the plasma-
exchange they had symptoms of a "flu-like" illness,
characterised by sore throat, muscle aches, and a mild
fever. Viral studies were negative. Other complications
were more serious: one patient (no. 1) who had been on
a respirator for severe myasthenia gravis associated with
a thymoma for several years, had a good clinical re¬
sponse to plasma-exchange but total marrow failure and
fatal septicemia then developed. In another patient ster¬
oid myopathy developed but improved when steroids
were stopped. In general, however, the procedure was
tolerated well.
There was recurrence in six patients at 3, 4, 7, 8, 8,

and 9 months. Recurrent disease was usually more
severe. It was precipitated by an upper respiratory-tract
infection and had a rapid onset. Three of these patients
had a further course of plasma-exchange and recovery
again was excellent in all three; but one patient (no. 9)
relapsed again after 6 months. The other three patients,
because of age and the state of their veins, were not
given another course.

Discussion

The mainstay of therapy for patients with myasthenia
gravis has been the anticholinesterase drugs, which im¬
prove neuromuscular transmission. Another form of

therapy is thymectomy5 although how this brings about
improvement is not fully understood: it is clear that
some immunological reaction occurs but its precise
nature is undefined. Success with prednisolone and
other immunosuppressive therapy has also been claimed
in a certain proportion of cases.15 Despite these therapies
many patients continue to deteriorate. Of our twenty-
one patients, five made no response to steroids and three
of these obtained no benefit from combined steroids and

azathioprine. All these therapies also have complications
and side-effects, and thymectomy and immuno¬
suppressive therapy, for example, may be slow to take
effect; they are thus not ideal therapy for the seriously
ill patient. Furthermore, steroids may precipitate severe
myasthenia gravis with respiratory failure in an other¬
wise mild myasthenic.16
The usefulness of plasma-exchange in other condi¬

tions has been reviewed.11 It was used first to remove the

immunoglobulins in macroglobulinatmia and multiple
myeloma18 but is now valuable in the removal of excess
of other plasma factors, as in the homozygous familial
hypercholesterolemias,19 and in diseases mediated by
immune complexes (variants of polyarteritis nodosa and
systemic lupus erythematosus20) or by autoantibody,
such as Goodpasture's syndrome.21

Plasma-exchange has two advantages in the treatment
ofmyasthenia gravis: first, it works quickly and is there¬
fore useful in treating severe, fulminating disease which
is causing respiratory embarassment and in preparing ill
and weak patients for thymectomy; second, it is easy to
do and its effects, when combined with immunosuppres¬
sion, may last for long periods, as we observed. We com¬
bined plasma-exchange with immunosuppression in
order to reduce the likelihood that antibodies might re¬
appear and symptoms return. The technique also seems
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ideal for the rare cases of myasthenic crisis or even cho¬
linergic crisis, in which the anticholinesterases could be
removed.
The technique's disadvantages are its cost and the

possibility that in some patients clinical improvement
may be only short-lived. Our patients showed complica¬
tions, most of them related to technique, but there may
be others: reactions to foreign products, air embolism,
infection, and haemorrhage. Hypotension, sweating
attacks, and odd pains such as cramps and lumbago-like
sensations were also noted by some patients. Fourteen
patients complained of a "flu-like" illness. Although no
virus could be identified, it is possible that in patients
known to have T-cell defects and gross immunological
abnormalities,4 the removal of immunoglobulins
together with the initiation of immunosuppression, may
either activate a latent virus or increase susceptibility to
infection. One of our patients had myasthenia gravis
secondary to a thymoma and had been on a respirator
for five years, having failed to respond to other forms of
therapy including anticholinesterases, thymectomy, and
steroids. Overwhelming septictemia and marrow failure
developed after plasma-exchange. Whether the marrow
failure was secondary to infection, or infection compli¬
cated marrow failure secondary to immunosuppression,
is a moot point. The thymoma may have contributed to
marrow failure since marrow suppressing factors are
found in patients with thymoma.23 The other patient
with a serious complication (steroid myopathy) recover¬
ed rapidly on withdrawal of steroids.
Our results confirm those in two small groups of pa¬

tients. Improvement was reported in two patients but
not in a patient who had congenital myasthenia gravis.12
This patient, however, only had four exchanges, which
in view of our experience may not have been sufficient.
These patients were treated with steroids, cyclophospha¬
mide and azathioprine, started five days after the last
exchange and continued for six weeks, followed by a
maintenance dose of azathioprine. In a more detailed
study, all five patients improved on plasma-exchange
combined with prednisone and azathioprine therapy.13
Ten exchanges were required for improvement. We
found major improvement after six, and three of the pa¬
tients required additional plasmaphereses to maintain
improvement.
The case-history of patient 19 suggests that insuffi¬

cient plasma-exchange may not improve clinical deterior¬
ation. This patient had severe disease but on admission
negative findings were obtained with edrophonium
hydrochloride and electrophysiological testing. After six
exchanges he showed no clinical improvement but the
edrophonium test became positive. Complete respiratory
failure then developed, which needed a tracheostomy
and assisted ventilation. A further course of plasma-
exchange, however, brought about .an excellent response
with continuing improvement. Now, a year later, no
drugs are needed and he is well.

There was "no cumulative long-term benefit" in a
smaller series of patients than ours (seven),22 who were
treated by immunosuppression and intermittent courses
of plasma-exchange. The differences may have arisen
because we exchanged a larger volume of plasma and
started the immunosuppressive regime at the time of
plasma-exchange.

Comparison can be made between our results and
those in Goodpasture's syndrome, in which autoanti¬
bodies also circulate. Plasma-exchange improves Good¬
pasture's syndrome and changes its natural history.21 In
myasthenia gravis the post-synaptic endplate is in a
state of constant turnover and it is conceivable that
when aggressive autoimmune factors have been
removed, repair will be facilitated. In theory, therefore,
the abrogation of the autoimmune response may induce
a permanent remission. The mechanism of action of plas¬
ma-exchange in myasthenia gravis and the role of the
serum factors removed will be discussed elsewhere.
The results of serial immunological studies including

acetylcholine receptor antibody titres, complement com¬
ponent determinations, and tests for immune complexes
will also be reported separately. This study strongly sug¬
gests that plasma exchange combined with immunosup¬
pression can bring about dramatic and sustained im¬
provement of myasthenia gravis and may alter its
natural history.
This work was supported by The Muscular Dystrophy Association

ofGreat Britain.
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Chapter Sixteen
ACETYLCHOLINE RECEPTOR ANTIBODY TITRES
IN MYASTHENIA GRAVIS

T Barkas, R Harrison, G G Lunt, F A Stephenson,
P 0 Behan and J A Simpson

One of us first suggested in 1960 that myasthenia gravis was an autoimmune
disease [1]. The suggestion was based on tire association between myasthenia
and other disorders subsequently shown to be autoimmune. The hypothesis was
that a breakdown of immunological tolerance in myasthenic patients led to the
development of antibodies directed against end plate receptors of skeletal muscle.
It is only in the last four years, however, that the presence of such antibodies
has been demonstrated in the sera of patients suffering from myasthenia gravis
[2-4].

The end plate receptor of skeletal muscle is a nicotinic acetylcholine receptor
and the study of its immunology has been facilitated by a combination of two
discoveries. First, it was found that theelectric organ of various species ofelectric
fish contained a rich source of nicotinic acetylcholine receptors. These are
pharmacologically identical to the receptor of the mammalian neuromuscular
junction [5]. In contrast to a muscle fibre, which has a single synapse containing
approximately 4 x 10^ acetylcholine receptors [6], a single electroplax cell from
the electric organ of the eel, Electrophorus electricus, contains some 2 x 10^ ^
receptors [7]. The cells of the electric ray Torpedo contain even higher concen¬
trations of receptor [8]. Secondly, certain snake venom a—toxins have been
found to bind with high affinity and great specificity to the acetylcholine binding
site of these receptors [9]. The a—toxins have accordingly been used not only to
purify the receptor, using affinity chromatography, but also, after radioactive
labelling, to monitor the purification procedure in terms of acetylcholine binding
sites. In this way the isolation ofmilligram quantities of receptor protein has
been achieved [10] and the techniques so developed have been applied to the
very much less readily available mammalian receptor [11]. In 1972, Patrick and
Lindstrom [12] injected purified eel acetylcholine receptor into rabbits which
subsequently developed myasthenia-like signs. The occurrence of this experi¬
mental model, experimental autoimmune myasthenia gravis (EAMG), suggested
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that an immune response to foreign (eel) acetylcholine receptor could be directed
against self-receptor so causing the observed myasthenic signs. This clearly
supported the earlier suggestion [1 ] of an autoimmune basis for myasthenia
gravis and caused an explosion of scientific interest in this disease.

The availability of purified eel receptor that could be radioactively labelled
with 125 j—q,—bUngar0t0Xin (the a—toxin from the Taiwan banded krait) led to
the development of an assay for eel acetylcholine receptor antibodies in the sera
of experimental animals with EAMG [13]. The assay involved precipitation of
antigen-antibody complexes with sheep (or goat) anti-rabbit IgG. We have
recently found that protein A from the cell walls ofStaphylococcus aureus is
equally effective in precipitating the initial antigen-antibody complex [14]. Use
of the above assays has shown that levels of circulating antibodies are closely
related to clinical signs of weakness in EAMG [4,15,16].

Lindstrom [17] modified the assay for acetylcholine receptor antibodies to
detect autologous antibodies in the sera of patients with myasthenia gravis. In
the absence of purified human acetylcholine receptor he exploited the specificity
of a—bungarotoxin for the acetylcholine-binding sites of the receptor by using
the a—toxin to label directly the receptor in a detergent extract of whole human
muscle without the need for purification. The detergent extract containing
radio-labelled receptor was then allowed to react directly with human serum,
and specific antigen-antibody complexes were precipitated with sheep anti-
human IgG. In this way human acetylcholine receptor antibodies were detected
in the sera of over 90 per cent of myasthenic patients [17,18].

We have assayed human acetylcholine receptor antibodies in 39 myasthenic
patients using a modification [19] of the Lindstrom assay. Patients were classi¬
fied according to severity of both cranial and generalised symptoms on a scale
of 0 to 3, where 3 represents the most severely affected state. We find that the
means of antibody titres show poor correlation with clinical signs. This is in
agreement with the results of Lindstrom et al [4] and Ito et al [20]. The lack of
correlation in our data can bo largely attributed to the occurrence of occasional
extreme titres in all groups of patients. Median titres accordingly show a much
better correlation with severity of signs (Table I). The unexplained exceptionally
high and low titres preclude unequivocal statements concerning the role of
acetylcholine receptor antibodies in myasthenia gravis.

The most dramatic evidence for the involvement of a humoral factor in the

aetiology of this disease is the striking clinical improvement in myasthenic
patients following plasma-exchange [21,22]. We have monitored the serum levels
of human acetylcholine receptor antibodies in eight myasthenic patients during
the course of a series of plasma-exchanges. In each exchange four litres of the
patient's plasma were replaced and the process repeated on up to six occasions
at two to four day intervals. After the third plasma exchange each patient
received 100 mg of prednisolone and 150 mg azathioprine for one month. These
drugs were then reduced gradually over the next month.
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TABLEIAntibodyTitrcsofSerafromMyasthenicPatientsUndergoingSuccessivePlasmaphereses AntibodyTitre10
10M(a

-bungarotoxinbindingsites)

Clinical State

1stExchange
2ndExchange
3rdExchange
4thExchange
5thExchange
6thExchange

Patient

Age

Sex

No.

CranialGeneral
Pre

Post

Pre

Post

Pre

Post

Pre

Post

Pre

Post

TrePost

1

52

F

3

0

25.7

7.1

16.3

3.0

6.1

0.75

0.880.53

2

56

F

3

3

37.8

22.7

32.8

2.9

5.6

3.9

7.7

4.6

8.6

2.6

3

66

M

3

2

29.8

19.6

25.9

5.5

28.3

10.2

8.9

9.2

4

35

F

3

3

9.6

1.4

0.8

7.8

3.2

5

68

F

3

3'

46.8

8.6

7.1

3.2

44.1

5.3

6

62

M

2

1

14.2

10.8

19.0

11.8

12.0

5.2

15.9

6.1

2.4

29.8

1.76.7

7

29

F

3

3

1.4

0.4

0.1

0.1

0.2

0.3

0.1

0.0

0.1

0.3

0.5

8

44

F

2

2

0.3

2.3

0.5

0.4

0.5

0.2

0.0

0.2

0.7

0.1



Seven out of eight patients showed apparently complete remission over time
periods of up to six months after the series of plasma-exchanges [23]. Serum
samples were taken immediately before and after each plasma exchange and were
assayed for acetylcholine receptor antibodies as previously described. Patients
1 to 5 showed similar behaviour in that their antibody titres fell after each
exchange but then rose again, not quite, in general, attaining the previous higher
value. The overall trend was accordingly down, and all patients showed marked
clinical improvement [23]. Patient 6 showed an apparently similar trend except
that antibody titres surprisingly rose after each of the fifth and sixth plasma-
exchanges and, more importantly, the patient showed little clinical improvement.
This patient did not respond to 10 mg of edrophonium chloride given intraven¬
ously and had no clinical improvement when treated with up to 900 mg of
pyridostigmine daily. Prednisolone given in doses from 60 to 100 mg daily for
two months was likewise without any improvement. However, after plasma
exchange he showed marked and exquisite sensitivity to edrophonium and to
other anticholinesterases. Patients 7 and 8, on the other hand, both achieved
complete remission of symptoms after five plasma exchanges, behaviour difficult
to explain in terms of their antibody titres which, both initially and throughout,
differed little from zero.

Serum from myasthenic patients has been shown to block the electrophysio¬
logical response to iontophoretically-applied acetylcholine in cultured human [24],
rat [25] and chicken [26] muscle cells. In the case of chicken cells, some myas¬
thenic sera that gave greater than 90 per cent block of acetylcholine-induced
response nonetheless had human acetylcholine receptor antibody titres that did
not differ significantly from zero.
It is clear from the results described here that, whereas some humoral factor

is involved in the aetiology of myasthenia gravis, its effect is not fully reflected
in serum human acetylcholine receptor antibody titres assayed by the method
of Lindstrom. This method determines antibodies directed at all antigenic sites
other than the acetylcholine binding site. It may be that assays of antibodies
directed specifically against the acetylcholine binding site of tire receptor would
give a better correlation with clinical symptoms. This has been found by Zurn
and Fulpius [27] to be the case in a rabbit injected with purified Torpedo
receptor although Lindstrom [28] dismisses the importance of such antibodies.
It is also possible that antibodies directed against other antigenic sites exposed
on tire membrane-bound receptor could block neuromuscular transmission. Tire
lindstrom assay includes all such subpopulations and specific assays might prove
to be more significant. A recent report from Sobel et al [29] shows that the
ionophore responsible for ion-translocation in the post-synaptic membrane is a

protein distinct from the acetylcholine receptor protein. Antibodies directed
against the ionophore protein could also block neuromuscular transmission and
it is doubtful whether such antibodies would be detected in tire Lindstrom assay.

Whereas it appears that acetylcholine receptor antibody titres may be useful
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TABLE II Antibody Titres of Sera from 39 Myasthenic Patients

Clinical State Antibody Titre 10 *®M
(a-bungarotoxin binding sites)

Cranial General Mean Median Range

0
1

1

0
19.3 1.2 0.4 - 108.0

2
0

0
2

7.1 3.0 0.5 - 16.5

1
2

2

1
90.6 7.1 0.0 - 480.0

2 2 29.4 12.6 0.8 - 106.0

2
3

3
2

26.1 22.0 10.6 - 45.7

in following the progress of individual patients during therapy the significance
of such titres as currently assayed is not clear and development of assays for
specific antibody subpopulations may provide a better aid in understanding and
monitoring myasthenia gravis.
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72 Anti-acetylcholine receptor antibody titres in the sera of
myasthenic patients treated with plasma-exchange combined
with immunosuppressive therapy.
B.Carter, R.Harrison, G.G.I.unt, P.O.Behan and J.A. Simpson

Myasthenia gravis is now generally accepted to be an autoimmune
disease in which circulating antibodies specific for the acetyl¬
choline receptor (AChR) play an important role. Plasma-exchange
coupled with immunosuppressive therapy has accordingly been used in
treatment of the disease with long term benefit to the patient. The
clinical effects of extensive plasma-exchange coupled with a 3-month
course of immunosuppression have recently been described (Behan et al
1979) in the cases of 21 myasthenic patients. We now report serial
assays of anti-AChR antibodies in the sera of 19 of the above
patients observed over follow-up periods of up to 18 months.

During the periods of observation all 19 patients showed anti-AChR
antibody titres that were significantly elevated relative to those of
normal controls although there was little correlation between titre
and clinical state across the range of patients.

The anti-AChR antibody titre of a given patient followed a
standard pattern during each series of plasma-exchanges. Each
exchange resulted in a sharp fall in titre which rose before the next
exchange, but which, after 3 exchanges, generally remained well below
the initial value. After the third exchange the average titre (of
22 courses of plasma-exchange) was 22% of the pre-exchange level
while after the complete series of exchanges (average 5.8 exchanges
per course) the corresponding figure was 16%.

Following a series of plasma exchanges, the anti-AChR antibody
titres remained below pre-exchange levels for the total period of
post-exchange observation in 13 out of the 18 patients followed,
[pne patient developed total marrow failure and total septicaemia
4 months after completion of exchange (Behan et al. , 1979 )_| . In
these cases the general pattern was that of a sharp rise in titre
during the first month after a series of exchanges followed by a
gradual fall and stabilization of titres over the ensuing months.

In 7 instances, recurrence of symptoms occurred and in 6 of these
cases relapse was shown to be associated with a rise in anti-AChR
antibody titre, supporting the observation (Newsom-Davis et al, 1979)
that an inverse relationship generally exists between clinical state
and anti-AChR antibody titres after plasma-exchange.

Behan, P.O., Shakir, R.A., Simpson, J.A., Burnett, A.K., Haase, G.
and Allan, T.L. (1979) Lancet ii 438-444.

Newsom-Davis, J., Vincent, A., Wilson, S.G. and Ward, C.D. (1979)
Lancet i, 464-468.
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Anti-acetylcholine receptor antibody titres in the sera
of myasthenia patients treated with plasma exchange
combined with immunosuppressive therapy
BARBARA CARTER, ROGER HARRISON, GEORGE G LUNT, PETER O BEHAN,
AND JOHN A SIMPSON

From the Department of Biochemistry, University of Bath, Bath, and Department of Neurology, Institute of
Neurological Sciences, Glasgow.

summary Anti-acetylcholine receptor antibody titres have been monitored in the sera of 19
myasthenic patients treated with plasma exchange combined with a three month period of immuno¬
suppressive therapy. In general the post-exchange titres stabilised at below pre-exchange. levels for
prolonged periods which were associated with clinical improvement. In seven instances recurrence
of symptoms occurred and in six of these cases relapse was shown to be associated with a rise in
anti-acetylcholine receptor antibody titre.

Myasthenia gravis is now generally accepted to
be an autoimmune disease in which circulating
antibodies specific for the acetylcholine receptor
(AChR) play an important role.1 Plasma exchange
has been successfully used in the treatment of
Goodpasture's syndrome,2 an autoimmune disease
in which antibodies are formed against glomerular
and pulmonary basement membranes3 and reports
have appeared of its application to myasthenic
patients.4"7 These papers describe the results of
plasma-exchange used in conjunction with
immunosuppressive therapy in the treatment of
limited numbers (maximum seven) of myasthenic
patients, and serial assays of circulating anti-
AChR antibodies over periods of up to 12 months
are reported.7 Nineteen myasthenic patients have
now been treated by plasma-exchange in com¬
bination with a three month period of immuno¬
suppression and the details of their clinical
condition throughout an 18 month follow-up
period have been reported.8 The anti-AChR anti¬
body titres of these patients were assayed over the
same period and these results are discussed in the
present paper.

Patients and methods

Patients Nineteen patients with undisputed
myasthenia gravis were studied. All patients had
Address for reprint requests: Dr R Harrison, Department of
Biochemistry, University of Bath, Claverton Down, Bath BA2 7AY.

Accepted 7 February 1980

the disease confirmed by a classical clinical
history, demonstrable fatiguable weakness, a

positive response to edrophonium hydrochloride
and a decrementing response to repetitive supra¬
maximal nerve stimulation. There were 12
females and seven males, whose ages ranged
from 26 to 75 with a mean of 51 years. Seventeen
patients had the generalised form of the disease,
whilst two had only the eye muscles clinically
affected. Myasthenia had been present from 2-29
years with a mean duration of 10 years. Sixteen
patients had had a thymectomy previously.
All patients were on anticholinesterase therapy.

Five were also on steroids (30-60 mg prednisolone
per day) prior to plasma exchange, and three of
these five patients had received, in the preceding
six months, a three-month course of azathioprine
(150 mg daily), in addition to their steroids, with¬
out showing any clinical improvement.
Plasma exchange Patients had from 16-32 litres
of plasma exchanged on continuous flow cell
separators over a period of two to three weeks.
Replacement fluid in all cases was plasma protein
fraction.
Immunosuppression At the end of the first week
of plasma exchange, that is, after the third
exchange, each patient was placed on prednisolone
(100 mg daily) and azathioprine (150 mg daily).
The azathioprine dose was maintained for three
months but the steroids were gradually reduced
over this period. Patients undergoing a single
course of plasma exchange were not treated with
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immunosuppressive drugs beyond this point,
whereas those undergoing a second course of
plasma exchange were treated with drugs over a
further three month period exactly as described
above.
Clinical assessment Patients were graded before
treatment and four months later. An objective
assessment of the severity of myasthenia was
obtained using: 1 the maximum time that out¬
stretched arms could be held horizontally; 2
measurements of lung vital capacity (table).
"sI-Iodination of a-bungarotoxin a-Bungaro-
toxin from Bungarus multicinctus was purchased
from Boehringer, Mannheim as a lyophilised
powder (1 mg) which was reconstituted in
distilled water (2 ml) and stored at —20°C prior
to use. The stock solution (20 p1) was added to
125Iodine (100 mCi/ml, The Radiochemical
Centre, Amersham) (10 Ad), 0-5% w/v Chloramine
T in 0 01 M-potassium phosphate buffer, pH 7-5,
(10 Atl) and 0 05 M-potassium phosphate buffer,
pH 7-5 (10 /d). The mixture was stirred for 1 min
after which were added 0 016 W/T sodium metabi-
sulphite in 001 M-potassium phosphate buffer,
pH 7-5 (0-75 ml) and 1% Kf in 0 01 M potas¬
sium phosphate-buffer, pH 7-5, (0-2 ml) giving a
final volume of 1 ml. The solution was added to

a column (27 cm X1 cm) of Sephadex G-25,
(previously allowed to swell overnight in 0 05 M-
potassium phosphate buffer, pH 7-5, and equilib¬
rated in 001 M potassium phosphate buffer,
pH 7-5, containing 1% bovine serum albumin)
and eluted with 001 M-potassium phosphate

buffer, pH 7-5, containing 1% bovine serum
albumin. Fractions (1 ml) were collected and
samples (5 /d) counted on a 7-counter. The most
active fractions of the first, protein-containing
peak of radioactivity were combined and the
specific activity of the pooled fractions (the
"stock" solution) was calculated assuming total
recovery of protein and relating this to acid-
precipitable counts. The "stock" solution was
diluted 100 times in assay buffer (0 01 M-potas¬
sium phosphate, pH 7-4, containing 0 01 M-NaN3,
01% w/5 bovine serum albumin and 1% v/v
Triton X-1C0) to give the "working" solution used
in determination of AChR activity and in the
radioimmunoassay.
Preparation of AChR from human skeletal
muscle Human skeletal muscle was obtained
from amputated legs at the time of operation
and either used immediately or stored at —20°C.
The cho.pped muscle was homogenised (1 min) in
4 volumes of phosphate-buffered saline containing
001 M-potassium phosphate, 01 M-NaCl and
0 01 M-NaN3, and then centrifuged at 20,000 g
for 1 h at +4°C. The pellet was resuspended in 2
volumes of phosphate-buffered saline, as above
but with the addition of 2% v/v Triton X-100,
stirred for 16 h at +4°C and centrifuged at
20.000 g for 1 h at +4°C. The resulting super¬
natant was filtered through glass wool to remove
lipid particles and stored at +4°C.
The concentration of AChR in the receptor

preparation was determined by the binding of
12,T-a-bungarofoxin. The receptor extract

Table Clinical data for myasthenic patients

Case Sex, Duration Years Before plasma exchange Drugs Four months after plasma exchange
no age of disease since Vital Duration of pyr. ster. Vital Duration of Drugs

(yr) thymectomy capacity
{litres)

outstretched
arms

{seconds)

mg/day mg/day capacity
{litres)

outstretched
arms

{seconds)

pyr.

mg/day

1* M.61 18 18 respirator 0 1080 40 3-2 56 120
2 M.51 6 1 2-5 12 480 3-5 48
3 F.30 3 2 respirator 0 360 40 110
4 F.26 4 3 30 28 720 58
5 F.43 8 2 2-8 16 360 3-5 150
6 F.64 29 — 2-8 18 420 3-4 140 240
7 F.66 4 3 30 21 780 3-5 48
8 F.46 20 7 2-6 26 120 3-3 73
9* F.68 10 4 2-4 82 720 91 180
10 M.46 20 18 2-5 5 1020 101 120
lit M.46 5 2 3-5 not impaired 240 not impaired
12 M .66 3 1 respirator 2 720 3-4 116
13 F.56 2 — 3-2 43 720 3-5 117 300
14* M.36 10 7 30 38 1200 40$ 3-5 110 360
15t F.52 20 18 3-5 not impaired 1020 3-5 not impaired 720
16 F.47 16 10 2-2 27 480 3-5 88
17 M.62 5 3 respirator 6 720 60$ 3-4 92
18 F.28 3 3 2-6 1 600 25$ 3-5 180
19 F.75 5 — 2-1 88 480 3-5 173 240

* thymoma; focular myasthenia only; $plus 150mg azathioprine daily, pyr. = pyridostigmine; ster. = prednisolone.
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(100 //I) was mixed with '-"'1-a-bungarotoxin ^periodically assayed for up to 18 months (mean
solution (see above) (50 /d), saturated (NH,):.SO, 12 months) following plasma exchange, during
solution (104 /d) and assay buffer, (100 rd), and which time five patients (cases 3, 6, 7, 9) were
the mixture was incubated for 16 h at + 4°C. The treated with a second course of plasma exchange
resulting precipitate was collected on glass fibre .and immunosuppression. The clinical states of
filters (Whatman Ltd., Maidstone, U.K.) washed these patients have been fully described in a pre-
with 30% w/v aqueous (NH4)2S04 solution and vious paper.8
counted in a y-counter. The assay was repeated During the periods of observation all 19
as above except that the assay buffer additionally patients showed anti-AChR antibody titres (fig 1)
contained 0-1 mM-curare and the counts so that were significantly elevated (3-284X 10 1" M
obiained were subtraoted to give specific binding. <x-bungaroloxin sites) relative to those of normal
Anti-AChR antibody assay Anti-AChR anti- controls (0-6X10"10 M sites, SEM, 0 1, n = 20).
bodies in the sera of myasthenic patients were The titre of each patient was measured during
assayed by a-modification of the assay described the course of plasma-exchange and a typical pat-
by Lindstrom.3' tern of values is shown in fig 2. Not surprisingly
AChR extract (0-9 ml, 1-5-20X 10',u M) was each exchange resulted in a sharp fall in anti-

mixed with assay buffer (100 /d) and 125I-a- AChR antibody titre which rose before the next
bungarotoxim "working" solution and incubated exchange, but which after three exchanges
for 6-8 h at +4°C. Test serum (5 /d) was added generally remained well below the initial value,
to the mixture which was then allowed to stand After the third exchange the average titre (of
at +4°C for 16 h before goat anti(human IgG) - 22 courses of plasma-exchange) was 22% of the
antiserum was added to precipitate the 125I-a- pre-exchange level while after the complete
bungarotoxin-AChR-antibody complex. The series of exchanges (average 5-8 exchanges per
supernatant was ~ removed after centrifugation course) it was 16%.
(3000 X s, 10 min) and the pellet was washed Following a series of plasma exchanges, the
with 001 M-potassium phosphate buffer, pH 7 0, anti-AChR antibody titres remained below pre-
containing 0-85% W/T NaCl and 0 01 M-NaN:l and exchange levels for the total period of post-
counted in a y-counter. exchange observation (between 6 and 18 months)
Correction for non-specifically-bound 125l-o:- in 13 out of the 18 patients followed. One patient

bungarotoxin-was made by carrying out parallel • (case I) died 4 months after completion of ex-
assays in which the AChR extract was mixed . change.8 In these cases the general pattern was
with 0T mM curare prior to addition of !25I-a- that of a sharp rise in titre during the first month
bungarotoxin. The counts so obtained were sub- after a series of exchanges followed by a gradual
tracted from those in the assay described above, fall and stabilisation of titres over the ensuing
giving specific binding which was expressed as months (fig 1). Of the five patients (cases 3, 5, 11,
moles 125I-«-bungarotoxin binding sites per litre 17, 19) who showed elevated post-exchange anti-
of serum. AChR antibody titres (that is above pre-exchange
In general,'series of serum samples from an levels), three (cases 3, 17, 19) suffered a recur-

individual patient were assayed using a single rence of myasthenic symptoms coincident with
AChR extract. However comparability between' their elevated titres (fig 1(T>) (e)). In addition four
extracts was always checked by repeat assays on further patients (cases 6, 7, 9, 14) underwent
standard samples of myasthenic sera. relapses. In three of these (cases 6, 7. 14) the
Scrum samples taken in Glasgow were im- recurrence of symptoms was also associated with

mediately frozen at — 20CC and were maintained a peak of anti-AChR-antibody titre although in
frozen until their assay, which was performed at' these cases pre-exchange levels were not sur-
Bath. passed. The remaining patient (case 9) suffered

..v-: two relapses (fig 1(T>)) which were not shown to
Results coincide with elevated titrcs.

It is noteworthy that of the three patients
Nineteen myasthenic patients (table) were with thymoma, all had relatively high pre-

plasma-exchanged over a period of two to three exchange anti-AChR antibody titres and two
weeks, after the first week of which an imrnuno- (cases 9 and 14) suffered subsequent relapses,
suppressive regimen was initiated and sub- The third (case 1) died of total marrow failure
sequently maintained for three months (see the and septicaemia.8 The numbers are clearly too
Patients and Methods section). Anti-AChR anti- ' small, however, to attach particular significance
body titres in the sera of these patients were to this at the present stage.
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Fig 1 Anti-AChR antibody litres of myasthenic
patients monitored over periods of time that include
at least one plasma-exchange.
(а) •— •, Case I; A—A, Case 4; E B, Case 14;

O—O, Case 16; A—A, Case 18.
(б) •—•, Case 9; A—A, Case 17; H--B, Case 19.
(c) •—•, Case 7; A—A, Case 12; E—H, Case 13;

O—O, Case 15.
(d) 0—•, Case 2; A—A, Case 6; E—M, Case 10.
(e) •—•, Case 3; A— A, Case 5; B—B, Case 8;

O—O, Case 11.
Dotted lines thus: . . . 5 . . . indicate a series of
plasma-exchanges; the number of individual exchanges
being shown in the circle. ® indicates recurrence of
myasthenic symptoms.
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Fig 2 A typical pattern of anti-AChR antibody litres
observed over a single course ofplasma-exchanges
(Case 1): 0, pre-exchange; B, post-exchange.

Discussion

Our observation of elevated anti-AChR antibody
titres in all the myasthenic patients described in
this paper is consistent with previous figures of
around 90%10 11 obtained from large samples of
myasthenics in a range of clinical states.
Although correlation of antibody titre with
severity of disease is generally poor,11 12 it is true
that the clinical state of a given patient is often
reflected in his anti-AChR titre over a period
of time11 and the patients chosen for plasma-
exchange contain many whose clinical condition,
in spite of conventional treatment, has continued
to deteriorate. The probability of elevated titres
in these patients might accordingly be expected
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to he somewhat higher than that of a random
sample.
The lack of good correlation between anti-

AChR antibody titre and clinical state across a
range of patients is well illustrated by the pre¬
sent data. Thus the pre-exchange titres range
from 0-8 to 284 X JO'10 M a-bungarotoxin-bind-
ing sites of which one of the highest (205X10-10
M sites) was shown by a patient (case 4) with
relatively good physical performance (table)
whereas a pre-exchange titre of only 2 8 X 10~10 M
a-bungarotoxin binding sites was obtained from
one (case 3) of the four patients confined to a

respirator.
The pattern of anti-AChR antibody titres

shown in fig 2 is typical of that obtained during
the course of each series of plasma exchanges in
the present study and is similar to others reported
previously.0 12
The combination of plasma-exchange with a

three month course of immunosuppression in the
present study led to a marked clinical improve¬
ment'1 which was maintained for up to 18 months
(mean 12-5 months) 1n ll out of 19 patients. A
further four patients had a second plasma-
exchange following recurrence of symptoms (after
4, 8, 10 and 10 months respectively). After this
second exchange their clinical state improved and
was maintained for 13, 9, i and 2 months respec¬
tively." In 13 out of these 15 recovered patients
their sustained clinical improvement was associ¬
ated with anti-AChR antibody titres that
apparently remained below the pre-exchange
levels throughout the post-exchange period.
Conversely, of the seven patients who suffered
recurrence of myasthenic symptoms (cases 3, 6,
7, 9, 14, 17, 19), six (cases 3, 6, 7, 14, 17, 19)
showed a worsening of their clinical condition
that was accompanied by an elevation in anti-
AChR antibody titre, although in only three
of these cases (cases 3, 17, 19) was the pre-

exchange level surpassed. Our results clearly
support earlier conclusions, based on smaller
numbers of patients treated with extended
immunosuppression,0 7 13 that an inverse relation¬
ship generally exists between clinical state and
anti-AChR antibody titres after plasma-exchange,
although we have observed both elevation of
titre without obvious relapse (cases 5, 11) and
relapse without observed rise in titre (case 9; in
this case, however, a transient rise in titre could
well have been missed).
The fact that anti-AChR antibody titres

generally correspond to clinical condition when
serially assayed in a single patient and yet not
when compared across a range of patients, sug¬

gests either that individuals have widely different
threshold values for antibody-initiated impair¬
ment of function or that anti-AChR antibodies
as presently assayed are not the primary agents
in the aetiology of myasthenia gravis. They could
merely reflect variations in a more basic patho¬
genic factor which could, for instance, simply
be a particular sub-population of AChR anti¬
bodies. Heterogeneity of anti-AChR antibodies
in myasthenic sera has been demonstrated by
several combinations of differential assay methods
(Mittag et a/14-1"), but no sub-population whose
titres show close correlation with disease state has
yet been identified.
Newsom-Davis et al,7 have compared the long

term reductions in anti-AChR antibody titre
brought about in 7 patients receiving plasma-
exchange, in combination with extended periods
of immunosuppression, with the reductions pro¬
duced in six patients treated by immuno¬
suppression alone. They found that the per¬
centage decrease in AChR antibody titre was
not significantly different in the two groups
of treated patients and concluded that plasma-
exchange is of use only in the short term
control of severe myasthenic symptoms. Our
presently described use of plasma exchange
combined with a three month period of immuno¬
suppression has led to dramatic clinical improve¬
ment in most of the 19 patients so treated" and
the general reduction of anti-AChR antibody
titres over a long period is comparable with that
obtained by Newsom-Davis and his colleagues.
The evidence" that a more extensive series of

plasma exchanges can lead to greater chances of
long term improvement is of interest in view of
the anti-AChR antibody titre profiles observed
during the course of a single series of plasma
exchanges. As plasma-exchanges beyond the third
appear to lead to relatively little further reduc¬
tion in anti-AChR antibody titre, it is possible
that the reduction in titre per se is of less long
term relevance than the repeated stimulation of
the immune system in the presence of anti¬
metabolites. Thus it may be, as suggested by Dau
et aIf that azathioprine mediates a semi-selective
cytotoxic action on specific lymphocytes proli¬
ferating in response to removal of anti-AChR
antibodies from the circulation. The continued
monitoring of the patients treated in the present
study may well serve to clarify this issue. Mean¬
while the demonstrated efficacy of plasma-
exchange combined with a limited period of
immunosuppression in bringing about sustained
clinical improvement together with depressed
anti-AChR antibody levels serve to recommend
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its use as a viable treatment of severe myasthenia
gravis.

We are grateful to the Muscular Dystrophy
Group of Great Britain for support.
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Myasthenia Gravis
JOHN A. SIMPSON

Most physicians, and certainly all
neurologists, would recognise a 'typical'
myasthenic fades. The asymmetrical
ptosis, and squint associated with weak¬
ness of eye closure (a valuable sign),

! facial weakness, and a tendency to use
the hand to support the jaw and head,
all add up to an unmistakable picture.
The diagnosis is also clear if the patient
complains of limb weakness, especially

! shoulder girdle, which increases with effort
and is relieved by a short rest. Unfor-

I tunately many patients do not mention
that weakness is worse in the evening
than in the morning, though they imme¬
diately recognise this when asked about
it—that is when the doctor already
suspects the diagnosis. In fact, this is not
the typical picture. It is much more
difficult to diagnose when presented with
a young healthy looking girl complaining
of double vision, loss of voice or severe

muscular weakness occurring intermit¬
tently and in whom the history points to
a clear relation between symptoms and
an emotional disturbance, a common

precipitating factor. Rapid routine exa¬
mination of motor function may not
reveal any loss of power. It is necessary
to fatigue the muscles complained of.
Not surprisingly, the initial diagnosis is

Professor of Neurology, University of Glasgow,
From the Institute of Neurological Sciences,
Southern General Hospital, Glasgow, Scotland.

Based on Chandy Oration delivered at the
Annual Conference of the Neurological
Society of India, Calcutta, December 1980.

usually hysterical paralysis or (because of
the relapsing-remitting course) multiple
sclerosis.
If the diagnosis of myasthenia

gravis is considered, the diagnosis is easy.
A simple fatigue test is usually sufficient
and it may be supplemented by the edro¬
phonium (Tensilon) test. Although often
said to be misleading, I find it a very
reliable test if carried out correctly and
if only objective signs are used. So called
'false positive' results are due to accept¬
ing the patient's subjective assessment
which is frequently unreliable. Electro¬
myography is unnecessary except for cases
in remission at the time of investigation.
All the methods used, including the vari¬
ous modifications of the Harvey-Masland
test, curarisation, and even single-
fibre electromyography may be normal at
this time. If positive, they show only
that there is diminution of the safety-
factor which is normally present for
neuromuscular transmission, i.e the
surplus of acetylcholine, released by
maximal nerve stimulation, over the
amount required to depolarise all the
ACh receptors at the endplates. The
recently detected antibody against ACh
receptor is highly specific but may be
undetectable by present techniques in
some patient with unqestionable myas¬
thenia gravis.

Myasthenia gravis affects people of
all ages, sex and race. Onset is most
common in the third decade of life and
is then much more common in women.

Late onset myasthenia is more equally
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distributed between the sexes and indeed
becomes more common in the male. As
the genetic background and thymic patho¬
logy are different in late onset disease there
are many who consider that there are
a number of different but related diseases.
This may be so, but the data may also
be interpreted as indicating that different
risk factors become dominant at different
times of life. The recognition of the
rare congenital form of myasthenia was
an early pointer to a genetic factor but
its validity is in dispute as current re¬
search is disclosing that many (though
probably not all) of these cases have a
different defect of neuromuscular trans¬

mission and no anti-AChR antibody.
They must not be confused with neonatal
myasthenia gravis. In this disorder the
baby born to a myasthenic mother (never
a myasthenic father) has neostigminesen-
sitive myasthenia for the first few weeks
of life and then recovers. This happens in
1 in 7 live births to myasthenic mothers
and was one of the clues leading
to the original autoimmune hypothesis
of myasthenia gravis5 since it indicates
passage of a large molecule blocking subs¬
tance through the placenta. Equally signi¬
ficant was my observation of a familial
linkage between myasthenia gravis and
disorders of the thyroid and other auto¬
immune diseases. This fact, coupled with
the evidence that myasthenia is rarely
found in identical twins, suggested that
there is an inherited factor which permits
development of autoimmune diseases,
including myasthenia gravis. According
to present idea this is likely to be an
immunoreactive (Ir) gene. We cannot
detect this in human chromosomes but
can identify nearby genes on the sixth
chromosome controlling responses to
leukocyte antigens (HLA). It is generally

agreed that the linked T1LA antigens Al-
B8-Dw3 are important in the younger
myasthenics but not obligatory. (In Japan
the linkage is with B12 but I understand
that Indians resemble Europeans). It is
controversial whether late onset and

thymoma-related myasthenia exhibit
different linkages but, as I have already
said, this would not necessarily imply
different disease processes. They could
be linked to risk factors at different ages
and to the body's reaction to them, in¬
cluding the severity and distribution of
the disease.

The subdivision of myasthenia into
Osserman groups implies that these have
different courses or response to treatment.
I find this of very limited value but
instead have stressed three clinical stages.
Stage 1, the 'active' stage is the period in
which remissions can be expected but in
which most of the deaths occur. It is
the stage in which the further course can
be modified by thymectomy. In Stage 2,
there is still active myasthenia as assessed
by response to anticholinesterase drugs
and presence of humoral antibodies but
the risk of death is much lower and the

possibility of satisfactory remission is low.
Clearly, it is not justifiable to base treat¬
ment on the expectation of spontaneous
remission, but equally it may not be
justifiable to employ therapies which are

dangerous either immediately or in the
long term (and this includes steroids).
Some patients eventually reach a third
stage with neuro-muscular damage which
cannot be corrected by anticholin¬
esterases but with less severe physical
disability. Immunological reactivity is
much less than in the first two stages
but, perhaps surprisingly, striking
improvement may still occur with steroid
therapy. There is no doubt that steroids
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are immunosuppresive, but I question
whether this is the sole or even the most

important action in myasthenia gravis.
Recent work in my laboratory supports
the concept that steroids may promote
regeneration of receptors or endplates.
To interpret these clinical facts we must
now turn to the pathology and patho¬
genesis.

Pathology
Since the beginning of this century it

has been known that some patients with
myasthenia gravis have a thymic tumour,
usually noninvasive (thymoma) but this
accounts for only 15 % of cases. Norris3
drew attention to a high incidence of lym¬
phoid "hyperplasia" of the thymus and
Sloan10 stressed the importance of'germi¬
nal centres' in the medullary portion of
the glands. It is less widely known that
many glands are atrophic, especially in
late onset myasthenia and that the bene¬
ficial effect of thymectomy is apparently
not related to the histological type12. In
the long term, the prognosis is worse for
patients with a thymoma, even after
surgical removal, but the short term
results of thymectomy may be equally
good. Prior to 1961 thymus was consir
dered to be a ductless gland but it seemed
to me, in postulating an autoimmune
disease, that the germinal centres indi¬
cated immunological activity, a point of
view which is now orthodox.

The other feature recognised for many
years is the lymphorrhage in muscle. It
is inconstant and possibly transitory. Its
perivenular position also suggested an
immunological reaction though not at
the neuromuscular junction.5 We now
know that both thymic germinal centres
and lymphorrhages in muscle are not
unique to myasthenia gravis but they do

appear to be markers of immunological
activity.

To account for the natural history,
neonatal myasthenia, thymic and muscle
pathology and some related diseases of
other tissues which will be described

later, I formulated an autoimmune
hypothesis in the 1950s and published
this in I960.5

Pathogenesis
At that time the popular theories of

myasthenia gravis were either that the
thymus produced a "curare-like subs¬
tance" or that the neuromuscular disorder
was a form of thyrotoxic myopathy,
because of a recognised correlation with
thyrotoxicosis. The latter possibility was
excluded by the experimental studies of
Engel1 and my finding that myasthenia
was correlated with all non-tumour types
of thyroid disease. The possible role of
a thymic toxin persists to this day.

Soon after Simpson5, Strauss et al11
reported that serum from myasthenic
patients contained a complement-fixing
antibody against the myosin of skeletal
muscle ("anti-striational antibody"). It
later turned out that some of the reported
findings were non-specific but antibody
against the A-band of muscle was highly
correlated with thymoma (irrespective of
whether this is associated with myasthenia
or not). Indeed this is now the best method
for detecting the presence of a thymoma
though it is usually visible on a chest radio¬
graph. When it was then shown that the
same antibody would fix to myoid cells
in the thymus, some workers postulated
that the initial immunological attack was
on these myoid cells and only secondarily
on skeletal muscles with which they share
antigens. It should be noted that this
is an antibody against a constituent of
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the muscle fibre, not against the endplate.
For the next 12 years all efforts to find
an acetylcholine receptor (AChR) anti¬
body were fruitless and the tide of opini¬
on turned against all autoimmune theo¬
ries. (Readers requiring detailed refer¬
ences should consult Simpson 1977,
1978). In 1973 Patrick and Lindstrom4
were investigating the protein of AChR
by raising antibody against receptor pro¬
tein purified from the electric organ of the
electric eel, which is a homologue of the
endplate of muscle. They noticed that
the animals used to produce the antibody
became weak with an illness like myas¬
thenia gravis. This confirmed the feasibility
of the mechanism I had proposed,
namely that antibody against AChR
could block neuromuscular transmission.

Immediately a range of animals with
"experimental autoimmune myasthenia
gravis" became available. The other
important technical advances since 1960
were the evidence that spontaneous
miniature endplate potentials are reduced
in size at myasthenic endplates (which
provided an electrophysiological method
for detecting endplate damage even in
animals without clinical weakness) and
the recognition of the specific affinity
between «-bungarotoxin (a snake venom)
and AChR which gave a method for
identifying ACh receptors histologically
(by labelling the toxin with an isotope
or immunoperoxidase) and for identify¬
ing the presence of anti-AChR substances
in blood by showing they could prevent
a-bungarotoxin from reaching receptors.
This led to the development of a number
of assay procedures and the eventual
identification of anti-receptor antibodies.
Finally Engel et al2 convincingly demons¬
trated the presence of IgG (and the C3

component of complement at the postsy¬
naptic membranes of human myasthenic
neuromuscular junctions and gave ultra-
microscopic evidence of destruction of a
proportion of the ACh receptors. The
post-junctional lesion is now considered
to be the cause of the lowered safety
factor for neuromuscular transmission. At
the ultramicroscopic level, it now appears
that antibody IgG combines with sites on
two adjacent ionophores of the postsy¬
naptic surface, rather than with the actual
receptor site, and this causes a conforma¬
tional change which prevents the pores
from opening. In addition, along with
complement the IgG causes lysis of recep¬
tors. It seems likely that there are a num¬
ber of subtypes of anti-AChR antibody
and only one of these may be significant in
pathogenesis. This might account for the
fact that the antibody titre assessed by
contemporary techniques has a poor cor¬
relationwith the severity of the myasthenia
(as judged by Osserman type) though it
fluctuates in parallel with changes of
severity in each subject. (A race is now
on to detect a more specific sub-type of
antibody and to raise an anti-idiotype
antibody against it, which would have
great possibilities for the treatment of
myasthenia gravis).

The critical question is, what causes
this immunological attack on the end¬
plate? Some workers still favour the
idea of initial attack on the thymus which
is presumed to share antigens with
skeletal muscle. Clearly this would only
be tenable if there is AChR protein in the
thymus. This is at present controversial:
some workers believe there is but others
do not. Personally, I do not regard this
is a vital matter to decide, for the follow¬
ing reason.
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Associated disorders

I have already indicated that the most
important reason for conceiving the auto¬
immune hypothesis was my observation
that myasthenia gravis is linked (probably
genetically) with a number of diseases:
thyrotoxicosis, non-toxic goitre, Hashi¬
moto's disease, primary myxoedema,
pernicious anaemia, "rheumatoid"
arthritis, epilepsy, pemphigus, juvenile
onset diabetes and other diseases which
we now recognise as having an immuno¬
logical component. Clearly, if the thymic
myoid cell genesis of myasthenia is cor¬

rect, it is necessary either to have primi¬
tive thyroid, gastric, joint, skin and islet
cells in the thymus (for which there is no
evidence) or postulate an entirely separate
pathogenesis for these associated autoim¬
mune diseases. 1 simply do not believe
that Nature works that way. It is much
more likely that there is a multiple but
not generalised breakdown of immuno¬
logical tolerance for "self" constituents
and therefore that the thymus plays some
role in establishing tolerance.

We have learned a lot about immu¬

nological mechanisms in the last decade,
but it would be arrogant to consider that
we have a complete picture. Something
is missing, and the clues are present in
clinical studies. A plausible hypothesis
which has a vogue at present is that
immunological attack on 'self' antigens is
prevented by suppressor T-cells from the
thymus and so autoimmune disease may
represent relative failure of suppressor
cells. Against this, I have drawn atten¬
tion to sudden flare up of other auto
immune diseases soon after effective thy¬
mectomy for myasthenia gravis9 and this
suggests that suppressor cell were active
before thymectomy. This is not an appro¬

priate occasion to go further into the
immunological problems of myasthenia
gravis. I refer those interested to a recent
review8. In these 20 years a hypothesis
has become a theory and then accepted
dogma as theoretical biology and techno¬
logical developments have caught up with
conclusions derived from clinical observa¬
tions. Where there is still an incompati¬
bility, let us not assume too hastily that
the clinical observations are wrong. Time
after time it has been shown that
awkward clinical findings become explica¬
ble as scientific knowledge advances.
Where they don't fit, it is likely to be the
theory that is wrong. There is still an
important role for the observant
clinician.
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Clinical Constraints to Pathogenesis Models
of Myasthenia Gravis

John A. Simpson

"The weakness and fatigability characteristic of skeletal muscles in
patients with myasthenia gravis (MG) is now known to result from im¬
paired neuromuscular transmission due to an autoimmune response to
skeletal muscle acetylcholine receptors (AChR)."" Few will now dispute
this conclusion. It is unnecessary to review the evidence on experimental
autoimmune myasthenia gravis (EAMG). The demonstration by Engel
et al. (1977)2> that IgG and the C3 component of complement are present
as immune complexes bound to the postsynaptic membrane of the neuro¬
muscular junctions in human MG is convincing support for the Simpson
(I960)3' hypothesis, and it can scarcely be doubted that the IgG demon¬
strated there is anti-AChR antibody, though this has not been proven di¬
rectly. In addition, these authors have shown that the amplitude of the
miniature endplate potentials is directly correlated with the length of the
postsynaptic membrane binding immune complexes, and the abundance
of immune complexes decreases with increasing severity of the disease.
These observations point to a progressive loss of immunoreactive acetyl¬
choline receptor sites as the disease advances.
The conclusion of Engel et al. (1977)2' that the presence of IgG with C3

component of complement would, if followed by sequential activation of
C5-C9, lead to lytic destruction of the postsynaptic membrane is indis¬
putable and would be in harmony with earlier evidence for loss of binding
sites for ar-bungarotoxin at myasthenic endplates (see review by Simpson4').
Engel and his colleagues rightly point out that this does not exclude other
effects of anti-AChR antibody. There is functional evidence that anti-
AChR antibody increases the degradation of junctional (and extrajunc-
tional) receptors ofmuscle5-7' and induces modulation ofAChR8' without
involving complement.
An immunopharmacological block, as suggested by Simpson (I960)3',

remains a possibility. This concept might be supported by the rapid beneficial
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effect of plasma exchange, but not necessarily so, as the regeneration of
receptors is probably very rapid" and there is usually a time lag of two days
or more before muscle power is restored.10' Myasthenic symptoms are re¬
ported to relapse promptly after retransfusion of homologous cell-free
lymph to patients who have benefited from lymph duct drainage."' The
blocking effect of serum from MG patients on cultured chick muscle end-
plates is evident within 30 minutes.12' A recent report from Japanese work¬
ers13' states that serum from myasthenic patients reduces the MEPP
amplitude of rat endplates and that this effect can be reversed by washing
with a control solution.
Passive transfer of anti-AChR antibody and immune complexes from

MG patients would help to differentiate between the three main possi¬
bilities: i) lysis of postsynaptic membrane, ii) IgG-induced modulation of
AChR and iii) immunopharmacological blockade. Passive transfer of
myasthenia from man to mouse by human myasthenic serum has been ob¬
tained by Toyka et al. (1975).14' Our failure to repeat their results15' may
have several explanations. It may be necessary to use animals of specific
H2 haplotype16' but we think this is unlikely as we have induced EAMG
in numerous strains of rats.17' It may be that passive transfer requires pre¬
vious reduction of the safety factor for neuromuscular transmission.18'
Unquestionably, the presence of circulating anti-AChR globulin is not
necessarily associated with detectable neuromuscular transmission failure
as it has been detected in the serum of apparently normal babies born to
myasthenic mothers19'20' and in a healthy parent or sibling of a myasthe¬
nic patient.2"
It may be concluded that anti-AChR antibody is necessary for the my¬

asthenic state in human MG and EAMG but that its presence does not
necessarily lead to the clinical syndrome. The nature of the damage it
causes to the receptor membrane is rapidly being disclosed, but at this
point it is important to notice that the present evidence indicates that anti¬
body against human AChR (as an example of a syngeneic antigen) may
not be immunogenic, unlike antibody to allogeneic antigen, or the syn¬
geneic antigen may become immunogenic if the extraction procedure
causes a conformational change (Table 1)."
From the clinical point of view, a more important consideration is the

cause of the immunological reaction in human MG. In the animal model
the immunogenic stimulus is an allogeneic antigen such as Torpedo AChR.
The absence of a response to syngeneic AChR makes it unlikely that the
autoimmune reaction is a response to the release of a sequestered antigen,
even from receptors in the thymus, unless the receptors there or in muscle
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Table 1. Sequestered antigens.

Source of AChR Immunogenic
Denervated muscle —

Syngeneic AChR -

Syngeneic AChR + detergent etc +

Allogeneic AChR +

Allogeneic AChR denatured —

Conclusions:

i) Exposure of sequestered antigen —

ii) Conformational change of antigen +

have undergone a conformational change. This is a tenable hypothesis
since a virus could be responsible.
I feel that the sequestered antigen theory is unlikely for many reasons,

not least that major reasons for introducing an immunological theory of
MG were the recognition of linkage with disorders of other organs, later
shown to be autoimmune diseases3' and of anti-myosin activity of myas¬
thenic sera.22' A sequestered antigen theory of autoimmunity would re¬
quire ad hoc explanations for each disease in the cluster. The same con¬
sideration argues against a forbidden clone theory since it would presup¬
pose a number of "forbidden" mutant clones. If a mutant lymphocyte
carrying "new" or "depressed" antigens is allowed to survive to attack
"self" antigens, it would be expected that the resulting disease would be
progressive, whereas autoimmune diseases, including MG, show remis¬
sions and are commonly self-limiting. Furthermore, it is implicit in this
concept that anti-AChR antibody is always pathogenic. On the contrary,
as pointed out above, it has been found in considerable titer in the serum
of clinically normal babies born to myasthenic women and in low titers in
a parent or sibling of a patient with MG. (Very low titer assays in normal
subjects are difficult to interpret but might be physiological, as part of the
mechanism for removing effete tissue). These are not conclusive arguments
but they are against the forbidden clone theory (Table 2).
It seems more probable that autoimmune disease is due to faulty control

of immunological mechanisms. I have argued the general case for this else¬
where4' and will now examine some possible lesions in the light of obser¬
vations on myasthenia gravis. The sequestered antigen and forbidden
clone theories have the underlying assumption that the immunological
system as a whole is normal but that it is either exposed to an unfamiliar
antigen or has mutant lymphocytes with cell-bound antigens which are
not destroyed and which are allowed to proliferate to attack normal tissue.
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Table 2. Forbidden mutant clone.

Prediction Observation

Progressive disease Remissions. Self-limiting
Anti-AChR antibody Anti-AChR in unaffected

always pathogenic babies and relatives
Low titer antibody in
normal subjects (?)

Conclusion:

Improbable hypothesis

So far as MG is concerned there is evidence against the assumption that
homeostasis is normal (Table 3). Immunodeficiency has been demonstrated
by Dawkins et al. (1976)23' and Simpson et al. (1976),24) and the clustering
of autoimmune diseases suggests that immunological homeostasis is de¬
fective.

Table 3. Sequestered antigen and forbidden clone theories.

Assumption Observation

Normal immunological system Immunodeficiency
Monoclonal response Autoimmunity clusters
Conclusion:
Defective immunological homeostasis

Faulty immunological control could be due to failure to recognize anti¬
gens (Table 4) or to poor suppressor cell activity (Table 5). There is no

experimental evidence to indicate recognition failure. Defective suppressor
cell activity is an attractive hypothesis but it is then difficult to account
for the beneficial effect of thymectomy. Furthermore, Simpson et al.
(1976)24' pointed out that autoimmune disease may flare up soon after thy¬
mectomy (see later paper). Is there a missing link in our present ideas about
immunology? A useful model to explore would be a "self identification

Table 4. Recognition failure.

Prediction

Not antigen specific
Permanent defect
Poor response to challenge

Observation

Commonly one antigen
Intermittent. Self-limiting
Normal

Conclusion:
No evidence of failure to recognize antigens
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Table 5. Poor suppressor cell activity.

Prediction Observation

Auto-aggressive lymphocytes Minimal CMI

Auto-aggressive antibody Poor correlation between
anti-AChR and MG status

Not antigen specific Autoimmunity clusters
Thymectomy should not Post-thymectomy Hashimoto
release from suppressor effect Pemphigus, Ulcerative colitis, (S.L.E. ?)

Conclusions:

i) Poor suppressor cell activity not the sole disorder. Sensitized T-cells required,
or ii) Suppressor cell activity is actively inhibited by thymus.

system," which would inhibit the normal responses to an antigen. Auto-
aggression would then result from deficiency of that system.
The concept of autoimmune diseases as immunological deficiency states

has been ably argued by Fudenberg (1968).25) Table 6 lists some of the
abnormalities predictable from the concept, and it is undoubtedly com¬

patible with the observations on MG. We cannot at present identify im-
munoreactive (Ir) genes in man, but the HLA locus on the sixth chromo¬
some is believed to be close to the Ir locus. Along with others, we have
shown that the HLA-Al-B8-Dw3 haplotype is common in myasthenics
but that it is not obligatory.26' It is shared with other disorders associated
with anergy and immunodeficiency.24' In principle, it is possible that se¬
lective deficiency may be genetically determined. Fudenberg (1968)25'
has pointed out that this would allow persistence ofmicroorganisms which
are normally handled readily by the immune system, leaving them free to
attack tissues for which they have tropism.
There is little evidence for viral persistence in MG. Tindall et al. (1978)27'

Table 6. Breakdown of immunological tolerance.

Prediction Observation

Defective tolerance to self-antigens
Thymoma (?)
Reticulo-endothelial tumours

Neoplasia
Ir genes -— general

— specific
Virus persistence
Drug induced breakdown

Virus induced breakdown

Autoimmunity clusters
+

HLA —Al — B8 —Dw3
Mouse C57
CMV
Penicillamine

^-adrenergic blockers
99?
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recently reported elevated titers of complement fixing antibody to cyto-
mcgalovirus(CMV)in myasthenics not treated with thymectomy orsteroids.
If confirmed, this is likely to be due to immunodeficiency rather than a
cause of it. Tindall et al. (1978)27' proposed that CMV protein may be in¬
corporated into membranes with subsequent induction of anti-AChR
antibody. The criticism of the single antigen instructive theory made above
and of all "thymitis" theories4' applies to this one. Nevertheless, a viral
cause for defective thymic function is possible if there is a single type of
controlling cell, such as a secretor of thymosin.28' The role suggested for
a thymic hormone by these authors is fully compatible with the ideas
developed in this paper if we allow that "unregulated" B-cells may produce
an excess of antibody. But this is probably not the whole story since the
work of Plescia et al. (1976)29' suggests that there may be at least two frac¬
tions with thymosin like activity, one being immuno enhancing, the other
immunosuppressive. Surely this line of research is at least as exciting as
the work on the endplate, and potentially more important for the cure of
myasthenia gravis.
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Discussion

Dr. Lennon: In association with Drs. Lindstrom and Seybold we demonstrated
that syngeneic muscle AChR is myasthenogenic in rats (J. Exp. Med., 1976).
The receptor, was solubilized in non-ionic Triton X-100 detergent and
purified by alpha-neurotoxin affinity chromatography and was injected
with adjuvants. Furthermore, extensively denatured AChR (Torpedo) sub-



36 J. A. Simpson

units, prepared in the ionic detergent SDS, have been reported by Lindstrom
and co-workers to be weakly autoimmunogenic in rats.

Dr. Engel: I very much enjoyed your talk and the precise logic with which you
analyze complex problems. The question was raised by you whether im¬
munoglobulin G localized at the MG endplate is directed against the
receptor. There are two lines of arguments for this: (1) the IgG is localized
on terminal expansions of junctional folds where the receptor is known
to be localized; and (2) after passive transfer of antireceptor antibodies
from affected to normal rats, the antibody is again localized on the terminal
expansions of the junctional folds.

Dr. Simpson: I am pretty sure that you are right.
Dr. Appel: Could you speculate on etiological factors which explain age and

sex differences?
Dr. Simpson: No, I have no appropriate answer for that one. I don't think the

hormonal factor is playing an important role in producing MG, and con¬

traceptive pills, which are recently regarded as a possible factor, may not
contribute to MG.

Dr. Lennon: The lupus-like disease which occurs spontaneously in New Zealand
Black mice has been reported by Tallal and his associates to be explicitly
dependent on female sex hormones. Males have a much lower incidence of
the immune complex complications and survive longer than females. How¬
ever, castrated male mice treated with female sex hormones have a similar
incidence and degree of SLE-type pathology as females, and, conversely,
castrated female mice treated with androgens are protected from the im-
munopathologic complications.

Dr. Takamori: What is the role of lytic component of complement in the process
of myasthenia gravis? I also wonder how much the immunopharmacologic
action of the antibodies contributes to the defect. Finally, do you agree with
the possible role of the thymus in antibody production?

Dr. Simpson: I have made no personal studies on the role of complement at the
endplate although we have studied serum complement and immune com¬

plexes (Behan and Behan, 1979). 1 refer the question to Dr. Engel. Theconcept
of immunopharmacologic block was conceived at a time when our know¬
ledge was limited and it was not known that AChR regenerated so rapidly
(or at all!). It is still possible, but it is becoming an unnecessary idea which
may eventually be discarded. AChR may be present in thymus (controversial)
but antigenic stimulation of that site is not essential for autoimmunity.
There are many examples of MG originating years after thymectomy.

Dr. Engel: As regards to the role of complement in the mouse-passive transfer
model, the disease in mice is rathermild and usually subclinical. Further, Toy-
ka has shown that the endplate maintains its structural integrity in these
mice. Since complement mediated destruction of the endplate is not a
feature of this model, it is not surprising that C5-deficient mice do not differ
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from the non-C5 deficient mice in their response to human antireceptor
antibody. We believe that complement-mediated lysis of the postsynaptic
membrane plays an important role in the pathogenesis of human MG.

Dr. Simpson: I do not know about the mouse. Our passive transfer studies (hu¬
man MG) were on the rat. We used diaphragm MEPP recording but could
not find significant evidence of passive MG.

Dr. Kawanami: We found AChR protein in fetal calf thymus. The cellular im¬
munity to this protein in MG was studied by the leukocyte migration inhibi¬
tion test. The results will be presented tomorrow. I have some questions
pertaining to what you said about AChR protein in thymus and that it has
nothing to do with the pathogenesis of MG. Before such a discussion, we
need additional studies on the protein, its specificity and immunogenicity.

Dr. Simpson: I accept that there are myoid cells in the thymus. It is not agreed
(e.g. by Dr. Appel) that there are ACh receptors. Even if we accept them, I
cannot agree that there is an antigenic stimulus arising from the receptors.
This could indicate an instruction theory of immunogenesis which I have
criticized in my paper. For instance, it would be necessary to postulate
similar thymic analogs for thyroid, joint, gastric and other tissues. There is
no evidence that they exist.

Dr. Appel: We could not find AChR in the human thymus. We found no cross
reactivity with muscarinic AChR reactivity.

Dr. Lennon: T-lymphocytes have been reported to have muscarinic-type AChR
on their surface membranes. I am not aware of any evidence for their anti-
genetic cross reactivity with nicotinic AChR. Might I ask Dr. Appel what
criteria would satisfy him that the AChR in thymus are nicotinic and of skel¬
etal muscle type other than the association of a pharmacologically specific
alpha-bungarotoxin binding on a molecule which is prccipitable by anti¬
bodies to ACh receptors?

Dr. Appel: The subunits to which toxin is binding range around 38,000, or even
as high as 45,000. I don't know if these have been demonstrated yet.
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The thymus was formerly regarded as an endocrine gland involved in
growth and development, and it may be appropriate to draw attention to
the possibility that its role may be more than the immunological one which
has dominated thinking since 1961."
The concept that the thymus produces a curare-like substance is also

obsolete2' though a variant survives in the thymin (thymopoietin) postu¬
lated in the thymitis theory of G. Goldstein.3' Despite a considerable vol¬
ume of work from that author and his collaborators, most independent
investigators have failed to reproduce their results.4' Minor changes in
neuromuscular transmission in experimental animals may result from myo¬
sitis as in certain myasthenic syndromes in the human. Major objections
to any theory requiring a neuromuscular blocking substance produced by
the thymus are that a) thymectomy does not cure myasthenia gravis im¬
mediately, and b) myasthenia gravis may occur many years after apparently
complete thymectomy.5' Nevertheless there is no doubt that the thymus
is involved in the pathogenesis of myasthenia gravis and that thymectomy
influences the further course of the disorder, and few would now disagree
that the mechanism involved is immunological. Experimental myasthenia
gravis bypasses the thymus by introducing a high concentration of AChR
antigen to the animal. It is not initially an atrfo-immune disease but au¬
toantibodies appear after the first stage, and the term experimental autoim¬
mune myasthenia gravis (EAMG) has been widely accepted. There is evi¬
dence that the reactivity of the experimental animal is influenced by the
thymus and the disease is difficult to produce in thymectomized animals.6'
Clearly the thymus influences the degree of immunological response to
self or foreign antigen but does not itself produce anti-AChR antibodies
or a curare-like substance.

Thymus in myasthenia gravis
There are pathological changes in 70-80 percent of patients with myas-
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thenia gravis. The most consistent finding is lymphoid hyperplasia of the
cortex and medulla with T lymphocytes in both parts, not mainly in the
cortex as in normal subjects.71 But in older patients the gland may show ap¬

parently normal involution. Lymphoid hyperplasia is commonly, but not
invariably, associated with numerous germinal centers in the medulla.81
Their significance is uncertain as the prevalence of germinal centers in the
thymus bears no clear relationship to the duration or severity of myas¬
thenia gravis or to the clinical response to thymectomy.9'101 Indeed, our
studies showed a tendency for patients with relatively unreactive glands
to obtain a better result from thymectomy. The only consistent finding by
Vetters and Simpson (1974)101 was a relative decrease in the percentage
of the thymus area occupied by cortex and a relative increase in the amount
ofmedulla compared to the data of Hammar (1929)111 for non-myasthenic
subjects who had died suddenly. This increase could be due to stress rather
than to medullary hyperplasia. Thymic hyperplasia may, in fact, be a myth
as the data ofCastleman and Norris (1949)91 show that it is more common
for myasthenic thymus glands to weigh less than average, compared
with normal subjects of the same age. We have not been impressed with
histological evidence of "thymitis" and have drawn attention to similar
changes in other disorders.101 It would therefore be necessary to postulate
that only one disease with thymic germinal center formation and lymphoid
follicles causes excessive release of "thymin" while others, histologically
identical, do not. A necessary conclusion from the Goldstein hypothesis
is that thymectomy should cure myasthenia gravis within weeks and that
the disease should not occur in a thymectomized subject. But the facts are
otherwise.

Myoid cell antibody
Clinical constraints also argue strongly against another concept which

is widely discussed. Accepting that the pathogenesis of myasthenia gravis
is immunological, many authors have attempted to account for the devel¬
opment of anti-muscle antibodies by postulating that the primary antigen
is the myoid cell which may be found in the thymus.121 Note that this pre¬

supposes an instructive theory of antibody production, and it would then be
logically necessary either to have similar anlages of other organs within the
thymus to account for the other autoimmune diseases in myasthenic pa¬
tients or to have ad hoc mechanisms for each. The myoid cell hypothesis
would only be tenable if acetylcholine receptors were in the thymus13'141
but this is still disputed, especially in human thymus.151 The subject has
been reviewed by Vincent et al. (1979).161 If the initial antigenic stimulus'is
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in the thymus it is difficult to account for those cases of myasthenia gravis
appearing many years after thymectomy, unless the disease is present in a
subclinical form or some residual or "accessory" thymic tissue remains.
Both are possible but without supporting evidence at present.
Since my objections to the myositis and myoid cell theories arc based

on the clinical constraints, it is now necessary to examine the evidence
from human disease for clues to the role of the thymus.

Thymectomy
Although a small number of thymectomies had been performed pre¬

viously for myasthenia gravis, the modern history of this operation begins
with the work of Blalock (1941)17> and other American surgeons. In the
following decade these workers were progressively disappointed with the
results and Eaton and Clagett (1950)18' concluded that "at present thy¬
mectomy in the treatment of myasthenia gravis is recommended by us be¬
cause of the potentially malignant character of the thymomas and not be¬
cause of anticipated improvement in the myasthenia gravis." During the
same period, in London, Sir Geoffrey Keynes had been reporting good
results but stressed the importance of early operation and that results were
best in non-thymoma cases.19' An independent review by Simpson (19 5 8)20)
confirmed his claims and showed that the American results were similar
if cases with thymic tumors were evaluated separately, and further that
operation appeared to arrest progression of the disease, so that statistical
differences from nonoperated cases did not appear until 2-3 years after
operation. These conclusions have stood the test of time although it is only
fairy recently that American surgeons have agreed that the results of sur¬
gery are best with early operation and that the later benign course is in
creasingly evident with the passage of time.21'22' To be effective, thymec¬
tomy must be carried out during the "active stage" (stage 1 of Simpson,
1969a).23) With a population largely consisting of stage 1 patients, more
than 90% of patients are relieved of all symptoms or have only mild dis¬
ability.24' Although the long-term prognosis for patients with thymoma
remains poor, the initial response may be just as satisfactory as with non-

thymoma cases.

Thymectomy is undoubtedly effective in stage 1 patients. However, the
response of individual patients is unpredictable. It may be immediate or

delayed. After removal of the gland a major relapse is rare but it does oc¬
cur, and attention has already been drawn to the onset of clinical myas¬
thenia years after removal of a thymoma. If the results of thymectomy in
a large series are scrutinized it appears that the operation does not "cure"
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the disease but promotes a shift towards normality. This is best seen if cases
are classified according to change of status20' rather than to disability cat¬
egories as in papers from New York and elsewhere. I interpret these results
to mean that thymectomy reduces immunological reactivity but does not
arrest it. In other words, the role of the thymus in immunology is home-
ostatic.

Helper and suppressor cells
A possible mechanism for controlling T-and B-cell function would be a

balance between helper and suppressor cells. A relative deficiency of thy¬
mic suppressor cells may be postulated in myasthenia gravis. Mischak et
al. (19 79)23) have recently published evidence for reduced mitogen-induced
suppressor cell activity and others have shown immunodeficiency in my¬
asthenic patients.26,271 Once again there are clinical observations which
make it difficult to accept that general suppressor activity is depressed in
myasthenic patients. In the first place it is difficult to understand how thy¬
mectomy could improve this situation. Furthermore, Simpson et al.
(1976)27) pointed out that autoimmune disease may flare up soon after
thymectomy. This has been reported for systemic lupus erythematosus and
chronic ulcerative colitis,28'291 Hashimoto's disease,301 and pemphigus
vulgaris.31'321 It appears improbable that suppressor cells were inactive
prior to thymectomy unless part of a general immunological deficiency
(see earlier paper).271

Immunological surveillance and cancer
The familial and individual clustering of autoimmune diseases, including

myasthenia gravis, and the responses to thymectomy would be compatible
with the idea that the thymus is responsible for immunological surveil¬
lance, regulating the types (and amounts) of tissue permitted to grow and
persist in the body. If this system constituted a natural defence against
cancer, as suggested by Thomas (19 59)331 it might be supposed that thy¬
mectomy might increase the risk of cancer. The hypothesis was examined
by Vessey and Doll (19 72).341 Their study, which included many patients
studied by me, provided no evidence for an increased risk of neoplastic
diseases, and my continuing experience supports their conclusion. On the
contrary, Papatestas et al. (1971 )3S> have noted a three-fold increase over
the expected incidence of extra-thymic neoplasms in patients with my¬
asthenia gravis who have not had a thymectomy, while following thymcct
omy the incidence returned to expected levels. One is led to the strange
conclusion that immunological surveillance, if such be the mechanism, is
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better without the thymus, at least in myasthenic patients. A logical con¬
clusion is that immunological surveillance is primarily an extra-thymic
function. A "hyperplastic" or neoplastic thymus reduces the capacity to
distinguish self from non-self.

Hormonal function of the thymus
It is entirely possible that the thymus has other hormonal functions.

A review of pre-1960 experimental studies on the thymus36' suggests that
the differentiation of the immunologically competent cells and antibodies
may be a survival of a wider action on tissue differentiation in the fetus.
Szent-Gyorgi et al. (1962)37' claimed to have isolated a growth-promoting
factor (promine) and a growth-inhibiting factor (retine) from calf thymus
which could play a part in the regulation of breakdown and repair of or¬
gans showing a regular turnover of cells. They were concerned particularly
with carcinogenesis. The implications for myasthenia gravis are clear38,39'
but unfortunately the validity of the early reports is uncertain.
There is histological evidence for a secretory activity of the thymus,40'

and functional studies sinceMiller(1961)" indicate that the gland produces
one or more chemical substances which influence lymphocyte production
or activity. Currently the most interesting work is that of A. L. Goldstein
which indicates that there may be a thymic hormone, thymosin, which
influences precursor T-cells, possibly via an adenylate cyclase-dependent
process. Goldstein et al. (1976)4" suggest that genetic factors and/or viral
infection may lead to deficiency of suppressor or regulatory T-cells which
in turn remove the mechanisms controlling B-cell function (including for¬
mation of autoantibodies). Further speculation is unjustified until this
work is verified in other laboratories, but at this stage it appears to me to
be compatible with all that we know about myasthenia gravis, including
the clinical constraints outlined in this and the previous paper.
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Discussion

Dr. Appel: How common is pemphigus and Hashimoto's disease following
thymectomy? It is rare in our series.

Dr. Simpson: The number of cases of autoimmune diseases flaring up after thy
mectomy is certainly small and not statistically significant—but biologically
significant nevertheless!
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Pathogenesis and treatment of
1332 myasthenia gravis

Sir,—The review article by Drs Glenis K
Scadding and C W H Havard (17 October,
p 1008) on myasthenia gravis is an excellent
summary of present ideas on pathogenesis and
treatment. I particularly endorse the con¬
servative advice on the use of corticosteroids.
The initial deterioration during steroid treat¬
ment is sufficient to justify hospital admission
during the first two to three weeks of this form
of therapy. However, I do not consider that
the effectiveness of anticholinesterases is
enhanced during this period. On the contrary,
many patients require temporary increase in j
dosage levels of pyridostigmine. Our electro¬
physiological studies indicate a double action
of corticosteroids at the neuromuscular junc¬
tion in experimental myasthenia gravis.1 A
short-lasting reduction in prejunctional acetyl¬
choline stores precedes a more sustained
increase in amplitude of miniature endplate
potentials of a subpopulation of endplates
(postjunctional).
The review repeats a frequent misquotation

of my 1960 paper.'2 The autoimmune hypothe¬
sis was not formulated on account of the high
incidence of other autoimmune phenomena. I
drew attention to several previously un¬
recognised clinical correlations but at that date
few of them were recognised as immunological.
Many other clinical and pathological factors
were involved in the hypothesis, which led to
the concept of a "multisystem" disorder
resembling systemic lupus erythematosus. I
mention this because it leads to a different

theory of autoimmunity, which could not be
accounted for by reaction to acetylcholine
receptors within the thymus. I have set out
the argument in some detail elsewhere.3
General belief that there is now a role for

the thymus in pathogenesis has led to accept¬
ance of thymectomy, though the evidence for
its value and for the delayed benefit was
already clear in 1958 from the experience of
Sir Geoffrey Keynes and other pioneers.1 We
also aim to remove the gland completely, but
where is the evidence that later deterioration,
if it occurs, is due to regrowth of the thymus ?
We have demonstrated the feasibility of

preparing heterologous anti-idiotypc antisera
to antiacetylcholine receptor antibodies but at
present the blocking effect of the antiserum is
restricted almost totally to the original inducing
antibodies.5 If it proves necessary to prepare
individual antisera for each patient, the
method would be unlikely to have a practical
application.
I congratulate Drs Scadding and Havard on

an excellent condensation of a rapidly advanc¬
ing subject. We seem to be approaching a
complete understanding of the pathogenesis of
myasthenia gravis. But there's still a lot of
excitement in it.

J A Simpson
Institute of Neurological Sciences,
Soutnern General Hospital,
Glasgow G51 4TF

' Weir AI. Excerpta Medico International Congress
Series 1981 ;548 :abstr 585, 190.

: Simpson JA. Scott Med J 1960;5:419-36.
3 Simpson JA. In: Satoyoshi E, ed. Myasthenia gravis:

pathogenesis and treatment. Tokyo: University of
Tokyo Press, 1981:301-7.

' Simpson JA. Brain 1958;81:122-44.
s Barkas T, Simpson JA. J Clin Exp Immunol (in press).
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MYASTHENIA gravis is rare. A popula¬tion of 100,000 will produce a new case
only once in two to three years but

recognition is important as the disease can be
treated and is otherwise crippling or fatal. Myas¬
thenia gravis most commonly affects young
women, but it may occur in either sex at any time
from infancy to old age; it has a striking tendency to
fluctuate in severity. Remission of months or years
is common in the initial stage but so infrequent in
later stages that it is unwise to plan treatment in the
expectation of spontaneous remission.

Clinical picture
The diagnosis of myasthenia gravis should be
considered in any patient with variable muscular
weakness especially if power is completely restored
by resting. Weakness means demonstrable loss of
muscular power: 'tiredness' is not a symptom of
myasthenia, though it may accompany it, and
should not be used as a guide to dosage.
Non-specific infections or emotional stress pre¬

cipitate some of the relapses. Once established,
however, symptoms are increased by exercising the
affected ('fatigable') muscles and relieved prompt¬
ly by rest. Weakness is likely to be greater after
midday, but this is not mvaiiable.
Early manifestations are drooping of one or both

eyelids, double vision and weakness of neck
flexion. In advanced cases, the patient suffers from
weakness of the shoulder muscles (inability to hold
the arms outstretched for one minute) followed by
weakness of the face and tongue with difficulties of
speech and swallowing and, in severe cases,
dyspnoea. Any skeletal muscle may be involved.
Autoimmune correlations
Myasthenia gravis is an autoimmune disease.
Younger patients commonly have an HLA-B8
gene and personal or familial linkage with other
autoimmune diseases (thyroid diseases, pernicious

anaemia, rheumatoid arthritis, diabetes mellitus
and pemphigus are the most common). Onset in
later life is associated with a thymic tumour
(thymoma), but in these cases the autoimmune
correlations are slightly different: the HLA linkage
is different and, unlike the disease in younger
patients, it is more common in men. In both types
humoral antibodies against the acetylcholine re¬
ceptors of skeletal muscle can be measured in the
blood—except in some patients who have only
extraocular muscle involvement. This is the most

definitive diagnostic test: others such as electro¬
myographic evidence of reduced neuromuscular
transmission and brief remission after injection of
edrophonium (Tensilon) are non-specific. Their
interpretation is difficult and the practitioner is
advised to refer the patient with suspected myas¬
thenia gravis to a centre with adequate experience.
Differential diagnosis
The differential diagnosis includes consideration of
multiple sclerosis, motor neurone disease, Parkin¬
sonism, peripheral neuropathy, thyrotoxic eye
disease and some rare causes of muscular weak¬
ness. The most frequent mistake is to attribute the
emotion-precipitated paralysis with full remissions
to hysteria. Physical signs may be absent until the
muscles complained of have been exeicised. Myas¬
thenic syndromes occur also as congenital myasthe¬
nia (a different disease without immunological
cause), in adults with latent carcinoma (especially
of the lung) and in some rare immunological
disorders.

Pathology
Transmission of motor commands, from nervous

system to skeletal muscle, requires liberation of
acetylcholine from motor nerve terminals into the
synaptic cleft of the endplate of each muscle fibre
where it attaches to specialized acetylcholine
receptors causing the generation of an endplate
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FIG. I.—Hand grip recorded onmoving drum at time ofdosage ofpyridostigmine (0) and at 1,1.5, 2, 3 and 4 hours. Although the
strength of thefirst grips aregreatly increased at 1 to 2 hours note thatfatigabiltiy on repeated contraction persists

potential. If this potential reaches an adequate
voltage, the action potential mechanism of the
muscle is triggered and the fibre contracts. A
surplus of acetylcholine and acetylcholine recep¬
tors constitutes a 'safety factor' so that transmission
is preserved despite decreasing output by the nerve
terminals during maintained effort. To respond to
each action potential in the motor nerve, each jet of
acetylcholine must be rapidly destroyed by an
enzyme (acetylcholinesterase) in the endplate. In
myasthenia gravis a high proportion of the recep¬
tors is damaged or blocked by antibody directed
against part of the receptor, reducing the safety
factor and eventually preventing neuromuscular
transmission in an increasing proportion of the
endplates in some or all skeletal muscles. When
very severe, the muscle is deprived of all motor
innervation and may become atrophic. This is
rarely detectable clinically except in the tongue in
which a rather typical 'triple grooving' may be
seen, but the loss of receptors may be such that full
transmission cannot be restored even with optimal
dosage of an anticholinesterase drug (fig. 1).
Pathogenesis
The exact nature of the immunological damage is
still uncertain. Clinical severity correlates poorly
with titre of antibody in the plasma. The antibody-
antigen reaction at the endplate requires comple¬
ment—plasma complement fractions are reduced
during a relapse and immune complexes can be
found in the plasma.
It is not known how the autoimmune reaction is

initiated. An animal model (experimental autoim¬
mune myasthenia gravis) can be produced by
inoculating many mammalian species with acetyl¬
choline receptors from endplates of other species
(including man) or from the electric organ (biolo¬
gically similar to motor endplates) of certain fish.
Myasthenia can be transferred passively from an
affected animal to another—either of the same or

of a different species—and it is likely that similar
passive transfer accounts for the rare neonatal
myasthenia which occurs in one in seven children
born to myasthenic mothers. These passively
transferred types of the disease are self-limiting.
(The baby becomes normal in six to ten weeks if

treated with anticholinesterase drugs until the
condition disappears.)
Although it uses the same antibody-

acetylcholine receptor mechanism, the neonatal
type is not autoimmune and neither is the initial
stage of the animal model. We do not understand
what leads the animal to produce antibodies
against its own acetylcholine receptors and this
aspect is still obscure in the natural myasthenia
gravis of man. Recently, certain inducers have
been recognized, notably penicillamine and some
beta-adrenergic blockers, which reduce the natural
immunological tolerance against 'self' proteins.
The proximate mechanisms for recognizing

'foreign' and 'self' proteins and for producing
antibody against them in appropriate amounts are
in the mononuclear cells of the reticuloendothelial

system—notably the blood macrophages and lym¬
phocytes but also similar cells in the tissues of the
body. Macrophages remove effete or damaged
cells and present their proteins to cells of the
lymphocyte series. Some of these, the B-
lymphocytes of the bone marrow, elaborate im¬
munoglobulin 'antibody' which then participates in
the destruction of cells bearing the appropriate
antigen.
There is a hierarchy of lymphocytes. The B-cells

are 'instructed' by T-lymphocytes. These are
specialized cells originating in the thymus gland
and contain sub-populations described as 'helper'
and 'suppressor' cells (among others) which prom¬
ote or suppress B-cell production of antibody. In
myasthenia gravis this cellular component of the
immunological reaction is presumably aberrant.
The evidence now points to an immune deficiency
rather than the 'auto-aggressive' mechanism of the
earlier hypotheses about autoimmunity. Current
research on subpopulations of lymphocytes should
clarify this important matter.
The thymus
Since an autoimmune mechanism for myasthenia
gravis was originally proposed it has become
increasingly certain that the thymus plays an
important regulatory role in immunological toler¬
ance. Pathological changes are found in the thymus
in most patients but we are still baffled as to what
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feature is significant. Around 10 to 15% of patients
have a thymoma (a tumour which is usually
encapsulated but sometimes locally invasive). The
others are widely believed to have a 'hypertrophic'
thymus although in fact the gland is rarely larger
than normal for the patient's age and in older
patients it is atrophic in up to 30% of cases. In all
three types (atrophic glands, large or 'hyper-
trophied' glands and thymomas) the medulla
commonly has an excess of germinal centres. This
is not invariable and they are not exclusive to
myasthenia gravis. Furthermore the clinical re¬
sponse to thymectomy appears to bear little or no
relationship to the histology of the gland, except
that late recurrence ofmyasthenia is more common
in patients who have had a thymoma. Despite the
lack of satisfactory evidence for the belief, recur¬
rence some years after thymectomy is widely
attributed to growth of thymic remnants left in situ
at operation. Early failure of the operation is
blamed on extra-thymic survival of clones ofT-cells
occurring in stage 2 of the disease (seven to ten
years after onset). Thymic hormones regulating the
T-cell population have been identified and may
play a significant role, but it remains difficult to
understand how an immunodeficient state with

presumed defective suppressor cell function can be
improved by removing the controlling organ. An
essential part of the jig-saw is still missing and the
unquestionable role of emotional factors cannot be
given a rational explanation.

Treatment
The first priority is to preserve life by controlling
respiration if it is threatened (a dyspnoeic myasthe¬
nic patient should be sent to hospital for early
admission), and to promote maximum power in the
muscles by raising the safety factor for neuro¬
muscular transmission. The primary immunologic¬
al disorder should then be treated.
Neuromuscular transmission
The safety factor for neuromuscular transmission
can be raised by drugs which (1) potentiate the
production or release of acetylcholine (for example
4-aminopyridine, guanidine, ephedrine), (2) sensi¬
tize the acetylcholine receptors or amplify the
muscle response (for example veratrum alkaloids,
germine, potassium) or (3) inhibit hydrolysis of
acetylcholine by cholinesterase. In practice only
the anticholinesterase drugs are worth using.
Ephedrine is virtually useless except as a euphor¬
iant and bronchodilator—actions admittedly some¬
times helpful even though not antimyasthenic.
Potassium and potassium-retaining steroids are
also useless and aggravate the bowel effects of
anticholinesterases.
Of the many anticholinesterase drugs, use

should be restricted to pyridostigmine (Mestinon)
and neostigmine (Prostigmin). Longer-acting
drugs (for example, bis-neostigmine compounds
(Ubretid), physostigmine and organic phosphorus
compounds) are dangerous since they are either
cumulative or cross the blood-brain barrier to

cause cerebral side effects.
Before discussing the use of the preferred

anticholinesterases it is necessary to warn against
substances that further lower the safety factor.
These include aminoglycoside antibiotics (strep¬
tomycin, dihydrostreptomycin, neomycin, kana-
mycin, gentamicin, viomycin, bacitracin, polymyx¬
in A and B, and colistin, especially in the presence
of renal insufficiency) and membrane stabilizers
(phenytoin, quinine, quinidine, procainamide).
Low serum levels of ionized calcium also reduce
the safety factor. One must, however, be sensible
about this situation. These drugs should obviously
be avoided if there are alternatives but, if there is
clamant indication, they may be used provided the
doctor is ready to increase the dose of pyridostig¬
mine should the weakness increase. Obviously,
too, neuromuscular relaxant drugs required by the
anaesthetist also lower the safety factor. The
damaged endplate responds anomalously to many
of these. Despite markedly increased sensitivity to
curare, it is best to use D-tubocurarine if relaxation
is required during surgery as its mode of action is
unchanged and neostigmine is still its antidote.
Respiratory depressants must be used with care
although diazepam is relatively safe if sedation is
required. Penicillamine and some beta-blockers
induce myasthenia but there is no evidence that
they aggravate spontaneous myasthenia gravis.
Deterioration with corticosteroids is discussed
below. A warning must also be given about
enemas. Although commonly and successfully
used (in ignorance of the danger) there are reports
of sudden death following an enema. The mechan¬
ism is unknown, but I have postulated a vagal reflex
due to stretching a bowel rendered tonic by
anticholinesterases.
Anticholinesterase drugs should not be given

parenterally in domiciliary practice. If unable to
swallow a tablet, the patient needs nasogastric
intubation and can be given crushed tablets by that
route. Neostigmine (15mg tablet) produces a surge
ofmuscular power for 30 to 60 minutes followed by
continued activity at a lower level for a time
personal to each patient (2 to 6 hour). Then
strength is lost rapidly. Since it is difficult to time
the dosage to avoid this let-down, most patients
prefer pyridostigmine though the neostigmine
surge may be valuable if given 30 minutes before a
meal or in anticipation of a special effort. Pyrido¬
stigmine (60mg tablet) has about the same plateau
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FIG. 2—Diagram ofanti-myasthenic response to three orally administered anticholinesterase drugs. (The time scale varies with
individualpatients—see text). The briefresponse to edrophonium is adequatefor diagnostic testing, but notfor therapy.
Neostigmine gives an early surge but a rapidfall-off' The effect ofpyridostigmine subsides slowly and the gap shown between the
plateaux can be eliminated by suitable timing ofdosage

level of action. Its peak effect is less and the plateau
lasts slightly longer than that of neostigmine but its
effect wanes more slowly, allowing a sustained
blood level to be achieved by judiciously timed
dosage (fig. 2).
Establishment ofdosage.—First establish the timing
by giving a single tablet. The patient should then
keep a written record of the effect every half hour
until weakness has returned to the pre-dosage
level. Wait for one hour then repeat four or more
times, with a gap of at least one hour between each
trial. The interval being established, dosages are
then timed so that one is taken 30 minutes before
each major meal. Each dosage is then increased by
half-tablet increments until the maximum improve¬
ment is achieved and may be of the same amount or
adjusted according to the activity planned for the
succeeding period. Some patients prefer to sleep
uninterrupted, others require regular dosage day
and night.
The temptation to increase the dosage so long as

weakness persists must be resisted. In many cases,
because of the receptor deficit described above,
myasthenic weakness passes straight into a diffe¬
rent type of neuromuscular block caused by
overdosage ('cholinergic crisis') with no interven¬
ing stage of normal strength. Even at best,
abnormal 'fatigability' can be demonstrated on
clinical testing, with or without a home-made
tension recorder (fig. 1). As the safety factor is not
equally reduced in all muscles it is possible to
overdose the less damaged (including the respira¬
tory muscles) when others are still underdosed (for
instance, diplopia is still present). An early sign of
overdosage, fasciculation, is permissible in the
spared muscles (often below the knees), but it is
most important that the dose is correct for the
respiratory and bulbar muscles. Watch the pupils—
constriction to a diameter of 3mm or less in normal

room lighting indicates overdosage. For this reason
it is best to avoid giving atropine or propantheline
unless the patient is suffering from severe di¬
arrhoea. A short-acting drug (neostigmine) is safer
when used at near-toxic levels of dosage—never in
this circumstance use the type that have a longer
action than pyridostigmine. It is always safer to
have the patient slightly underdosed. Animal
experiments suggest that dosage over a long term
may damage neuromuscular junctions. There is no
satisfactory evidence that this applies to man—and
there is little alternative anyway—but I feel that the
long-term results are best in those patients who
consciously try to reduce the dosage to the
minimum required for reasonable living.
Anti-immunological therapy
If the optimum dosage and timing of pyridostig¬
mine does not restore strength to an acceptable
level, temporary improvement is often obtained
from plasma exchange, designed to remove circu¬
lating anti-acetylcholine receptor antibodies and
immune complexes and replace them with fresh
immunoglobulin. We have seen some prolonged
remissions, but a respite of only a few weeks is
more usual. Plasma exchange should be reserved
for emergencies owing to expense, technical prob¬
lems and occasional complications. Immunological
protection against infection is also lowered, but it
may buy time to enable other slower anti-
immunological treatment to work.
Immunosuppression with azathioprine is being

increasingly advocated. It produces gradual im¬
provement over a period of one to two years and
although there is no immediate benefit the hazards
appear to be less than anticipated. Corticosteroids,
too, are commonly used; however, their immuno¬
suppressive action is no quicker than that of
azathioprine and the long-term hazards are so great
as to cause concern about widespread use in young
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people, particularly if continued for many years.
An immediate effect occurs before the immuno¬

suppression (at least as judged by antibody titres);
ACTH, cortisone or prednisolone given by many
different dosage regimens often produces a marked
deterioration ofmuscular power during the first ten
days, but this is followed by a remarkable and
sustained improvement (particularly in the extra¬
ocular muscles which commonly become unre¬
sponsive to anticholinesterase). Experimental stu¬
dies in my laboratory indicate that this is due to a
biphasic action on the neuromuscular junction, and
is probably not an immunological reaction. If it is
decided to use steroids, the patient is best admitted
to a hospital with facilities for passive ventilation
until the phase of improvement. High dosage (up
to lOOmg prednisolone) given on alternate days to
spare the patient's own adrenal gland, is a favourite
regimen. After one month the dosage is reduced
gradually, but it is usually necessary to continue
with lOmg or thereabouts daily or on alternate days
for a year or more.
Thymectomy
Space does not permit a considered discussion of
thymectomy. In summary, my practice is to advise
the operation (by whatever route enables the
surgeon to remove the whole (sic) gland) to every
myasthenic with evidence of myasthenic weakness
beyond the extra-ocular muscles, unless the myas¬
thenia has been present for more than ten years and
is stable. A deteriorating patient has nothing to
lose because the operation has no mortality if
certain precautions are adopted (Fraser et al.,
1978). For the first 48 hours a striking remission
may require considerable reduction in the dose of
pyridostigmine. However, immediate benefit, if it
occurs, is temporary. The major advantage is
gained two to three years after operation when the
further course of the illness is much more benign
than without thymectomy. This is true even for
atrophic and thymomatous glands, but the poorer
long-term prognosis of the thymomas has already
been mentioned above.
It has been impossible to give full references to

all points discussed. Forgive me therefore for
listing two personal papers in which further details
may be sought (Simpson, 1978, 1981).

See General Practice Comment (p.1189).
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BY RECEPTOR-ANTIRECEPTOR COMPLEXES
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SUMMARY Experimental autoimmune myasthenia gravis (EAMG) induced in rabbits by
immunisation with purified nicotinic acetylcholine receptor from Torpedo marmorata is a highly
reproducible model for the human disease.
Pretrealment of experimental animals with immune complexes containing receptor and anti-receptor

antibodies suppressed the subsequent induction of EAMG. Animals were protected from the normal
severe paralysis. Moreover, antibody levels were reduced and synthesis of antibody rapidly terminated.
Possible mechanisms are discussed.

Introduction

The human neuromuscular disorder, myasthenia gravis,
is now clearly characterised as an autoimmune disease in
which a major self-antigen is the nicotinic acetylcholine
receptor. Antibodies to the receptor can be detected in
the serum of 90% of patients with myasthenia gravis (1).
Experimental models of the disease can be readily
induced in a number of species by immunisation with the
pharmacologically similar receptor purified from the
electric organs of fish such as Torpedo (2). The
availability of pure antigen and good models of
myasthenia make this a useful system for studying
control of autoimmunity. One possible approach to
specific immunotherapy is the production of anti¬
idiotype antisera directed at the anti-receptor antibodies.
Klaus (3,4) has reported that antigen-antibody
complexes are highly potent immunogens and has also
demonstrated that such complexes can be used to
generate anti-idiotype antisera (5,6). In the present
report, experimental animals were pretreated with
complexes of Torpedo receptor (treated so as not to
induce EAMG) and anti-receptor antibodies before
immunisation with untreated Torpedo receptor alone.
Pretreated animals were found to be protected from
subsequent induction of EAMG.

Materials and Methods

Preparation ofNicotinic Acetylcholine Receptor and Antisera
Nicotinic acetylcholine receptor (specific activity 5,000 pmole/mg)

from Torpedo marmorata was prepared (7) and rabbit antisera to the
purified receptor were raised as described previously (8).

Correspondence: Dr. T. Barkas, Departement de Biochimie, Universite
de Geneve, Quai Ernest-Ansermet 30 CH1211 Geneve 4, Switzerland.

Measurement ofReceptor Levels, Antibody Titre and Immune Complexes
x-bungarotoxin (Boehringer) was iodinated by the method of

Lindstrom et al. (9) to a specific activity of lOOCi/mmole. Receptor
activity was measured essentially as described by Schmidt and Raftery
(10).
Anti-rcccptor antibody titres were determined as described

previously (8). Immune complexes were assayed by polyethylene glycol
precipitation and binding to Staphylococcus aureus (9).
Protein levels were determined by the modified Lowry method of

Dulley and Grieve (11).

Preparation ofComplexes
As in the normal purification procedure for the receptor, a 200ml

crude Triton extract of Torpedo electric organs (lOOg) was prepared.
100ml of this (50,000 pmole) was mixed with 20 ml of Sepharose-
immobilised a-cobratoxin for 2 hr at 20°C. The beads were then washed

repeatedly with buffers containing 1 M sodium chloride. 9,686 pmoles of
receptor were bound under these conditions. 20 ml of heat inactivated
rabbit anti-Torpedo receptor antiserum was added and mixed for 2hr
at 20°C, then the beads were washed. This amount of serum was in
excess of that required to saturate the bound receptor. 22,200 pmoles
antibody being offered and 13,108 pmoles being bound. The total cycle
of receptor and antibody addition was then repeated, 9,960 pmoles of
receptor and 18,730 pmoles of antibody being bound. This second cycle
was performed so as to include any antibodies against the oi-toxin
binding site of the receptor, the rationale being that saturating levels of
the first antibody leave free antigen-binding sites available. These can
then bind the second batch of receptor via an antigenic site rather than a
toxin binding site, leaving the toxin-binding site accessible to the second
batch of antiserum. Anti-toxin site antibodies have been successfully
affinity purified by this process (Barkas, Gairns, Kerr, Coggins and
Simpson, in preparation).
Weakly bound material waseluted by brief incubation with ammonia,

under conditions (0-2 M, 1 hr at 4°C) which were shown not markedly
to affect the activity of toxin-bound receptor. Complexes were then
eluted with carbachol (1 M, 16 hr at 4°C) and dialysed against
phosphate-buffered saline, pH 7-2 (PBS). The antibody-bound receptor
was separated from a small amount of non-antibody bound protein by
chromatography on protein A-Sepharose (Pharmacia). Bound material
was eluted with 1 M acetic acid, neutralised and dialysed against PBS.
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Experimental Rabbits
NZW female rabbits aged 24-36 weeks were used throughout.
(a) Acid treated receptor compared with untreated receptor

One batch of Torpedo receptor was used. A portion was dialysed
against 1 M acetic acid for 1 hr at 4°C, neutralised and dialysed
against PBS. Protein concentrations of untreated and treated
receptor were identical. Rabbits were immunised
intramuscularly with 100 /ig aliquots of the appropriate receptor
at three weekly intervals, initially in 1 ml of Freund's complete
adjuvant (CFA) then in incomplete (IFA).

(b) Complex pretreated compared with adjuvant pretreated
One group of rabbits was pretreated with three injections of
80 pg of complexes given intramuscularly initially in 1 ml of CFA
then in IFA. Control rabbits received buffer-adjuvant mixtures.
Ten weeks later, both .groups were tested normally for the
indication of EAMG.

Gel-fillralion ofRadiolabeled Complexes
Complexes were iodinated by the method of Urbaniak et al. (12), to a

specific activity of 200//Ci,/(g and subjected to gel filtration on an
86 x 2 cm column of Ultragel ACA34 in PBS. Iodinated complexes were
also treated with an equal volume of 6 M potassium thiocyanate in PBS
at 20°C for 30 min, then gel filtered in PBS. 2 ml fractions were collected
and 100/d counted for radioactivity. An equal volume of PBS-0-5%
BSA was added, followed by two volumes of 20% (w/v) sulphosalicylic
acid. After 30 min at 20"C, the tubes were centrifuged at 1500y for
lOmin, the supernatants aspirated and the pellets counted. Monomeric
and dimeric IgG were obtained for a Cohn fraction IV preparation of
human IgG (West of Scotland Blood Transfusion Service).

Preparation ofMouse IgG. Raising ofAntisera and lodination ofMouse
IgG
Mouse IgG was purified by protein A chromatography and gel

filtration on Ultragel ACA34. Antisera to mouse IgG was raised in
rabbits by intramuscular injection of two doses of 100/(g IgG at three-
week intervals, the first being in complete Freund's adjuvant and the
second in incomplete adjuvant. Mouse IgG was radiolabeled with I123
by the method of McConahey and Dixon (13).

Results

EAMG in Rcibbits
In experiments totalling approximately 40 animals,

EAMG in rabbits has proved to be a highly reproducible
system. 100/tg (1 ml) of purified Torpedo receptor in

complete Freund's adjuvant is given intramuscularly at a
single site. Twenty-one days later an identical dose in
incomplete adjuvant is also given intramuscularly.
Six-seven days later, weakness of the hind limbs is
detected which progresses rapidly (within 24 hr) to total
paralysis of the rabbit, such that it cannot right itself if
placed on its back.

Preparation ofComplexes
As described above, immune complexes containing

receptor and anti-receptor antibodies were eluted from
an a-toxin column using carbachol which breaks the
bond between a-toxin and receptor leaving the
receptor-antibody bond intact. The complexes were then
bound to protein A-Sepharose to remove traces of non-
immunoglobulin-bound material, and eluted with acetic
acid. Although acetic acid can readily denature free
receptor (see below), minimal dissociation of the
complexes was observed. This could be demonstrated by
reapplying the eluted material to protein A-Sepharose,
only traces of protein not being bound. Complexes can be
demonstrated in the material eluted from protein A (table
1). The majority of the material was of higher molecular
weight than IgG and could be dissociated by potassium
thiocyanate (fig. 1).
Recovery of protein, toxin binding activity and

antibody activity is shown in Table 1.

Immunisation ofRabbits with Acid-treated Receptor
Receptor purified in the absence of antibody and

dialysed against 1 M acetic acid for one hour, then
neutralised, was found to lose most of its toxin-binding
ability (1-8-5-0% remaining). The treated receptor did
not form a precipitin band with antisera to the native
receptor indicating that the antigenicity had been
profoundly altered. Rabbits immunised with acid-treated
receptor did not develop symptoms of EAMG even after
three injections whereas rabbits immunised at the same
time with the same batch of receptor not subjected to acid

Tabic 1 Recovery of protein, toxin binding and antibody activities during the preparation of receptor-
antibody complexes

Free antibody sites
Protein Toxin binding activity (p mole receptor Immune

Fraction intg) (/> moles) binding sites) complexes

z-Toxin bound material 1-5* 27.606* 11.496*
Ammonia eluate 1-4 0 776 -

(z-toxin-Sepharose)
Carbachol eluate 2-3 1.464 1,088 +

(x-toxin-Sepharose)
Acetic acid eluate 1-8 0 1,226 +

(protein A-Sepharose)

"Calculated from the difference between the starting material and that not bound to the affinity resin.
Antibody measurements denote available receptor-binding sites, and were determined using Torpedo receptor
labelled with 112 '-toxin and Staphylococcus aureus as precipitant. Complexes were detected by the PEG-S.
aureus method.
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Fig. 1. Filtration of iodinated complexes on Ultragel
ACA34.

+ Untreated complex
O Thiocyanate treated complex
— Total counts

- Acid precipitable counts.

treatment became paralysed after two injections. The sera
from the group of rabbits receiving acid treated receptor
did not form precipitin bands with either treated or
untreated receptor, and contained very low levels of
antibody reactive with the native receptor (166-355 nM
receptor binding sites compared with 2,000-5,000nM in
the rabbits injected with untreated receptor). However,
after a single injection of native receptor, the rabbits
pretreated with acid-dcnatured receptor rapidly
developed paralysis.

Immunisation ofRabbits with Complexes
Three rabbits were immunised three times with 80 /<g of

complexes and control rabbits with adjuvant alone (see
table 2). Two complex-immunised animals were bled at
regular intervals, all were monitored for symptoms of
weakness. No symptoms of weakness were observed,
although low levels of anti-receptor antibodies were
generated (table 2), indicating the presence of antigenic
sites on the complexes injected. Ten weeks later, both
groups were tested for susceptibility to EAMG. Rabbits
pretreated with adjuvant alone became, as usual, totally-
paralysed 7-8 days after the second injection of receptor.
In marked contrast, no symptoms at all were observed in
the complex-pretreated animals. Two weeks later, a third
injection was given. Two (rabbits 1 and 3) again
displayed no symptoms. The other (rabbit 2) developed
transient mild weakness of the hind limbs. Symptoms at
their worst were that the animal was disinclined to move

from a sitting position but could easily do so, although
with a hunched appearance. These symptoms persisted
for two weeks, again unlike the rapid deterioration (24-
48 hr to total paralysis) of normal EAMG. A further two
injections of receptor produced no symptoms whatsoever
in the rabbits. Antibody titres were measured in two
rabbits (1 and 2). These are shown in Table 2. Antibody

titres in the adjuvant pretreated controls were
2,000-15,000 nM. The results show a marked suppression
of the antibody response in the complex-pretreated
animals. The antibody titre was also noted to fall rapidly
within one week in contrast to the expected prolonged
response in rabbits to other antigens and that observed
with the response to the antigen, mouse IgG.

Tabic 2 Antibody titres in complex-pretreated rabbits

Antibody titre
Imtnunogen and Time of testing (nM receptor binding sites)

number of after immunogen
injections (days) Rabbit ! Rabbit 2

Complexes (2) 7 42-4 42-2

Complexes (3) 7 56-2 48-9

Receptor(2) 7 362 339

Receptor(2) 14 274 142

Receptor(3) 7 909 1.262

Receptor (3) 11 700 1.185*

Receptor(3) 14 583 578* .

Receptor(3) 18 359 496*

Receptor(3) 21 280 228*

Receptor (3) 25 221 15S

Receptor (4) 4 205 1.293

Receptor (4) 7 305 2.976

Receptor (4) 11 285 2.054

Receptor (5) 13 942 1.624

Complexes (80//g) were injected intramuscularly in a final volume of
I ml of CFA. After three weeks, a further 80/<g was given in 1FA,
followed by a similar dose 10 days later. After 10 weeks, receptor
(100/ig) was injected in CFA followed in three weeks' time by a further
100 /tg of receptor in I FA. Blood samples were collected for a period of
four weeks. A further 100 //g of receptor was injected followed two
weeks later by a similar dose.

*Appearance of clinical weakness.
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Characterisation of the Complexes
Gel filtration studies using iodinated complexes (fig. 1)

suggest that the complexes are of relatively low molecular
weight, eluting between monomeric and dimeric IgG. The
upper trace suggests that most of the iodinated material is
of higher molecular weight than IgG. This material is
reduced in size by treatment with thiocyanate. The peak
remaining after thiocyanate treatment is probably
micelles of iodinated Triton X100 (14) with an effective
molecular weight of 90,000. This is supported by the acid
precipitable counts in each fraction (lower trace).
Untreated material peaks well in advance of monomeric
IgG, whereas the thiocyanate treated material peaks with
the IgG marker. No low molecular weight acid
precipitable counts are detectable suggesting that the
antigen is of too low a molecular weight to precipitate.
The complexes were precipitated with polyethylene

glycol and bound to S. aureus (9) then were characterised
by their ability to bind free radiolabeled toxin or toxin-
labelled receptor. As shown in Table 3, binding of
labelled receptor was observed, indicating the presence of
free antigen-binding sites on the complexes. Binding of
free toxin was negligible, indicating that the toxin-
binding site of the receptor in the complexes had been
either removed by the acetic acid treatment (as for free
receptor) or occluded by antibody, presumably the
former as this occurred only on elution from protein A
(see table 1).

Discussion

EAMG in rabbits is a highly reproducible system with
paralysis developing within eight days in all animals used.
To date, we have used this system with approximately 40
animals. Although the number of rabbits used in the
present work is low, pretreatment of experimental
animals with receptor-antibody complexes does appear
an effective means of suppression of induction of EAMG.
Complex-pretreated animals were protected from five
sequential injections of receptor, whereas adjuvant
pretreated animals of the same age and sex and injected
with the same emulsion of receptor developed severe
EAMG after only two injections. Levels of antibody
produced in the treated animals were low and antibody
production appeared to be rapidly terminated.
The exact mechanism is uncertain. One possibility

could be that the low levels of anti-receptor antibodies
generated during the pretreatment stages (table 2) are
able to bind to the injected receptor and effectively shield
it from the immune system. This is unlikely, as later
injections of receptor given when the antibody titre was
much higher were still capable of boosting the response
(table 2). A second possibility is that the acid-treated
receptor in the complex might act by inhibiting a
subsequent response to untreated receptor as
demonstrated for reduced carboxymcthylated receptor

Table 3 Binding of radiolabeled toxin or receptor-toxin to PEG-
precipitated complexes

Binding of test probes 10 PEG-precipitated
Fraction from and S. aureus-bound complexes (cpm)

protein
A-Sepharose Protein A Toxin Receptor-toxin

Non-bound 0 0 186

Acetic acid eiuate 18,944 1.641 23,371
PBS eiuate 3,099 0 2,476

Total CPM added 70.142 56,107 30.000

After dialysis against PBS, the carbacho! eiuate from the x-toxin
column was applied to a 5 ml column of protein A-Sepharose. Non-
bound material was eluted using PBS. The resin was then treated
sequentially with 1M acetic acid and PBS. The acetic acid fraction was
neutralised and dialysed against PBS.
Immune complexes were detected by the PEG-S. aureus method.

100 p\ aliquots of sample or PBS alone were added to 200 p\ PBS, 100 p\
normal rabbit serum, 8 /tl 500mM EDTA and 2 ml 6% PEG 6000. The
precipitated complexes were bound to S. aureus and detected using
radiolabeled protein A (0-5pmole). After counting, 1125 x-toxin
(01 pmoles, 0'17/rCi) was added and mixed for 90min at 20°C. The
S. aureus were again washed and the bound radiolabel measured.
Finally receptor-toxin (0-05pmole) was added and mixed for 90min at
20°C. The S. aureus were then washed and bound receptor measured.

(RcM-receptor) (15). However, in contrast to the work
with RcM-receptor, very little antibody reactive with
native receptor was produced. Moreover, animals
pretreated with three injections of acid-treated receptor
alone were not protected from subsequent induction of
EAMG. A third possibility is that the complexes
stimulate the generation of anti-idiotype antibodies as
shown by Klaus (5). Complexes formed in antibody
excess were found to be especially effective in this respect.
The type of complex used in the present work has not
been completely defined. It is clearly different from the
classical large "antibody-excess" complex because of its
low molecular weight. However, the acetylcholine
receptor in its native form, consisting of five individual
components (16), has been reported to bind no more than
four Fab molecules (17). As the complexes detected here
could not possibly contain the whole receptor molecule
(effective molecular weight on gel filtration of 350,000
daltons). it is feasible that we are dealing with a complex
containing one antibody molecule and a subunit of the
receptor. A single subunit, especially after acid-treatment,
might only contain one antigenic site, thus explaining the
small size of the complex. The material is, however,
similar to the classical antibody-excess complex in having
free antigen-binding sites available (table 3).
Whatever the mechanism, the end result appears to be

a rapid termination of antibody synthesis (table 2). A
rapid fall in antibody levels could be explained if
circulating anti-Torpedo antibodies bound to the rabbit
receptor. This would be followed by degradation of the
complex and renewed synthesis of receptor (2). This,
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however, is unlikely to be the explanation as Torpedo
and mammalian receptors cross-react only slightly (18).
Present studies are directed towards the

characterisation of the complexes and a comparison of
the effectiveness of free antibody and immune complexes
of defined structure to suppress the induction of, or
ongoing, EAMG. This is more readily studied in the
mouse model which is less acute in onset and more akin
to the human disease (19). Effects on the ongoing disease
are relevant to human myasthenia as low levels of
complexes have been detected in the sera of 40% of
myasthenic patients (20), and it is intriguing to speculate
that the relapses and remissions seen might be related to
the production of such complexes. Finally, treatment
with preformed defined complexes might have
therapeutic potential in myasthenia gravis.
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SUMMARY

Anti-idiotype antisera were raised in rabbits by immunization with purified sheep
anti Torpedo receptor antibodies. The antiscra were able specifically to block the binding
of receptor to the inducing antibodies but not anti-Torpedo antibodies from other animals
of the same, or other, species. Rabbits producing the anti idiotype sera were not protected
from experimental autoimmune myasthenia gravis (EAMG). The implications of these
observations for the potential use of anti idiotypc antisera in the treatment ofmyasthenia
gravis are discussed.

INTRODUCTION

The human neuromuscular disorder, myasthenia gravis, is now well characterized as an
autoimmune disease in which a major self-antigen is the nicotinic acetylcholine receptor. Antibodies
to the receptor can be demonstrated in the serum of 90% of myasthenic patients. Experimental
models of the disease can be readily induced in a range of species by immunization with nicotinic
receptor purified from the electric organs offish, such as Torpedo (see review by Barkas, 1979). One
possible approach to therapy might be the production of anti-idiotype antisera as a means of
specific suppression of autoantibody production. Preliminary work along these lines has been
reported by Schwarz et aI., (1978) who immunized mice with syngeneic lymphocytes previously
educated in vitro with purified Torpedo receptor. Their anti-idiotype antisera showed considerable
cross-reaction ofanti-receptor antibodies raised in a number of species, including cross-reactions at
the receptor-binding sites. For use as a possible means of therapy, it would obviously be
advantageous if one anti-idiotype antiserum could be used for different patients and the
cross-reactivity noted above is therefore encouraging. The techniques used to raise the anti-idiotype
antisera, however, arc not readily applicable to the human situation. A more practicable method is
the purification of anti receptor antibodies which are then used to raise heterologous anti idiotype
antisera. We have adapted this approach using anti-Torpedo receptor antibodies, and have
successfully produced anti-idiotype antisera. However, negligible cross-reaction at the receptor-
binding site was found between anti-receptor antibodies raised in different animals. The relevance
of these findings to possible immunotherapy of myasthenia gravis is discussed.

Correspondence: Dr T. Barkas. Department of Neurology, Institute of Neurological Sciences, Southern
General Hospital, 1345 Govan Road, Glasgow G51 4TF, Scotland.
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MATERIALS AND METHODS

Preparation ofnicotinic acetylcholine receptor and antisera. The nicotinic acetylcholine receptor
was purified from the electric organs of Torpedo marmorata as described previously (Harvey el a!.,
1978). Antisera to the purified receptor were raised in rabbits, sheep and mice by two intramuscular
injections of 100 pg (10 pg for mice) of receptor firstly in Freund's complete adjuvant then in
incomplete adjuvant with an interval of 3 weeks. Animals were bled out when paralysis occurred.

Measurement of receptor levels and antibody litres. Alpha-bungarotoxin (Boehringer) was
iodinated by the method of Lindstrom el al. (1976) to a specific activity of 100 Ci/mmol. Receptor
activity was measured essentially as described by Schmidt & Raftery (1973).

Anti-receptor antibody levels were determined as described by Barkas el al. (1978) using a
second antibody as precipitant. Sheep anti rabbit IgG and anti mouse IgG and donkey anti sheep
IgG were kindly provided by the Scottish Antibody Production Unit. Law Hospital.

Protein was estimated by the method of Dulley & Grieve (1975).
Preparation ofantibody. Sheep antibodies to the receptor were purified by affinity chromatogra¬

phy. One hundred millilitres of crude Triton extract of Torpedo electric organ (100 g) were mixed
with 20 ml ofSepharose-coupled a-cobratoxin (Barkas el al., 1978) for 2 hr at 20°C. After extensive
washing with buffer containing 1 m sodium chloride, 50 ml of heat-inactivated sheep antiserum to
Torpedo receptor were applied for 1 hr at 20°C. After washing, the bound material was eluted with
25 ml 3 m potassium thiocyanate in phosphate-buffered saline, pH 7-2 (PBS). This treatment was
shown to have no effect on antibody activity but irreversibly destroyed receptor antigenicity. After
centrifugation, the beads were washed with 10 ml PBS and the combined supernatants dialysed
against 2x11 PBS. Negligible toxin binding activity was detected in the dialysed sample (700 pmol
compared with 33,100 bound) However, sheep IgG and antihody to Torpedo receptor could both
be demonstrated by immunodiffusion. A precipitate formed on storage at 4°C was removed by
ccntrifugation at 10,000 £ for 20 min. The supernatant was then concentrated to 1 ml and applied to
an 86 x 2 cm column ofUltragcl ACA34. Elution was carried out in PBS and 1 8-ml fractions were
collected. Two peaks of protein were eluted, one at the void volume and one at the position of
elution of IgG. Antibody activity and IgG were demonstrated only in the second peak which was

pooled and used for further work. Recovery of antibody activity was 137-8 nmol receptor binding
sites from 2,630 nmol applied to the beads of which 444 nmol bound. This represents 11-0 mg

antibody. Total protein recovered was 19-2 mg.
Rabbit antibody was purified in a similar fashion.
Preparation of normal sheep IgG and immobilization. A crude sheep IgG preparation was

prepared by precipitation ofnormal sheep IgG with ammonium sulphate (40%) followed by dialysis
against PBS. One hundred milligrams of this material were coupled to Sepharose CL 4B by the
cyanogen bromide method (Parikh, March & Cuatrecasas, 1974). Absorption of anti-idiotype sera
was performed by incubating equal volumes of immunoadsorbent and serum at 20°C for 90 min.
Normal sheep IgG was prepared by the method of Ling, Bishop & Jefferis (1977).

Preparation ofFlab')z- Purified sheep anti-receptor antibodies were concentrated to 10 mg/ml
and F(ab')2 prepared as described by Stanworth & Turner (1973).

Preparation and radiolahelling nfmouse IgG and rabbit anti-mouse IgG Mouse IgG was isolated
by chromatography on protein A-Sepharose, The eluted material was further purified hy gel
filtration on Ultragel ACA34. IgG was radiolabcllcd to a specific activity of 500 pCi/mg by the
method of McConahey & Dixon (1966). Rabbit anti-mouse IgG antiserum was raised by
immunization at 3 weekly intervals with 100 pg amounts of mouse IgG in adjuvant.

Preparation of anti-idiotype antiserum. Anti-idiotype antisera to the purified sheep antibodies
were raised in rabbits by intramuscular injection in adjuvant at 3 weekly intervals, firstly in
Fround's complete and secondly in Frcund's incomplete adjuvant. For the first two injections, 35 pg
of sheep antibody were used. This was increased to 100 pg for two further injections. Blood samples
were collected at weekly intervals.

Assay ofanti-idiotype antisera. (i) Fluid-phase assay. The antisera were tested for their ability to
inhibit binding of radiolabeled receptor to anti-Torpedo receptor antibodies. All assays were in
quadruplicate. One hundred microlitres (100 ng) of purified sheep antibody in 100-fold-diluted



Anti-idiotypes in myasthenia gravis 121
normal sheep serum or diluted normal serum alone were incubated with 20 p\ bufTer (10 mM

phosphate, 0-1% Triton X100, pH 7-4), normal rabbit serum or test serum for 1 hr at 20°C. One
hundred and fifty microlitres of toxin-labelled Torpedo receptor (1-6 pmol) were added and
incubated at 4°C for 16 hr. Sufficient donkey anti-sheep IgG to precipitate the sheep IgG was added
and incubated at 4°C for 4 hr, followed by centrifugation at 1,500 g for 10 min and washing with 10
m.M phosphate buffer containing 0-1% Triton X100.

For cross-reaction experiments, suitably diluted anti-Torpedo antisera were substituted for the
sheep antibody and precipitation was performed with the appropriate anti-immunoglobulin
antiserum.

(ii) Solid-phase assay. Purified sheep antibody or normal sheep IgG was coated onto LP3 tubes
(Luckham) by incubating 1-ml aliquots (10 /Jg/ml in PBS) at 4°C for 4-6 days. Excess protein was
washed out with three 1-ml washes of PBS. One millilitre of PBS containing 0-01% gelatin was
added and incubated at 20°C for 2 hr. The tubes were then washed or stored at —7O'C. For the

assay, aliquots of test sera or IgG fractions were added to the tubes followed by sufficient PBS
containing 0-05% Tween 20 to make the volume 1 ml total. After 1 hr at 20°C, 15 p\ of toxin-labelled
receptor (1-6 pmol) were added and incubated at 4°C for 16 hr. All tubes were then washed three
times with 1 ml of PBS and counted.

Measurement ofanti-sheep IgG and anti-idiolype antibodies in the anti-idiotype antisera. Purified
sheep anti-receptor antibodies were iodinated by the method of McConahey & Dixon (1966) to a

specific activity of 138 Ci/mmol.
Antibodies to sheep IgG were quantitated by incubating 100 p\ PBS-0-5% BSA buffer with 50 ^1

heat-inactivated rabbit antisera or NRS at 10-fold dilutions for 30 min at 20°C. Fifty microlitres of
labelled sheep antibody (0-38 pmol) were then added and incubated for 60 min at 20°C. One
hundred microlitres of 10% Staphylococcus aureus in PBS—0-5% BSA were added and incubated
for 30 min at 20°C. Five hundred microlitres of PBS -BSA were added and the tubes spun at 1,500#
for 10 min. Thesupernatants were discarded and the pellets washed with a further 500 pi buffer, then
counted.

Anti-idiotype antibodies were measured by the same method except that in the first incubation,
heat-inactivated autologous sheep serum from preimmunization bleeds diluted 10-fold in
PBS-BSA was used in place of buffer. Experiments using undiluted sheep serum showed no
difference compared with 10-fold-diluted serum.

Immobilization ofpurified sheep anti-receptor antibody andabsorption ofanti-idiotype serum. The
method used was based on that of Avrameas & Ternynck (1969). One millilitre (1 mg) of sheep
antibody or PBS was added to 1 ml of heat-inactivated autologous preimmunization serum and
dialysed against 0-9% saline, pH 8-6, at 4°C overnight. Potassium phosphate buffer, 1 m pH 7 0 (0-2
ml), was added and followed by 0-3 ml 2-5% aqueous glutaraldehyde. The samples were incubated
at room temperature for 5 hr, then at 4°C for 24 hr. The gels formed were gently homogenized and
washed extensively with PBS.

One millilitre of heat-inactivated antiserum from rabbit 2 was then added to each gel and
incubated at 4'JC for 2 hr. After centrifugation at 1,500 g for 5 min, the sera were tested for
anti-idiotype activity in the fluid-phase assay.

RESULTS

Preparation of anti-idiotype antisera
After two injections of purified sheep antibody, antibodies capable of inhibiting the fluid-phase
binding of receptor to the purified antibody were elicited (Table 1). As shown in Fig. 1, the effect was
clearly detectable at dilutions greater than 100-fold, while normal rabbit serum inhibited the
reaction only slightly. Identical results were obtained with heat-inactivated sera. After each
boosting dose, the inhibitory activity increased, and remained fairly constant for a period of 3 weeks
between injections (Table 1).
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Fig. 1. Inhibition of the binding of radiolabeled receptor to purified sheep antibodies by anti-idiotype serum A.
The serum used was from rabbit A 1 week after the third injection. Results are the mean and standard deviation
of three experiments. (•) Serum from rabbit A, (*) serum from normal rabbit.
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Definition as anti-idiotype
Inhibition of the precipitation assay could be explained by factors other than anti-idiotype
antibodies. The anti-idiotype antisera were tested for anti-receptor antibody activity but none was
found. The results were shown not to be due to non-specific effects on the subsequent precipitation
by anti-sheep IgG antibodies. Absorption of the anti-idiotype antiserum with immobilized normal
sheep IgG had no effect on the result. Moreover, no decrease in radiolabelled receptor precipitated
was found if the anti-idiotype antiserum was added after the labelled receptor rather than before it.
This was confirmed by the observation that the anti-idiotype antiserum did not affect the binding of

Table 1. Inhibition of binding of radiolabelled receptor to purified sheep antibody by anti-idiotype antisera

Percentage inhibition of binding of receptor
No. of injections Time after injection
of antibody (weeks) Rabbit A* Rabbit B*

2 1 65-6 47-4

2 2 620 460
3 1 78 1 67-3

3 2 76-3 660

3 3 74-5 70-7

4 1 830 82-1

Inhibition was calculated using the equation:

(Ab + B)—(Ab + T)

(Ab + B)-(N + B)

where (Ab + B) is the c.p.m. with sheep antibody plus buffer, (Ab + T) is thee.p.m. with sheep
antibody plus test serum, (N + B) is the c.p.m. with normal sheep serum plus buffer. All other
deta'ls are given in the Materials and Methods section.

* Source of serum.
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labelled mouse IgG to sheep anti-mouse IgG as assessed by immune precipitation with anti-sheep
IgG (Table 2). The antiserum was shown to be effective using F(ab')i fragments of pure sheep IgG
(Table ?.). Direct confirmation that the inhibition observed was not due to altered precipitation
came from experiments using solid-phase purified sheep antibodies (Table 3) where a similar
blocking effect was observed.

However, the results might still be explained by anti-allotype antibodies if the allotype site was
present in the Ffab')^ region in such a position that bound antibody could cause stcrio hindrance of
the binding of antigen. That this was not so was demonstrated by the fact that exactly the same
inhibition of receptor binding was found in the presence of a 100-fold excess of normal IgG
obtained from preimmunization bleeds from the same sheep (sheep 1) used to prepare the purified
antibody (77 0 + 3-7%, mean and standard deviation of two experiments) and of IgG from a serum
pool from other sheep (75-2 +8 0%). Identical results were obtained with a 100-fold or 200-fold
excess of normal autologous IgG (74-9+ 1-84% with 100-fold excess, 78-5+ 1-41% with 200-fold
excess). This last experiment clearly defines the antisera as anti-idiotype. Moreover, the inhibitory
activity of the antisera was absorbed by purified sheep anti-Torpedo antibody immobilized in the
presence of autologous preimmunization serum, but not by the serum alone.

The final titres of anti-sheep IgG and anti-idiotype antibodies were respectively 682 and 85 iim
for rabbit A and 866 and 108 nM for rabbit B.

Table 2. Effect of anti-idiotype antiserum on precipitation of labelled mouse IgG by sheep anti-mouse IgG and
on the precipitation of receptor by F(ab')2 fragments of pure sheep anti-Torpedo receptor antibodies

Precipitated mouse IgG Precipitated receptor
Serum added (c.p.m.) (c.p.m.)

Normal rabbit 19,420 8,910
Anti-idiotype A 18,355 2,456
Anti-idiotype A 19.198 3,191
after absorption
with normal

sheep IgG

Total mouse IgG added was 53,800c.p.m. Total labelled receptor
added was 49,940 c.p.m. The antiserum used was from rabbit A 1
week after the fourth injection. Results of blanks using normal sheep
IgG have been subtracted.

Table 3. Inhibition of binding of radiolabelled receptor to immobilized purified sheep antibodies

Radioactivity bound (c.p.m.)

Sample added Volume (/d) Experiment 1 Experiment 2

Buffer alone 12,669 14,039

IgG from anti-idiotype A 50 9,889 10,045
IgG from anti-idiotype A 100 — 4,890
Serum from anti-idiotype A 50 — 157

Normal rabbit serum 50 — 12,041

Total receptor added was 48.000 c.p.m. The concentration of the IgG from
rabbit A was 1 mg/ml. Background counts have been subtracted. The antiserum
used was from rabbit A 1 week after the fourth injection.
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Table 4. Binding of radiolabeled receptor to anti-Torpedo receptor antibodies from a range of animals in the
presence of anti-idiotype antisera raised to antibody from sheep I

Radioactivity precipitated (c.p.m.)

Source of antibodies Normal rabbit serum Anti-idiotype A Anti-idiotype B

Purified antibody from sheep 1 6,378 ±255 — 1,633 ±178
in normal sheep serum 7,465 ±590 2.573 ± 129 —

Serum from sheep 1 5,646 ±91 — 2,772 ±209
6,332 4,017 ±83 —

Serum from sheep 2 12,003 ±267 — 1 1,370±9
14,827± 2,584 15,073 ±2,415 —

Serum from sheep 3 10,047 ±9 — 9,380 ±2
12,746 ± 1,312 12,630 ±3,174 —

Serum from rabbit 1 10,635 ±381 8,439 ±622 10,582 ±211

Serum from rabbit 2 3,706 ±310 4,677 ±490 4,250 ±389

Serum from rabbit 3 5,733 ±370 5,887 ± 180 6,033 ±415

Serum from rabbit 4 11,091 ±705 11,866 ±630 11,673 ± 152

Purified rabbit antibody 14,875 15,240 ±601 15,064 ± 139

Serum from mouse 14,896 ± 1,122 16,298 ±757 15,159± 1,228

Total receptor added was 40,000 c.p.m. Anti-Torpedo antisera were diluted to give
approximately equivalent amounts of antibody. The results are the mean and standard
deviation of two experiments. The antisera were those taken 1 week after the fourth
injection. Results of blanks using normal sheep serum with the appropriate rabbit serum
have been subtracted.

Effect ofanti-idiotype sera on antibodies from other animals
The antisera were tested for their ability to prevent the binding of receptor to antisera from three
sheep (Tables 4 & 5). Inhibition was only observed with serum from the sheep (sheep I) from which
the antibodies were prepared. Inhibition was less than with purified antibody.

Similarly, with a number of antisera from rabbits and mice, little inhibition was observed
(Tables 4 & 5).

Effect ofanti idiotype antiscra on experimental myasthenia
Experimental autoimmune myasthenia gravis (EAMG) is readily and reproducibly induced in
rabbits by two intramuscular injections of 100 pg purified Torpedo receptor in adjuvant. Animals
producing the anti-idiotype antisera were tested for susceptibility to EAMG. Onset and severity of
disease were identical to normal EAMG, showing no protection.

DISCUSSION

In the present work, we have demonstrated the feasibility of preparing heterologous anti-idiotype
antisera to anti-acetylcholine receptor antibodies by immunization with relatively small quantities
of purified antibody. The antisera produced are capable of blocking the binding of radiolabelled
receptor to the inducing antibodies by a factor of up to 75% as compared with normal rabbit serum.
The antisera have been clearly defined as being directed against the idiotypes of the antibodies.
Firstly, inhibition of binding of antigen is often itself taken as evidence that antisera are
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Table 5. Binding of radiolabeled receptor to anti-Torpedo receptor antibodies expressed as a percentage of that
in the absence of anti-idiotype antisera

Percentage binding of receptor

Source of antibodies Anti-idiotype A Anti-idiotype B

Purified antibody from sheep 1
in normal sheep serum

34-5 25-6

Serum from sheep 1
Serum from sheep 2
Serum from sheep 3
Serum from rabbit I
Serum from rabbit 2

Serum from rabbit 3
Serum from rabbit 4

63-4

102
99-1
79-4

118
103

107
99-6
109

49-1
94-7

93-4

102
115

105

105
102
102

Purified rabbit antibody
Serum from mouse

The results are taken from Table 4. Binding is calculated from the
equation:

(Ab + Id) — (N + Id)
(Ab +Nr)—(N +Nr)

where (Ab + Id) is c.p.m. with the appropriate antibody and anti-idiotype
serum, (N + Id) is c.p.m. with the appropriate normal serum and
anti-idiotype serum, (Ab + nr) is c.p.m. with the appropriate antibody
and normal rabbit serum and (N + Nr) is c.p.m. with the appropriate
normal serum and normal rabbit serum.

anti-idiotvpic. We have also shown that the effect is observed using F(ab')2 fragments of antibody
and is specific in that it does not affect the antigen binding of sheep antibodies ofdifferent specificity.
However, none of these results excluded the possibility that the antisera are anti-allotypic and not
anti-idiotypic. The former possibility was shown not to be plausible as a large excess of normal IgG
from the sheep used for the preparation of the idiotypes did not influence the result. The antiserum
can therefore be defined as anti-idiotypic.

The blocking effect of the antiserum was shown to be restricted almost totally to the original
inducing antibodies (Tables 4 & 5) and had no effect on anti-Torpedo antibodies from other
animals. This is identical to the situation with anti-tetanus antibodies in man (Geha & Weinberg,
1978) but contrasts with the work of Schwarz el al. (1978) who used antisera raised in mice by
immunization with syngeneic lymphocytes educated in vitro with purified Torpedo receptor. These
authors tested their antisera by two methods; firstly, by direct binding to immobilized anti receptor
antibody and secondly by inhibition of the binding of radiolabeled receptor to fluid-phase
anti-receptor antibody. Possibly the difference might be explained by the different methodology for
production or assay of the antisera. For example, it is not clear from the previous work whether
pooled lymphocytes or antisera were used. However, if therapeutic use of antisera in humans was
envisaged, the approach used would have to be that taken in the present work. If similar lack of
cross-reaction was found with human antibodies, this would imply that individual antiscra would
have to be prepared for each patient to be treated. In those cases with low levels of antibody, this
would be extremely impracticable. However, the outlook might not be so bleak as this. Firstly, the
present study relates only to those idiotypic sites where bound antibody can interfere with
subsequent binding of receptor. Idiotypic sites outside this area have not yet been studied but it is
possible that they might show more cross-reaction of the type observed by Schwarz el al. (1978).
Secondly, the antibody response in humans might be much more restricted than in experimental
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animals as shown for antibody production to thyroglobulin (Nye, Pontes de Carvalho & Roitt,
1980).

Another point of possible relevance is the observation that less inhibition was observed using
whole serum from sheep 1 compared with purified antibodies from sheep I added back to normal
sheep serum, even though the amount of antibody used present in the whole serum sample was less
(Table 4). This suggests the possibility that only a subfraction of antibody has been purified by the
present method. This could result from lack of binding of low-affinity antibodies to the affinity resin
or lack of release of high-affinity antibodies from the resin. If this were the case, the method would
require altering so as to obtain a full spectrum of idiotypes.

No protection against EAMG in rabbits was affected by prior immunization with purified sheep
antibodies. Similar results were obtained using purified rabbit antibodies (results not shown). This
would not be surprising if there were no cross-reaction between the idiotypes. However, rabbits
immunized with receptor-rabbit antibody complexes were protected from EAMG (Barkas &
Simpson, submitted). The difference between these two systems is being investigated.

This work was supported by the Muscular Dystrophy Group ofGreat Britain. The technical assistance of Mrs J.
Gairns and Mr I. MacDonald are gratefully acknowledged, as is the secretarial assistance of Mrs M. McColl.
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a-Bungarotoxin binding to the nicotinic acetylcholine
receptor is inhibited by two distinct subpopulations of
anti-receptor antibodies*

Affinity-purified antibodies to the nicotinic acetylcholine receptor of Torpedo mar-
morata were fractionated into two populations using a covalently cross-linked recep¬
tor-toxin immunosorbent lacking free toxin-binding sites.
The population of antibodies which bound to and were subsequently eluted from this
resin, and which cannot possibly contain antibodies directed to the toxin-binding site
itself, was effective in inhibiting the binding of toxin to receptor in solution. This
unequivocally demonstrates that inhibition of toxin binding can be mediated by anti¬
bodies which are not directed against the toxin-binding site. A second minor popula¬
tion of antibodies which did not bind to the affinity resin but which did inhibit the
binding of toxin to receptor in solution was detected.
Two subpopulations of toxin-binding inhibitory antibodies can therefore be distin¬
guished. A clear differentiation should be made in future work describing "anti-toxin
site" antibodies between antibodies directly binding to the toxin-binding site and the
pseudo-anti-toxin-binding site antibodies described in this report.

1 Introduction

Circulating antibodies directed against the nicotinic acetyl¬
choline receptor are found in 90% of patients with myasthenia
gravis [1], Anti-receptor antibodies can also be readily induced
in experimental animals by immunization with receptors
purified from a range of species [2, 3]. In general, these anti¬
bodies are estimated using a receptor prelabeled with iodi-
nated a-bungarotoxin, a specific nicotinic ligand. However, it
has been suggested that antibodies might also be present which
are directed against the toxin-binding (TB) site itself, and that
these antibodies might be especially relevant to the disease
state [4-7]. Similar "anti-toxin site" antibodies have been
described with hybridoma antibodies [8-10], The evidence for
such antibodies is that prior incubation of the receptor with
antisera inhibits the subsequent TB. However, inhibition of
TB by a large molecule such as an antibody could be due to not
only antibodies directed specifically to this site but also to
steric hinderance or induced conformational changes. A
monoclonal antibody which inhibits the TB to the receptor and
which itself is inhibited from binding by the small mol. wt.
toxin has been described [10], showing that antibodies to the
TB site itself do exist However, no detailed work has been
performed to see if antibodies not directed to the TB site can
also interfere with TB. To this end, we have isolated such
antibodies by affinity chromatography and here present evi¬
dence that these antibodies not only can inhibit TB but can, in
fact, account for the major part of the so-called anti-TB site
antibodies of a polyvalent antiserum.

2 Materials and methods

2.1 Preparation of the nicotinic acetylcholine receptor

Nicotinic acetylcholine receptor was prepared from the elec¬
tric organs of Torpedo marmorcita. Freshly thawed electric
organ (200 g) was chopped and homogenized for two periods
of 1 min at 4°C in 200 ml of 10 mM phosphate buffer contain¬
ing 10 mMEDTA, 0.1 mM phcnylmcthylsulfonyL'fluoridc, and
0.01% sodium azide, pH 7.4 (buffer A). The homogenate was
centrifuged at 20000 x g for 1 h, and the pellet extracted with
200 ml of buffer A containing 1% (v/v) Triton X-100 at 4°C
for 16 h. The extract was centrifuged at 100000 x g for 1 h and
the supernatant retained. Extract (100 ml) was applied in a
batch to 50 ml of affinity resin, prepared by immobilizing
25 mg a-cobratoxin (Miami Serpentarium, Miami, FL) on
Sepharose CL-4B with cyanogen bromide [11]. After 2 h at
20 °C, the beads were washed on a sintered glass funnel with
three alternate 50-ml aliquots each of buffer A containing
0.1% Triton X-100 (buffer B) and 1 M NaCl or buffer B alone.
The beads were then eluted with 20 ml of 1 M carbachol

(Sigma, St. Louis, MO) in buffer B for 5 h at 20°C. After
centrifugation, the supernatant was dialyzcd overnight at 4°C
against 2 1 of buffer B without EDTA (buffer C). It was then
applied to a 2-ml column of DEAE-ceilulose (Whatman
DE52, Maidstone, Kent, GB) previously equilibrated with
buffer C. The column was washed with 1 1 of buffer C, and
receptor was eluted using buffer C containing 0.5 M NaCl.
One-ml fractions were collected. Typical recoveries were
4—6 mg of protein and specific activities of 3500-6000 pntol
TB/mg protein.
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2.2 Labeling of a-bungarotoxin and assay of receptor

a-Bungarotoxin (Boehringer, Mannheim, FRG) was iodi-
nated using chloramine-T to a specific radioactivity of 1600 Ci/
mmol (= 59.2 TBq/mmol) (Barkas and Simpson, submitted).
Receptor was assayed by the method of Schmidt and Raftery
[12]-

0014-2980/82/0909-0757S02.50/0



758 T. Barkas, J. McPhaii Gairns, H. Jackson Kerr et al. Eur. J. Immunol. 1982. 12: 757-761

2.3 Preparation of covalcntly-linked RT-Sepharose

a-Cobratoxin-Sepharose was prepared as above, using cyano¬
gen bromide [11], Dimethylsuberimidate dihydrochloride was
prepared by the method of Davies and Stark [13]. One
hundred ml of a crude extract of Torpedo electric organ was
applied to 20 ml of toxin-Sepharose, at 4°C for 16 h. The
beads were centrifuged at 1500 x g for 5 min and washed three
times alternatively with 20 ml of 10 mM phosphate buffer,
10 mM EDTA, 0.1% Triton X-100, pH 7.4 (buffer D) and
with buffer D containing 1 M NaCl. Then the beads were
washed with 20 ml 100 mM triethanolamine-HCl buffer con¬

taining 0.1 % Triton X-100, ph 8.1 (buffer E). Twenty-four ml
of freshly prepared 10 mM dimethylsuberimidate dihydroch¬
loride solution [14] in buffer E was added to the beads which
were gently mixed for 2 h at 20 °C. The beads were then
washed with 20 ml of buffer E. Unbound receptor was eluted
with 20 ml 1m carbachol in buffer D for 4 h at 20 °C. After

centrifugation and washing of the beads, the eluted material
was dialyzed and assayed for receptor and protein.
In a second stage, free TB sites on the affinity resin were
blocked using a-bungarotoxin. Two mg of a-bungarotoxin in
20 ml phosphate-buffered saline (PBS), 0.1% Triton X-100,
pH 7.1 were mixed with the RT beads at 4°C for 16 h. The
beads were centrifuged and washed twice with 20 ml PBS,
0.1% Triton X-100 and once with buffer E. Twenty-one ml of
t^eshly prepared 10 mM dimethylsuberimidate dihydrochloride
in buffer E was added and the beads mixed gently at 20°C for
2 h. The beads were then washed with buffer E (20 ml) fol¬
lowed by PBS, 0.1% Triton X-100 (20 ml).

2.4 Purification of anti-Torpedo receptor antibodies

2.4.1 By absorption to noncovalently linked RT beads

The method was ai described by Barkas and Simpson [15].
Essentially, a crude extract of electric organ was mixed with
20 ml toxin-beads and the beads then washed as described
above for receptor preparation. Heat-inactivated sheep anti-
Torpedo receptor antiserum (50 ml) [15] was added at 20 °C
for 30 min and then the beads were washed three times each

using buffer B and buffer B containing 1 M NaCl before elut-
ing for 30 min at 20 °C with 20 ml of 3 M potassium thiocyanate
in buffer B. The eluate was dialyzed, concentrated to 1 ml by
ultrafiltration, centrifuged at 1500 x g for 10 min, then applied
to a column of Ultrogel AcA 34 (86 x 2 cm). The column was
eluted with PBS and the IgG peak collected.

2.4.2 By two-stage absorption (total antibody)

The method was essentially the same as the previous one.
However, after addition of the antiserum and washing, a
further cycle of treatment with electric organ extract followed
by antiserum was performed to isolate any antibodies which
might be directed against the TB site. The first batch of recep¬
tor (a large excess over toxin) binds via the TB site. The vol¬
ume of antiserum used was chosen to provide a large excess of
antibody so as to saturate the receptor and leave free antigen-
binding sites available. These then bind more receptor via sites
other than the TB site, leaving TB sites exposed to the second
batch of antiserum. The bound material was eluted, dialyzed,
concentrated and gel filtered as described above.

2.4.3 Absorption to covalcntly linked RT beads

One volume of antibodies (640 pg/ml) purified by the method
Sect. 2.4.2 was applied to an equal packed volume of cova-
lently linked RT beads at 20 °C for 30 min. The beads were
centrifuged and washed with 1 vol. of PBS, 0.1% Triton X-
100, pH 7.1 and the unbound material retained (fraction I).
The bound antibody was eluted with 1 vol. of 3 M potassium
thiocyanate in PBS at 20°C for 30 min., and the beads cen¬
trifuged and washed with 1 vol. of PBS. The eluted material
was pooled (fraction II). Both fractions were filtered through
0.45-pm Millipore filters and dialyzed against two changes of
PBS (100 vol.). After testing, fraction I was reabsorbed more
extensively by incubation with an equal volume of RT beads at
4°C for 48 h. The unbound material was filtered and dialyzed
without further dilution (fraction IA).

2.5 Assay using RT beads

Antibodies purified by the method 2.4.1 were labeled to a
specific radioactivity of 138 Ci/mmol [15] by the method of
McConahey and Dixon [16].

Replicate 100-pl samples of a 10% suspension of toxin- or RT-
beads in PBS, 0.1% Triton X-100 were mixed with or without
10 pi curare (10~2 M) for 30 min at 20 °C. One hundred pi of
labeled toxin (1.8 pmol) or labeled antibody (0.38 pmol) to
Torpedo receptor were added and mixed for 45 min at 20 °C.
The beads were then washed twice with PBS, 0.1% Triton X-
100 and counted.

2.6 Assay of anti-Torpedo receptor antibodies

One hundred pi of Torpedo receptor (30 fmol) was incubated
with 50 pi of labeled a-bungarotoxin (125 fmol) at 20 °C for
90 min. Sheep antibodies (100 pi) in heat-inactivated normal
sheep serum diluted one hundred-fold were added and incu¬
bated at 4 °C for 16 h. The equivalence amount (16 ul) of heat-
inactivated donkey anti-sheep IgG (Scottish Antibody Produc¬
tion Unit, Law Hospital, Lanmark, Scotland) was added. The
tubes were incubated for 4 h at 4°C, centrifuged, washed, and
counted. All dilutions were in 10 mM phosphate buffer, 0.1%
Triton X-100, pH 7.4 (buffer F).

2.7 Assay for inhibition of TB

Two sets of 100 pi of Torpedo receptor (30 fmol) or buffer F
were incubated with 50 pi of labeled toxin (125 fmol) (set 1)
or buffer (set 2) for 90 min at 20 °C. Buffer (50 pi) was then
added to set 1, and toxin to set 2, and incubation continued
for 90 min at 20 °C. For test samples, dilutions of the antibody
in buffer were added to the receptor in place of buffer before
and after toxin. After the second incubation the contents of
the tubes were either filtered through two DEAE-cellulose
discs (Whatman) or mixed with 1 ml of a 10% (v/v) suspension
of DEAE-cellulose in buffer F for 30 min at 20 °C, then cen¬

trifuged and washed twice with the same buffer. Inhibition of
binding by antibody before or after toxin, was assessed and the
difference calculated.
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2.8 Protein determination

Protein in solution was determined by the method of Dulley
and Grieve [17]. Protein bound to beads was determined by
incubating with mixing 200-pl aliquots of a 10% (v/v) suspen¬
sion of beads with 1 ml of the first reagent for 2 h at 20 °C,
followed by 100 pi of the second reagent for 30 min at 20 °C
The tubes were then centrifuged at 1500 x g for 5 min at 20 °C.
Standards were treated identically.

3 Results

3.1 Preparation of covalently linked RT beads

The amount of receptor absorbed to the beads before coupling
was estimated by TB to be approximately 120 nmol, which
corresponds to 29 mg of protein. Material eluted from the
beads by carbachol after the coupling stage was estimated by
protein determination to be 3 mg. Protein determinations on
toxin beads and covalently linked RT beads were 0.49 and
1.94 mg/ml, respectively, showing that 31.5 mg of material had
been bound. Covalent attachment of this protein was demon¬
strated by treating the beads with 3 M potassium thiocyanate,
followed by protein determination on the remaining bound
material. More than 96% of the RT remained bound under
these conditions.

The RT beads were tested for their ability to bind labeled
toxin. Labeled a-bungarotoxin (630 pmol) could be bound,
but only 262 pmol were blockable with 1CT3 M curare. No
binding was observed using toxin beads alone. After covalent
attachment of unlabeled a-bungarotoxin, all curare-inhibit-'
able TB was abolished. Binding of anti-receptor antibodies
was demonstrated using radiolabeled purified antibodies. This
was not affected by the second cross-linking stage (14236 cpm
per 100 pi of 10% suspension before, 14 361 cpm per 100 pi of
10% suspension after).

Table 1. Recovery of total protein and antibody activity in isolated
fractions of anti-Torpedo receptor antibodies

Fraction

Preparation 1 Preparation 2
I II IA I II IA

Protein 150 150 42 140 173 30

(pg/ml)
Antibody activity 34.7 94.3 5.3 42.2 108 2.8

(pmol TB/ml)

3.2 Fractionation of sheep anti-Torpedo receptor antibodies

Sheep anti-Torpedo receptor antibodies were prepared by the
two-stage method in which excess receptor was applied to
toxin beads, followed by an excess of antibody, then more
receptor and more antibody. The material eluted by potassium
thiocyanate (which destroys receptor activity and antigenicity)
was gel filtered and the IgG peak used for further work.

These purified antibodies were applied to RT beads to obtain
two pools, fraction I which was not bound and fraction II
which was bound and eluted with thiocyanate. Preliminary
experiments used receptor noncovalcntly bound to toxin beads
but this method was found to yield a fraction I preparation
containing receptor activity. In all further work, covalently
bound RT beads were used.

Recovery of antibody activity in the combined fractions I and
II in two preparations was estimated as 63-75%, whereas
recovery of protein was 91-95%.

3.3 Characterization of the antibody fractions

3.3.1 Protein content and antibody activity

The protein and antibody content of fractions I and II are
shown in Table 1. A second more extensive absorption of frac¬
tion I yielded fraction IA. Essentially 86-90% of the total pro¬
tein and 96-98% of the total detectable antibody was removed
by the two absorption stages.

3.3.2 Inhibitory effect on TB

The specificity of this assay for inhibition of TB was tested
using heat-inactivated sheep anti-Torpedo receptor antiserum
or normal sheep serum at a dilution of one in ten. Toxin bound
to receptor in the presence of normal serum was
38 745 ± 950 cpm when the serum was added after the RT
incubation, 37 420 ± 1646 cpm when mixed with the receptor
before the toxin was added. In contrast, the results using the
anti-receptor antiserum were 40890 ± 1364 cpm and
16440 ± 3720 cpm, respectively (inhibitions of 3.4% and
59.8%).

The ability of the original antibody pool, on preincubation
with receptor, to block subsequent binding of toxin is shown in
Fig. 1.

The effect of the isolated fractions I and II is shown in
Table 2. Both fractions were found to be effective. In particu-

Tabie 2. Percentage inhibition of TB by isolated fractions I and IIa)

Dilution of fraction

1: 50
1:100
1:200

Percentage inhibition of TB by fractions
Preparation 1 Preparation 2

I II I II

77.4 ±9.8 96.8+ 6.3 63.9 ± 7.6 86.0 ± 8.5
68.7 ±3.1 86.5 ±14.6 55.2 ± 8.9 72.6 ± 4.0
60.4 ±9.4 71.5 ±15.7 42.7 ±11.1 58.9 ±14.4

a) The percentage inhibition of TB was estimated
as described in the legend to Fig. 1. The results
are the mean and standard deviation of 3 deter¬
minations.
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lar, fraction II (that bound to and eluted from immobilized
RT) was more effective than fraction I.

Reabsorption of fraction I demonstrated that whereas most of
the antibody detectable using receptor prelabeled with toxin
was removed, a high proportion of the inhibitory effect was
not absorbed (Table 3).
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Figure 1. Percentage inhibition of TB to receptor by purified sheep
anti-Torpedo receptor antibody. Affinity-purified sheep anti-Torpedo
receptor antibodies (640 pg/ml) were prepared by the two-stage
method. Dilutions of antibody were incubated with Torpedo receptor
before or after the addition of radiolabeled toxin as described in
Sect. 2.6, and the degree of inhibition in each case determined by
adsorption to DEAE-cellulose. Percentage inhibition of binding is
derived from the difference between the inhibition of binding when
antibody was added before toxin and that when added after toxin.
Results are the mean and standard deviation of 6 determinations.

4 Discussion

Antibodies to the nicotinic acetylcholine receptor of Torpedo
marmorata have been fractionated by affinity chromatography
into two populations. The starting material for this work was
purified antibodies isolated in such a way as to contain both
those antibodies directed to sites other than the TB site and

those, if present, which bind to the toxin site itself. Fractiona¬
tion of the antibody pool was achieved using Torpedo receptor
linked to a-cobratoxin-Sepharose beads. Preliminary experi¬
ments using receptor noncovalently linked to the beads indi¬
cated that both unbound and bound antibody fractions (I and
II) could inhibit the binding of labeled toxin to receptor, sug¬
gesting that much of the inhibitory effect was mediated by
antibodies not directly specific for the TB site. However, this

Table 3. Percentage inhibition of TB by isolated fractions I and IAa)

approach had two drawbacks. Firstly, fraction I was found to
contain active receptor, suggesting that receptor was eluting or
being displaced from the toxin beads. The antibody contained
in this fraction therefore could also contain or consist of anti¬

body capable of binding to RT. Secondly, it has also been
reported that much of the receptor prepared from electric
organs exists as the dimer rather than the monomer [18-20]. In
this case, fraction II could also contain antibodies specifically
directed at the toxin site if only one TB site per dimer was used
in the binding to the toxin beads. To overcome these difficul¬
ties, two steps were taken. Firstly, receptor was covalently
bound to toxin-Sepharose using the cross-linking reagent
dimethylsuberimidate. This overcame the leakage or displace¬
ment phenomenon. Second, free TB sites were irreversibly
blocked by saturation with soluble a-bungarotoxin followed by
a second treatment with the cross-linking reagent. This
resulted in an affinity resin without detectable free TB sites in
which all protein was covalently-bound to the Sepharose as
demonstrated by the stability to potassium thiocyanate. Frac¬
tionation of the antibody pool yielded two fractions designated
I (not bound) and II (bound, and subsequently eluted). Reab¬
sorption of fraction I yielded a third fraction designated IA.
Protein content, antibody activity and TB inhibitory activity
were measured in all fractions. Protein estimates indicated
that 45-50 % of the recovered material was contained in frac¬
tion I, 50-55% in fraction II and 10-14% in fraction IA. Anti¬
body assays showed that, of the antibody recovered,
26.9-28.1% was in fraction I, 71.9-73.1% in fraction II and
1.6-4.1% in fraction IA. This clearly demonstrates that the
covalently linked receptor is still highly antigenic and that vir¬
tually all of the antibody activity can be removed by two
absorption stages. Also, since most of the protein was also
absorbed, one can conclude that at least 85% of the purified
antibody pool was active antibody. However there is some
discrepancy between the 1.6-4.1% of antibody and 10-14% of
protein left in fraction IA. This will be discussed below.

Comparison of the TB inhibitory activity is more difficult.
Calculation of total recovery in fractions I and II compared to
the starting pool is not possible as the slopes of the inhibition
curves differ. The curve obtained with the unfractionated
material is less steep than that for either fraction. This results
in the anomaly that, at higher concentrations, both fraction I
and II appear more effective than the original pool by a factor
of two, whereas this effect is lost at lower concentrations. No
simple explanation can be offered, unless competition
between different subpopulations of antibodies in the original
pool might be responsible. However, comparison of the
activities contained in the isolated fractions is possible as the
inhibition curves are similar in shape. The most obvious fact is
that fraction II, which consists of material purified on the RT
complex, is highly effective at TB inhibition. This clearly dem-

Percentage inhibition of TB by fractions
Preparation 1 Preparation 2

Dilution of fraction I IA I . IA

1: 50 68.9 ±7.9 58.4 ±1.8 73.6 ±3.3 63.9 ±2.8
1:100 63.0 + 3.4 55.0 ±0.4 66.5 ±6.5 53.9 ±3.0
1:200 48.2 + 8.8 31.5 ±3.2 51.0 ±3.6 39.4 ±0.8

a) The percentage inhibition of TB was deter¬
mined as described in the legend to Fig. 1. The
results are the mean and standard deviation of 2
determinations.
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onstrates that much of the TB inhibition observed in the origi¬
nal antibody pool can be attributed to antibodies directed
against sites other than the TB site itself. In other words, the
antibody in fraction II can bind to the RT complex whereas
toxin cannot bind to the receptor-antibody complex. This
absorbable material represents 80-85% of the total recovered
TB inhibitory material and is presumably acting either by
binding near to the TB site and stericaily hindering access for
toxin or by binding at a distance and causing a conformational
change which prevents TB. A second observation is the selec¬
tive enhancement of TB inhibitory activity in fraction IA when
compared with fraction I. Although IA contains only 6-13%
of the anti-receptor antibody contained in fraction I, neverthe¬
less it still retains 50% or more of the TB inhibitory material.
This suggests that a second population of antibodies is present.
These do not bind to RT absorbents but do inhibit the TB and

presumably are directed either to the TB site itself or very
close to it. This population represents 15-20 % of the total TB
inhibitory material recovered. Further evidence for the pres¬
ence of this subpopulation is the discrepancy between the
1.6-4.1% of antibody remaining in fraction IA (compared to
fraction I) and the 10-14% protein. Some or all of this
unbound protein might represent anti-toxin site antibodies,
while some might be inactive antibody or other contaminants.
It appear therefore that two distinct subpopulations of anti¬
bodies to the nicotinic acetylcholine receptor are capable of
inhibiting the binding of a-toxin. One of these (80-85%) is
directed at sites outside the TB site itself and can bind to RT

complexes. The second (15-20%) does not bind to such com¬
plexes and could represent a true antibody to the TB site. A
careful distinction should be made between these two types of
'anti-toxin site' antibodies in future work.

The secretarial assistance of Mrs. M. McColl is gratefully acknowl¬
edged.

Received February 15, 1982; in final form June 15, 1982.

5 References

1 Lindstrom, J. M., Seybold, M. E., Lennon, V. A., Whittingham,
S. and Duane, D. D., Neurology 1976. 26: 1054.

2 Barkas, T., Int. J. Immunopharmacol. 1979. 1: 263.
3 Vincent, A., Physiol. Rev. 1980. 60: 756.
4 Zurn, A. D. and Fulpius, B. W., Eur. J. Immunol. 1977. 7; 529.
5 Vincent, A. and Newsom-Davis, J., in Ceccarelli, B. and
Clementi, F. (Eds.), Adv. Cytopharmacolo. 1979. 3: 269.

6 Fulpius, B. W., Miskin, R. and Reich, E., Proc. Natl. Acad. Sc.
USA 1980. 77: 4326.

7 Mittag, T., Massa, T., Kornfeld, P., Papatestas, A., Bender, A.
and Genkins, G., Muscle and Nerve 1981. 4: 16.

8 Gomez, C. M., Richman, D. P., Berman, P. W., Burres, S. A.,
Arnason, B. G. W. and Fitch, F. W., Biochem. Biophys. Res.
Commun. 1979. 88: 575.

9 James, R. W., Kato, A. C., Rey, M. J. and Fulpius, B. W., FEBS
Lett. 1980. 120: 145.

10 Mochly-Rosen, D. and Fuchs, S., Biochemistry 1981. 20: 5920.
11 Parikh, I., March, S. C. and Cuatrecasas, P., Methods in Enzymol.

1974. 34: 11.
12 Schmidt, J. and Raftery, M. A., Anal. Biochem. 1973. 53: 349.
13 Davies, G. E. and Stark, G. R., Proc. Natl. Acad. Sci. USA 1970.

66: 651.
14 Lumsden, J. and Coggins, J. R., Biochem. J. 1911. 161: 599.
15 Barkas, T. and Simpson, J. A., Clin. Exp. Immunol. 1982. 47:

119.
16 McConahey, P. and Dixon, F. J., Int. Arch. Allergy App.

Immunol. 1966. 29: 185.
17 Dulley, J. R. and Grieve, P. A., Anal. Biochem. 1975. 64: 136.
18 Chang, H. W. and Bock, E., Biochemistry 1977. 16: 4513.
19 Hamilton, S. L., McLaughlin, M. and Karlin, A., Biochem. Bio¬

phys. Res. Commun. 1977 . 79: 692.
20 Reynolds, J. A. and Karlin, A., Biochemistry 1978. 17: 2035.



J. Clin. Lab. Immunol. (1982), 9, 113-117

a-BUNGAROTOXIN DISPLACING ANTIBODY IN
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SUMMARY The majority of sera from myasthenic patients cannot precipitate all available receptor-
toxin complex even in conditions of a 4,000-fold excess of antibody. This effect was traced to
displacement of toxin from the receptor-toxin complex. Pure IgG prepared from the serum of a
myasthenic patient was as effective as the original serum in displacing ability. The possible effect of such
antibodies on the correlation of antibody titre and disease state is discussed.

Introduction

Myasthenia gravis is now well established as a classical
autoimmune disease in which autoantibodies to the
nicotinic acetylcholine receptor play a major role (1,2).
Circulating antibodies are normally detected by
immunoprecipitation of receptor specifically prelabelled
with iodinated a-bungarotoxin (3). This method detects
antibodies directed against sites other than the toxin-
binding site. Antibodies capable of inhibiting the
subsequent binding of toxin have been described by other
workers (4-6). We here report the identification of a
further antibody function in myasthenia gravis, namely
the ability to displace bound toxin from the receptor.

Materials and Methods

Patients

Blood samples were collected from patients with myasthenia gravis
attending the Department of Neurology, Southern General Hospital.
Glasgow. All samples used in the study were positive for the presence of

1 antibodies to the nicotinic acetylcholine receptor (control level 0-1-2
10""' M ). Severity of disease at the time of sampling was assessed by
three criteria:

t (i) Using the Osserman classification (7).
(ii) By dosage of pyridostigmine.
(iii) By response to pyridostigmine treatment (when last required, in

cases no longer on anticholinesterase medication).

Treatment ofSera ami Preparation of IgG
Sera were separated from clotted blood and stored at — 70°C. Heat-

inactivation was performed at 56°C for 30min when required. IgG was

prepared by precipitation of immunoglobulin at 40% saturation with
ammonium sulphate, followed by dialysis against lOmM potassium
phosphate buffer, pH 8-0 and chromatography on DEAE-cellulose
equilibrated with the same buffer. The non-bound peak was collected

Correspondence: Dr. T. Barkas.
* Present address: Departement de Biochimie, Universite de Geneve,

Quai Ernest Anserine! 30, CH 1211 Geneve 4, Switzerland.

and shown to be pure IgG by immunodiffusion. A second fraction
eluted by 1 M NaCl contained IgM and some IgG. Both fractions were
concentrated to the volume of the original serum using a YM 10
membrane on Diaflo apparatus.
IgG and IgM levels were determined by radial immunodiffusion (8).

lodination of Toxin and Fractionation of the Products
a-bungarotoxin (Boehringer) was iodinated by two methods. All

reagents were in 50mM potassium phosphate buffer, pH 7-5.

(i) Lou- Specific Activity (80-I00Ci/mmol)
The method used was essentially that of Lindstrom (9). lOpl of toxin

(5mg/m!) was mixed with lOpl of buffer and lOpl (1 mCi) of Na''5I
(New England Nuclear). 2 pi of freshly prepared chloramine T (260 pg/
ml) was added and stirred at 4°C for lOmin. 2pi of sodium mela-

bisulphite (260pg/ml) was added followed by 500 pi of buffer. The
mixture was fractionated on a 20 x 1cm column of Sephadex G25
equilibrated with buffer containing 1 % (w/v) bovine serum albumin
(BSA). 1 ml fractions were collected and the toxin peak pooled.

(ii) High Specific Activity (1600-2500Ci/mmol)
5—10pi a-bungarotoxin (0-5mg/ml) was mixed with lOpl (lmCi)

Na'25I. then lOpl freshly prepared chloramine T (5mg/ml) was added.
After stirring at 20°C for 60 sec. 750 pi of sodium metabisulphite
(160pg/.M) and 200pi potassium iodide (lOmg/ml) were added. The
mixture was then fractionated as above.

Separation of mono- and di-iodinated toxins was performed by the
method of Vogel (10).

Preparation and Assay ofHuman Muscle Extracts
Human muscle was obtained from limbs freshly amputated from

patients with peripheral vascular disorders or from post-morten
material. All subsequent operations were at 4°C. The muscle was
minced then homogenised using an MSE Omnimix for two periods of
1 min in two volumes of phosphate-buffered saline (PBS) pH7-l
containing 10 mM EDTA, 0-2mM PMSF and 0-01% sodium azide.
The homogenate was centrifuged at 20,000 g for 1 hr, and the pellet
washed with a further two volumes of buffer. The pellet was then
extracted overnight with one volume of 10 mM potassium phosphate
buffer pH 7-4 containing 1 % (v/v) Triton x 100, 10 mM EDTA, 0-2 mM
PMSF and 0 01 % azide. The suspension was centrifuged at 100,000g
for 1 hr, and the supernatant filtered through glass wool.
Extracts were assayed by a modification of the method of Lindstrom
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(3). Quadruplicate samples of 100 pi extract were incubated with 10 pi of
tubocurare (10~2 M) or 10pi distilled water at 20°C for 90 min. 50pi of
labelled toxin (0-2 pmole high specific activity, 3-5 pmole low specific
activity) in 10 mM potassium phosphate buffer pH 7-4 containing 01 %
Triton x 100 and 0 01 % azide was added and incubated at 20°C for a
further 90 min. One of three methods was then used:

(i) Ammonium Sulphate Precipitation
107 pi saturated ammonium sulphate was added and mixed. After

incubation at 4°C for 16 hr, the samples were filtered using gla33 fibre
papers (Whatman GF/C). Tubes were rinsed and filters washed with
three 1ml aliquots of 40% ammonium sulphate. The precipitated
radioactivity was then measured.

(ii) Antibody Precipitation
5pi of myasthenic serum diluted to 20p! with lOmM phosphate

buffer pH 7-4 containing 0-1 % Triton x 100 was added and incubated
at 4°C overnight. A volume of heat inactivated goat anti human IgG
antiserum (Scottish Antibody Production Unit, Law Hospital)
sufficient to precipitate all the human IgG was added, and the tubes
incubated at 4°C for 4hr. 500pl of lOmM phosphate buffer +0-1%
Triton x 100 was added and the tubes centrifuged at 1500g for 10min.
The pellets were washed with a further 500 pi of buffer and counted.

(iii) Binding to DEAE-Cellulose
This more rapid method was used to follow the time-course of

binding of toxin to receptor. 100 pi aliquots of extract were treated with
curare and toxin as described above. At timed intervals after the

addition of toxin, 1 ml of a 10% (v/v) suspension of DEAE-cellulose in
lOmM phosphate buffer pH 7-4 containing 0-1% Triton x 100 was
added. After mixing at 20°C for 15 min, the tubes wcic centrifuged at

1500g for 5 min and the pellets washed twice before counting.
In most experiments, extracts containing 0-2-0-4nM receptor were

used. An extract from a motor neurone disease patient contained 2 nM
receptor.

Antibody Assay
Antireceptor antibodies were measured by a micro-method based on

a published method (3). Quadruplicate 100 pi samples of extract (0 01—
0-1 pmole receptor) were incubated at 20°C for 90 min with 10 pi curare
(10" 2 M) or distilled water. 50 pi (0-2 pmole) high specific activity toxin
was added and incubated for a further 90min at 20°C. 5 pi of the test
serum, or tenfold dilutions of the serum in pooled normal human serum,
diluted to 20pi with 10 mM phosphate buffer pH 7-4 containing 0-1 %
Triton x 100 was added and incubated overnight at 4°C. The
appropriate volume of heat-inactivated goat anti-human IgG i
antiserum was added, incubated at 4°C for 4hr then centrifuged and
washed as described above. Positive high litre samples and blanks of
normal human serum (NHS) were included.

>

Gel-filtration ofExtracts
lOOpl of extract was labelled with 50pl toxin (0-2 or 3-5 pmole) after

curare or water pretreatment as described above. 5 pi of heat-
inactivated test serum (myasthenic or control) diluted to 20 pi with

Table 1 Maximal precipitation of labelled receptor-toxin complex by myasthenic sera. Percentage precipitation is the percentage of
receptor toxin precipitated by the sera (5 pi undiluted, 2-4,000-fold excess of antibody) of that available as measured by ammonium
sulphate precipitation. Antibody titres were measured as described in the text. High specific activity toxin was used throughout. Extract
A contained 0-22 pmole/ml receptor, extract B 0-1 pmole/ml. Severity of disease was assessed by three methods. In the third method, A
denotes a full response, B a good response, C a slight response and D no response to pyridostigmine.

Severity ofdosage Maximum receptor-toxin precipitated
(%)

Osserman Pyridostigmine Response to Antibody litre
Patient group dosage x 60 mg/day pyridostigmine 10-'° M Extract A Extract B

1 IIB 16 B-C 1.234 101 100
2 IIA 4-5 A 41 54-5 80-0

3 11A 0 A 34 50-0 74-5

4 IIA 6 B 54 50-0 61-0

5 IIA 4 A 261 59-1 72-0

6 IIA 4 A 122 63-6 73-7
7 11B 9 B-C 228 63-6 62-1
8 IIA 2 A 2,032 36-4 36-8
9 III 16 B 460 73-2 77-5

10 III 1 1 B 56 72-4 84-3

11 11B 5 — 65 74-4 87-0

12 IIA 4 A 103 53-8 83-5
13 III 0 B 576 46-2 64-1

14 IIA 6 B-C 262 38-5 74-8

15 IIA 6 B 7.546 53-8 58-5

16 IIA 6 B 91 68-8 87-2

17 IIA 4 A 343 81-6 97-2

18 IIA 9 B 169 50-9 63S
19 IIA 3 A 34 26-8 53-1
20 IIA 2 B 266 80-7 91-5

21 I 4 B 37 36-5 56-2
22 I 2 A 41 46-6 82-7
23 IIA 10 B 93 67-1 78-1

24 IIA 14 B 126 57-2 66-4
25 IIA 9 C 55 38-1 68-5
26 IIA 6 B 182 80-0 96.-2
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buffer was added and incubated at 4°C overnight. The sample was then
fractionated on a 16x0-8cm column of Ultragel ACA34 using PBS
eluting buffer containing OT % Triton x 100. Two 7 ml fractions were
collected for each sample and the radioactivity measured. Preliminary
experiments demonstrated that the first pool contained only receptor-
bound toxin while the second pool contained only free toxin.

Results

Precipitation of Toxin-labelled Receptor by Myasthenic
Sera

During routine assay of myasthenic sera it became
apparent that, even in large excess of antibody (2-fold to
4,000-fold excess), the majority of sera could not
precipitate all of the offered receptor-toxin complex
(table 1). Values ranged from 27-82 % (extract A) of that
precipitated by serum from patient 1. This last sample
was capable of precipitating all of the offered complex
(101+9-2%, mean and standard deviation of six
determinations) as assessed in comparison with the
ammonium sulphate method. Table 1 also shows results
with a second extract (B) of lower receptor concentration.
The values were similar but higher than those with
extract A (regression coefficient 0-795, P < 0-001). Assays
using an extract of higher receptor concentration (2nM.
data not shown) gave values very similar to those using
extract A. Sample 1 was tested for ability to bind toxin in
the absence of added receptor with negative results.
The suboptimal precipitation of bound toxin observed

in the presence of the majority of sera was not due to
trivial causes. Heat-inactivation of all sera had no effect,

showing that complement solubilisation of complexes
was not occurring. Varying the amount of goat anti-
human IgG used as precipitant showed that the results
were not caused by inadequate precipitation of abnormal
amounts of immunoglobulin in the sera. Increasing the
amount of myasthenic sera produced no further
precipitation of receptor-toxin. The effect could not be
ascribed to incomplete labelling of the receptor before the
addition of antibody as time course determinations of
toxin binding clearly demonstrated that labelling of
receptor was complete after 90min (99-8 + 10-8% by
binding to DEAE-cellulosc, 94-5 + 2-6 % by precipitation
using serum 1, mean and standard deviation of three
experiments in comparison with a 24-hr incubation
period). Incomplete precipitation by sample 8 was also
observed when receptor and toxin were preincubated for
24 hr before the addition of antibody (47-0 + 6-8%, mean
and standard deviation of four experiments).

Sequential Addition of Test Sera
The possibility that two antigenically distinct acetyl¬

choline receptors might be present in the extract was

investigated. In the first series of experiments, serum

samples from one patient were added to the labelled
extract and were precipitated by the equivalent amount
of heat-inactivated goat anti-human IgG antiserum. The

Table 2 Addition of two consecutive myasthenic samples to labelled
extract with precipitation of the first sample before addition of the
second. Results are the mean and standard deviation of two experi¬
ments. High specific activity toxin and extract A were used.

Receptor-toxin precipitated
Sera added (fmole)

First Second First stage Second stage

15 14 7-5 + 0-7 0-2 + 0-2

15 15 8-0 0-6 + 0-1

15 1 8-2 + 0-2 0-5 + 0-3

14 14 8-7 + 0-5 0-2 + 0-3

14 15 8-8 + 0-4 0-2 + 0-2
14 I 8-5 + 0-6 0-4 ±0-2

I 14 15-5 + 0-7 0-1
1 15 14-5 + 0-7 0-1
1 1 16-0+1-4 0-1

supernatants from this experiment were then retested
with other myasthenic sera. As shown in Table 2, sera
(Nos. 14, 15) which only precipitate a portion of the
available receptor-toxin completely prevent subsequent
precipitation by sample 1.
In a second approach (table 3) sequential addition of

myasthenic sera was performed but without precipitating
the IgG of the first sample before the addition of the
second. The results again demonstrate the inhibitory
activity of sample 15 on the subsequent ability of sample
1 to precipitate the expected amount of receptor-toxin.
However, it can also be seen that if sample 1 was added
before sample 15 much less inhibition occurred.

Table 3 Addition of two consecutive myasthenic samples to labelled
extract without precipitation of the first sample before addition of the
second. High specific activity toxin and extract A were used. Percentage
inhibition is the inhibition of the precipitation of that receptor-toxin
complex precipitated by sample 1 alone but not by sample 15 alone.

Sera added
Receptor-toxin

precipitated ifnote) Percentage
inhibition

First Second Experiment 1 Experiment 2

NHS 15 11-0

15 NHS 7-8 10-0

15 15 8-7 11-0
15 1 9-8 13-0 75-7 + 0-8

NHS

1

1

1

NHS
1

21-0
15-9 21-0

14-4 20-0
1 15 12-5 17-0 40-4 + 3-3

Inhibition =

[Cpm (sample 1 alone) —Cpm (sample 15 alone)] — [Cpm (mixture)]
[Cpm (sample 1 alone) —Cpm (sample 15 alone)]

x 100

NHS indicates normal human serum.
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Table 4 Recovery of receptor-toxin on gel filtration of
labelled extracts in the presence of sera. Results are the
mean and standard deviation of three determinations.

High specific activity toxin and extract A were used.

Receptor-toxin complex
Serum sample Ifmole)

Normal human serum 19 + 3

Sample 1 21 ±3
Sample 15 12 ± 3
Sample 8 9 6 ± 1 5

Toxin Displacement by Myasthenic Sera
Gel filtration of toxin-labelled receptor extracts

demonstrated that sera incapable of precipitating the
expected amount of receptor-toxin complex also gave a
low recovery of radiolabel in the macromolecular region
of the Ultragel elution profile (table 4), whereas sera
which do not contain the displacing activity give the
expected yield of receptor-toxin complex.

Results Using Different Preparations of Iodinated Toxin
The toxin used in our routine assays is approximately

tenfold higher in specific activity than that used by most
other workers. However, further experiments also
demonstrated that serum 8 also failed to precipitate the
expected amount of receptor labelled with low specific
activity toxin (43 + 4-3 % with high specific activity toxin.
70-4 + 6-0% with low specific activity toxin, mean and
standard deviation of three experiments).
To investigate whether the displacement could be

explained by preferential removal of di-iodinated toxin,
the two radioactive toxin preparations used above were
fractionated by ion-exchange chromatography (10).
Mono-iodinated toxin in the high specific activity
preparation was 15% of the total whereas it represented
84% of the low specific activity preparation. As mono-
iodinated toxin binds more rapidly to receptor
preparations (11,12) binding of low specific activity toxin
would be expected to be at least 84% if serum 8 was
displacing only di-iodinated toxin.

Characterisation ofthe Agent Responsible
IgG was isolated from a serum sample of patient 8 and

tested in the gel-filtration assay. Pure IgG was found to
be as effective as the original serum at the equivalent
concentration of IgG. However, a second fraction
containing a third as much IgG as the first fraction and
high levels of IgM was also effective.

Discussion

We here report the detection of a new type of anti-
receptor antibody in myasthenia gravis. In contrast to
previously described "antibodies to the toxin-binding
site", the factor described displaces toxin from the

receptor-toxin complex. That these two activities are
different is apparent from the present work. The
previously described factor acts by preventing the
subsequent binding of toxin. In the present work, the
receptor is prelabelled with toxin. Evidence that this is so
stems from a number of experiments. Previous experience
with extremely dilute solutions of Torpedo receptor and
high specific activity toxin had shown binding of toxin to
be complete in 90min at 20°C (Barkas, unpublished
results). Similar time course experiments with human
extracts confirmed this finding. Binding of receptor-toxin
complex to DEAE-cellulose after 1-5- or 22-hr pre¬
incubation of receptor and toxin gave similar results for
toxin binding. Similarly, precipitation of receptor-toxin
complex by serum 1 also gave identical results after either
1 -5- or 24-hr preincubation of receptor and toxin. Finally,
a clear distinction can be made between these two "anti¬

toxin-binding" activities as sample 1 which does not
displace toxin can block subsequent toxin binding if
added to the receptor immediately before the toxin
(62-8 ±1-4% of expected label precipitated, mean and
standard deviation of two experiments).
Serum-mediated proteolysis is unlikely to explain the

effect. Firstly, the order of addition of the sera is
important (table 3). This could suggest that the length of
time of incubation of the effective sera with the receptor
was important. However, similar results were obtained
when single sera samples were incubated for either 20 or
44 hr with the receptor, suggesting that this is not the case
(table 3). Secondly, no effect is observed with normal sera
or serum 1. Finally, the effect can be mediated by pure
IgG.
The actual mechanism is unclear. Previously reported

"anti-toxin-binding site" antibodies could act by direct
binding to the toxin site, by binding at an adjacent site
and causing steric hindrance, or by binding at a distance
and causing a conformational change. From work using
antisera from animals with experimental myasthenia, it is
apparent that much of this activity can be mediated by
antibodies not specifically directed against the toxin-
binding site itself (in preparation). In the present study,
both the first two possibilities seem unlikely as the toxin-
binding site is already occupied.
The results provide further evidence for subpopula-

tions of antibodies in myasthenia gravis (6. 13, 14).
Twenty-five out of twenty-six samples contained this
factor. Lack of effect was a constant finding for patient 1.
six samples taken over a period of four years all being
negative. Some evidence for close proximity of antigenic
sites might be inferred from the observation that prior
binding of antibodies from sample 1 inhibited the
subsequent displacing activity of other samples (table 3).
The lack of ability of many myasthenic sera to

precipitate the expected amount of receptor-toxin
complex has been observed by others (Harrison and
Lunt. personal communication). However, these results
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conflict somewhat with those of other workers (6), who
have found that of sera from 152 patients with
myasthenia gravis, only 15% contained antibodies to the
toxin-binding site and that none of these could displace
bound toxin. Our results obtained with high specific
activity toxin could possibly be explained by the
increased sensitivity. However, qualitatively similar
results were observed with low specific activity toxin.
Preferential displacement of di-iodinated toxin cannot be
involved as the low specific activity toxin (30% block)
contains only 16% di-iodinated toxin, and mono-
iodinated toxin is known to bind more rapidly to the
receptor (11,12). Preferential displacement from either
junctional or extrajunctional receptor is unlikely as
similar results were obtained using relatively normal
muscle and motor neurone disease muscle as a source of

antigen, the latter of which would be expected to be
enriched in denervated receptor. One possible
explanation of the discrepancy between results might be
that the previous report utilised denervated rat muscle as
a source of antigen while we have used human. However,
it has been reported (3) that, using human extracts similar
results are obtained for receptor titres by gel-filtration in
the absence of serum or precipitation by myasthenic
antibodies.
No obvious correlation of the presence of the factor

with either overall antibody litre or severity of disease as
assessed by three methods can be found. We are currently
measuring the levels of the factor in various sera by
adding dilutions of the test sera before precipitation with
serum 1 (as in table 3). Preliminary data shows that
serum 8 is effective at a dilution of one in a hundred (24 %
inhibition). However, the presence of an antibody
capable of displacing toxin and the possibility of different
relative proportions of this factor and other antibodies
might explain some of the lack of correlation of antibody
titre with disease severity within a group of patients (15.
16). For example, sera from patients with severe disease
and without antibodies detectable by the normal
precipitation assay might give this result because of the
presence of toxin-displacing antibodies. As patient-
specific subpopulations of antibodies have been reported
as relatively constant with time (14), it might be expected
that the presence of such factors might not influence the
comparison of titres and severity within samples from a
single patient, as in fact has been observed by several
groups (e.g. 17, 18).
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The last 25 years have changed myasthenia gravis

from a rare disease confidently described in textbooks

as a biochemical disorder resembling curare poisoning to

a prototype of autoimmune disease exhibiting a newly

recognised category of immunoreceptor disorders. The

observation that the neuromuscular defect is commonly

associated with disorders of other organs(1) now agreed

to be immunological is widely confirmed. Physicians,

like other observers, tend to notice only phenomena

which fit into the contemporary mould. Recognition of

an animal model for a myasthenic disease induced by

inoculating immunodeficient animals with various species

of nicotinic acetylcholine receptors (AChR)(2) and the

use of the specific ligand -bungarotoxin to detect the

presence in serum of immunoglobulins with special

affinity for some part of the receptors (3) in about 90$

of patients (4) have convinced most people that

myasthenia gravis is an autoimmune disease. A

consequence of this acceptance is a reduction in the

number of papers introducing the subject with the

statement that myasthenia gravis is probably a mixture

of different disorders of neuromuscular transmission.
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The argument of contemporary interest concerns the

possibility that there are different types of myasthenia

gravis with different genetic and aetiological

background.

Before examining this proposition it is necessary

to define the terms used. English-speaking physicians

should be reminded that the French "mvasthenie" embraces

a wider field of muscle weakness. The English term

"myasthenia" is restricted to that type of weakness,

often described as fatiguable, in which over a period of

about one minute a maintained or repeated series of

muscular contractions progressively decrements in power

(and in the associated electromyographic activity), and

this failure is rapidly but temporarily restored by a

short rest or, for a more prolonged period by

administration of an anticholinesterase drug.

Everybody is familiar with the myasthenic syndromes of

Lambert and Eaton (though only conforming to the above

definition with slow rates of supramaximal motor nerve

stimulation) and of motor neuronopathies including

amyotrophic lateral sclerosis. It is not disputed that

these myasthenic disorders are different from myasthenia

gravis, though an immunological basis for the Lambert-

Eaton syndrome has recently been indicated by

therapeutic improvement after plasma exchange, and

passive transfer of the disease from man to mouse (5).

There is more controversy about the status of
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Congenital Myasthenia. An increasing number of

patients with congenital myasthenia are being reported

without elevated serum titres of anti-AChR antibody

(6,7). I have two patients (sisters) in this category

and have agreed with Walsh and Hoyt (8) that the

striking symmetry of myasthenic weakness, generalised

hypotonia, common history of diminished fetal movements,

absence of remissions and tendency to improve in later

life, place these cases closer to the benign congenital

hypotonias of infancy than to true myasthenia gravis.

Contemporary opinion is against an immunological basis

for congenital myasthenia. Nevertheless a puzzling

phenomenon is that low serum IgA is more common in

congenital myasthenia than in acquired MG (9,10). A

recent series of studies from the Mayo Clinic makes it

clear that a number of congenital neuromuscular

disorders may present in this way due to developmental

abnormalities of the transmission mechanism. Three

types have been identified (11), one prejunctional,

attributed to a defect of resynthesis or mobilization of

acetylcholine (ACh), and two postjunctional. In one of

the latter the authors have identified a significant

deficiency of ACh esterase. The other, with similar

myasthenic transmission defect associated with

repetitive endplate responses, the esterase was present

in normal amounts and it is postulated that there was an

abnormality of the ACh induced ion channel. Five ;ases

investigated by Vincent et a.1 (12) had morphological and
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physiological evidence of postjunctional abnormality.

In two cases examined, the conductance of the single

postjunctional ion channel was normal. One case had a

normal number of -bungarotoxin binding sites despite a

very small amplitude of spontaneous miniature endplate

potentials. The authors suggested a number of possible

mechanisms including reduced number of ACh molecules in

each quantum, but a molecular abnormality of the AChR

ion channel is not excluded. Clearly a wide variety of

genetic mutations of the receptor macromolecule, ACh

esterase, or the prejunctional apparatus may produce

similar functional disorders and in principle the same

comment could be made about acquired myasthenia gravis.

(The adjective "gravis" or symbol MG will now be used to

indicate the acquired disease).

Aptibecly specificity io myesthesia grayis

I reviewed the clinical and pathological clues

pointing to an autoimmune mechanism for MG at the Milan

Congress in 1969 (13). All the essential points of the

original hypothesis (1) and its morphological basis (14)

have been validated (15) since the identification of

experimental autoimmune MG and of anti-AChR antibodies

(4). It is generally agreed that fluctuations of

disease severity in the individual patient are

paralleled by changes in antibody titres ana by the

proportion of damaged receptors (16), but that in a

population of myasthenics there is poor correlation
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between antibody titre and clinical severity. In

addition to absence of anti-AChR antibodies (detectable

by current techniques) in about 1 055 of patients with MG,

it is possible to have significantly raised titres

without apparent clinical disease in babies born to

myasthenic mothers, siblings or parents, or in patients

with thymoma (17). I have recently reviewed the

reports published up to 1980 (18).

It is becoming increasingly apparent from the lack

of correlation between antibody titres recognised by

AChR-toxin from different species that there is not

complete cross-reactivity and that some but not all of

the antigenic sites of the receptors are species

specific. Most assays detect globulin which blocks

access of bungarotoxin to the receptor sites by binding

in close Droximity to the latter, but cannot detect

antibody directed against the ionophore protein. In

view of the possibility of preparing an antibody against

the pathogenic antibody, a major attack has been made on

the investigation of subclasses of anti-AChR antibodies.

It is a reasonable task since there are probably a

limited number (about 10) of antibody combining sites on

each AChR macromolecule (19). That a particular

subpopulation of antibody may be significant is

indicated by the surprising constancy in individual

patients of the ratio between anti-human AChR antibodies

and those cross-reacting with other species and the

consistency for each patient of the percentage
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precipitation of AChR by excess of antiserum (20).

Inter-patient differences in disease severity and course

may depend on the patterns of subpopulations of anti-

AChR antibody.

There are a number of important consequences from

the observation of heterogeneous anti-AChR antibodies in

a MG population^with individual consistency. In the
first place the site of immunological attack may vary

from patient to patient and this could depend on

different risk factors or be quite arbitrary.

Secondly, a heterologous anti-idiotvoe antiserum would

have little therapeutic value. We have found that

heterologous anti-idiotype serum to anti-AChR antibodies

has a blocking effect restricted almost totally to the

original inducing antibodies (21). If similar lack of

cross-reaction was found with human antibodies it would

be necessary to prepare individual antisera for each

patient to be treated. In those cases with low

antibody this would be extremely impracticable. The

antibody-mediated autoimmune chronic stage of the

experimental animal disease is preceded by cell-mediated

immunopathology in an acute stage if pertussis is used

as an adjuvant in addition to complete Freund's

adjuvant, but phagocytic invasion of endplates is not a

characteristic of human MG (22).

It is becoming clear that antibodies need not be

directed against the ACh binding site, but the position
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of attachment to antigenic determinants on the

extracellular surface of the A C h R molecule should

allosterically reduce the binding affinity for ACh or

interfere with the regulation or function of the

ionophore. Cross-linking of closely packed receptors

by a molecule of antibody into large aggregates may be

necessary for abnormal conformational changes, antigenic

modulation, lysis and internalisation of receptors for

destruction by lysosomes (23). Antibody dependent

membrane lysis is probably complement mediated (24).

One of the earliest indications for immunopathology of

MG was the observation by Nastuk et al (1956) that serum

complement may be reduced during a myasthenic relapse

(25). Complement-mediated lysis of the postsynaptic

membrane is the likely reason for destruction of the

architecture of the postjunctional membrane. The

primary cleft is widened, secondary clefts are shallow

or abolished, and the receptors at the crests of the

folds are destroyed (22,24,26). These important

changes limit the response to anticholinesterase drugs

and determine the end stage status. Fortunately there

is active regeneration not only of endplates as

previously suggested (14) but of receptors synthesised

and inserted into the membrane. The latent period for

recovery after plasma exchange in human MG (2-3 days)

has been interpreted as an indication of the recovery

time (27), but this assumes that the previous loss of

function was due to loss of receptors. It is then
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necessary to ask why removal of antibodies is beneficial

to only a small group of MG patients.

Three mechanisms for antibody induced failure of

receptor function have been identified. The most

severe is lysis of AChR and destruction of the

postjunctional membrane. This lesion can

unquestionably reduce or abolish the safety factor for

transmission (28,29). Recovery is only possible by

formation of new receptors. Loss of AChR also occurs

from antigenic modulation, independent of complement,

causing degradation of receptors. Conformational

change would be equally damaging for function but could

respond more rapidly to removal of antibody. The third

mechanism is antibody blockade of otherwise intact

receptor sites, either by ACh recognition site binding

or steric hindrance from neighbourhood binding. There

is now considerable evidence that this mechanism exists

but that it is unlikely to be functionally significant

(16,30). It is certainly rare for plasmapheresis to

cause immediate return of muscle power. Nevertheless

it is difficult to account for the results reported from

thoracic duct drainage of lymph (rapid improvement

followed by rapid deterioration on reinjection of the

humoral component of 1y m p h)(31 ) except by

"imrnunopharmacological blockade" as relapse appears to

have occurred during the retransfusion of cell-free

lymph.

8



It is necessary to sort out whether all three

mechanisms occur as different grades of severity of one

disease process (since this will affect the prognosis

and choice of treatment at any particular time) or

whether, in analogy with congenital myasthenia, they

represent different sites for immunological attack. I

do not believe in the lumper-splitter dichotomy. In the

early stage of analysis of the disease I am convinced of

the advantages of unification for extraction of general

principles and I would find it tedious to subdivide MC-

according to the exact site and extent of immunological

attack on the receptor sites. Nevertheless it may be

important to split the case material now to see whether

the different aspects of receptor damage correlate with

different risk factors or with the clinical stage. Once

these points have been established it is my feeling that

we can leave the further fate of the receptor to the

molecular biologists since the lysed AChR structure is

beyond therapeutic intervention. Treatment must, as in

the past, concentrate on removing or limiting the

immunological attack on the endplates, promoting

resynthesis and placement of new receptors, and

maximising the use of surviving receptors.

IffiiDUDQg£D£sis c£ myaatbeaia gravis

At the 1969 Milan Congress it was still necessary

for me to advocate an autoimmune hypothesis (13). By

the time of the 3rd Congress in Newcastle (19 7 4) the

suggested mechanism was widely accepted and the 1978
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Montreal Congress devoted a whole section to the

concept. My remit at Montreal was to review the

general principles of treatment (32). It was not

possible to examine the modifications required for

different stages and types of the disease, including the

wider question of single entity versus clinical

syndrome. In the eight years since the Newcastle

meeting the proliferation of papers on immunological

aspects of MG has become too great for me to cite more

than the key references. In this review I will simply

summarise the present situation and refer readers to the

comprehensive book edited by Eldefrawi and Albuquerque

(33). It has not changed significantly since Audrey

Penn reviewed the immunological features of MG at

Montreal (34). There is still no evidence for a

contribution of cell-mediated immunity to the initiation

of autoimmunity in the human disease and the antibody-

mediated damage of the endplate involving several of the

surface antigenic determinants of the AChR is

polyclonal, involving subspecies of anti-receptor

antibodies but also autoantibodies directed against

other tissue, as in the original hypothesis. This

points to a breakdown of immunological tolerance rather

than response to antigens from a single tissue such as

the widely advocated myoid cell of the thymus

( 1 8,25,36) .

Loss of tolerance to self antigens may be due to
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production of T-helper cells or suppression of T -

suppressor cells regulating B-cell response to

homologous antigens and many centres are concentrating

on the analysis of T subsets tc identify the abnormality

in MG. There is evidence for both AChR-specific T -

helper cells (37) and for defective T-suppressor cell

function (38,39). It is possible that these are both

caused by an immunoregulatory antibody (39-41). Some

investigators report that a defect in suppressor cell

activity is restricted to a subgroup of myasthenic

patients associated with HLA-B8 antigen (42,43). As

with the different but related endplate lesions, we are

faced with the question - do these differences reflect

different stages of a single disease or are they

evidence for a group of related immunological disorders

with a common endpoint but different genesis? I have

always been impressed with the smoothness of the age

distribution curve for ncn-thymoma cases of MG which

does not suggest that we are dealing with a miscellany

of diseases (1) and still believe that the various

immunological disturbances have a common cause in a

disorder of the controlling function of the thymus,

probably exerted by genetically influenced thymic

hormones such as one of the thymosins (36). Dalakas

and colleagues have recently demonstrated thymosin-^1 In

the epithelial cells, even of "involuted" MG thymuses

(44). The discoverer of thymosin, A.L. Goldstein,

suggests that excess thymosin secretion may
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exacerbate MG by facilitating overproduction of helper

T-lymphocytes sensitized against nicotinic AChH which

stimulate E—lymphocytes to produce the specific

antireceptor antibodies (45) but we are still left with

the questions why specific antigens are selected for

attack and why the control should be abnormal in MG.

I am sceptical about models based on the presence

of AChR antigen within normal thymus for a number of

reasons, particularly the polyclonal response involving

a number of tissue antigens (35,36) unless the primitive

stem cells which can differentiate to rnyoid cells are

pluripotent (46). A more plausible model would be that

immunosurveillance is defective because of some

interference with whatever mechanism is normally

responsible for differentiating self from non-self, a

distinction which is only gradually improved by removal

of the thymus. The NZB mouse is an indication that

this function is under genetic control. Myasthenia

precipitated by penicillamine or betablockers indicates

the possibility of exogenous tolerance breakers,

including viruses, but the only well defined risk

factors are genetic and the presence of a thymoma.

Geographical studies do not suggest an environmental

factor (47).

GSDfitiC fSCtCC2

The proposal for a genetic factor (1) was not

supported (48) until account was taken of my suggestion
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of alternative expressions of the gene disorder based on

recognition of familial linkage with other autoimmune

diseases (1,49). Support was obtained from extensive

family studies (50,51). All genetic studies indicate

that there is polygenic or multifactorial inheritance,

or that an additional environmental factor is necessary.

It is now agreed that one of the human leucocyte

antigens H L-A1,B 8 is significantly more frequent in

Caucasian and Indian myasthenics, especially in women

with onset of myasthenia below the age of 30 years (52)

but that it is not obligatory (53). There is a less

strong linkage with a lymphocyte defined gene HLA-Dw3.

In Japanese patients (54) the linkage is with HLA-B12

and with Gm haplotypes which regulate immunoglobulin

allotypes determinants (55).

Linkage disequilibrium of the types mentioned point

to a role for the major histocompatibility complex of

chromosome 6 but it is not obligatory and probably

concerns increased susceptibility to autoimmune

disorders in general. The B8 linkage is less strong in

male patients and is absent for late onset MG associated

with thymoma in Caucasians (56) but, on the contrary, in

Japanese it is linked more strongly with thymoma than

with thymic "hyperplasia" (54). At present it seems

probable that the genetic factor influences age of onset

and possibly susceptibility to unknown tolerance-

breaking factors but not sex of patient or the titre of

anti-AChR antibody (57). For recent views see
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references 18,58,59. Investigations of susceptibility

of inbred and congenic mouse strains to EAMG suggest

that the tendency to recognise AChR and to produce anti-

AChR antibody may be controlled by the H-2 complex

towards the K end of the complex (60,61). Clinical

expression might depend on the safety factor for

neuromuscular transmission which may also be strain

dependent. Tubocurarine sensitivity tests indicate

that this factor cannot account for the strain

differences seen in the mouse but that factors

additional to the H2 haplotype determine susceptibility

to EAMG, namely alleles of loci which are linked to or

identical with those which regulate immune

responsiveness in the I 6 c h allotype locus (62).
Comparable studies on Gn allotypes in human MG are

awaited with interest as they would throw light on the

discrepancy between clinical severity and antibody

titres in human MG. This may be due simply to

variation of specificity or affinity of anti-AChR

antibodies or to toxin-displacing antibodies (63) but it

raises the question whether some of these species may be

protective to the endplate. We also have some evidence

that receptor-antireceptof complexes suppress the

synthesis of antibody and protect against EAMG (64). An

inhibitory affect of alpha-fetoprotein in amniotic fluid

on the binding of myasthenic antibodies to AChR has been

proposed to account for the favourable effect of

1 4



pregnancy on MG anc the in utero protection of the fetus

from placentally transferred antibody (65).

Whatever the mechanism turns out to be, the facts

that the level of antibody does not correlate with

clinical severity and that there is a possibility of

blocking the immunoreactivity or its effects on the

receptor by blocking antibodies and protective serum

proteins have important implications for the suppression

and arrest of myasthenia gravis since they may not have

the patient-specific limitations which threaten to

restrict the use of anti-idiotype antibodies (21).

Meanwhile the roles of the various therapies described

at the last Congress (32) continue to be assessed. We

have had very encouraging short tern: improvement with

plasma exchange either alone or with immunosuppression

(66) but the initial enthusiasm for plasma exchange is

subsiding. It still has a useful place in the

treatment of myasthenic crisis or in the preparation of

a patient for thymectomy, but the effect is transient

and accompanied by increased susceptibility to

infection. Azathioprine (67) and steroids (68) are

being used almost routinely in many countries. I

consider that the hazards of these drugs are not

negligible and it is necessary to stress that death or

major long term disability are now very rare with early

thymectomy supported by judicious anticholinesterase

treatment. The former are dangerous forms of treatment

and should be confined to desperate cases.
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Nevertheless, steroids occasionally induce

remarkable remissions. At the last Congress I hinted

that steroids may have a direct action on the safety

factor for transmission, including possibly endplate

remodelling (32). We now have definite evidence that

the early steroid weakness is due to a prejunctional

factor which is followed 10 days later by improved

postjunctional response (69). We still do not know

whether this is due to increased receptor density or

other morphological change. Phosphodiesterase

inhibitors or hormones which increase cyclic nucleotide

levels are reported to increase the turnover of ACh

receptors in skeletal myotube cultures (70), but it is

encouraging to consider that the next advances in the

management of MG may include measures to protect the

receptors against immunological attack and to encourage

regeneration.
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THE MYASTHENIC (EATON-LAMBERT) SYNDROME ASSOCIATED WITH
CARCINOMA. ENZYME INDUCTION AS A POSSIBLE
MECHANISM OF PARANEOPLASTIC SYNDROMES

J. A. Simpson
Glasgow University Department of Neurology. Institute of Neurological Sciences

Southern General Hospital, Glasgow

Summary. A myasthenic syndrome associated with small-cell tumours of the
bronchus and with autoimmune diseases (Eaton-Lambert syndrome) has been
attributed to diminished probability that a nerve action potential will release
acetylcholine (ACh) from terminals of cholinergic nerves (somatic motor and
autonomic)- This model derives from evidence for reduced quantal content of
the transmitter released by a nerve impulse- The test procedure implies certain
constancies of postsynaptic response- Abnormal responses to ACh-agonists
indicate that receptor response is not normal- It is suggested that all previously
described neuromuscular responses are compatible with a new model: the
subsynaptic apparatus produces excess acetylcholinesterase (AChE) which
limits the endplate conductance changes produced by normal output of ACh-
This model is supported by earlier ultramicroscopic studies which cannot be
accounted for by the contemporary model-

It is proposed that enzyme induction by peptide or immunoglobulin may also
be responsible for other paraneoplastic syndromes-

AM Y A S T 11 E N I c syndrome associatedwith oat-cell tumour of the bronchus in
man reported by Eaton and Lambert (1)
and in non-tumour cases by Simpson and
Lenman (2) is given its eponymous title after
the first describers as it appears to be
identical in both types. Clinical correlations
indicate that the second type is associated
with autoimmune disease. The svndrome is
characterised by a defect of neuromuscular
transmission causing slow initiation of
voluntary contraction of muscle, depressed
tendon jerks, certain autonomic dis¬
turbances (decreased salivation, blurred
vision, impotence) and muscular pains. A
supramaximal stimulus to a motor nerve
evokes a subnormal muscle response which
must be a transmission defect as the
antidromic nerve action potential is normal
and full muscular response is obtained by
direct stimulation of the muscle. Repeating
the supramaximal stimulation at slow rates
(< I()/sec) evokes decrementing responses.
At faster rates the muscle response rapidly
increments to the normal level (Fig. 1).
Microelectrode studies show that these
events parallel changes in amplitude of the
evoked endplate potentials (e.p.ps). Phar¬

macological analogies have led to the current
model which interprets the defect as a failure
of release of acetylcholine (ACh) at motor
nerve terminals.
The most detailed analysis of neuro¬

muscular transmission was made by Elmqvist
and Lambert (3,4) on biopsied intercostal
muscle from patients with myasthenic
syndrome. Their findings were the same
whether or not the patient had a
bronchogenic carcinoma. Their deductions,
that a very low number of acetylcholine
quanta were released from the nerve ending
by a nerve impulse and that the defect is like
that produced by magnesium ions and
botulinum toxin, have been accepted as
conclusive in all subsequent reports and
textbook descriptions.
The facts described were as follows (3).

Needle electrode electromyography (in vivo)
showed no abnormal injury potentials of
muscle and no spontaneous fibrillation
potentials. Voluntarily recruited motor unit
potentials had a mean duration just below
the normal range but varied in amplitude
from moment to moment. The proportion of
polyphasic motor unit potentials was normal.
These findings indicate a reduction of the
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Fig 1. Surface recorded muscle action potentials evoked by supramaximal nerve
stimulation at 2.3/sec and 50/sec. Calibration 1.0 sec and 100 p.V (change of gain
after second row).

mean muscle fibre content of the motor units
with a variability suggesting a defect of
neuromuscular transmission rather than

degeneration of muscle fibres. This
interpretation is supported by single fibre
electromyography (5).
A single maximal stimulus to the motor

nerve evoked a low amplitude compound
action potential of the muscle it supplied,
with a twitch response of subnormal tension
but when the muscle was stimulated directly
there was a normal twitch tension. This
also indicates a defect of neuromuscular
transmission. Conduction velocities ofmotor
and sensory nerves were normal and nerve
action potentials (examined in a sensory
nerve) were normal. The conclusion that the
abnormality responsible for the small muscle
twitch is at the neuromuscular junction is
entirely reasonable.
The unusual feature of the syndrome is the

effect of repetitive stimulation of the motor
nerve at different frequencies. At a slow rate
(2/sec) the initially small muscle action
potential progressively decreased in ampli¬
tude during the first few responses. At
higher rates of stimulation (10 to 50/sec) a
progressive increase in amplitude of the
muscle action potential occurred and at 40/
sec the action potential reached a normal
amplitude within about four seconds. These
data are representative of most cases of
myasthenic syndrome, whether accom¬
panied by bronchogenic carcinoma or not.
When they excised a specimen of muscle

from their patient, Elmqvist and Lambert (3)

noted that only very few muscle fibres
twitched when the nerves were cut, unlike
the usual experience. In a nerve-muscle bath
the normal response to direct stimulation of
muscle and abnormal response to indirect
(nerve) stimulation was confirmed. (Their
Figure 4 shows that in the case examined the
relaxation phase of the directly stimulated
twitch contraction was shorter than in muscle
from a normal subject or one with
myasthenia gravis). The tension of an
indirectly stimulated twitch was markedly
increased by raising the Ca++concentration
in the bath fluid.
The calcium effect, however, was anoma¬

lous when studied with a microelectrode

placed intracellularly at the endplate of the
biopsied muscle. In response to low-
frequency nerve stimulation the endplate
potential (e.p.p.) was smaller than normal,
but when occasional larger e.p.ps occurred
they elicited an action potential of the
muscle fibre at a threshold for excitation
within the normal range for mammalian
muscle. This was an important observation
suggesting to the authors that the post¬
synaptic mechanism must be normal. It was
supported by their finding that the
mean amplitude of spontaneous miniature
endplate potentials (m.e.p.ps) was also
normal, in contrast to myasthenia gravis.
They therefore concluded that the small
e.p.ps from indirect stimulation necessarily
indicated a reduced quantum of acetyl¬
choline released by each nerve stimulus until
facilitated by repetitive stimulation at a
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sufficient rate. This is the logic that I
challenge in the next section, but before
doing so it is necessary to analyse the further
studies which likened the defect to a

magnesium block and to intoxication with
botulinum toxin or neomycin which also
cause variable amplitude e.p.ps and tetanic
'facilitation'.

Since this paradigm is the accepted model
for the myasthenic syndrome it is important
to underline a number of differences

recognised by Lambert and Elmqvist. In
their first case (3) the m.e.p.p. frequency was
twice normal. In their larger experience (4)
the average frequency of 12 cases was slightly
above normal but not statistically significant.
In contrast, in magnesium-blocked normal
muscle the frequency is normal or slightly
reduced (6). If the motor nerve ending is
partially depolarised with excess K+ the
frequency of m.e.p.ps in the magnesium-
blocked preparation is increased by addition
of Ca"' to the bath. In the myasthenic
syndrome, on the contrary, Ca+* reduced
m.e.p.p. frequency. If the potassium level is
kept normal, addition of Ca"" ions to the
magnesium-blocked preparation normalises
the m.e.p.p. frequence if it is reduced and
increases the e.p.p. amplitude. In the
myasthenic syndrome the e.p.p. was also
increased but m.e.p.ps were reduced both in
frequency and in amplitude (Fig. 7 of ref. 3).
Lambert and Elmqvist drew attention to

these differences but were encouraged to
interpret the block in the myasthenic
syndrome as being essentially similar
because the e.p.p. amplitude and the evoked
muscle action potential and twitch tension
could be improved strikingly by admin¬
istration of guanidine to the patient or
addition of calcium in the in vitro

preparation. Both of these procedures
encourage the release of acetylcholine from
motor nerve terminals in response to nerve
impulses. In terms of their model, this would
point to normalisation by the drugs of a
defective active release of ACh from
terminals which nevertheless have normal or
even increased exoevtosis of the ACh
vesicles presumed to cause spontaneous
miniature endplate potentials. The bio¬
physical nature of the postulated release
failure is not apparent.

Clearly the essential point is to account for
small e.p.ps in the presence of normal
m.e.p.ps. I submit that the Elmqvist and
Lambert model has the same fallacy as the
Elmqvist model for the transmission defect
in myasthenia gravis (7). In that disorder
abnormally small m.e.p.ps were attributed
to a presynaptic lesion producing patho¬
logically small quanta of ACh and the small
e.p.ps were therefore interpreted as evoked
by adequate number but small quantum
packages of ACh. In two theoretical papers
(8,9) I showed that this conclusion depended
on the model adopted by the Swedish
workers which assumed that the morphology
of the endplate structure was normal,
whereas the observations (and certain
anomalous responses to quaternary ammon¬
ium drugs applied to the endplate) could
be equally well accounted for by a
morphological change such as wider
separation of receptor sites (Fig. 1 of Ref. 9).
possibly caused by immunological damage
previously postulated (10). This mechanism
and its immunological causation were
confirmed by Engel and colleagues (11). The
observations of other workers were correct

but they were wrongly interpreted because
the model was wrong. This applied part¬
icularly to the interpretation of drug effects
on the myasthenic neuromuscular junction.

The current model of the Eaton-Lambert

syndrome
Elmqvist and Lambert postulated that the
abnormality in the Eaton-Lambert syn¬
drome was a decrease in the number of

quanta of acetylcholine released bv a nerve
impulse such as appears to occur in
magnesium-block. As formerly with myas¬
thenia gravis, this is a model to account for
the small e.p.ps in the presence of normal
m.e.p.ps.. The evaluation of the quantal
release of the neurotransmitter is not

improved by using three methods of
calculation (12) since they all involve the
assumption that no alteration of postsynaptic
sensitivity or responsiveness occurs during
the period of observation and that m.e.p.p.
amplitudes have a normal distribution (13).
The problem is to assess the amount of
transmitter released by measuring its
postsynaptic effect. A simple analogy will
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clarify the difficulty. Imagine that the power
output of a pulsed DC electric generator is
to he assessed but the only measuring
instrument available is the variation of
luminance of a batch of light bulbs, known to
be non-linear in their responses. But the
observer is unaware that this batch of light
bulbs is faulty because of a non-linear
resistance in series. The reduced luminosity
is attributed to a defective generator.
The model appeared to be supported by

some pharmacological studies. Twitch
response is increased to normal by guanidine
(14). 4-aminopvridine (15). or calcium ions
(3) in that order of potency. As these
substances increase the amount of ACh
released from motor nerve endings by a
nerve impulse, the therapeutic response has
been accepted as confirmation of the pre¬
synaptic model although it was a similar
analogy that allowed a presynaptic model to
dominate thinking about myasthenia gravis
for so long. As in the latter condition, the
anomalous effects of drugs acting post-
svnapticallv were ignored. Drugs binding to
the ACh receptors (ligands) are of two types
i) competitive blockers, eg D-tubocurarine
ii) ACh-agonists eg 'depolarising' blockers.
Elmqvist and Lambert (3) were unable to

detect anv abnormality of sensitivity of the
muscle end-plate receptors to acetylcholine
added to the bathing solution in an organ
bath. Intra-arterial injection of adrenaline
hydrochloride caused a decreased response
(16) whereas this procedure prevents the
intermittent failure of impulses to traverse till
branches of the terminal nerve arborization
of normal muscle during stimulation at rates
exceeding 50/second (17).
With blocking drugs, the sensitivity to

D-tubocurarine is increased (18). The
depolarising drugs decamethonium and
xuccinvlcholine have a biphasic effect. In
small doses thev may cause transient
improvement of neuromuscular transmission
(Id), but with larger doses thev block
transmission (20). Wise and McDermot (21)
found thnt decamethonium could be more

effective than the naturally released
transmitter. In the normal human subject,
the decamethonium block is prolonged by
anticholinesterases. In the myasthenic syn¬

drome transmission blocked by decame¬
thonium is promptly though incompletely
improved by edrophonium (21.22). Anti¬
cholinesterases (edrophonium, neostigmine,
or pyridostigmine) (14) given alone cause
some improvement in the weakness caused
bv the myasthenic syndrome though less than
in myasthenia gravis (confirmed bv personal
experience). The therapeutic effect is
inferior to that of guanidine (14). This is
considered to favour the presynaptic model
but nobody has attempted to account for the
anomalous effects of drugs acting mainly or
exclusively postsvnaptically (acetylcholine
agonists).

In summarv. the main deficiencies of the
current model are (i) inconsistencies with all
known disorders of formation or release of
ACh from nerve terminals (ii) failure to
account for unusual effect of drugs acting
post-synapticallv. (iii) interpretation of a low
amplitude ratio of e.p.p. to m.e.p.p. bv
postulating an unique disorder, lowered
quantal response to a nerve impulse.
On the hitherto firm grounds that the

amplitude of cndplate potentials depends on
post-svnaptic response, it is necessary to
consider whether any disorder there could
account for the phenomena described. It is a
question of non-specificitv of the lowered
'safety factor' for transmission as determined
by post-svnaptic events (8.9). Given only
that there are unoccupied post-junctional
receptors, it is not legitimate to re¬
gard a beneficial response to guanidine.
4-aminopvridine or calcium as necessarily
indicating a presynaptic defect. With alpha
bungarotoxin labelling it has been shown
that the muscle endplates of patients with the
Eaton-Lambert myasthenicsvndrome have a

normal content of ACh receptors, unlike
those with myasthenia gravis and they do not
have antibodies bound to their receptors
(23).

Proposed alternative model
I propose a novel model, excess cholin-
esterase activity of the suhsvnaptic part of
the endpiate (Fig. 2).
The frequency of the miniature endpiate

potentials would not be lowered, their
amplitudes would not be measurably
decreased. Their duration might be
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(a) Cb)

Kig. 2. Neuromuscular junction in the myasthenic syndrome, (a) The Elmqvist
Lambert model. Arrow shows site of proposed failure of release of ACh quanta
stored in vesicles in motor nerve terminal, (b) The new model, hypertrophy of
subsvnaptic mechanism releasing AChE (arrowed) into secondary clefts and
intersynaptic matrix (shaded).

decreased and this should he looked for. The
evoked endplate potentials would show
statistical lowering of amplitude (as
described) and the time course of the
recovery phase might be shortened. The
kinetics of the depolarisation caused by
decamethonium could be shifted towards the
constants of acetylcholine at the normal
endplate. Curare would certainly be poten¬
tiated. The depressant effect of intra-arterial
adrenaline described above is unexpected
with either model since it reduces the activity
of cholinesterases (24).

I am unable to trace any literature on the
effects of excess of cholinesterase at the
motor cndplate. However, the model does
have some morphological support. The only
consistent abnormality of the endplate seen
with the electronmicroscope was first
described by Engel and Santa (25).
The typical abnormality was an over¬
development of the post-svnaptic region
(Fi». 3). The secondary clefts and folds were

highly complex and the sarcoplasmic folds
contained numerous pinocvtotic vesicles.
Histometric analysis shows a significant
increase in the mean area of clefts and folds

per nerve terminal and in the mean post¬
synaptic to pre-synaptic membrane length
ratio.

No significant changes were found in the
number and dimensions of presynaptic
vesicles and the mean nerve terminal area
was normal. Its mitochondrial content was

slightly reduced.
The function of the post-synaptic folding

has recently been re-assessed. Formerly
thought to provide a structure for carrying
the greatest possible number of receptor sites
(AChR) near the release sites for ACh. it is
now clear that the AChR are found only at
the crests of the folds. The receptor-poor
depths of the secondary clefts are rich in
acetylcholinesterase (AChE). Among other
possible functions. Porter and Barnard (26)
discuss the possibility that the secondary
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Fig. 3. Motor endplate of muscle in myasthenic syndrome. A terminal knob (upper
right) overlies a postsynaptic area which is large and highly differentiated with
numerous, slender junctional folds.

X 25,<X)0 (by courtesy of Dr David Dovle).

clefts may serve as hydrolysis traps for ACh.
In addition to limiting the number of
collisions of ACh with AChR and the
duration of the quantal conductance change,
AChE limits the lateral spread of ACh
molecules to adjacent receptors (27) and so
limits the endplate current with respect to
duration of its falling phase (28) and
amplitude. Morphological studies suggest
that AChE is synthesized within the muscle
fibre and transported to the post-junctional
membrane where it is released by exocytosis
into the folds of the synaptic cleft (29). where
it is bound in part to the intersvnaptic matrix
(26). Synthesis depends on innervation of the
muscle fibre and on its activity. It is rapidly
decreased by tetrodotoxin block of the
motor nerve (30). by botulinum toxin and
denervation (31). and by disease of the
lower motor neurone in amyotrophic lateral
sclerosis (32). On the contrary, there is no
reduction of AChE at the subsvnaptic site in

myasthenic syndrome endplates as judged
histochemicallv (25). Indeed Engel and his
colleagues (33) have specifically stated that
endplate AChE is preserved or is even more
abundant than normal.

My hypothesis is that the myasthenic
syndrome associated with oat-cell carcinoma
of the bronchus is due to excessive
production of a cholinesterase in the sub-
svnaptic apparatus of the muscle. It could be
an isoenzyme, one of the low molecular
weight forms of AChE found in embryo-
genesis. or a 'pseudo'-cholinesterase. This
should be easy to establish if the pro¬
posed excessive activity is confirmed. The
limitation of the excess hydrolysis effect to
the initially released transmitter might point
to a 'false enzyme' but an alternative
mechanical explanation worth considering is
that excess enzyme accumulating in the
synaptic folds during rest is pumped into the
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primary cleft by the first few contractions of
muscle fibre.
The other signs of the disease are entirely

compatible with this model, dryness of the
mouth, impotence and blurring of vision,
since muscarinic as well as nicotinic synapses
would be affected and. obviously, reduced or
absent tendon reflexes. Pain in the limbs
occurs in other neuromuscular disorders,
notably poliomyelitis and amyotrophic
lateral sclerosis and its nature remains
obscure.
How could such a disorder occur as a

remote, non-metastatic effect of cancer?

Subsvnaptic cholinesterase is reduced by
60% following denervation. Neural tissue is
claimed to have an active factor which
maintains cholinesterase at neuromuscular

junctions.
It is postulated to be. or to contain a

peptide (34). Alternatively. ACh-receptor
binding may release a second messenger,
Ca~ or a nucleotide cyclase, which
promotes exocvtosis of membrane bound
granules. Activation of intracellular and
membrane bound enzymes following appro¬
priate ligand binding is well established in
immunology (35). In the Eaton-Lambert
svndrome. activation could be caused by a
peptide released from cancer cells or by an
immunoglobulin acting directly on the
postsynaptic membrane or as an immune
complex with hormonal activity (36). Passive
transfer from human to mouse has recently
been reported, but apparently required daily
injection of immunoglobulin for 1 to 2
months (37). The synapse-specific 16S
species of acetylcholinesterase is formed in
the synaptic basal lamina components of
aneural muscle cells in culture but possibly
onlv where the cell line is derived from
previously innervated muscle (38). and
ligand-receptor binding may be necessary for
its activation. In the two clinical forms of the

myasthenic syndrome. AChE activation mav
be promoted by either a tumour-released
peptide or an immunoglobulin (or both).
Tumour activation of an enzyme (acid
phosphatase) is already recognised in
prostatic carcinoma, though not 'at a
distance', and in the hormone secretin"
tumours.

Significance of the model
The proposed model offers a more complete
explanation of the pharmacology and histo-
pathology than the present presynaptic
model. The novel form of pathogenesis
suggests a new insight into the baffling field
of paraneoplastic diseases known as 'remote
non-metastatic effects of cancer". For
instance, it may not be insignificant that the
two sites of attack in the central nervous

system, the cerebellar cortex and hippo¬
campus, are particularly rich in acetyl¬
cholinesterase. Although in these sites
the function of this widely occurring
enzyme may be different, and not concerned
with cholinergic transmission (39). some
modification of brain function might be
expected from surplus enzyme. Selective
fibre-type degeneration is probable as the
gliosis of the granular layer of cortex is of the
isomorphous type. There are no quantitative
enzyme studies at present and these could be
rewarding, but clearly induced synthesis of
enzymes need not be restricted to AChE.
The relevance to 'neurotransmitter defici¬

ency' syndromes in dementia will occur to
the reader.

Enzyme deficiency states are familiar,
causing arrest of an appropriate metabolic
reaction with deficiency of an endproduct or
accumulation of a precursor. In most organs
of the body, overproduction of a natural
enzyme would be unlikely to cause
detectable clinical symptoms. The nervous
system may be uniquely favourable for its
discovery owing to the time scale of
enzymatic destruction of neurotransmitters
(less than 5 msecs) and the amplifying and
threshold properties of synaptic function.
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1.1 HISTORICAL

1.1.1 Clinical recognition of the disease

Myasthenia gravis (MG) was not recognized as a clinical entity until late in the
nineteenth century but it is now accepted, since Guthrie (1903) drew attention
to it, that this was probably the disorder in a patient described in detail by the
English physician Thomas Willis in 1672.
The next recorded observation was also in England by the London physician

Samuel Wilks (1877) and he was the first to notice the striking absence of gross
pathology in the nervous system. The disease then became better known in the
German Schools with the magnificent contributions of Erb (1879) and
Goldflam (1893). The main contribution made by Erb was the establishment of
the clinical picture. Though he was an early exponent of electrodiagnosis he

3
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apparently failed to notice the typical myasthenic decrementing muscular
response to faradic current applied to a motor nerve. Goldflam (1893;
particularly emphasized the rapid exhaustion ofaffected muscles and the short-
term variability, which is so striking, as well as longer term remissions and
exacerbations. He also drew attention to the normal or lively reflexes but noted
that the knee jerk could be exhausted by repeated stimulation. The clinical
picture was now so completely described as to more than justify the eponym
'Erb-Goldflam' disease still used in European literature.
The name 'myasthenia gravis pseudoparalytica' was first given by Jolly

(1895). He noted that when the muscles were stimulated repeatedly by
faradism (alternating current) a reaction of asthenia was promptly de¬
monstrated, yet when the muscle no longer responded to this type ofstimulus it
would respond immediately to galvanism (direct current). This fundamental
observation is still the basis of all electrodiagnostic tests. Jolly termed it 'the
myasthenic reaction'. He correctly interpreted it as evidence for a defect of
neuromuscular transmission, though the synaptic nature of this was not yet
known. He also suggested the use of phvsostigminc as a form of treatment but
there is no record that he ever used it.

Although it seems certain that cases had been observed by Byrom Bramwcll
of Edinburgh (1892; cited by Simpson, 1960) and correctly diagnosed in the
last 5 years of the century in Europe and in the USA (reviewed by Viets, 1953 b
it was the comprehensive review ofCampbell and Bramwcll (1900! that made
'myasthenia gravis' a well-recognized diagnostic entity to English-speaking
neurologists.

1.1.2 Concepts of mechanism of neuromuscular block

(a) Myasthenic toxin
After reviewing the clinical data and the essentially negative pathological
findings, Campbell and Bramwcll (1900) reached a conclusion which is worth
quoting:
The view we ourselves put forward is that the disease is due to a poison
probably of microbic origin acting upon the lower motor neurons and
interfering with their functional activity without necessarily producing
discoverable change in structure. We suggest that the poison acts upon the
motor fibre [axon] or end-plates; as to whether it also acts upon the cell-body
[in bulbar nuclei or anterior horns], we can form no opinion . . . The poison
may conceivably act upon the motor nervous system, or on the muscles
themselves.

The concept of a 'myasthenic toxin' remained in the literature from that
date. In 1901 Laquer and Weigert reported a case of MG associated with a
thymic tumor. Weigert (1901) reported the presence of round-cell infiltration
in the muscles and thought that they were metastases from a thymic tumor but
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Buzzard (1905) soon disproved this and termed them 'lymphorrhages' because
they appeared to leak from blood vessels. He also found them in the adrenal
glands and other organs, including a posterior root ganglion, and concluded
that 'it is necessary to assume that the toxic agent is capable of exerting an
influence on the function ofother tissues besides muscle in order to account for (
the sensory, mental, vasomotor and secretory disorders occasionally met with
in the disease'. Buzzard advocated directing more attention to the condition of
the blood, the marrow, the lymphatic system and the fatty and connective
tissues as the best hope of solving the pathogenesis of MG.
Before the introduction of anticholinesterase treatment Keschner and

Strauss (1927) gave an admirable review of the disease. In their opinion 'the
symptoms of the disease are best explained by assuming the presence of some
toxic, possibly autotoxic, agent which has a special influence on the
protoplasmic constituent of voluntary muscle and a less specialized influence
on the function ofother tissues'. 'It would seem', they comment later, 'that in all
probability the thymus is of significance on the physiologic and pathologic •
processes merely by virtue of its lymphoid character', and 'the peripheral site of
origin of the myasthenic reaction is most likely the periterminal network'.
A major landmark in the history ofMG was Mary Walker's demonstration of

the dramatic relief afforded by physostigmine, and later of its analogue
neostigmine (Walker 1934, 1935). In fact earlier workers, including
Oppenheim (1887) and Jolly (1895), recognized a resemblance between MG
and curare poisoning and suggested using physostigmine, the antidote to
curare, in the treatment ofMG. Improvement ofmuscle 'fatigue' in MG was in
fact reported with physostigmine by Murri in 1895, and with neostigmine by
Remcn in 1932, but abandoned because of the muscarinic symptoms.

(b) Biochemical models
Walker's report, and a demonstration to a major medical society, was more
dramatic and it came at the right time. The possibility that neuromuscular
transmission was mediated chemically was being investigated by a number of
physiologists and indeed in the same year Dale and Fcldbcrg (1934) confirmed
the role of acetylcholine (ACh) in neuromuscular transmission. In the next 25
years the rapid advance of neurophysiology and of pharmacology suggested
several mechanisms for such a block, leading to many arguments. Thus an

important series ofexperiments by Grob and his colleagues in Baltimore in the
1950s showed that the myasthenic reaction was due to a reduction of the safety
factor for transmission at the ncuromuscularjunction (NMJ), with characteris¬
tics indicating a 'competitive block'. They suggested that the time course and
other properties of the 'late' depressant effect of ACh applied by close intra¬
arterial injection in myasthenic patients indicated that it may be produced by
choline release after the hydrolysis of ACh by cholincstcrasc (Grob, Johns and
Harvey, 1956).
Review papers of that period invariably prefaced a discussion of MG with a
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brief discussion of possible mechanisms, including some of the following
possibilities:

(1) Deficient formation or release of ACh from the motor-nerve endings.
(2) Excessively rapid removal of ACh after its release.
(3) Competition for receptors between ACh and a sterically related

molecule ('myasthenic toxin', 'curare-like substance').
(4) Abnormal prolongation of the action of ACh.
(5) False transmitter (e.g. choline).
(6) Abnormality of structure or function of the ACh receptors (AChRs).
(7) Failure of activation-contraction coupling in the muscle fiber.
It is unnecessary to survey the evidence (the interested reader is referred to

Simpson, 1969) but by the end of the decade it was widely accepted that the
defect was due to a biochemical lesion and the argument concentrated on its
site. Those impressed by the evidence ofChurchill-Davidson and Richardson
(1953) and others for aberrant endplate responses to quaternary onium drugs
favored a postsynaptic lesion. Others interpreted the Baltimore studies and
those of Desmedt (1957) (comparing post-stimulation events with those in
hemicholinium poisoning) as indicating a presynaptic lesion. The presynaptic
hypothesis was supported by observations ofElmqvist and his colleagues that in
biopsied intercostal muscle ofmyasthenic patients spontaneousminiature end
plate potentials (spontaneous MEPPs) were markedly reduced in amplitude.
For various reasons Elmqvist et al. (1964) chose to interpret this finding as
evidence of reduction of the quantal content ofACh released spontaneously at
the nerve terminals. The physiological and pharmacological data on which
these opinions were based are critically reviewed by Simpson (1969, 1971).
Accepting all the reported phenomena (and there is no reason to doubt them) it
was shown that all of them were compatible with a reduced safety factor of
transmission associated with altered structure of the endplatc with wide
separation of receptors, with or without receptor blockade. Clearly the
opinions of the presynaptic and postsynaptic proponents, based on the
pharmacology of normal mammalian NMJ, would be invalid if the cndplate
geometry was abnormal.

1.1.3 Histopathology

Until the use of intravital staining with methylene blue it was standard
teaching that there was no histological abnormality of the NMJ in MG. This
method was used by Mott and Barada (1923). In the one case reported by these
authors, no abnormality was detected. Either they were unlucky or, as

suggested by contemporary critics, the diagnosis of MG was erroneous. It was
by a similar method, supplemented by staining for cholincsterasc in the
subneural apparatus, that Coers and Woolf (1954) and Coers and Desmedt
(1959) showed florid morphological changes of the intramuscular nerve
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endings. Terminal knobs were reduced in number and arranged serially on a
long endplate region. There was also aberrant ultraterminal sprouting. In the
1960s various authors described abnormalities of the ultrastructureof the NMJ
and attention began to be paid to the importance of endplate regeneration
(Simpson, 1969, 1971, 1978). The definitive studies of endplate structure by 1
Engel and his collaborators showed gross disorganization of the postsynaptic
membrane with reduced number of receptor sites to a degree which correlates
linearly with the decreased MEPP recorded from that synapse. Presynaptic
vesicles are normal in numbers and size (Santa, Engel and Lambert, 1972;
Engel, Lambert and Howard, 1977) (see Chapter 4). There can be no doubt
that the major lesion is postsynaptic and includes destruction of AChRs
(Albuquerque et al., 1976). The postulate that endplate structure regeneration
may be important in accounting for the variability of clinical symptoms
(Simpson, 1969) is supported by recent findings. An unexpected result of the
new techniques for receptor analysis has been the discovery that AChRs
regenerate very rapidly, probably within 2 days in man. There is presently no .

reason to believe that receptor synthesis is abnormal in MG but the unusual
ultraterminal sprouting type of regeneration is certainly inefficient and
represents an aspect of the pathology which may point to some additional
presynaptic disorder and which may be amenable to treatment.

1.1.4 Pathogenesis models
This historical review has so far been arranged to present the development of
concepts regarding the mechanism of the neuromuscular defect in MG. Each
concept may be regarded as a model or schema, for indeed that is the way the
human mind conceptualizes, using a model until later observations render it
untenable. Popper and Eccles (1977) have emphasized the necessity of such
models for adaptive procedures of learning new things. Equally, an inappro¬
priate model can hold back further observations. Unfortunately the ac¬

ceptability of a model depends on the climate of informed opinion.
The seventeenth-century model (Willis, 1672) was based on the theory of

Animal Spirits which was at that time appropriate for the analysis of a
neuromuscular disorder. In the nineteenth century an appropriate model was
curare-type poisoning and this w as the model adopted by Goidflam and Jolly.
It was a powerful model, since it could incorporate the next observational
advances. The neurotoxin model of Campbell and Bramwell (1900) is
essentially the same, and the extract quoted above could stand unchanged for
botulism and other disorders. It was strikingly prescient. The fact that
microbes can cause pathology bv immunological as well as toxic actions was
unknown at that time but by the time of Keschncr and Strauss (1927) the
autotoxin model was in favor and obviously a rudimentary immunological
theory. But medicine was changing. Under the impact of the new sciences of
biochemistry and experimental pharmacology, the fashionable models in
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medicine were biochemical. From 1930 to 1960 few doubted that MG was a

disorder of the recently demonstrated chemical transmission at the NMJ.
Towards the end of that period I wrote (1958):
'Few diseases have been more satisfying to the teacher of medicine than
myasthenia gravis for no better meeting ground exists for clinician,
physiologist and pharmacologist. Ten years ago the standard teaching was
that the myasthenic response must indicate one of three possible "chemical
lesions" at the neuromuscular junction: (i) insufficiency ofacetylcholine, (ii)
excess of cholinesterase, or (iii) a "curariform" block of transmission,
presumably due to a substance carried in the blood. More recently the logical
fourth possibility of an abnormality of the motor cndplates of muscle has
been postulated. It seemed only a matter of time and of refinement of
physiological and pharmacological techniques before the true lesion would
be demonstrated. In that same period knowledge of the physiology of the
neuromuscular junction has made its greatest advances, yet the solution of
the problem of myasthenia evades us despite renewed and world wide
interest.'

(a) Relationship with thymus pathology
The paper (Simpson, 1958) went on to stress the necessity to include the thymus
in any model ofMG. A possible biochemical linkage might have been through
the thyroid gland. In the first half of the twentieth century a literature had
grown up on the association between MG and thyrotoxicosis. The present
review does not call for a detailed study (see Simpson, 1968). The theory that
hyperthyroidism in some way 'causes' MG was disproved by the careful
metabolic experiments ofEngel (1961). Nevertheless, the development of the
ductless-gland model made it reasonable to postulate that the thymus was also
an endocrine gland. In the absence ofany apparent function after birth, it was
suggested that it might secrete a curare-like substance to suppress fetal
movements and as this was no longer required after birth the gland would
normally involute. However, on occasion, as in thymic tumors, it might be
supposed to secrete enough ofthis substance to act as a 'myasthenic toxin'. After
Weigert's description of a case of MG associated with a thymic tumour, many
cases were reported but in addition Norris (1937) drew attention to a high
incidence of thymic lymphoid 'hyperplasia' in myasthenics and Sloan (1943)
stressed the importance of'germinal centres' in the medullary portion of the
gland.
In the 1940s there were conflicting reports of'curare-like' action of saline

extracts of thymus from human and other species. Wilson. Obrist and Wilson
(1953), using different solvents, reported that extracts of human thymus glands
removed surgically from myasthenics had definite neuromuscular blocking
activity which correlated with the beneficial therapeutic response to thymec¬
tomy. The further studies of the Liverpool group on human and whale fetal
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thymus arc ofonly historical interest. The quaternary nitrogen bases extracted
from these glands can no longer be considered important in the pathogenesis of
MG. Meanwhile the nature of lymphorrhages remained so uncertain (and
their incidence so irregular) that most workers agreed with Russell (1953) that
they were non-specific muscular changes of little or no importance.
The validity of the thymic version of the 'myasthenic toxin' models

depended on the evidence that removal of the thymus would cause remission of
MG: otherwise the thymic abnormalities must, like the lymphorrhages, be
considered as epiphenomena. The first report on thymectomy performed by
Sauerbruch for MG describes marked improvement of the MG but no effect on
an associated exophthalmic goiter (Schumacher and Roth, 1913). This trial
was not followed up (and it is interesting to note that they observed that
lymphocytosis present before operation returned to normal after thymectomy)
until Blalock, in Baltimore, started during the Second World War. His
important paper (Blalock et al., 1941) reawakened interest in thymectomy but
with continuing experience the results were considered discouraging (Grob,
1953) and American surgeons in general were abandoning the operation by the
mid-1950s.
On the other hand, Keynes in London in a series of reports (e.g. Keynes,

1955) claimed good results. His belief that the difference was due to selection of
non-tumor cases rather than thymoma and early rather than late cases was
confirmed by an independent review (Simpson, 1958) which established the
criteria for operation that are now generally accepted. It was now clear that
thymectomy would induce remission ofMG after a considerable latent period
(1-2 years) but less certainly if the disease had been present for more than 7
years or if the thymus contained a lymphoepithelial thymoma. On the other
hand, myasthenia could relapse or even occur for the first time years after
thymectomy (Koch, Regli and Reinle, 1970). An acceptable model for MG
must find a regulating but not obligatory role for the thymus.

(b) Autoimmune models
When I had the opportunity to examine a large number ofmyasthenic patients
in London in 1953-5 to assess the value of thymectomy (Simpson, 1958) it was
decided to forget all that the textbooks had to say about biochemical lesions
and to listen to the patients. A proforma was prepared and every ascertainable
fact noted about the previous history of these patients (some 400, of whom
about 250 were questioned and examined), including every illness whether it
seemed relevant or not. Certain features were noted to recur in the histories. On

returning to Glasgow in 1955 I conceived the idea that instead of rejecting as
'irrelevant' any data which were 'not statistically significant', it would be
worth considering whether there was some correlation between them - e.g. that
the muscular disorder might be part of a multisystem disease. For instance, it
was found that MG was correlated not only with thyrotoxicosis but with all
other non-tumor types of thyroid disease (Simpson 1960, 1968). It was also
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noted, for the first time, that there was an apparent linkage between MG and
'rheumatoid' arthritis (including ankylosing spondylitis), pernicious anemia,
sarcoidosis, reticuloendothelial disorders and diabetes mellitus. It was also
observed that these related diseases occurred with more than expected
incidence in the relatives ofmyasthenic patients. This was the first suggestion of
a genetic factor with alternative forms of expression (Simpson, 1960).
It was then noted that lymphorrhages had been dismissed by Russell (1953)

as 'non-specific' because they occurred in thyrotoxicosis, Addison's disease,
rheumatoid arthritis and other diseases. It seemed more profitable to consider
what factor was common to these diseases and an immunological reaction
suggested itself. In the same way as the pathology was being dismissed as 'non¬
specific' in the 1950s the opinion was often mooted that myasthenia was a type
ofmuscular reaction and not a disease entity. Indeed a myasthenic reaction is
not uncommon in a number of connective tissue diseases (to use the
terminology of that time), including systemic lupus erythematosus (SLE).
In 1954 when Harvey el al. published their classic paper on SLE, I

immediately recognized the similarity in the age and sex incidence and the
fluctuating natural history. I had also had the opportunity in 1952-3 ofgiving
adrenocorticotrophin (ACTH) and cortisone to myasthenic patients and to
observe the early deterioration and 'rebound' improvement described by
Torda and Wolff (1951) and later authors. These considerations led me to
consider that MG might be an autoimmune disease with occasional multi-
organ involvement and a natural history resembling SLE. This was a new
pathogenesis model but could it include all known clinical and pathological
phenomena and account for the neuromuscular defect? It is necessary to recall
that at that time (1955-60) pernicious anemia was regarded as a deficiency
disease due to malabsorption and thyrotoxicosis and diabetes as endocrine
disorders. For that reason a possible hypothalamopituitary factor was
discussed. I was unaware that Schwartz (1960) had evidence for an

immunological mechanism in pernicious anemia. Autoimmunity was accepted
in the pathogenesis of Hashimoto's disease but not yet in thyrotoxicosis
(Andersonetal.. 1964; Volpcelal., 1972) ordiabetcs mellitus (Bottazzo, Florin-
Christensen and Doniach, 1974). In 1960 the thymus was considered to be an
endocrine gland with possible roles in growth or maturation in the fetus, and
the neuromuscular defect ofMG was regarded as biochemical, probably due to
a curare-like substance. A major difficulty with that theory was that
myasthenia had never been transferred passively to another human subject and
experiments purporting to show a blocking substance in laboratory animal
nerve-muscle preparations did not stand up to rigorous examination (Nastuk,
Strauss and Osserman, 1959). On the other hand a myasthenic woman could
sometimes give birth to a baby with neonatal myasthenia (about one in seven
live births in my series) and this disorder would persist for up to 12 weeks and
then recover completely. The duration of the neonatal disorder was too long to
be accounted for by persistence of a curarc-sized molecule. The new model had
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to accept these facts. It occurred to me that an antibody against AChR protein
would account for:

(1) Reversible competitive-type block in the affected patient.
(2) Transplacental passage in the fetus with persistence for the required

time.

(3) Apparent specificity to genetically related subjects.
An antibody against AChR substance would be a perfect competitor for

ACh, entirely compatible with the available facts about neuromuscular
transmission. The logic of the argument led me to conclude that the thymus -
with germinal centres reminiscent of lymph nodes rather than of a ductless
gland - might be responsible for cellular and humoral immunity as a surviving
residue of a wider fetal role as a regulator of cell differentiation. The concept
was naive but, of course, was formulated before Miller (1961) had de¬
monstrated the immunological role of the thymus.
From 1955 onwards, attempts were made to produce an experimental

autoimmune myasthenia gravis (EAMG) in mice. The methods were crude
and the observation of MEPP amplitude as a marker had not yet been made:
the mouse has too high a safety factor for neuromuscular transmission to detect
any myasthenic effect we may have produced. Nevertheless, the idea was
pursued with renewed vigour when Smithers (1959) suggested that the
myasthenic thymus may be immunologically damaged. He made no sugges¬
tions about the endplate disorder. In the same year, the experiments by Nastuk,
Strauss and Osserman (1959) in New York disproving the curare-substance
hypotheses showed that serum from some myasthenic patients (and a few
control subjects in lesser degree) caused lysis of frog muscle cells. I still had no
direct evidence of antibody when I gave the Honvman-Gillespie Lecture in
Edinburgh on 28 April 1960. In themonth after itsjournal publication the New-
York group, following up the cytolysis observation, announced the discovery of
a complement-fixing antibody against the myosin of skeletal muscle in the
blood of.many myasthenic patients (Strauss ct al., 1960). Since the antimyosin
globulin was inconstant (and later shown to be in higher titer in the presence of
a thymoma), and since physiological evidence required an endplate-acting
substance, these authors came to regard it as an epiphenomenon and
speculated that an antibody developed against skeletal muscle found a similar
antigen in the thymus, which became damaged and released a neuromuscular
blocking substance (Strauss et al., 1966) - an unrecognized return to 'curare¬
like substance', although it was their final refutation of this concept that had
started their immunological studies.
In the 1960s there was not the present acceptance of autoimmune

pathogenesis. Contemporary techniques could not detect anti-AChR antibody
and presynaptic models such as the 'small quantum' theory were dominant.
The 'myasthenic toxin' model was given a new run as a secretion from the
thymus, which was now suggested as a target organ for immunological damage
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(Smithers, 1959; Marshall and White, 1961; Strauss el al., 1966; Goldstein and
Whittingham, 1966). The rediscovered myoid ccllsof thymus were suggested as
targets for an antimyosin antibody (Strauss el al., 1966; and many later
authors).
Meanwhile autoimmune pathogenesis was being accepted for an increasing

number of diseases and many of these were being reported in association with
MG, for example myxedema (Simpson, 1960), Hashimoto's disease, sar¬
coidosis, vitiligo, hemolytic anemia, nephritis and hepatitis (Simpson, 1960;
1964), ulcerative colitis (Alarcon-Segovia el al., 1963), Sjogren's disease
(Downes, Greenwood and Wray, 1966; Simpson, 1966a) and pemphigus
vulgaris (Wolfetal., 1966). The association ofMG and SLE has been recorded
many times since the first report by Harvey el al. (1954). Since it was the
recognition of these relationships which had originally led to the autoimmune
hypothesis for MG, I have consistently argued for a model including defective
immunological tolerance rather than a thymitis theory. Unfortunately most
contemporary critics failed to. notice the different heuristic values of the
different autoimmunity models which I have contrasted in a review (Simpson,
1978).

(c) Neurotrophic theory
The obvious deficiencies of the thymitis model and general failure to reproduce
the reported animal model ofGoldstein and Whittingham (1966) influenced a

rejection of all immunological models and a swing towards the newest
fashionable model, deficiency of trophic factor (Engel and Warmolts, 1971).

1.1.5 Experimental autoimmune myasthenia gravis (EAMG)
A chance finding restored the attraction of the immunological model by
demonstrating that the proposed mechanism could actually happen. The
factor which made further advances possible was the demonstration by Lcc,
Tseng and Chiu (1967) that snake neurotoxins bind specifically and with high
affinity to the ACh-binding site of muscle. Labeled toxin permitted identifi¬
cation of AChR substance extracted from the membrane of muscles (Milcdi,
Molinoff and Potter, 1971) and to purify AChR on affinity columns. To
confirm that a toxin-binding protein obtained from electric organs of eels was,
in fact, AChR, Patrick and Lindstrom (1973) prepared rabbit antibodies to the
purified protein. When rabbit's scrum was applied to the electroplaquc it
blocked the action of" ACh. The new discovery which validated the
immunological model of MG was that, a few weeks after injection, the
immunized rabbits developed muscular weakness with the characteristics of
MG. Other workers soon showed that this animal model of MG could also be

produced in monkeys, guinea-pigs and rats and that the antigen could be
AChR from motor endplates of a number ofmammalian species including the
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human. For further details of the development of the animal model (EAMG)
and its immunology, see Chapters 1 1 and 13.

1.2 SERUM ANTIBODIES IN MG 1

1.2.1 Antibody against nicotinic AChRs
The successful production of EAMG depends on there being a certain amount
of interspecies cross-reactivity of ACliR. Animals immunized with Torpedo
electroplaques first develop antibodies which recognize the electric organ in
much higher concentration than antibodies recognizing syngeneic AChR. At a
later stage of the immune response the absolute amount ofantibody against the
recipient animal's AChR is high (Lindstrom ct al., 1976b), suggesting true
autoimmunity. The theory that the proximate mechanism of EAMG is
autoimmune is supported by experiments demonstrating passive transfer of
EAMG by lymph node cells in guinea-pig (Tarrab-Hazdai el al., 1975) and rat
(Lennon, Lindstrom and Seybold, 1975) and "/-globulin in rat (Lindstrom etal.,
1976a). In human MG Match it al. (1976) have reported that patients go into
remission after drainage of lymph from the lymph duct and relapse promptly if
their cell-free lymph is reinjected. Passive transfer ofMG from man to mouse by
human myasthenic serum has been described by Toyka et al. (1977). On the
other hand, the presence of circulating anti-AChR globulin is not necessarily-
associated with detectable neuromuscular transmission failure (Simpson,
1980), this could be because the antibodies measured by contemporary-
techniques are not pathogenic (sec below), or it may be necessary for the safety-
factor for neuromuscular transmission to be reduced by associated disease, such
as cell-mediated immunity (Chapter 1 1 ), before failure occurs. However there
is little evidence for involvement of cell-mediated immunity at the endplate
itself.

(a) Assay methods
The ability to identify AChR sites also made it possible to prepare extracts of
muscle with a high concentration ofbinding sites and to use these as antigens to
detect the presence of anti-AChR substances in the serum of myasthenic
patients. It also became possible to detect an immunoglobulin capable of
blocking aceessof neurotoxin to nicotinic AChRs because of high affinity of the
immunoglobulin for AChR or closely adjacent material. Early assays based on
measuring the inhibition of binding of x-bungarotoxin (z-BGT to extra-
junctional AChRs of denervated rat muscle (Almon, Andrew and Appel. 1974 !
or to junctional AChRs of human muscle (Bender, Ringcl and Engel, 1976 -
were of low sensitivity. (Nevertheless it should be remembered that the more
'sensitive' assavs do not take account of antibodies directed at the toxin binding
site of the receptor.) Using complement fixation, Aharonov et al. \1975a
provided indirect evidence of an antibody in human myasthenic serum which
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cross-reacts with AChR from electrogenic tissue of Torpedo californiea. More
sensitive assays are based on the binding of antibody to solubilized AChR
linked to isotope-labeled 2-BGT. An anti-immunoglobulin or Staphylococcus
aureus protein A (Barkas, Farrar and Watson, 1979a) precipitates the
antibody-AChR-neurotoxin complexes along with carrier immunoglobulin.
The radioactivity of the resulting pellet is, after washing, a measure of the
AChR bound to antibody (Appel, Almon and Levy, 1975; Lindstrom, 1977). It
is, however, becoming increasingly clear that there is a multiplicity of
immunoglobulins that may be produced against the AChR in myasthenia, one
of which may block access of toxin to the AChR sites. Antibodies may also be
directed against sites on the ionic channel of the AChR which block
neuromuscular transmission but would probably pass undetected in the
Lindstrom assay. On the other hand, antibodies directed against antigenic
determinants on the intracellular surface of the AChR would be detected by the
assay which uses detergent-solubilized [12 5I]a-BGT-labeled AChR as antigen,
while it is pathologically irrelevant since they could not bind in vivo. This should
be borne in mind when considering the following studies on myasthenic patients.
Additionally, different antibodies, or fractions ofantibodies may be recognized
by AChR-toxin from different species as there is not complete cross-reactivity.
For instance, Lindstrom et al. (1976c) could detect anti-AChR antibody in at
least 87% ofpatients otherwise thought to have MG, but only if the test AChR
was from human muscle, and the titer did not correlate closely with disease
severity in the different patients. AChRs contain a number ofantigenic sites and
not all of them are species specific or immunologically equivalent.

lb Correlation between antibody titer and neuromuscular block
Patently, assays from different laboratories are not comparable with respect to
titers though standardization should soon be achieved. Although Lindstrom ct
al. : 1976c) found correlation between anti-AChR titer and clinical severity,
most workers find that the correlation is rather poor (Lefvert ct al., 1978;
Xewsom-Davis el al., 1978; Barkas et al., 1979b). On the other hand, the
changing titers ofanti-AChR antibody are inversely associated with changing
clinical state in patients responding to thymectomy, plasmapheresis, lymph
duct drainage, steroid therapy and immunosuppression (Dau ct al., 1977;
Lefvert eta/., 1978; Newsom-Davis el a!., 1978; Limburg, Oosterhuis and The,
1981: Carter el al., 1980; Savage-Marengo el a!., 1980). With steroid therapy
the relationship between antibody level and clinical status is less striking than
the association of either with the level of steroid dosage (Seybold and
Lindstrom, 1979). It is possible to have anti-AChR antibody without apparent
clinical disease. This has been reported in the serum of apparently normal
babies born to myasthenic mothers (Keesey et al., 1977; I .efvert cl nl . 1978) and
in siblings or a parent of a myasthenic child (personal observation). Recently
Cuenoud et al. (1980) have reported detection ofantibodies to AChR in three of
1 I patients with a thymoma removed by operation but without MG. Follow-up
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of these patients will be ofgreat importance with regard to the understanding of
those cases of MG developing years after removal of a thymoma.

(c) Subclasses of antibody
Since, as shown above, there is some parallel between antibody titer and degree1
of neuromuscular block in the individual (which may not necessarily indicate
disease severity) but rather poor group correlation, it is considered that there
may be heterogeneouc antibodies and that any one detected by a particular
immunoassay may not be pathogenic (though it could still be a useful marker if
idiotypes are linked, as seems likely from the studies of Savagc-Marengo el at.
(1980)). The ratio between anti-rat AChR and anti-human AChR antibodies
remains surprisingly constant in individual patients, indicating that a
particular subpopulation may be significant (Savage-Marengo el al., 1980).
Indeed the antibody(s) assayed, although undoubtedly responding to receptor
antigen, may not include the important one for pathogenesis. Furthermore, the
changes in antibody titer described in (b) seem to precede the clinical,
improvement, whether the AChR. used in the assay is human (Ncwsom Davis el
al., 1978) electric eel (Barkas el al., 1979b) or monkey (Limburg, Oosterhuis
and The, 1981). Many laboratories are studying the specificity ofanti-AChR
subclasses. Nevertheless, the fact that they are heterogeneous but not unlimited
points to there being a limited number (about 10) ofantibody combining sites
on each AChR molecule (Vincent and Newsom-Davis, 1979a).
In animals with EAMG, immune sera do not protect against a-BGT block of

ACh recognition sites and electrophysiological studies indicate that antibody
does not block ionophore sites (Takamori, Ide and Tsujihata, 1981). The
possible sites ofaction ofantibody are discussed in Chapters 3 and 12. Are these
antibodies a cause of receptor failure/blockade as in the Simpson model, or
could they be a response to receptor damage and hence protectiv e? The effect of
plasmapheresis makes the latter possibility unlikely.

1.2.2 Antimyosin antibodies
It may well be that a more directly pathogenic antibody remains to be
discovered but there arc other factors which indicate that the known antibodies
are sufficient. A critical observation goes back to the early days of the
immunological models. It was shown above that the Strauss model was

developed from the observation, during a search for a 'curare-like' substance,
that serum from myasthenic patients caused lysis of frog muscle (Nastuk,
Strauss and Osserman, 1959). Although some control sera showed similar
activity (and. surprisingly, the basic observation has not been repeated) the
occurrence of cytolysis suggested that scrum complement might be used
because of its known role in immune hemolysis (Nastuk, Plcscia and Osserman,
1960 . Nastuk and co workers found that serum complement (determined on
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the basis ofdegree of lysis produced by the test serum in a standard suspension
of sensitized sheep erythrocytes) was distributed over a wide range in
myasthenic patients but tended to fall during clinical relapse and rise during
remission ofMG (sometimes to 'supernormal' levels). One of the authors (O.J.
Plescia) suggested that the fall in serum complement activity may be the result
of its uptake by an antigen-antibody complex. Simultaneously the New York
group reported the finding of a complement-fixing globulin in sera from some

myasthenic patients which would bind to striated muscle, where it could be
shown by the indirect immunofluorescence technique (Strauss et ai, 1960). I
had been searching for anti-muscle or anti-endplate antibodies since 1955
without success, though techniques were similar. It soon became clear that the
new antibody, which bound to cross-striations of muscle, was inconstant but
appeared in highest titer in the sera of those patients who had a thymoma.
Whereas I had tested individual sera, Strauss and his colleagues had used
pooled sera and at least six of their first ten patients had a thymoma whereas a
further 16 individual sera were negative.
Antibodies to skeletal muscle proteins have been shown by different

serological methods? immunofluorescence (Strauss el al., 1960), antiglobulin
consumption (Van der Geld and Oostcrhuis, 1963), indirect hemagglutination
(Djanian, Beutner and Witebsky, 1964) and precipitation (Shulman et al.,
1966). Immunofluorescence studies have used direct and indirect methods of
showing globulin-binding to muscle: it is generally agreed that the direct
method originally used by Strauss et al. (1960) is unreliable. Unfortunately, the
criteria for interpretation of indirect immunofluorescence studies have not
been standardized. In the first report, Strauss et al. (1960) localized the
antibody-antigen reaction in the anisotropic or A-bands of skeletal muscle,
which contain actomyosin. Vetters (1965) found that in many myasthenic
patients and normal control subjects the immunofluorescent staining affected
the isotropic or I-bands ofmuscle which contain actin. Indeed he came to the
conclusion that A-band binding ofglobulin was confined to sera from patients
with a thymoma (Vetters, 1967) and he regards I-band binding as non-specific
and of no diagnostic importance. Because of the differences of criteria for this
and other immunological tests which will be described, no attempt will be
made to list all reports with a view to identifying the incidence ofdifferent types
of antibodies in sera from myasthenic subjects. Only early papers and large
scries will be cited and a general indication of incidence reported.
Namba, Sato and Grob (1967) studied in vivo binding of myasthenic sera to

rat skeletal muscle and reported greater binding to muscle fibers of smaller
diameter, described as having a higher activity of ATPase and succinic
dehydrogenase (fiber type not identified). They also reported that serum from
patients with MG reacted with ribonucleoprotein isolated from human skeletal
muscle in 30 (48%) of63 cases. This reaction was occasionally found in patients
with other diseases ol muscle (Namba, Himei and Grob, 1967). These
reactions, which tire not specific for MG, have not been reported by other
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workers and cannot be assessed without comparative studies with anti-nuclear
and anti-sarcoletnmal reactions. It is not even certain that they arc

immunological.
Using the antiglobulin consumption test, Aarli (1970) showed that normal

human "/-globulin combines with muscle tissue by the Fc fragments only
(presumably non-antibody binding) but sera from myasthenic patients have
/-globulins w hich attach to muscle and thymic tissue by the F(ab)2 fragments
(possibly but not necessarily an antibody binding). This Fab binding induces
structural changes in the Fc part of the molecule which can be 'recognized' by
rheumatoid factor (RF). Reduction of the RF titer of test sera when reacted
with myasthenic sera was demonstrated by Aarli (1971). The non-specific
I-band binding described by Vetters may be mediated by Fc fragments of
immunoglobulins (Aarli and Closs, 1972). If the A-band binding is
immunological, what is the antigen used? If it is indeed confined to the A-band
it is likely to be related to actomyosin (Strauss el al., 1960). With the method of
precipitation in Ouchterlony gel, Ricken (1969) reported that activity was
confined to the mvosin-containing fraction of muscle. Rule, Bartlett and
Osserman (1973) showed that absorption with either actomyosin or myosin
removed all activity shown by the indirect immunofluorescent assay. They also
found that quantitative complement fixation showed that active fractions of
purified human muscle proteins included actomyosin and myosin, the highest
activity being in the myosin fraction. Actin preparations had no antigenic
activity. Some anti-striational antibodies also react with heart muscle (Beutner
ct al., 1962; Van dcr Geld and Oosterhuis, 1963) and with myoid cells of the
thymus (Feltkamp-Vroom, 1966; Van der Geld and Strauss, 1966) but not
with other substrates, including smooth muscle.
The reader may feel that too much space has been devoted to 'an

epiphenomenon' (Strauss el al., 1966) which is now only of historical interest
since the discovery of anti-AChR antibodies. The reasons for giving it this
emphasis are: (1) the demonstration of multiple antibodies has important
implications with respect to the pathogenesis of autoimmunity; and (2) the
diagnostic significance of the antistriational antibody. Vctters carried out his
studies on material from the writer's patients and the detection of genuine
A-band fluorescence (using the criteria of Vetters, 1965) has made it possible to
detect the presence of a thymoma in the absence of radiological evidence. The
converse is not true: antistriational antibody may be undetectable at one time
and found later in patients with thymoma (Weiner and Osserman, 1966).
Although it is not certain that other workers have made the distinction between
I-band and A-band fluorescence, Fcltkamp el al. (1974), using indirect
immunofluorescence, detected antibodies to skeletal muscle in 12 out of 13
myasthenic patients with a thymoma and in only two out of 43 patients in
whom the presence of a thymoma could be excluded by thymectomy. Their
earlier report, that 47 (42%) of 1 1 1 cases showed globulin binding to muscle,
included sarcolemmal and nuclear fluorescence as well as I and A band. They
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showed that sarcolemmal fluorescence also occurred with control sera

(Feltkamp, Van der Geld and Oosterhuis, 1963).
Different criteria may also account for the experience of Weiner and

Osserman (1966) that high titers of antistriational antibody occurred in
patients who had no detectable thymus at autopsy. The A-band binding
globulin has also been detected in sera from patients with a lymphoepithelial
thymic tumor who do not have clinical MG. Many of these sera also showed
antinuclear reactions (Strauss el al., 1966). There is some evidence to suggest
that expression of this antibody is linked to the HLA-A2 antigen (Feltkamp et
al., 1974).

1.2.3 Antinuclear factors

Positive reactions for the presence ofantinuclcar factor (ANF) were reported in
the sera of six of 16 myasthenic patients by White and Marshall (1962). The
usual variation ofmorphological pattern of the nuclear fluorescence was found.
Both of their patients with thymoma had a negative reaction. Two patients
with systemic or cutaneous LE showed positive reactions. Patients who also had
rheumatoid arthritis or thyrotoxicosis appeared in both groups. In larger
series, Van der Geld et al. (1963) found 1 1 (10%) of 11 1 cases positive and
Simpson (1964) eight (20%) of 40 cases, while Downes, Greenwood and Wray
(1966) found 22 (30%) positive in a series of 74 myasthenics and Feltkamp etal.
(1974) found 44 of 100 patients to be positive, using one or more substrates
(controls 4% positive). The incidence clearly depends on the associated
diseases as well as on the techniques used. Strauss et al. (1966) suggested that
presence of ANF was related to a thymoma. Oosterhuis, van der Geld and
Feltkamp (1967) reported that patients with a thymoma have an increased
production ofANF but no other relation with the severity of the myasthenia or
with age and sex could be found. They noted 21 (19%) positive in 1 10 cases
without thymoma, but eight (53%) positive in 15 cases with thymoma. Of the
non-thymoma positive cases, 25% had an associated autoimmune disease.
Reviewing six early reports, Rule and Kornfeld (1971) found incidences of
positive ANF varying from 0 to 89%. Their figure of 21% is fairly
representative for uncomplicated MG; when patients with myasthenia and one
other autoimmune disease were reviewed, ANF was present in 90-100% and
the titer was much higher.

1.2.4 Rheumatoid factor

In 1960 I drew attention to an apparent linkage between MG and
'rheumatoid' arthritis (Simpson, 1960). The qualification was used to indicate
the possibility that the joint disorders might not be conventional rheumatoid
arthritis because they could be transitory and were often seronegative. Some
patients had ankylosing spondylitis (Simpson, 1964). These findings were
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confirmed by White and Marshall (1962), Van der Geld el al. (1963) and
others, especially in women (Oosterhuis and De Haas, 1968). Aarli, Mildc and
Thunold (1975) have confirmed the different clinical types of arthritis. They
consider that both definite rheumatoid arthritis and juvenile rheumatoid
arthritis may develop during myasthenia but that there is also a form of
arthropathy which is probably not of rheumatoid nature. Some cases in each of
the series quoted were probably associated with SLE and occasional cases of
arthritis have had Sjogren's syndrome (Downes, Greenwood and Wray, 1966;
Simpson, 1966a).
That a surprising proportion of these arthropathies are seronegative was

confirmed by White and Marshall (1962); Van der Geld el al. (1963); Szobor,
Bosoky and Gaspardy (1969); Aarli, Milde and Thunold (1975) and others,
using sensitized sheep cell or latex fixation tests for RF. Aarli has suggested that
there is autoreactivity between skeletal muscle antibodies and RF so that
reduction of titer of RF might be caused by in vivo binding of RF to skeletal
muscle tissue (Aarli, 1971; Aarli, Milde and Thunold, 1975). An interesting'
difference from the autoimmune reactions already reviewed is that I have not
traced any record of arthritis or positive test for RF in a myasthenic patient
who had a thymic tumor without evidence of SLE. The frequency of positive
RF tests reported are 0-6% ofmyasthenics, (Van der Geld eta/., 1963; Simpson,
1964; Adneretal., 1964; Downes, Greenwood and Wray, 1966; Oosterhuis, Van
der Geld and Feltkamp, 1967) and 0-28% of myasthenics with arthropathy
(Simpson, 1964; Downes, Greenwood and Wray, 1966; Aarli, Milde and
Thunold, 1975). In a population of'normal'rheumatoid arthritis, RF factor is
present in significant titer in about 65% of cases. It is not, however, unique to
rheumatoid arthritis, being found in patients with sarcoidosis and other
hyperglobulinemic states. Rheumatoid factor is considered to be an auto¬
antibody to altered human y-globulin (Aho and Simons, 1963). Aarli (1971)
has demonstrated that RF is absorbed from serum by muscle treated with
myasthenic serum and then washed, interpreted as combination of RF with
muscle-bound y-globulin. Clearly, RF is an indicant ofaltcred "/-globulin and is
in no sense an antibody against joint tissues. The significance of the negative
correlation with thymoma is not apparent.

1.2.5 Antithyroid antibodies
A relationship between MG and thyrotoxicosis has been recognized for a long
time although, in fact, the incidence ofMG in thyrotoxic patients is about 1 in
3000 (Simpson, 1958) whereas 21% of female and 9% of male myasthenic
patients have a thyroid disorder at some time, but this includes all types of
thyroid disease; about 5% of myasthenics have thyrotoxicosis though not

contemporaneously (Simpson, 1968). The first reported case associated with
Hashimoto's disease (Simpson, 1964) is of some importance as the thyroiditis
appears to have manifested shortly after thymectomy. Immunological studies
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showed an even higher incidence of thyroid disease than did thyroid function
tests: of myasthenics without clinical evidence of present or past thyroid
disease, 21% of female and 15% ofmale myasthenics had complement-fixing
antibodies against thyroglobulin or thyroid microsomes (Simpson, 1964,
1968). Clinical thyroid disease occurred in another 24% of female and 15%
ol male patients.

Dowries, Greenwood and YVrav (1966) demonstrated thyroid antibodies in
42% of myasthenic patients compared with 22% of matched controls. An
unexplained difference was that in their series thyroid antibodies were more
common in male (59%) than in female (35%) myasthenics. (Their figures
included clinical as well as subclinical eases of thyroid disease.) These authors
tested for cytoplasmic antibody, colloid antibody on fixed tissue sections, and
tanned erythrocyte hemagglutination. With the hemagglutination technique
for thyroglobulin antibodies Adncr et al. (1964) found 17 (35%) positive in 48
cases: their test gave negative results in all control sera. Oosterhuis et al. {1967)
measured antibodies to thyroid cytoplasm and colloid. One or both tests were
positive in 26% ofnon-thymoma and 40% ofthvmoma patients with MG. The
sex ratio was 35% positive in females and 15% in males. The difference
between sexes was statistically significant but the higher incidence associated
with thymoma was not.
Unfortunately the other published series do not differentiate thymoma cases,

but personal and reported experience (Van dcr Geld et al., 1963; Aarli, 1971)
confirms that thyroid antibodies occur in more than one third of myasthenic
sera and not significantly more commonly in association with thymoma. Aarli
(1971) has confirmed that thyroglobulin antibodies do not cross-react with
muscle.

1.2.6 Gastric parietal-cell antibody

A linkage between MG and Addisonian pernicious anemia was recognized by
Simpson (1960, 1964, 1966a) and further studied by Howard, Silvcrstcin and
Mulder (1965) but the incidence is certainly low, of the order of0.5-2%. At
about the same time evidence was accumulating that antibodies against gastric
intrinsic factor were present in the sera of patients with pernicious anemia
(Schwartz, 1960; Irvine et al., 1962; Jeffries, Hoskins and Sleiscngcr, 1962).
Antibodies to gastric parietal cells were found in 6-18% ol myasthenic patients
(Simpson, 1964; Downcs, Greenwood and Wray, 1966; Wright and Kerr,
1967: Oosterhuis, Van dor Geld and Fchkamp, 1967). This is a significantly
greater incidence than in control sera tested with the same criteria (Fclikampe/
a/., 1974). Antibody against intrinsic factor was not found by Downcs,
Greenwood and Wray (1966) in their cases with positive gastric parietal-cell
antibody. Cases with parietal-cell antibody and no anemia have been followed
up for a number of years w ithout later development of pernicious anemia.
Feltkamp et al. (1974) found a relationship between HLA-W10 antigen and
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gastric parietal-cell antibodies in myasthenic patients. No reported case with
pernicious anemia had a thymoma though parietal-cell antibody has been
detected (Oosterhuis, Van dor Geld and Feltkamp, 1967).

(a) Erythrocyte aplasia and hemolytic anemia 1
Contrary to pernicious anemia, the very small number of patients with
erythrocyte aplasia and MG have all had a thymoma. No antibody has been
identified but Holborow et al. (1963) found a positive ANF in one case. The
aplasia (which occurs also with non-myasthenic thymoma) is not always
confined to the erythrocytes but may be pancytopenia as in the first case

reported in association with MG (Wintrobe, 1946) and with hypogammaglo¬
bulinemia. The literature is reviewed by Simpson (1976) along with occasional
reports of acute hemolytic anemia, also rare but not so clearly associated with
thymic neoplasia.

1.2.7 Adrenal gland antibodies

Thymic germinal centres have been described in Addison's disease and
occasional thymoma (Sloan, 1943). It has long been known that primary
myxedema is a common accompaniment of idiopathic Addison's disease
(Schmidt's syndrome). Anderson et al. (1957) described the occurrence of a
complement-fixing antibody against adrenal cortex in the serum of two ofeight
patients with idiopathic Addison's disease, one ofwhom also had Hashimoto's
disease. Idiopathic Addison's disease is often accompanied by chronic gastritis
and by the presence of gastric parietal-cell antibody (Irvine, 1963). It would
accordingly be expected that an occasional overlap of autoimmune disorders
would cause coincidence of MG and Addison's disease. In fact, this has rarely
been reported and the autoimmune status of the adrenal disease is uncertain in
some of the reported cases. In more than 600 cases ofMG 1 have recognized
adrenocortical failure in only one and that was shown, at autopsy, to be due to
tuberculous adrenalitis (Simpson, 1966a). The cases described by Kane and
Weed (1950), Boulet et al. (1959) and Thiodet et al. (1961) are of uncertain
status.

On the other hand, I have a patient with MG and thvrotoxicosis (no
thymoma at thymectomy) who has a son with idiopathic Addison's disease
who has adrenal cortex antibodies. Oosterhuis et al. (1967) were unable to
demonstrate antibody reacting with adrenal cortex in their myasthenic
patients but in a later series reported it in 3% (Feltkamp et al., 1974). None had
clinical hvpoadrenalism and the number of cases investigated is not stated.
Simpson (1966b) reported subnormal excretion of 1 7-hydroxy-corticostcroids
and I 7-kctosteroids in some cases ofMG, but adrenocortical function has not
been investigated by modern methods of steroid assav. Clearly an overlap with
clinical autoimmune Addison's disease is rare and familial linkage not
confirmed but it seems reasonable to suggest that it is one of a cluster of
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genetically linked autoimmune diseases. Bosch, Reith and Granner (1978)
recently reported Schmidt's syndrome associated with MG.

1.2.8 Diabetes mellitus

Although there is an increased incidence ofdiabetes mellitus in a population of
myasthenic patients (Simpson, 1960, 1964) and an immunological basis for
insulin-dependent diabetes was later established, no studies have been reported
on islet-cell or insulin antibodies.

1.2.9 Gut and liver

I have seen two patients in whom MG was associated with adult gluten-
sensitive enteropathy, one also having dermatitis herpetiformis. Gluten-
sensitive enteropathy (celiac disease) is associated with low serum IgA levels in
some cases and high levels in others and there is probably defective synthesis of
IgM. Anti-reticulin antibody is commonly detected (Fry and Seah, 1974).
These disorders are also highly correlated with HLA-B8 antigen.
Ulcerative colitis has also been associated with MG and SLE (Alarcori-

Segovia et al., 1963). It is currently considered to be an immunopathy with
anti-colonic antibodies and immune complexes in the serum of some patients
and a depressed lymphocyte phytohemagglutinin response (Zeromski et al.,
1971).
Acute and chronic hepatitis has been reported in a small number of

myasthenic patients but no information about the causation has been
published.

1.2.10 Skin

A myasthenic syndrome is not uncommon transiently in dermatomyositis,
usually early but occasionally later in the course (Vasilescu et al., 1978).
Though it differs quantitatively from MG (Simpson, 1966c) it is perhaps
surprising that dermatomyositis has not been reported in continuing MG.
There may be hyper- or agammaglobulinemia, RF and antinuclear antibodies,
but tissue specific antibodies have not yet been identified. The LE factor is
rarely found unless dcrmatomyositis coexists or overlaps with SLE (Jablonska
and Chorzelski, 1974).
Four diseases of skin now recognized as autoimmune have been associated

with MG. The first was vitiligo (Simpson, 1964; Durance, 1971) but the
immunology has not been studied in detail. Pemphigus and pemphigoid have
been associated on a number ofoccasions and anticpithclial antibody detected
in 'he scrum (Noguchi and Nishitani, 1976). There is also an increased
incidence of RF and ANF in pemphigus. In pemphigoid the antibody is
directed against the basement membrane of the dcrmocpidermal junction as
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distinct from the epithelial intercellular cement substance in pemphigus
(Beutner el al., 1965). The role of these antibodies in pathogenesis is still
uncertain (Sams, 1974) but there is little doubt that the diseases use

immunological mechanisms. Complement binding to the basement membrane
has been demonstrated in the skin ofpatients with pemphigoid (Chorzelski and'
Cormane, 1968). One myasthenic patient with sclerodema is mentioned by
Pirskanen (1977). Since our recognition of immunodeficiency with low serum

IgA level in MG (Simpson, Behan and Dick, 1976) we have been searching for
a linkage with gluten-sensitive enteropathy. As mentioned above, we now have
two cases and one of these has had dermatitis herpetiformis (Simpson, 1980).
This skin disease is associated with immunological defects (Fry and Seah,
1974). The skin lesions are related to gluten ingestion.
Despite the linkage with celiac disease, patients with dermatitis her¬

petiformis tend to have a higher serum IgA level and lower IgM than a control
group. There is, however, no consistent pattern of abnormality of serum
immunoglobulin levels. Antinuclear antibodies are detected in more than 30%'
ofcases and an antireticulin antibody has been reported. Immunoglobulin and
C3 component of complement are deposited in the skin. Patients with
dermatitis herpetiformis have a high incidence of HLA-B8 haplotypes, and
lymphocyte abnormalities have been described.

1.2.11 Plasma and cerebrospinal fluid globulins

Early reports on plasma proteins in patients with MG recorded decreased
y-globulin (Thevenard and Mende, 1955), raised y-globulin (Lowenthal and
van Sande, 1956) or no change (Osserman, 1958). Simpson (1960, 1966b)
examined 55 cases and found hypergammaglobulinemia and raised ery¬

throcyte sedimentation rate only in those cases where myasthenia was

accompanied by a related autoimmune disease or thymoma. Excluding all
cases with associated diseases, Kornfeld (1964) found no electrophoretic
abnormality in 61 cases ofMG. In all reports of hypergammaglobulinemia in
myasthenics (e.g. Oosterhuis el al., 1964) there has been one of these associated
disorders. The abnormality may be sufficient to give abnormal ccphalin-
cholesterol fiocculation and thymol-turbidity tests.
In a number of cases, abnormal globulin levels have been present in the

cerebrospinal fluid (Simpson, 1966b).
Further subdivision of "/-globulin into immunoglobulin fractions has shown

that selective IgA deficiency is more common in myasthenic patients than in
the normal population, especially in patients with juvenile onset congenital
myasthenia (Bundey, Doniach and Southcll, 1972; Simpson et al., 1976; Bramis
et al., 1976). (The contemporary use of'congenital' is retained as the more

recently delineated non-immunological category of'congenital myasthenia" is
not yet confirmed to include all congenital cases.) It is not influenced by
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thymectomy and is probably an indication of immunodeficiency, or immune
deviation. Lisak and Zvveiman (1976) found no significant mean alteration of
IgA levels in non thymcctomizcd myasthenics but one case had a low level (it
was elevated in four). Their scries contained no cases of 'congenital'
myasthenia. Bramis el al. (1976) found lower IgA concentrations in patients
with thymoma.
Lisak and Zweiman (1976) reported a slight but significant depression of the

group mean IgM level and an elevated mean IgG level in scrum compared with
control subjects. The raised levels of all three classes of immunoglobulins were
unrelated to the presence of thymoma or associated autoimmune diseases.
Lef'vert et al. (1978) noted antireceptor antibody oflgM as well as IgG type.
Sometimes the IgM type preceded the IgG antibody. On the other hand, a
number of myasthenic patients with hypogammaglobulinemia have been
described, usually in association with thymoma (Te Vcldc, Huber and van dcr
Slikke, 1966). No doubt the immunoglobulin levels vary according to the
activity of the disease. Monoclonal gammopathy has been described by
Rowland et al. (1969) and Faurc el al. (1975). In both cases the abnormal IgM
gammaglobulin dkl not contain anti-AChR antibodies.

1.2.12 Complement and immune complexes
Serum complement is a complex biological system of globulins which are
activated serially along 'classical' and 'alternative' pathways ending in a
common chain of reactions mediating a number of reactions including some
immune responses, notably Type III (immune complex) reactions. Nastuk,
Plescia and Osserman (1960) reported reduced serum complement levels
during clinical relapse of MG, and reduced levels of C2, C1 and inhibitors of
these components were observed by Plescia, Segovia and Strampp (1966).
Simpson, Behan and Dick (1976) found no abnormality of Clq, C3, C4, C7
and C3 proactivator. They also measured C3 conversion products with C3
activator levels, and CH50 units. All were normal though examined in active
and rcmittant cases. Their patients were rc examined by Bchan and Behan
(1979) when F.ngel, Lambert and Howard (1977) demonstrated localization of
IgG and C3 at motor endplatcs, and they found that C4 component was
depressed in 34% of cases while 29% had circulating immune complexes. The
greatest immunological abnormalities were found in patients with mild
disease. Almost certainly the hypocomplcmentemia is of consumption type,
caused by complement binding to immune complexes. Circulating immune
complexes, identified in 42% of myasthenic sera, have not yet been
characterized (Barkas, Boyle and Behan, 1980) and complement is certainly
fixed by some of the other antibody reactions described above, notably the anti-
A band antibody associated with thymoma (Strauss et al., I960).
A young woman with typical MC was heterozygous for hereditary deficiency

ofC2 component ofcomplemcnt (Riggse/fl/., 1980). Patients with deficiency of
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various components of complement suffer an increased incidence of autoim¬
mune disease. In the case reported, total complement and C3 and C4 levels
were normal. The patient had an HLA haplotypc A32, B18 which segregated
with the gene for C2 deficiency. She also had HLA haplotype Al, B8
(presumably linked with her MG) but this was inherited from her mother and
was not associated with hereditary complement deficiency. The role of C2
deficicncv in this case is uncertain. Subjects with C2 deficiency are considered
to activate the complement chain more readily than normal.
Engcl, Lambert and Howard (1977) suggest that complement activation is

necessary to induce receptor lysis when anti-ACh receptor antibody is attached
to receptor sites. The abundance of IgG and C3 at sites of remaining AChR
receptors in mild cases leads Engel to conclude that interference with receptor
function by immune complexes is not of primary importance. The sites whefe
destruction of receptors is most marked arc characterized by deposits ofC9, the
terminal and lytic component of complement, and this is also present in debris
in the synaptic space and between layers of basal lamina near remaining
endplate regions. Engel considers that the junctional folds undergo
complement-mediated lysis and that this induces relocation of the nerve
terminal and hence increased spatial separation of endplate regions on the
muscle fiber.
A role for the earlier components of the complement cascade is also suggested

by the observation that myasthenic serum passively transferred to mice
produces clinical signs in the recipients which are significantly less if the mice
are depleted of C3, but recipient mice genetically deficient in the fifth
component ofcomplement are affected as severely as normal mice (Toyka etal.,
1977). In the experimental model (EAMG) it appears that AChR antibodies
are not pathogenic to rats in the absence of complement (Lennon et al., 1978).
Clearly it will be important to determine the complement status of human
myasthenics who have a high titer of anti-AChR antibody in their serum

despite mild clinical disease, sometimes confined to the extraocular muscles.
However, assay methods based on complement fixation (e.g. Aharanov et al.,
1975b) do not appear to correlate any closer than anti-AChR with the severity
of MG.

1.3 PRODUCTION OF IMMUNOGLOBULINS

The possible role of cell-mediated immunity in MG is discussed in Chapter 13
and will not be elaborated here, but it is necessary to give briefconsideration to
the source of antibody immunoglobulins. It is accepted that a given antibody
molecule is synthesized by a given clone of lymphocytes. The above review of
the many types of autoreactive antibodies commonly associated with anti-
AChR, and of autoimmune disease of other organs often preceding MG in
time, strongly suggests that the disorder is not monoclonal.
Immunoglobulin is synthesized in plasma cells and displayed on the surface
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ofB lymphocytes when these cells are stimulated by recognized antigens or by
non-specific mitogens. Stimulating antigen may be in solution, but blast
transformation is more effective when antigen is presented to the lymphocyte
by macrophages. It seems probable that the latter mechanism is important in
EAMG, stimulated by various adjuvants, but it has not been defined in the
human disease. Macrophages require serum constituents to recognize foreign
cells. The stimulated immunoglobulin secreting cell may switch from IgM
production to an IgG molecule containing the same light chain and the same
variable part, and hence the same antibody activity, coded for by C and V
genes (two genes for each immunoglobulin polypeptide). Humoral antibodies
of the type described in this chapter are formed by lymphocytes as suggested by
Simpson (1960). Since Miller (1961) showed that neonatal thymectomy caused
immune deficiency, particularly of cell-mediated immunity but also to a lesser
extent of humoral immunity, it has become clear that immunoglobulin
production is an important function ofB cells but that this function requires the
co-operation of T cells. The T cells are bone marrow-derived lymphocytes
differentiated under the influence of the epithelial cells of the thymus, either by
direct contact, or by the action of thymic hormones. Further maturation ofT
cells occurs outside the thymus but only those deriving from the medulla of the
thymus are involved in B cell co-operation.
It is postulated that maximal response of T cells to conventional antigens

only occurs when the latter are associated with antigens coded for the major
histocompatibility complex, differing according to the type of T cell
(cytotoxic, helper, etc.) - a 'selfor non-self recognition' system. A third type of
lymphocyte (K cells) attacks target cells coated with IgG. It will be apparent
that in the fullest sense it is not possible to consider humoral and cellular aspects
ofautoimmunity in isolation unless the terms are restricted to the final effector
mechanisms and to the possibility of passive transfer of immunity by cell or
serum. Some understanding of the production and control of immunoglobulins
is necessary for proper assessment of antibody reactions. By the criteria of
passive transfer (Toyka el al., 1977) and effect of replacing cellular or humoral
component of lymph (Matell el al., 1976) the major disorder in MG is humoral
autoimmunity, a conclusion supported though not proved by the therapeutic
benefit of plasmapheresis.

1.4 IMMUNE DEFICIENCY AND THE THYMUS

The immunology mechanism is part of the homeostatic control of the body's
internal environment and cell population. The immunological system plays a
normal scavenging role in the recognition and removal of effete or dead cells
(and probably of cell mutations) including some components of the NMJ, but
not, apparently, the AChRs which are removed by internalization into the
muscle cell. It is further postulated that in normal development tissue antigens
recognized as 'self are 'tolerated' as compared with the prompt and amplified
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response to 'non-self antigens. For reasons discussed elsewhere (Simpson,
1978) I consider that MG and its associated 'autoimmune' diseases result from
a loss of immunological tolerance.
The nature of 'tolerance' remains obscure. Mode and continuity of

presentation of antigen to recognition sites are important, but so also art)
protective mechanisms such as 'blocking' antibodies and unknown chemical
substances. The relative improvement of tolerance in the remission of
myasthenia in the second and third trimesters of pregnancy and for immunity
from myasthenia in the majority ofbabies born to myasthenic mothers has been
attributed to a blocking effect of placental and fetal proteins such as alpha-
fetoprotein (Abramsky et al., 1.979; Brenner and Abramsky, 1980).
Alternatively, fetal thymic hormone may cross the placenta to restore

immunocompetence in the mother. Until the mechanisms of tolerance and
recognition ofselfand non-selfare better understood, it is impossible to account
for breakdown of tolerance and development of autoimmune disease and it is
profitless to review the numerous theories.
In our experience (Behan, Behan and Simpson, 1975; Simpson, Behan and

Dick, 1976) there has been impairment of T-cell function in MG, relatively
high incidence of decreased plasma IgA, an increased incidence of autoim¬
mune diseases associated with anergy (Simpson, 1964), all pointing to an
immunodeficiency state. (Preferable terms may be immune deviation or
aberrant immunity (Hobbs, 1968) since antibody production is high and
response to challenge with bacterial antigens is normal.) Dawkins et al. (1976)
have also suggested that patients with MG may be deficient in humoral
immune competence.
Despite an apparent paradox, it is increasingly recognized that autoim¬

munity is correlated with immunological deficiency states and anergy

(Fudenberg, 1968). T cells may have two functions - a co-operative function
with B cells increasing antibody formation against many antigens, and a
feedback control function which limits the formation of certain antibodies

(Allison, Denman and Barnes, 1971). Thus T-cell incompetence could be
associated with high antibody titers. A feedback control system including IgA
has been reported so that IgA deficiency may encourage autoimmune
manifestations (Good and Rodey, 1970). A suggested schema is that T-cell co¬
operation with B cells is required for formation of antibodies against self-
constituents but that T cells are normally made unresponsive. Secondly,
Allison, Denman and Barnes (1971) suggest that T cells may also be able to
exert an inhibitory function (using feedback control) and that this provides a
surveillance mechanism against aberrant immune reactions. A consequence of
this theory would be that deficiency of T-cell function could lead to
hypogammaglobulinemia, but also to defective surveillance. The inhibiting
function could be (though not necessarily) a property of a separate type of T
cell (suppressor) and this model is favored at present. The model fits well with
the evidence for increasing autoimmunity and decreasing surveillance of tumor
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cells in states of immune incompetence such as ageing and lymphomatous
diseases. No doubt thymic hormones play an important role (Goldstein el al.,
1976).
Viruses or drugs (e.g. penicillamine) could act as tolerance breakers and

induce autoimmune disease. The possibility of viral precipitance of autoim¬
munity has been considered for many years (Simpson, 1960) but no association
with particular viral antigens has yet been found (Smith, Hammarstrom and
Berg, 1978). Tindall et al. (1978) reported evidence of infection with
cytomegalovirus but this is as likely to be a consequence of immunodeficiency
as it is a cause.

Presumably some imbalance ofT cells or of thymic hormones is responsible
for immunodeficiency associated with thymic disease. In the present state of
knowledge one cannot suggest how removal of the gland would correct the
deficiency, in a time scale ofmonths. Apparently the body is better offwithout a
thymus than with a malfunctioning gland: the same is true in ulcerative colitis
(Oda et al., 1975).
An attractive solution could be that a continuing source ofantigenic stimulus

exists in the myasthenic thymus. Marshall and White (1961) showed that
injection of bacterial antigen into guinea-pig thymus provoked hyperplasia of
the gland with formation ofgerminal centres. Their suggestion that the human
thymus possesses a barrier to circulating antigen has influenced many later
workers to look for an antigenic source within the thymus. There has been
surprisingly little interest in factors which may lower the barrier. In addition to
lymphocytes the thymus of many young animals including man contains
myoid cells and these were proposed as a source of muscle antigen at a time
when the only recognized anti-muscle antibody was the antimyosin (stri-
ational) antibody (Van dc Velde and Friedman, 1970). With the recognition of
anti-AChR antibodies it is important to ascertain whether these primitive cells
also have nicotinic AChRs. At the time of writing, this is controversial.
Some authors claim to have identified AChR antigen in thymic extracts

(Aharonov et al., 1975b; Lindstrom et al., 1976b) and to have demonstrated
surface AChRs on cultured thymic myoid cells (Kao and Drachman, 1977);
others have not been convinced that AChRs were present (reviewed by Vincent
et al., 1979). The latter authors point out that most of the data could be
explained if there were a class of receptors which do not bind a-BGT but are
antigenically similar to skeletal muscle receptors. Demonstration of x-BGT
binding in the thymus is not adequate evidence for muscle-type receptors since
preliminary evidence suggests that there may be acetylcholine binding sites on
membranes of mononuclear cells in the peripheral blood of untreated
myasthenic patients and not in control subjects (Morrell, 1979).
Clearly the possibility of antigenic stimulation within the thymus is an

attractive model for MG. One major objection, the problem of accounting for
development of myasthenia many years after surgical removal of a thymoma,
may be less important if the recent report is confirmed that anti-AChR
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antibody may be found in serum of patients operated on for a thymoma,
without current MG symptoms (Cucnoud et al., 1980). A more fundamental
difficulty is that ad hoc explanations would be necessary for the many other
antibodies associated with MG unless the primitive stem cells which can
differentiate to rnyoid cells are pluripotent, as suggested by YVekerle and
Ketclsen (1977). There is, at present, no satisfactory evidence for production
within the thymus of the wide range of antigens necessary to account for the
antibodies found in the serum ofmyasthenic patients. A more plausible model
would be that immunosurveillance is defective because of some interference
with whatever mechanism is normally responsible for differentiating self from
noti'Self (as in NZB mice), a distinction which is only gradually improved by
removal of the thymus.

1.5 GENETIC FACTORS

For many years, the occurrence of familial cases of MG has suggested the
possibility of a genetic factor (Rothbart, 1937; Simpson, 1960; Herrmann,
1966; Kott and Bornstein, 1969). Twin studies have reported one monozygotic
(Simpson, 1965) or both of monozygotic and dizygotic twins affected
(Hokkanen, 1969; Namba et al., 1971). There seems no doubt that familial
occurrence of true MG has occurred sufficiently often to require acknowledge¬
ment. Since Levin (1949) it has been tentatively agreed that 'congenital
myasthenia' is a different disorder and it is now clear that it is not associated
with circulating anti-AChR antibody (Vincent and Newsom-Davis, 1979b).
This must lead to a reassessment ofall familial cases. Jacob, Clack and Emery

(1968) pointed out that the age distribution of familial cases is significantly
different from that of non-familial cases, the familial form having an earlier age
of onset. The study ofBundcy (1972) suggested that familial cases presenting
under the age of 2 years had a male excess and probable autosomal-reccssive
inheritance, whereas those with onset in later childhood and adolescence were
more like sporadic myasthenia in sex distribution and relationship with other
autoimmune diseases. The latter group had no certain genetic mechanism but
there was some evidence to support the suggestion ofSimpson (1960, 1968) that
MG mas- be one nf several alternative (autoimmune) expressions of a genetic
predisposition. Alternative gene expression is also shown by the Finnish series
of Pirskanen (1977). All genetic studies indicate that there is polygenic or
multifactorial inheritance, or that an additional environmental factor is
necessary. In 1972 Pirskanen, Tiilikainen and Hokkanen found that one of the
human leukocyte antigens HL-A1, B8 (formerly HL-A8) was significantly
more frequent in myasthenics, especially in women with onset ofmyasthenia
below the age of30 years. This finding has been confirmed by many others (sec
review by Pirskanen, 1976) but many patients in this group do not have the
serologically defined HLA-B8 haplotypc; in some familial cases HL-B8 may be
present in some and not in other affected members (Dick et al., 1974; Pirskancn,
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1976). Homozygosity for B8 does not increase the chance of developing MG
(Dick et al., 1974). Clearly the relationship with HL-B8 antigen is not a direct
one.

Pirskanen and her colleagues have looked for some specific lymphocyte
defined (LD) gene with a strong positive disequilibrium linkage with HL-B8,
but one of these, LD-8a which may include LDm (now called HLA-Dw3)
occurred only a little more often in myasthenics than in control subjects
(Kaakinen, Pirskanen and Tiilikainen, 1975). The lymphocyte defined
antigens occur at a gene locus in the human 6th chromosome corresponding to
the Ir loci in experimental animals, which control immunological responsive¬
ness. The HL-B8 and linked genes are associated with several other diseases, all
of which seem to have immunological characteristics (Svejgaard et a/., 1975).
In Japanese myasthenics there is an increased association ofHLA-B12, and the
linked HLA-A10, especially in young females with early-onset disease and
thymic hyperplasia (Yoshida et al., 1977). In the Japanese study there was a
high frequency of HLA-B5 in myasthenic patients with thymoma, an antigen
associated with other autoimmune diseases in Japanese (Ono et al., 1975). The
importance ofHLA type in patients with thymoma is not well established. In
Caucasian populations, increase of HLA-A2 or HLA-A3 has been reported in
these cases (Feltkamp et al., 1974; Fritze et al., 1974) but not confirmed by
Pirskanen (1976), who noted an 'almost significant increase' of W10 antigen.
In the animal model (EAMG) susceptibility to the disease correlates with the
H-2 haplotype possessed by the strain of inbred mice (Fuchs et al., 1976) and by
some congenic strains ofmice (i.e. those differing genetically only at the H-2
locus) (Christadoss, Lennon and David, 1979) and rat (P. O. Behan and A. I.
Weir, personal communication). The HLA associations with MG are reviewed
by Behan (1980).
It is not appropriate in this chapter to review the possible mechanisms of

HLA haplofype influence on disease. The HLA-B8 linked genes are probably
'markers' for a currently unidentified immunoreactive (Ir) gene, on the sixth
chromosome in the human, its presence predisposing to autoimmune disease
but not specifying the latter. The fact that autoimmunity is limited to a number
of self-antigens and never generalized indicates that there is no failure of a
generalized tolerance-inducing mechanism. I have elsewhere drawn attention
to flare up of a number of autoimmune diseases after thymectomy for MG as

indicating that there can be no loss of generalized suppressor function in that
disease (Simpson, Behan and Dick, 1976). On the other hand, the overlap of
autoimmune diseases argues against forbidden-clone or induction hypotheses.
The possible role of immunoglobulin V genes requires evaluation.

1.6 SUMMARY

For the present it appears that some aspect of immunological tolerance is
broken by whatever is the primary stimulus for MG, most easily in those with a
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hereditary predisposition, for which the HLA-B8 antigen and female sex are
markers Failing this, tolerance is broken when a thymoma develops, regardless
ofHLA status, or when certain substances such as penicillamine are taken. The
thymus is apparently an essential intermediary during the active first stage of
the disease but not later. The defect is manifested by immunodeficiency df
lymphocyte function and sometimes of IgA. In these circumstances autoanti¬
bodies are produced which in many, but not all, cases damage cells containing
their specific antigens. Anti-AChR antibodies may require complement
activation to become pathogenic.
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Neonatal Myasthenia Gravis is a neuromuscular disorder occasionally and

transiently present in a baby born to a woman with myasthenia gravis. It is
to be distinguished from Familial Myasthenia Gravis (the rare association in

siblings of adult-type myasthenia gravis inherited from either parent) and
from Congenital Myasthenia. The latter is a group of disorders of neuromuscular
transmission due to one of several congenital abnormalities of the presynaptic
or postsynaptic mechanism, present in the fetus and remaining throught life.
The mother is never myasthenic.

Neonatal myasthenia affects the offspring of myasthenic women about once

in seven live births, in my experience. (Spontaneous abortion is more common

in pregnant myasthenics.) It was first recognised by Strickroot et al (1942)
and confirmed by Wilson and Stoner (1944) who reported two cases. Further

reports soon followed. In i960 Greer and Schotland were able to summarise 20
cases in the literature and Millichap and Dodge (i960) added 10 further examples.

By 1964 I had recorded obstetrical histories from 59 myasthenic women with 81
known pregnancies leading to 70 live births. Of these, 64 babies were normal

(Simpson,1964). There were three definitely myasthenic babies and another three
in which the baby was weak at birth but recovered without specific treatment.
An affected child or a normal child is not a marker for the result of the

next pregnancy.

In the last twenty years I have recorded similar histories retrospectively
but the weakness has always been so limited in duration that I have only twice
had the opportunity to follow the progress of the baby and I have not found
the diagnosis easy because of the difference from adult myasthenia. Further
cases reported by Namba et al (1970) and Fenichel (1978) have consolidated

the clinical picture.
Where the fact is mentioned, there appears to be general agreement that

fetal movements are normal before birth but the neonate is very weak immediately

or within a few hours and ,if untreated, is likely to die from respiratory
failure. Sucking is weak and the mouth tends to remain open. There is general

hypotonia. Ptosis is common but, as Levin (1949) pointed out, there is rarely

external ophthalmoplegia. This distribution is different from the average case

of adult myasthenia gravis in which ophthalmoplegia is common and early and

reopiratevy weakness a late manifestation.
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The exact duration of the illness is a little uncertain as the baby has usually
died within a few hours or has been maintained on neostigmine for several

weeks, but from the vague accounts in the reported cases it appears to be
more than one week but probably less than twelve weeks. Recovery then takes

place and no recurrence has been reported except for the possible case des¬
cribed by Osserman (195©)• His patient, the child of a myasthenic mother,
had difficulty swallowing and suclfing after birth. This persisted for "several
weeks" and then disappeared without specific medication. Symptoms of muscular
weakness reappeared at two years of age,

The diagnosis of neonatal myasthenia is straightforward if power is rest¬

ored to normal by an anticholinesterase drug. Recommended test doses for intra¬
muscular injection are 1mg of edrophonium or 0.1mg of neostigmine, and for
treatment 4-10mg of pyridostigmine or 1-2tnj of neostigmine by nasogastric tube^
repeated every eight hours. In my very limited experience the response has
been disappointing and not comparable with that of adult myasthenia, to the
extent that I had some scepticism about the diagnosis until recovery took place
within the predicted period. (Circumstances did not permit electrodiagnostic

studies.)
The transient nature of neonatal myasthenia is best accounted for by temporary

presence in the infant of a noxious substance which has passed through the

placenta from the mother. The rarity of this event makes it unlikely that an

anticholinesterase drug passing from mother to child prevents normal endplate
maturation. One of my patients had a myasthenic baby though she was not taking

any drugs during the pregnanes.

It was formerly postulated that myasthenia gravis was caused by a circulating
curare-like substance, possibly produced in the thymus, and that this might

pass through the placenta from mother to child. A molecule resembling D-tubo-
curarine'would soon be eliminated by the fetus and could not possibly account
for a competitive neuromuscular block persisting for up to 12 weeks. Simpson

(1960, 1964) pointed out that an antibody could survive for so long, drawing
an analogy with rhesus antibodies. This, with the first recognition of multiple

organ abnormalities and genetically linked disorders, was the clue to the auto¬
immune hypothesis of myasthenia gravis postulating a thymus-regulated production
of antibody against the nicotinic acetylcholine receptors of skeletal muscle

endplates (Simpson, i960), a hypothesis now well validated. The original concept
of a 'lock and key' occupation of receptors by antibody has not been fully
confirmed and it seems that the major lesion is lysis of receptor structures
by a complement-mediated antibody (Engel et al, 1977). Antibody is -produced
by B-lymphocytes because of defective immunoregulatory function, later shown
to be controlled by the thymus. The exact nature of the thymic disorder in

this autoimmune disease is still uncertain and there is no adequate explanation
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for the fact that thymectomy is beneficial if performed during the first 5-7

years of the illness (Simpson, 1958).
The titre of antireceptor antibody drops slowly in the two years following

thymectomy but the explanation for the clinical benefit is not immediately

apparent. Occurrence of neonatal myasthenia is not related to the severity
of the disease in the mother. It does not occur with every pregnancy, even

consecutive. Removal of the mother's thymus before or during pregnancy does

not prevent the baby from having neonatal myasthenia (Levin,1949> Nilsby, 1949»
Geddes and Kidd, 1951)* Qlanovet al (1981) report neonatal myasthenia in the
infant born to a thymectomised mother who had been without myasthenic symptoms
for seven years. One of my patients had thymectomy three years before becoming

pregnant. She was off all medication. The baby had transient neonatal myasthenia.
Six years later the mother aborted another pregnancy and her myasthenia then

relapsed (Simpson,1964). It must be concluded that a certain antibody titre

may harm the mother's endplates and vice versa. The lack of correlation
between antibody levels and clinical effect in adult myasthenia is commonly
discussed in terms of specificity of sub-classes of antibody. This argument

could not account for these differences between mother and child, and the
differences must be independent of ability to produce appropriate antibody.
Protective factors Two related problems immediately suggest themselves. Why

does only a minority of babies at risk manifest neonatal myasthenia? Why does

it not apparently affect fetal movements in utero?
The original theory was formulated at a time when myasthenia gravis was

thought to be due to a "myasthenic toxin" and the thymus was classified as an

endocrine gland. The seminal paper by Miller (1961) on the immunological
role of the thymus had not been published. There had been many negative trials
of. human-human transmission by blood transfusion and of human to animal transfer
without success. Simpson (i960) suggested that succesful passive transfer might
require tissue compatibility between donor and recipient, as in some other
mother-child relationships. Many years later it was discovered that myasthenia

gravis (except a group associated with thymic tumours) is closely linked with
certain HLA antigens, B8 and DRW3 in Caucassidns (pirskanen et al, 1972; Behan
et al, 1973)* In the rare familial type of myasthenia gravis we found that the
association with HLA-B8 antigen is not a direct one nor a prerequisite for the
disease (Dick et al, 1974). Of two identical twin sisters homozygous for HLA-38

only one had the disease (Simpson,1965 * Lick et al 1974). It would be important
to know the mother-child linkages in maternal and neonatal myasthenia but no

such study has been reported.
In the last 10 years an experimental model of the disease has been produced



4

by sensitising laboratory animals with material rich in acetylcholine receptor
and it has proved possible to transfer the myasthenic activity to recipient
animals by serum from the inoculated animals or human patients (Toyka et al,

1975), usually apparent by reduced amplitude of spontaneous miniature endplate

potentials recorded with a microelectrode, rarely by clinical disease in the

recipient animal. We were unable to replicate these experiments (Rees et al,

1977) and. considered the possibility that strain differences, equivalent to
human HLA differences, might account for this. Studies on congenic strains of
mice (genetically identical except for the H-2 locus, equivalent to the HLA.

gene locus of man) have demonstrated that susceptibility to induction of

experimental myasthenia by inoculation of receptor antigen is controlled by

genes at the Ir region of the appropriate chromosomes which code for molecules

restricting immune recognition and the generation of T-cell helper and suppressor

responses, but these congeneic strains did not differ in their susceptibility
to passive transfer os> ny hybridoma monoclonal antibodies (Christadoss et al,
197<3).

Presumably the conclusion that the major histocompatibility complex modifies
the production of antibody and not the susceptibility of the endplate receptors
also applies to the human disease, but the presence of a particular histocompat¬

ibility receptor on the membrane close to the acetylcholine receptor macromolecule
can not be excluded from consideration. In similar experiments Herman et al(l9S2)
also showed H-2 locus control of antireceptor antibody levels, but no strain
of mice failed to produce antibody and the occurrence of muscular weakness and

paralysis did not depend on the antibody titre (not sub-classified). A similar
lack of correlation between antibody titre and clinical weakness is found in

human myasthenia gravis both adult and neonatal. Indeed personal experience in
three cases shows that antibody is always detectable in cord blood if the mother

is myasthenic, even if the child is apparently not affected. It is, therefore,

necessary to examine the possible factors influencing the susceptibility of the

endplate receptors, the hypothesis being that fetal endplates are 'protected'
in the uterus but in some 12% of cases that protection fails after birth until
maternal antireceptor antibody is degraded or excreted. Some possible mechanisms
axe listed in Table 1.

Acetylcholine released from the motor nerve terminal by a nerve action pot¬

ential, in an appropriate environment of calcium and other divalent ions, comb¬
ines with acetylcholine receptors (AChR) on certain parts of the muscle sarco-

lemmal membrane with a specialised folded structure and there evokes an endplate
current by opening an ion-exchange channel in each AChR macromolecule. The total
current through the simultaneously activated channels is normally in excess of
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that required to produce a regenerative spike potential of the muscle membrane,
the activator of the twitch mechanism. The excess current constitutes a "safety
factor" for neuromuscular transmission. In myasthenia gravis the safety factor
is reduced or abolished by antibody action on antigenic sites on or near the
AChR structure.

The original postulate of an "immunopharmacological blockade" is still
uncertain despite some evidence for its existence. The present evidence points
to the important mechanisms being lysis and internalisation of receptors by a

complement mediated antibody-antigen action which results in simplification of
the folded subsynaptic membrane and loss and separation of receptors (Engel et
al, 1977)# Another mechanism, favoured by Drachmann (1981), is a permanent
conformational change of the receptor structure by a process known as antigenic

modulation. The deformed receptors are more rapidly degraded by the normal

process of internalisation into the muscle cell. These disorders are countered

by insertion into the subsynaptic membrane of new receptor stuctures which are

synthesized by the Golgi apparatus underlying the endplate. Insertion and degr¬
adation are normal processes in substantial balance. Disturbance of this balance
would modify the safety factor in one direction or the other. It is conceivable
that insertion of receptors into the membrane could be dominant in the fetus.

Before the muscle cell is innervated the receptors are distributed all over
its membrane. When a motor nerve terminal establishes contact, an endplate
structure is induced and receptors become concentrated in the postsynaptic area

of the muscle membrane. Extrajunctional receptors do not reappear unless the
flow of acetylcholine from nerve to muscle is interrupted for more than a certain

time, usually by denervation. To form an efficient synapse, the receptors must
be clustered at a critical separation distance. The safety factor depends not

only on the number of receptors but on their orientation ( and of course on the
release of sufficient acetylcholine from the terminal knob). At least two mole¬

cules of acetylcholine must bind to each receptor monomer and two receptors
should be cross linked to promote the conformational changes which open and close
the ion conductance pathway. The duration of occupation of receptor sites depends
on diffusion of transmitter and on its hydrolysis by acetylcholinesterase. The
latter may be inhibited by anticholinesterase drugs, with benefit to the mya¬

sthenic, but the diffusion mechanism is highly important and, of course, not
amenable to chemotherapy. Clearly, it is important to know if the fetal muscle
has a normal safety factor for transmission, whether its structure encourages

retention of acetylcholine-, and whether the -insertion of receptor protein into
the postjunctional membrane is efficient or not.



6

Neuromuscular transmission in the neonate. Anaesthetists have sometimes

noticed that newborn infants tolerate relatively large doses of depolarizing
relaxants and yet are very sensitive to the non-depolarizing ('competitive')
type. In this respect the muscle of the newborn infant resembles that of mya¬

sthenia gravis in adults. A drug which cause depolarization block in the adult
causes a competitive type of block in the newborn (Churchill-Davidson and Wise,

1963)• Thus the neonate has a low safety factor. A suggestion by Keynes (1954)
that the thymus might produce a 'myasthenic* substance to inhibit fetal movement
cannot be taken seriously and the low safety factor is probably due to dispro¬

portion between presynaptic and postsynaptic structures (Diamond and Miledi,

1962) and the low gating time of immature receptors. It is necessary to elabor¬
ate on this because the low safety factor ought to make the fetus more rather

than less sensitive to passively transferred antibody unless insertion of recept¬
ors is so vigorous as to counterbalance those destroyed by lysis or degradation.
The tunover rate of newly formed receptors is certainly fast in the developing
neuromuscular junction (Burden, 1977) but I am not aware of any evidence that
it is superior to the mature junction, and the half life of embryonic receptors
is about 10/fa of that of the adult. Synthesis of receptors is an energy-dependent

process which is stimulated by cyclic adenosine monophosphate. In summary, the

immature neuromuscular junction of the fetus should, if anything, be more likely
than that of the adult to have its safety factor critically reduced by anti-

receptor substances. A possibility that can not be excluded is thst; fetal AChR

is in some way sequestered from the circulating antibody, but it is more likely
that the relative protection before birth is by prevention of immunological attack.

Immunosuppression in the fetus. It is now commonplace to regard the fetus as a

single haplotype mismatched transplant on the mother, with the implication that
it would be rejected by a host -v-graft reaction if this were not suppressed.
The mother's contribution to this will be considered later. Four fetal components
should be considered.(i) Thymic hormones controlling T-cell subsets in the fetus
to induce tolerance to self proteins might be supposed to be particularly active
in the embryo and to have the capacity to pass into the mother's circulation.

(ii) Anti-idiotype antibodies may protect the fetus against passively transferred
maternal antibodies. This would imply some procedure for recognizing tissue-
destructive antibodies from the beneficial transfusion of protective immuno¬

globulins on which the neonate depends until able to develop its own protection.

(iii) If the major myasthenogenie process is the complement mediated lysis of

receptors rather than degradation, the low plasma complement of the fetus (about
half of the adult level) would minimise destruction of receptors until after



7

birth and the liver increases its production of complement, (iv) Fetal-derived

immunosuppression of the mother's lymphocytes is well authenticated and may be
a factor in reducing the severity of the mother's myasthenia gravis which

commonly occurs in the third trimester (Viets et al, 1942; Simpson,1964a). To
be an effective inhibitor of humoral antibody originating transplacentally it
would be necessary for the fetus to cause significant suppression of material
lymphocytes not only locally in the placenta but at the site where they develop

immunocompetence, wherever that may be in the thymectomised myasthenic. Diffusible
factors from fetal lymphoid tissue, lymphokines, are unlikely to be adequate
but should be examined. Significant amounts of alpha-fetoprotein, produced in
the fetal liver and yolk sac, are transferred from fetal to maternal serum and
into the amniotic fluid. This glycoprotein is strongly immunosuppressive and is

probably only one of a number of immunoregulatory substances. One of its major
attractions in the context of transfer of immunological disease from mother to

fetus is that it is produced from a very early stage of embryogenesis (first
trimester) before lymphoid tissues have developed, giving the fetus early

protection, but the concentration in maternal serum is low (under 10mg/ml) until
the second trimester.

Although I consider that the low serum complement factors may be very import¬
ant in protecting the fetus against matenal antireceptor antibody, there ".is no

satisfactory evidence of their role. Abramsky et al (1979) suggested that alpha-

fetoprotein inhibits binding of antibodies to AChR of both mother and fetus

(Brenner et al, 1980j 1981; Donaldsen et al, 1981). The postulated effect on

antibody-antigen binding is not accepted by some other workers. Certainly most
of the evidence on immunosuppression by alpha-fetoprotein concerns a primary
effect on antibody production.

Most obstetricians and paediatricians will rarely encounter neonatal myasthenia

gravis and neurologists are not often present when their myasthenic patients
deliver. It is hoped that this review will assist our colleagues to recognize
and treat the affected babies which have an excellent prognosis, and at the
same time encourage them to supply their immunology laboratories with appropriate
maternal and cord blood, and possibly placental tissue, to solve a problem with

significance for other types of immunological disease in infancy.
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Chapter 23

THE ACUTE PROBLEMS OF MYASTHENIA GRAVIS

J A Simpson

Myasthenia gravis is an autoimmune disease in which, owing to defective thymic
control of lymphocytes, antibodies are produced against a number of tissues
including the nicotinic receptor sites for acetylcholine. With the collaboration
of complement, one or more of these antireceptor antibodies cause lysis or
internalisation of the receptors at the endplates of skeletal muscle, with secondary
distortion of the synaptic structure. The combined effect is to reduce the number
of receptors available to the acetylcholine (ACh) released from the nerve terminal
in response to a stimulus. Most of the packets of acetylcholine released are
destroyed by the enzyme acetylcholinesterase (AChE) before they can link with a

receptor and this lowers the safety factor for transmission which is normally
provided by a surplus of ACh and receptors. The output of ACh from a train
of nerve impulses normally decrements, but the safety factor is sufficient to
provide enough transmitter-receptor linkages to open up ion channels and cause
the endplate membrane to depolarise to the extent required to trigger the action
potential of its muscle fibre. When the safety factor is lost, the decrementing
output causes more and more endplate potentials to become inadequate to
trigger their muscle fibres and a myasthenic 'fatigue' results.

The safety factor can be improved to a limited extent by prolonging the life
of ACh in the synaptic cleft. This is the role of anticholinesterase drugs such as

neostigmine but full restoration of power will not occur if too many receptors
are destroyed. This implies that optimum treatment may fail to restore full
power.

The situation is not improved by further reduction of AChE, since prolonged
occupation of receptors by ACh causes first prolonged depolarisation of the end-
plates and then desensitisation so that the receptors are blocked against further
molecules of ACh. This depolarisation-densitisation block is the basis of the
'cholinergic state' which results from overdosage with anticholinesterase drugs.
It is commonly caused by giving increasing dosage in an attempt to restore full

196



power when the limit has already been reached. The danger is particularly
marked when using long-acting anticholinesterase drugs such as distigmine which
have a cumulative action, since the overdose may not become apparent until the
patient has left hospital. The other circumstance leading to overdosage is a

temporary recovery of the safety factor with requirement for rapid reduction
of dosage. This commonly happens, for unknown reasons, in the first two days
after thymectomy.

I am convinced that unrecognised cholinergic state is the most common
cause of death in myasthenics treated by the inexperienced. The most important
emergency problems are the differential diagnosis between myasthenic crisis and
cholinergic crisis, and other complications resulting from treatment.

Myasthenic crisis
This term is applied to rapidly deteriorating or end-stage weakness of skeletal
muscles due to uncontrolled myasthenia gravis with severe loss of safety factor
for neuromuscular transmission. For practical purposes this obsolete term refers
to paralysis of respiration or swallowing, with actual or incipient ventilatory
failure, a state easily identified at the bedside without special instrumentation or
blood gas analysis. In the previously unidentified case there is no problem other
than to recognise myasthenia gravis as one of the most common causes of
'bulbar paralysis'. In the patient under treatment there are three possibilities:
1. Anticholinesterase dosage is insufficient, usually being given too infrequently.

Some patients require pyridostigmine only three times daily. Most require
dosage at intervals of four hours or less. (For the method of establishing
individual dosage schedules cf Simpson [1 ].)

2. Receptor destruction is increasing or neuromuscular demand is greater. This
may be associated with any non-specific infection or (for reasons not under¬
stood) with emotional disturbance.

3. Concomitant administration of drugs which lower the safety factor at end-
plates or which add to respiratory embarrassment. These are listed in Table I
and further discussed elsewhere [2].

Treatment requires:
1. Controlled ventilation by cuffed endotracheal tube, using a positive pressure

respirator if necessary.
2. Nasogastric intubation for food, fluid and drug administration until adequate

swallowing is restored.
3. Adjustment of dosage of anticholinesterase medication, giving crushed tablets

by nasogastric tube. Parenteral administration is rarely needed, much more
difficult to assess, and can be dangerous. Neostigmine should never be given
intravenously.
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TABLE I. Drugs which aggravate myasthenic weakness

1. Inhibitors of synthesis or release of ACh

Streptomycin
Dihydrostreptomycin
Neomycin
Kanamycin
Viomycin
Bacitracin

Polymyxin A and B
Colistin

(Any aminoglycoside is suspect, but potentiation of
neuromuscular block is not confined to that type
of antibiotic.)

Corticosteroids (in first two weeks)

2. Blockers ofACh reccp tors

D-tubocurarine
Suxamethonium

3. Drugs reducing muscle response to endplate current

Hydantoinates
Quinine
Quinidine
Procainamide
Beta-blockers

4. Drugs which potentiate the autoimmune response

Thyroxine
Penicillamine

Oestrogens (?)

5. Drugs potentiated by myasthenic or cholinergic states

Respiratory depressants
Enema

4. Withdraw drugs listed in Table 1 if possible, but with discretion. If a particular
antibiotic is essential it should be continued and compensated for by the
adjusted dose of anticholinesterase.

Emergency tracheotomy is very rarely required. Modern endotracheal tubes
can be tolerated for at least 10 days and most crises should be controlled within
that time, otherwise elective tracheotomy is necessary.

It is sometimes necessary to give atropine to control bronchospasm, bronch-
orrhoea or diarrhoea but it is best avoided if possible as it will obscure signs of
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overdosage with anticholinesterase drugs. Remember that a myasthenic state
may be converted to a cholinergic state without an intervening period of normal
muscle strength. One must be careful not to overdose the bulbar and respiratory
muscles while attempting to strengthen the limbs. If reasonable control is not
achieved when dosage has reached 20 tablets daily of neostigmine (15mg) or
pyridostigmine (60mg) it is unlikely that further increments will be effective:
treatment should then be concentrated on reducing the immunological attack
on endplates by means of plasma exchange, with or without steroids or immuno¬
suppressant drugs, if this can be done without compromise to the respiratory
control.

An all too common situation, based on the belief that full power can always
be restored by giving sufficient anticholinesterase medication, is that the patient
struggling for breath or choking on saliva is injected with more and more neo¬
stigmine. Without taking account of the pharmacokinetics of previous oral and
parenteral dosage, and in the absence of a readily available method for rapid
estimation of blood levels, it is usual for toxic levels to be reached quite rapidly,
converting the myasthenic state to a cholinergic one with depolarised or insensitive
endplates. The same situation is reached more slowly by progressively increasing
oral dosage of any anticholinesterase, but especially the long-acting ones which
tend to be slowly cumulative. This risk is increased if there is renal insufficiency.

Cholinergic state

In former times the failure to improve with increasing dosage of neostigmine or

pyridostigmine was attributed to 'neostigmine resistance', and some advocated
a 'drug holiday' with ventilatory support. The cholinergic state, or depolarisation
block, of receptor-deficient endplates cannot be recognised clinically and the
electrophysiological methods need special expertise. The clue to the situation
is the evidence for overstimulation of those neuromuscular junctions which have
a relatively normal population of ACh receptors and of the constrictor muscle of
the pupil which is not normally affected by antibody attack. The relatively
spared skeletal muscles (e.g. distal lower limb muscles) show fasciculation of a
coarse irregular type, and the pupil is constricted. It is a simple matter to measure
the pupil diameter. If it is less than 3mm in normal room lighting there is no
doubt that inhibition of cholinesterase has already passed the safety margin and
any further increase will merely aggravate the cholinergic crisis and endanger
the heart. (Although the effect is vagotonic the pulse rate is usually rapid and
not slow as would be expected.) Bronchoconstriction, bronchorrhoea and hyper-
salivation further embarrass respiration and the increasing respiratory effort
leads to a vicious circle situation which is likely to terminate in death if appro¬
priate steps are delayed.

The warning signs in the pupils and bronchi are obscured if the other, less
dangerous, signs of overstimulation ofmuscarinic ACh receptors (colic, diarrhoea,
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sweating, salivation) have been treated with atropine. It should never be used
until the situation has been fully assessed with a view to detecting cholinergic
block of the nicotinic ACh receptors of skeletal muscle. Even this is not straight¬
forward . Since cndplatc damage varies in degree in different muscles, it is possible
for some muscles to be ovcrstimulated (like the fasciculation described above)
while others are still underdosed.

Fasciculation and small pupils are the warning signs that the cholinergic state
is imminent in non affected junctions. Attention must then be directed to the
vital muscles of respiration and deglutition. The next clue is the time of onset
of the respiratory crisis with respect to the last dose of an anticholinesterase
drug. That is why it is advisable to give dosage 'by the clock' rather than on
patient demand or doctor impulse. A well-managed patient should bo having
medication at intervals previously established by formal trial [1].

If muscular power has become weaker more than one hour after the last oral
dose and temporarily improved by the next dose, it is highly probable that more
drug is required. If respiration is secured by passive ventilation, there is no

urgency. First shorten the dosage schedule to gaps of three hours then, if necessary
increase alternate dosage by half tablet increments (i.e. 30mg of pyridostigmine,
the preferred anticholinesterase). Wait for an adequate period (not less than
nine hours) and then raise each dose to the new level. Continue in this way,

gradually increasing until each dosC is three tablets (180mg pyridostigmine) or
until the pupils become smaller titan 3mm. If this regime (three tablets three-
hourly) is insufficient, nothing will be gained by further increments. It is now

necessary to prepare for longer term ventilation and wait for spontaneous
remission, or proceed to plasma exchange or steroid therapy.

The patient just described in myasthenic crisis was temporarily better in the
first hour after a dose of anticholinesterase drug. If, on the other hand, the
regularly dosed patient is weaker during the first hour and then improves a little
and his pupils are constricted, it is highly probable that he is in a cholinergic
state. Once again there is no need for panic reaction once he has been intubated.
Stop all anticholinesterase drugs and wait for recovery of power. Give i.v.
atropine 2mg every two hours until weakness is obviously myasthenic again or
evidence of atropine toxicity develops.

If, on the contrary, after two doses have been omitted there is no improve
ment (preferably monitored by a Wright's respirometer or similar device) the
endplate status should now be assessed by injecting a short acting anticholin
esterase, edrophonium (Tensilon). The question to be answered is 'will extra
inhibition of acetylcholine hydrolysis improve the patient (underdosed) or not?'
Further deterioration or fasciculation obviously indicates overdosage (cholinergic
state). A null response must always be interpreted in the same way. It is therefore
extremely important to carry out the test properly and at the right time. (With
experience, the endplate status can be assessed from time to time while the oral
dosage is being increased. In this circumstance the best time is about one hour
after a dose, when peak blood levels may be anticipated).



The edrophonium test

This test is simple and safe when used to confirm a diagnosis of myasthenia
gravis in an untreated patient. When used to differentiate between myasthenic
and cholinergic crises it is dangerous and may be the 'last straw' to precipitate
severe respiratory paralysis or cardiac arrest. Resuscitation equipment must be
at the ready. When the patient has already taken pyridostigmine or neostigmine,
by whatever route, the injection of edrophonium should be preceded by intra
venous injection of atropine sulphate 0.6mg some 10—15 minutes previously, or
in emergency this should be added to the syringe containing edrophonium.

First measure the timc-to-fatiguc of a muscle group known to be myasthenic,
e.g. the outstretched hands, width of palpebral fissures on upward gaze, and,
if possible, some measure of ventilatory function. Then inject 2mg edrophonium
intravenously, retaining another 8mg in the syringe. Wait for 30 seconds and
reassess the time-to-fatigue tests. If they improve or deteriorate the answer is
clear (underdosed or overdosed) and no further injection is required. Fascicu-
lation where none existed before (often periorbital) should be interpreted as a

sign of maximal dosage. If there is no detectable change, slowly inject the
remaining 8mg and repeat the observations. A small response or definite deterio¬
ration must be interpreted as evidence of overdosage. Never accept the patient's
statoment that he has benefited from the injection. Objective evidence is absolutely
essential. Do not repeat the test within an hour. Although the major effect
passes in a few minutes, some residual action persists.

Simulation of cholinergic crisis

I have stressed the importance of muscarinic (autonomic system) signs as indi¬
cations of impending overdosage. The myasthenic patient is well known to be
surprisingly resistant to these 'side effects' of anticholinesterase drugs and their
appearance must always be considered ominous though there is certainly
individual susceptibility. It is therefore important to recognise some common
causes of hypersalivation, colic, diarrhoea, sweating, tachycardia and constricted
pupils in the treated myasthenic. They may be due to: (i) drugs; (ii) hypoxia.

Hypersalivation

Hypersalivation with bronchorrhoea, when caused by anticholinesterase drugs is
an excess of thin watery secretion. In true myasthenic crises, with severe

dysphagia, normal saliva is not swallowed properly and a thick glairy, mucoid,
secretion is often induced reflexly. Note that in the latter situation atropine
makes matters worse and leads to bronchiolar plugging.
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Sudden respiratory distress
Sudden respiratory distress in mild myasthenia usually indicates inhalation of
food or a foreign body.

Colic and diarrhoea

Many physicians give supplements of potassium in myasthenia gravis. It is some¬
times necessary during steroid therapy but is otherwise useless and commonly
causes colic and diarrhoea. The pupils are not constricted. Intestinal hurry is also
common with intragastric feeding with proprietary fluid diets, and antibiotic
diarrhoea is well-known. The myasthenic patient is immunodeficient and often
treated by immunosuppressants, fungal oesophagitis and enteritis occur after
prolonged intubation.

Sweating, tachycardia and constricted pupils
These cardinal signs of the cholinergic state also occur with severe hypoxia and
may cause severe myasthenic crisis to be wrongly diagnosed as cholinergic crisis.

TABLE II

Undcr-vcntilation Over-ventilation Myasthenic Cholinergic
crisis crisis

Central

Air hunger
Dizziness
Contusion
Convulsions
Coma

Restless Apathetic Restless

+

•t

Restless
++

+

Muscarinic

I leadache
Blood pressure
Pulse
Skin

Sweating
Salivation
Bronchorrhoea
Bronchospasnt
Miosis

+

f - i
t - t

I "In sh
+

+

+

±
+

si.
t - 1
t

Pallor
t

Pallor

+

+

+

it
Pallor

+

++

++

+

+

Nicotinic or Tetanic

Twitching
Paralysis
Paresthesia

+ Tetany

202



In both states the sweating skin is usually warm and the patient is restless.
Twitching may be present. Note, however, the signs of over-ventilation in the
respirator patient. Some diagnostic criteria are listed in Table II.

Syncope

This is rarely caused by myasthenia or anticholinesterase drugs. (Remember that
there is a recognised linkage between myasthenia gravis and epilepsy.) An
important type, which may cause cardiac arrest is due to the use of an enema. I
have not experienced this as I never use enemata in myasthenics since the risk
was pointed out by Keynes [3]. The mechanism is unknown but could be due
to a vagal reflex from distension of a bowel in tonic spasm due to anticholin¬
esterases. Syncope is also a hazard of plasma exchange, not unique to
myasthenics.

Neuromuscular blockade from other drugs

Some drugs which lower the safety factor for transmission have been listed in
Table I. Only the temporary deterioration caused by steroids is likely to be
significant. We have shown [4] that this is an endplate effect with lowered
safety factor. Dosage of anticholinesterase drugs should be increased but it is
then necessary to watch for the rebound improvement (usually in 10—14 days)
as rapid reduction of pyridostigmine dosage may then be necessary. In careful
hands, no emergency situation should arise.
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Symposium on Neurology 1984
THE JANET REID LECTURE

MYASTHENIA GRAVIS—PAST, PRESENT AND FUTURE

John A. Simpson, Department ofNeurology, Glasgow University and the
Institute ofNeurological Sciences, Southern General Hospital, Glasgow

It is a great honour to be invited to give the first Janet Reid Lecture. It is
endowed for lectures on neuropsychiatric disorders and what could be more
appropriate than a review of the first disease in which a disorder of synaptic
transmission was fully worked out, with transformation of the prognosis
for patients, for it may be a paradigm of other disorders of the central
nervous system?
Following the classical descriptions by Erb, Goldflam and Jolly, myasthenia
gravis (MG) became recognised at the beginning of the century. The
favoured pathogenetic mechanism was a 'myasthenic toxin' acting either
on the motor nerve terminals or on the endplates of muscles, though the
only identified pathology was lymphorrhagcs in muscle No morphological
abnormality was detected at the neuromuscular junction. An association in
10-15 per cent of cases with thymomas suggested that the thymus was the
source of a circulating toxin. The similarity to curare poisoning encouraged
Mary Walker (1934) to treat a patient with physostigmine (an alkaloid of
the Calabar bean known to be an antidote to curare) and then with a
synthetic analogue, neostigmine (Walker, 1935). The wide publication of
this 'wonder drug' coincided with confirmation of the role of acetylcholine
in neuromuscular transmission (Dale and Feldberg, 1934) in an era when a
biochemical basis for disease was the vogue. Anticholinesterase treatment
with neostigmine transformed the outlook for myasthenic patients and its
success was considered to establish three propositions. These were (1) that
the pathogenesis must be either failure to produce or liberate sufficient
acetylcholine (ACh), a pre-synaptic lesion, or competition by a curare-like
substance for a supposed receptive substance on the endplate (circulating
toxin), (2) that failure to reverse the transmission block by anticholinester¬
ase drugs indicated either an insufficient dose or endplate resistance to
neostigmine and (3) that pharmacologists should search for a long-acting
form of neostigmine. For the next 20 years there were many reports of
'neostigmine-resistance' and of patients given up to 15,000 mg neostigmine
daily, with atropine to block the muscarinic actions.
The quest for a 'long-acting neostigmine' led to the use of alkylphosphates,
as a spin-off from war-time research on 'nerve gases' and a number of
bis-neostigmine compounds were investigated in the 1950s. They have all
been abandoned for two reasons. Either, like physostigminc, they crossed
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The striking but temporary remission in the first few days requires
appropriate reduction of anticholinesterase dosage. A very strict protocol
developed in Edinburgh is the basis for our very successful thymectomy
programme in Glasgow (Fraser etal., 1978). 'Surgical' deaths have virtually
disappeared; death from myasthenia is now rare and most deaths are due to
associated autoimmune disease, tumour or other unrelated disease. At the
same time the benefit has increased so that more than 90 per cent of
non-thymoma patients had no symptoms or only mild disability after two
years.
Fellows of the College who remember the Northern General Hospital,
1956-64 will agree that the striking drop in mortality cannot be
attributable to availability of ventilators and intensive care units (Grob et
al., 1981, and others). Ventilatory support in what used to be called a
'myasthenic crisis' is valuable, but tracheostomy is rarely required, and
certainly not as a routine for thymectomy. The important advance was the
recognition of the 'cholinergic crisis' and the use of edrophonium in
differentiating it from myasthenic weakness (Osserman and Kaplan, 1953).
Better prognosis was due to better management and avoidance of drug
overdosage. Notice particularly that the major advances in treatment of a
hitherto untreatable disease werebased on a model of the disease which was

probably wrong in every respect.

AUTOIMMUNITY MODELS

The survey for the thymectomy review gave me the opportunity to
examine more than 400 patients or their records. This led to the
formulation of a hypothesis that myasthenia gravis is an autoimmune
disease, closely resembling systemic lupus erythematosus, with blockade of
nicotinic receptors at muscle endplates by an antibody produced as the result
of an abnormality of the thymus gland (Simpson, 1960). It was based on
eight features (Table 1). Although most authors now attribute the
hypothesis to recognition of associated autoimmune disorders, it must be
remembered that most of the related disorders were not known to be

immunological in origin at that time. The immunological role of the
thymus was not established until the following year (Miller, 1961) and
another autoimmune hypothesis published simultaneously (Strauss et al.,
1960) had serious flaws. By the methods available at that time I was unable
to isolate the proposed antibody. The theory was not taken seriously for the
next 15 years until certain developments made it respectable.
The crucial finding was that a snake venom, alpha-bungarotoxin, was
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the blood-brain barrier and caused headache, nightmares and personality
disturbances, or they were cumulative and caused delayed overdosage with
blockade of the neuromuscular junction. If this 'cholinergic state' was
wrongly interpreted as increasing myasthenic weakness, the situation was
fraught with danger, as further increments of dosage made the position
worse and eventually blocked muscarinic receptors. The duration of action
of pyridostigmine varied in different patients from 2-12 hours. It was safer
to dose frequently than to risk cumulative poisoning.
It is my belief that many patients died from the anticholinesterase drugs and
not from the disease itself. Nevertheless the availability of powerful
anticholinesterase drugs altered the risk factors for the myasthenic patient.
From 1934-56 there were 110 cases of myasthenia gravis treated without
surgery at the National Hospital, Queen Square; 32 died from myasthenia
and five from other causes. Most of the myasthenic deaths occurred two to
six years after the onset of symptoms, regardless of whether they had a
thymoma or not (Simpson, 1958). It was already recognised that the
prognosis was worse in the presence of a thymoma, but many patients had a
thymus with prominent germinal centres, often wrongly described as
hypertrophied.
When Blalock (1941) introduced thymectomy, he considered that
thymoma was the major indication for surgery. By 1955 three major
American centres were abandoning thymectomy, whereas in London,
Keynes increasingly advocated the operation. He had made the crucial
observation that the best results were obtained in non-thymoma cases
(Keynes, 1946, and later papers). His conclusions were amply confirmed by
an independent review (Simpson, 1958) which also stressed that most
benefit resulted from operation during the first five years. The age and sex
of the patient were not relevant factors. In the non-tumour group the
mortality was halved, even including a high peri-operative mortality The
poor prognosis for thymoma cases was largely attributable to an operative
mortality of near 30 per cent.
For many years the operation was considered to carry an unacceptable risk,
though this soon reached a low level in units with special experience and
early thymectomy was accepted in the USA and elsewhere. My experience
in Edinburgh (1956-64) managing the postoperative care (Mr Andrew
Logan was the surgeon) convinced me that surgical complications were
rarely responsible for postoperative deaths. Violent fluctuations in
requirement for anticholinesterases are observed in the first three to four
days after thymectomy. In an eight-year period, only one of 28 patients died
postoperatively (from convulsions).
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The striking but temporary remission in the first few days requires
appropriate reduction of anticholinesterase dosage. A very strict protocol
developed in Edinburgh is the basis for our very successful thymectomy
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disappeared; death from myasthenia is now rare and most deaths are due to
associated autoimmune disease, tumour or other unrelated disease. At the
same time the benefit has increased so that more than 90 per cent of
non-thymoma patients had no symptoms or only mild disability after two
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1956-64 will agree that the striking drop in mortality cannot be
attributable to availability of ventilators and intensive care units (Grob et
al., 1981, and others). Ventilatory support in what used to be called a
'myasthenic crisis' is valuable, but tracheostomy is rarely required, and
certainly not as a routine for thymectomy. The important advance was the
recognition of the 'cholinergic crisis' and the use of edrophonium in
differentiating it from myasthenic weakness (Osserman and Kaplan, 1953).
Better prognosis was due to better management and avoidance of drug
overdosage. Notice particularly that the major advances in treatment of a
hitherto untreatable disease were'based on a model of the disease which was
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The survey for the thymectomy review gave me the opportunity to
examine more than 400 patients or their records. This led to the
formulation of a hypothesis that myasthenia gravis is an autoimmune
disease, closely resembling systemic lupus erythematosus, with blockade of
nicotinic receptors at muscle endplates by an antibody produced as the result
of an abnormality of the thymus gland (Simpson, 1960). It was based on
eight features (Table 1). Although most authors now attribute the
hypothesis to recognition of associated autoimmune disorders, it must be
remembered that most of the related disorders were not known to be

immunological in origin at that time. The immunological role of the
thymus was not established until the following year (Miller, 1961) and
another autoimmune hypothesis published simultaneously (Strauss et al.,
1960) had serious flaws. By the methods available at that time I was unable
to isolate the proposed antibody. The theory was not taken seriously for the
next 15 years until certain developments made it respectable.
The crucial finding was that a snake venom, alpha-bungarotoxin, was
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Table 1

Eight Features of Myasthenia Gravis suggesting that it is an Autoimmune
Disorder (after Simpson 1960)

1 Multiple system disease?

Sarcoidosis
2 Hyper- and alpha-gammaglobulinaemia.
3 Age, sex, natural history resembling SLE.
4 Transmission to fetus.
5 Precipitation by infections or allergic reactions.
6 Possible genetic predisposition (HLA linked).
7 Lymphorrhages in muscles and other organs.
8 Germinal centres in thymus.

found to bind specifically and with high affinity to the ACh-binding site of
the motor endplate. This made it possible to. purify receptors by affinity
chromatography. Patrick and Lindstrom (1973) used it to isolate receptor
protein from the electric organs of Torpedo californica. To identify the
protein they raised antibody against receptor substance. The injected rabbits
developed a delayed neuromuscular syndrome with characteristics of
myasthenia gravis. Quite soon the autoimmune theory of myasthenia gravis
was accepted, and indeed it was soon regarded as the prototype
autoimmune disease. Other consequences of the discovery of alpha-bunga-
rotoxin were that it enabled detection of serum globulin which could
prevent access of the toxin to receptors, and identification of receptor
destruction at the myasthenic endplates. It is impossible in the time
available to do justice to the new knowledge about the disorder at the
neuromuscular junction. At least four abnormalities have been found, (1)
reversible block of competitive type, (2) conformational changes of
receptor-channel complexes, (3) lysis and internalisation of receptors and (4)
atrophy of subsynaptic membrane with loss of secondary folds. Only the
first of these changes is responsive to anticholinesterase drugs; complete
restoration of power (as implied in chemical models) is not to be expected.
On the other hand, rapid insertion of new receptors, development of new

Thyroid diseases (all types)
'Rheumatoid' arthritis
Pernicious anaemia
Pure red-cell aplasia
Reticuloses

SLE
Diabetes mellitus
Sjogren's disease
Pemphigus vulgaris
Epilepsy
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synapses by terminal sprouting from the motor nerve terminal and a normal
'turnover' of endplates are important regenerative factors. The typical
fluctuating clinical picture represents the changing balance between attack
and repair, in addition to variations of the immunological attack. It is
almost certain that more than one antibody is involved, some being
complement dependent. Possibly for this reason, the antibodies detected by
present techniques (recognising those acting at or near the site of action of
alpha-bungarotoxin) do not correlate well with the clinical severity. Raised
titres occur only in myasthenia gravis, but the titre is not a measure of
severity. This is unfortunate because we have no good criteria for
measuring the severity. 1 cannot accept the methods described in the
literature based on the distribution of the disease (for reasons outlined in
Simpson, 1958). In the section on treatment, the grading used represents a
change of category. It will be shown that new forms of treatment do not
improve survival and, as I am going to be very critical about them, I must
stress that hazardous treatment may be justified if there is a major
improvement in the quality of survival. This has not been demonstrated
because of the lack of an agreed scale.

NATURAL HISTORY OF MYASTHENIA GRAVIS

To assess the various treatments it is necessary to recognise three clinical
stages (Simpson, 1974). Stage 1 has the characteristic relapses and
remissions as attack battles with repair. Most of the deaths occur two to
four years after onset and thymectomy during this time is always beneficial.
Stage 1 has a mean duration of about seven years. In Stage 2, there are fewer
remissions but death is rare. (Impaction in the glottis is the major hazard.)
Thymectomy is of little or no value in this stage. In Stage 3 the active
disease is 'burned out'. The endplates continue to have a low safety factor
but with little responsiveness to anticholinesterases. Slow improvement is
not uncommon.

Clearly hazardous treatment to prevent death may be justified in Stage 1. In
the other stages the risks of treatment may be greater than the risk of death.
Consider where we had reached before the autoimmune theory was
validated. My review (Simpson, 1958) confirmed statistically the claims of
Sir Geoffrey Keynes that thymectomy benefited most myasthenics,
especially those without a thymoma. The analysis suggested that the best
results followed early operation. Acting on this policy (with mean
pre-operative time of two years) resulted in virtual recovery in more than 90
per cent of cases and confirmed the impression of a general shift towards
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normality. This was coupled with a rigid protocol for avoidance of
cholinergic crisis in the postoperative stage (Fraser et al., 1978) and at all
stages of management. Peri-operation deaths are now exceptionally rare
(two in 28 years, one from convulsions, the other from cardiac arrhythmia)
and death from cardiorespiratory failure (presumed myasthenic) has been
less common than death from unrelated diseases (report in preparation).
Significantly in the period 1975-84, 10 patients (of whom four had
thymoma) have died from uncontrolled infection or peritonitis. It is my
belief that these were directly related to immunosuppressive treatment.

TREATMENT IN THE AUTOIMMUNE ERA

For ethical reasons I did not feel free to follow the therapeutic logic of the
autoimmune hypothesis until it was generally accepted. By that time I had
shown that early thymectomy virtually eliminated mortality due to
myasthenia gravis. Any additional treatment must therefore be relatively
free from risk and the advocates of new forms of treatment have an

obligation to demonstrate the advantage. The most up to date review states
that 'the firm evidence that myasthenia gravity is an antibody-mediated
disease has encouraged greater use of immunological approaches to
treatment and a consequent improvement in the prognosis for patients with
this disease' (Newsom-Davis, 1984). If this is true, it is certainly not
supported by published work which is conspicuously uncontrolled.
Mortality had already become extremely low (in experienced units) and
patients now die from the complications of immunosuppression who
would otherwise have lived.
A second reason why I was slow to use steroids in the 1970s was my
unfavourable experience of ACTH and cortisone in 1952-53. There was no
severe deterioration but the 'rebound improvement' described at that time
was not impressive, Two of the eight patients also had pernicious anaemia
(the first time I had recognised the linkage). The report of Grob and Harvey
(1952) discouraged further trials of these then rare and expensive drugs.
Since 1971 long-term treatment with prednisone has been advocated. The
best documented experience from T. R. Johns and his colleagues is
generally favourable though one-fifth of cases had an unsatisfactory
outcome and two-thirds had side effects or complications of prednisone
therapy, cataract, metabolic bone disease and infection following in 26, 13
and 5 per cent of cases (Pascuzzi et al., 1984). It is difficult to reach a
conclusion as more than half of these patients had had a thymectomy. There
is little doubt that marked improvement or remission can be induced with
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steroids but lack of a good criterion of severity makes it difficult to quantify
the effect and the ratio of satisfactory responses has declined in each
successive report. More seriously Oosterhuis (1984) and others remark on
the difficulty of weaning patients from steroids. This must be remembered
in electively treating a severe relapse with steroids. Cohen et al. (1981)
reported gastrointestinal haemorrhage in 22 per cent of patients given
steroids for myasthenic crisis. A combination of steroids and anticholines¬
terases in high dosage is particularly dangerous. As there is strong evidence
that steroids are more effective in patients who are over 50 years of age
when symptoms first appear, steroid therapy is not the treatment of first
choice in younger patients. If the decision is taken to use it for progressive
disease unresponsive to pyridostigmine and early thymectomy, treatment
should be started in hospital until the initial period of deterioration is past
(10-30 days).
The reason for the deterioration and later improvement is unknown. There
is little evidence that it is due to immunosuppresion and we have good
evidence for a pharmacological effect at the neuromuscular junction (Weir,
1982).
Antibody-mediated immunogenesis is supported by the finding that rapid
remission may be induced by plasmapheresis (Pinching et al., 1976) and that
globulin from the removed plasma induces some characteristics of
myasthenia when injected into laboratory animals (Toyka et al., 1977).
Although we have confirmed that plasmapheresis may be beneficial (Behan
et al., 1979), the degree and duration of the induced remission are often
disappointingly small and unpredictable. The authors of the original report
later advised that decline in antireceptor antibodies and clinical improve¬
ment from immunosuppressive treatment were not greater when regular
plasma exchange was added (Newsom-Davis et al., 1978). Plasmapheresis
may still have a place in treatment of a myasthenic crisis.
Immunosuppression with azathioprine is having a vogue, though the early
experience in Germany showed that any benefit was delayed for 4-15
months and commonly longer. It is usually necessary to continue with
cytotoxic therapy; 90 per cent of patients who discontinued the drug
within three years had relapses (Mertens et al., 1981).
Despite reassuring statements that infection is not a major hazard, I have
had eight patients die from uncontrolled infection and two from 'silent'
peritonitis since 1965; all have been on an immunosuppressant regime.
When I became interested in myasthenia gravis 30 years ago, patients were
dying from overdosage with anticholinesterases as commonly as from
inadequate treatment. In the last decade more have died from the results of
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immunosuppression than from ventilatory failure. The best epoch
(1956-64) was when treatment was based on early thymectomy and
avoidance of overdosage with anticholinergics. A long-acting neostigmine
is a dangerous myth. So is a safe immunosuppressant. The risk of treatment
must be weighed against the risk of the disease. The risk of death falls
rapidly after the third year. Justification for long-term immunosuppression
must depend on clinical improvement which justifies risks which are
considerable, especially during the growth and reproductive periods.
Contrary to received wisdom, discovering the main facts about the
pathological mechanism of myasthenia gravis has not improved the life
expectancy. I have been asked to forecast the future. Speculation is always
exposed to criticism by those who will not move until conclusive data make
speculation unnecessary. It has the positive advantage of providing a model
against which observations can be tried out.
Most of the present research concerns the identification of a supposed
critical antigen-antibody reaction from among the many which can now be
identified with monoclonal techniques. I am less hopeful than formerly that
this will lead to an antibody against a pathogenic antibody since in
experimental myasthenia we have found considerable individual variations.
If the same is true of the human disease, it would be necessary to raise a
unique antibody for each patient (Barkas and Simpson, 1981). If the main
membrane-lytic antibodies do not attack the toxin binding site, we are still
a long way from identifying them in patients, and yet these should be
associated with the poorest prognosis. The role of complement is still
uncertain but inhibition of the cascade could be valuable. Secondly, what is
the role of the thymus? If, as many contemporary workers advocate, it is
both source of receptor antigen and site of antigen-presenting cells for
transformation of T-cells, then is myasthenia an unique form of
autoimmune disease or must we assume similar embryonic antigen sources
for the associated autoimmune disease? What turns the thymus on if the
antigen is there from the beginning, and what turns it off again, as

suggested by the natural history? A thymic regulatory hormone could have
a therapeutic role.
Finally, a major contribution to clinical management would be the
discovery of methods for promoting re-insertion of receptors into the
subsynaptic membrane, and other regenerative processes which I do not
have time to discuss. I have been trying an androgenic steroid (stanozolol)
but without obvious success so far. Discoveries in this area could
revolutionise the prognosis for myasthenia. I am confident that complete
control is a realistic possibility.
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8. Monoclonal antibody to human acetylcholine receptor: B cell
hybrids established from thymus of mice with experimental auto-
immune myasthenia gravis.
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technology, University of Strathclyde, Glasgow G.4,

* Department of Neurology and ** Department of Neuropathology,
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Acetylcholine receptor (AChR)-specific B cell hybrids were ob¬
tained by somatic cell hybridization of lymphocytes from spleen and
thymus of mice immunized with AChR from human muscle cells in tissue
culture with the mouse myeloma X63-Ag8-653. The antibodies produced
by the cell lines precipitated AChR from human skeletal muscle and
bound to AChR of cultured human myotubes. In particular, the monoclonal
antibody McAbT4 bound to AChR-antigenic determinants exposed extra-
cellularly on the membrane of human myotubes in tissue culture. Com¬
petition between McAbT4 antibody with myasthenia gravis serum anti¬
bodies for binding to AChR showed that the two antibodies bound to the
extracellular AChR, suggesting that the two antibodies play a patho¬
genic role in myasthenia gravis. The pathogenic activity of monoclonal
antibody McAbT4 was demonstrated by an indirect method. Mice injected
with 'AChR-depleted preparation', prepared by absorption of AChR from
an AChR-rich preparation with McAbT4-hybridoma cells, failed to induce
myasthenic clinical symptoms whereas 'unabsorbed AChR-preparation'
induced the development of muscle weakness and paralysis.



Quarterly Journal of Medicine, New Series 64, No. 244, pp. 693-704, August 1987

Treatment of Myasthenia Gravis: An Audit
J. A. SIMPSON and T. THOMAIDES

From Glasgow University Department of Neurology, Institute of Neurological
Sciences, Southern General Hospital, Glasgow

Accepted 23 March 1987

SUMMARY

Although treatment of myasthenia gravis with anticholinesterase drugs and thymectomy was
based on wrong models of pathogenesis the resulting saving of life has not been improved by
immunosuppressive treatment based on a current autoimmune model. Immunosuppression with
steroids or azathioprine may reduce morbidity but as these drugs can rarely be withdrawn
without causing relapse, the long-term hazards are serious, including increased mortality.

INTRODUCTION

Following the classical descriptions by Erb, Goldflam and Jolly, myasthenia gravis became
recognized at the beginning of this century. The favoured pathogenetic mechanism was a

'myasthenic toxin' acting either on the motor nerve terminals or on the endplates of muscles,
though the only identified pathology was lymphorrhages in muscle. No morphological abnor¬
mality was detected at the neuromuscular junction. An association in 10 to 15 per cent of cases
with thymomas suggested that the thymus was the source of a circulating toxin resembling
curare. The similarity encouraged Mary Walker to treat a patient with physostigmine (an
alkaloid of the Calabar bean known to be an antidote to curare) and then with a synthetic
analogue neostigmine [1, 2], The wide publication of this 'wonder drug' coincided with
confirmation of the role of acetylcholine in neuromuscular transmission [3] in an era when a
biochemical basis for disease was the vogue. Anticholinesterase treatment transformed the
outlook for myasthenic patients and its success was considered to establish three propositions:
(i) the pathogenesis must be either failure to produce/liberate sufficient acetylcholine (ACh), a
presynaptic lesion, or competition by a curare-like substance for a supposed receptive sub¬
stance on the endplate (circulating toxin); (ii) failure to reverse the transmission block by
anticholinesterase drugs indicated that the dose was insufficient or the endplate showed
neostigmine resistance; (iii) the pharmacologists should search for a long-acting form of
neostigmine. For the next 20 years there were many reports of 'neostigmine-resistance' and of
patients given up to 15000 mg neostigmine daily, with atropine to block the muscarinic actions.
The quest for a 'long-acting neostigmine' led to the use of alkyl-phosphates, as a spin-off from

wartime research on 'nerve gases' and a number of bis-neostigmine compounds were investi¬
gated in the 1950s. They have all been abandoned for two reasons. Either, like physostigmine,
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they crossed the blood-brain barrier and caused headache, nightmares and personality distur¬
bances, or they were cumulative and caused delayed overdosage with blockade of the neuro¬
muscular junction. If this 'cholinergic state' is wrongly interpreted as increasing myasthenic
weakness the situation is fraught with danger as further increments of dosage make the position
worse and eventually block nicotinic receptors. The duration of action of pyridostigmine varies
in different patients from two to 12 hours and the dosage must be individualized [4]. It is safer to
dose frequently than to risk cumulative poisoning.
It is probable that many patients died from the anticholinesterase drugs and not from the

disease itself. Nevertheless the availability of powerful anticholinesterase drugs altered the risk
factors for the myasthenic patients. Between 1934 and 1956 there were 110 cases of myasthenia
gravis treated without surgery at the National Hospital, Queen Square: 32 patients died from
myasthenia and five from other causes. Most of the myasthenic deaths occurred two to six years
after the onset of symptoms, regardless of whether they had a thymoma or not [5]. It was

already recognized that the prognosis was worse in the presence of a thymoma, but many others
had a thymus with prominent germinal centres (often wrongly described as hypertrophied).
When Blalock introduced thymectomy, he considered that thymoma was the major indica¬

tion for surgery [6]. By 1955 three major American centres were abandoning thymectomy •

whereas, in London, Keynes increasingly advocated the operation. He had made the crucial
observation that the best results were obtained in non-thymoma cases [7]. His conclusions were
amply confirmed by an independent review [5] which also stressed that most benefit resulted
from operation during the first five years. The age and sex of the patient were not relevant
factors. In the non-tumour group the mortality was halved, even though there was a high peri¬
operative mortality. The poor prognosis for thymoma cases was largely attributable to an
operative mortality of near 30 per cent, but late deterioration was more likely in patients who
had a thymic tumour.
For many years the operation was considered to carry an 'unacceptable' risk though it soon

reached a low level in units with special experience. It is comparatively recently that the policy
for early thymectomy has been accepted in the United States and elsewhere. The senior
author's experience in Edinburgh (1956-1964) managing the post-operative care (Mr Andrew
Logan was the surgeon) convinced us that surgical complications were rarely responsible for the
deaths after surgery. Wide fluctuations in requirement for anticholinesterases are observed in
the first three to four days after thymectomy. In an eight-year period, only one of 28 patients
died after operation (from convulsions). The striking but temporary remission in the first few
days requires appropriate reduction of anticholinesterase dosage. A very strict protocol
developed in Edinburgh has remained the basis for our very successful thymectomy programme
in Glasgow [8]. 'Surgical' deaths have virtually disappeared, death from myasthenia is now
rare, most deaths are due to associated autoimmune disease, tumour, or other unrelated
disease (Fig. 1). At the same time the benefit has increased so that more than 90 percent of non- ,

thymoma patients had no symptoms or only mild disability after two years.
The striking drop in mortality is often attributed to availability of ventilators and intensive

care units [9]. Ventilatory support in what used to be called a 'myastheniccrisis' is valuable, but
tracheostomy is rarely required, and certainly not as a routine for thymectomy. The important
advance was the recognition of the 'cholinergic crisis' and the use of edrophonium in differen¬
tiating it from myasthenic weakness [10], Better prognosis during the period 1956 to 1964 was
due to better management and avoidance of drug overdosage.

AUTOIMMUNITY MODELS

The survey for the thymectomy review gave one of us the opportunity to examine more than 400
patients or their records. This led to the formulation of a hypothesis that myasthenia gravis is an
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No thymectomy 1934-56
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Death Post-operative
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Other

Thymectomy 1941-56 Thymectomy 1965-76
FIG. 1. Change of myasthenic status after treatment. The "no thymectomy' group, with mean
observation periods of 12 years is from ref. 5. The 1941-1956 thymectomy results are from the same
source, before the importance of early operation was recognized. The 1965-1976 results (our
experience) included those of Fraser et al. [8]. The categories are those of Simpson [5], based on
change of status, not Osserman group. A: Full recovery: no anticholinesterase required. The state at
review must represent a marked improvement from the fiducial date. B: Full life with minor
myasthenic symptoms: requiring up to four tablets of anticholinesterase daily. Significant improve
ment from the fiducial date. C: Full life with few restrictions but (a) demonstrable myasthenia not
requiring anticholinesterase or (b) still requiring it but at least 40 per cent less than before and with
improved response. D: (a) Improved, but anticholinesterase requirements unchanged or increased,
(b) unimproved, irrespective of dosage, (c) worse. Post-operative death: death occurring within
three weeks of operation. Myasthenic death: death at a later date due to asphyxia or no other
identifiable cause. Death other disease: death directly attributable to other significant disease (e.g.
embolism, septicaemia, neoplasm).
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TABLE 1. Features ofmyasthenia gravis suggesting an autoim¬
mune pathogenesis [11]

(1) Multiple system disease?
Thyroid diseases (all types)
'Rheumatoid' arthritis
Pernicious anaemia
Pure red-cell aplasia
Reticuloses

SLE
Diabetes mellitus

Sjogren's disease
Pemphigus vulgaris
Epilepsy

Sarcoidosis

(2) Hyper- and a-gammaglobulinaemia
(3) Age, sex, natural history like SLE
(4) Transmission to fetus
(5) Precipitation by infections or allergic reactions
(6) Possible genetic predisposition (later HLA linked)
(7) Lymphorrhages in muscles and other organs
(8) Germinal centres in thymus

autoimmune disease, closely resembling systemic lupus erythematosus, with blockade of
nicotinic receptors at muscle endplates by an antibody produced as the result of an abnormality
of the thymus gland [11], It was based on eight features (Table 1). Although most later authors
attribute the hypothesis to recognition of an autoimmune overlap syndrome, it must be
remembered that most of the related disorders, recognized for the first time, were not known to
be immunological at that time. The immunological role of the thymus was not established until
the following year [12] and another autoimmune hypothesis published simultaneously [13] had
serious flaws. By the methods available at that time the putative antibody could not be
identified. Despite a series of papers adding supportive evidence, the theory was not taken
seriously for the next 15 years until certain developments made it respectable. The myasthenic
toxin model was given a new run as a secretion from the thymus which was now suggested as a
target organ for immunological damage [14]. Physiologists recognized that spontaneous minia¬
ture endplate potentials were abnormally small at myasthenic endplates and postulated that the
motor nerve released 'small quanta' of acetylcholine. Most workers favoured a presynaptic
model for the failure of neuromuscular transmission.
The crucial finding was that a snake venom, alphabungarotoxin, would bind specifically and

with high affinity to the ACh-binding site of the motor endplate. This made it possible to purify
receptors by affinity chromatography. Patrick and Lindstrom [15] used it to isolate receptor
protein from the electric organ of Torpedo californica. To identify the protein they raised
antibody against receptor substance. The injected rabbits developed a delayed neuromuscular
syndrome with characteristics of myasthenia gravis. Quite soon the autoimmune theory of
myasthenia gravis was accepted and indeed it was soon regarded as the prototype autoimmune
disease. A number of other animal models of 'experimental autoimmune myasthenia gravis'
rapidly followed. They are not, of course, aa/oimmune responses but the basic mechanism is
almost certainly that proposed in 1960.
The discovery of alphabungarotoxin also enabled detection of serum globulin which could

prevent access of the toxin to receptors, and identification of receptor destruction at the
myasthenic endplates. It is impossible to do justice to the new knowledge about the disorder at
the neuromuscular junction. At least four abnormalities have been found: (i) reversible block
of competitive type; (ii) conformational changes of receptor-channel complexes; (ii) lysis and
internalization of receptors; (iv) atrophy of subsynaptic membrane with loss of secondary folds.
Only the first of these changes is responsive toanticholinesterase drugs; complete restoration of
power (as implied in chemical models) is not to be expected. On the other hand, rapid insertion
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of new receptors (Fig. 2), development of new synapses by terminal sprouting from the motor
nerve terminal, and a normal 'turnover' of endplates are important regenerative factors. The
typical fluctuating clinical picture represents the changing balance between attack and repair, in
addition to variations of the immunological attack. It is almost certain that more than one
antibody is involved, some being complement dependent. Possibly for this reason, the anti¬
bodies detected by present techniques (recognizing those acting at or near the
alphabungarotoxin site) do not correlate well with the clinical severity. Raised titres occur

commonly in myasthenia gravis, but the titre is not a measure of severity. This is unfortunate
because we have no good criteria for measuring the severity. We cannot accept the methods
described in the literature based on the distribution of the disease (for reasons outlined
previously [5]). In the section on treatment, the grading used represents a change of category.

NATURAL HISTORY OF MYASTHENIA GRAVIS

To assess the various treatments it is necessary to recognize three clinical stages (Fig. 3). Stage 1
has the characteristic relapses and remissions as attack battles with repair. Most of the deaths
occur between the second and fourth years but thymectomy during this time is always beneficial
[5, 8], Stage 1 has a mean duration of about seven years. In Stage 2, there are fewer remissions

Years
FIG. 3. The three stages of myasthenia gravis. The time scale is an average one. In the active stage
(1) there are major relapses and remissions, most of the mortality, but also best response to
thymectomy. In the inactive stage (2) there are fewer deaths or severe relapses but also fewer
remissions and less response to thymectomy. In the 'burned-out' stage (3) there is no response to
thymectomy and resistance to anticholinesterase drugs but improvement may occur spontaneously
or with steroids (reproduced from ref. 35 with permission).
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but death is rare [9,16], (Impaction in the glottis is the major hazard.) Thymectomy is of little or
no value in this stage. In Stage 3 the active disease is 'burned out'. The endplatcs continue to
have a low safety factor but with little responsiveness to anticholinesterases. Slow improvement
is not uncommon.

Clearly hazardous treatment to prevent death may be justified in Stage 1. In the other stages
the risks of treatment may be greater than the risk of death from myasthenia gravis. Considor
where we had reached before the autoimmune theory was validated. An independent review [5]
confirmed statistically the claims of Sir Geoffrey Keynes that thymectomy benefited most
myasthenics, especially those without a thymoma. The analysis suggested that best results were
due to early operation. Acting on this policy (with mean timo before surgery of two years)
resulted in virtual recovery in more than 90 per cent of cases and confirmed the impression of a
general shift towards normality (Fig. 1). This was coupled with a rigid protocol for avoidance of
cholinergic crisis in the post operative stage [8] and at all stages ofmanagement. Peri operation
deaths are now exceptionally rare (two in 28 years, one from convulsions, the other from
cardiac arrhythmia) and death from cardiorespiratory failure (presumed myasthenic) has been
less common than death from unrelated diseases (report in preparation). Significantly, in the

■ period 1975 to 1984 10 patients (of whom four had thymoma) have died from uncontrolled
infection or peritonitis. We believe that these were directly related to immunosuppressive
treatment.

TREATMENT IN THE AUTOIMMUNE ERA

For ethical reasons we did not feel free to follow the therapeutic logic of the autoimmune
hypothesis until it was generally accepted. By that time we had shown that early thymectomy
virtually eliminated mortality due to myasthenia gravis. Any additional treatment must
therefore be relatively free from risk and the advocates of new forms of treatment have an

obligation to demonstrate the advantage. The author of a recent review [17] states that 'the firm
evidence that myasthenia gravis is an antibody-mediated disease has encouraged greater use of
immunological approaches to treatment and a consequent improvement in the prognosis for
patients with this disease'. If this is true it is certainly not supported by published work which is
conspicuously uncontrolled. Mortality had already become extremely low (in experienced
units) and patients now die from the complication of immunosuppression who would otherwise
have lived.

CORTICOSTEROID THERAPY

A second reason why we were slow to use steroids in the 1970s was our unfavourable experience
■ of ACTH and cortisone during the year 1952 to 1953. There was no severe deterioration but the
'rebound improvement' described at that time was not impressive. Two of eight patients also
had pernicious anaemia (the first time the linkage was recognized). The report of Grob and
Harvey [18] discouraged further trials of these rare and expensive drugs at that time. Since 1971
long term treatment with prednisone has been advocated. It is complementary to treatment
with anticholinesterase, not an alternative. (Anticholinesterases require functioning AChR
(the left side of Fig. 2) whereas steroids may prevent AChR and membrane lysis (the right side
of Fig. 2).) The best documented experience of steroid treatment from Johns and his colleagues
in Virginia [19] is generally favourable though 20 per cent of cases had an unsatisfactory
outcome whereas 66 per cent had side effects or complications of prednisone including cataract
(26 per cent) metabolic bone disease (13 per cent) and infection (5 percent). Steroid myopathy
was an additional complication. It is difficult to reach a conclusion as more than half of these
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patients had a thymectomy. There is little doubt that marked improvement or remission can be
induced with steroids (the dosago regime makes no significant difference) but lack of a good
criterion of severity makes it difficult to quantify the effect and the ratio of satisfactory
responses has declined in each successive report from the Virginia group. More seriously only
14 per cent of their patients were able to discontinue treatment and others remark on the
difficulty ofweaning patients from steroids [20]. This must be remembered in electively treating
a severe relapse with steroids. As there is strong evidence that steroids are more effective in
late onset myasthenia gravis (over 50 years of age), treatment with steroids should certainly not
be the first choice in younger patients. If the decision to use it is taken, for progressive disease
unresponsive to pyridostigmine and early thymectomy, the treatment should be started in
hospital until the initial period of deterioration is past (10 30 days).
The reason for the deterioration and later improvement is unknown. There is little evidence

that it is due to immunosuppression and we have good evidence for a pharmacological effect at
the neuromuscular junction [21].
The long-term antimyasthenic action of steroids is likely to be immunosuppressive and the

relapse following steroid withdrawal to de-repression of the B-cell clones responsible for
producing antireceptor IgG. The benefit is not questioned but unfortunately the risks are very
significant, especially in the older group of patients who tend to gain the greatest benefit. The
physician must decide for each individual the relative advantages of early response and long-
term risks. We reserve steroids for two groups of patients: (i) those with life-threatening
myasthenia, in the period between thymectomy and its delayed benefit, and (ii) late cases,
usually elderly, with inadequate response to anticholinesterases. Despite these limitations to a
comparatively small number of patients we have three cases with steroid cataract and vertebral
collapse caused by steroid osteoporosis. Our patients on steroids are given calcium, stanozolol
or vitamin D, and ascorbic acid to reduce the risk of bone softening. Hypertension has not been
troublesome but 'silent abdominal emergencies' have been fatal in two cases. In one series
gastrointestinal haemorrhage occurred in 22 percent of steroid-treated patients in crisis [22] A
combination of steroids and anticholinesterases in high dosage is particularly dangerous. It is
our practice to monitor faecal blood in such cases and to give alkalis or cimetidine to positive
reactors.

PLASMA EXCHANGE

Antibody mediated immunogcncsis is supported by the finding that rapid remission may be
induced by plasmapheresis [23] and that globulin from the plasma removed will induce some
characteristics of myasthenia gravis when injected into laboratory animals [24], Although we
have confirmed that plasmapheresis may be beneficial [25], the degree and duration of the
induced remission are often disappointingly small, and unpredictable. The authors of the
original report later advised that decline in anti receptor antibodies and clinical improvement
from immunosuppressive treatment were not greater when regular plasma exchange was added
[26]. There may still be a role in myasthenic crisis or in preparing a patient for thymectomy.

CYTOTOXIC IMMUNOSUPPRESSION

Azathioprinc has been used in Germany for many years to treat myasthenia gravis. Although
the favourable results were noticeable over a period of two years [27] they continued to use this
form of immunosuppression as they were not impressed with the benefits from thymectomy and
considered that myasthenia gravis continues to deteriorate in most cases [28], Some improve-
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TABLE 2. Deaths in myasthenic patients*
1934-55 1956-64 1965-74 1975-84

Cardiorespiratory 65 (19) 14 (4) 3(1) 4(0)
Post-thymectomy 29 (9) 1 (0) 0(0) 1 (0)
Infection/acute abdomen 5(0) 0(0) 3(1) 6(4)
Embolism 0(0) 1(1) 2(0) 0(0)
Myocardial/stroke 1 (0) 0(0) 0(0) 5(0)
Tumour 2(1) 1 (0) 1 (0) 2(1)
Others 5(0) 4(0) 1 (0) 4(0)
All deaths 80 (29) 21 (5) 10(1) 22 (5)
Patients treated 404 (47) 98 (6) 101 (9) 124 (11)

* Thymomas in parentheses, included in totals.

ment may occur even after steroid failure in myasthenics treated with azathioprine for long
periods [29]. It is usually necessary to continue with treatment. Less than 10 per cent of patients
•can discontinue the drug for periods of up to three years without relapse [30], Azathioprine, a
cytotoxic drug, is reported to produce less side effects than cytostatic drugs such as mercap-
topurin, actinomycin and methotrexate, but in 64 cases of neuromuscular disease (mainly
myasthenia gravis) azathioprine caused toxic effects in 42 per cent of patients which were
sufficiently severe to require discontinuation of treatment in half of them [30]. As a compromise
some physicians use azathioprine as a 'steroid-sparer'. No controlled trials have been reported
comparing azathioprine treatment with others. The published results do not show demon¬
strable superiority of azathioprine alone or in combination over thymectomy plus anti¬
cholinesterases either with respect to mortality or to quality of life. The additional risks are
on-going, requiring frequent monitoring of bone marrow and liver function. Consequently, we
have only used azathioprine in a few patients so severely handicapped by muscular weakness
that some risk seemed justifiable.
Despite reassuring statements that infection is not a major hazard, eight of our patients have

died from uncontrolled infection and two from 'silent' peritonitis since 1965: all have been on an

immunosuppressant regime (Table 2). There is some evidence that the risk is higher in
thymoma-related myasthenia but the numbers are too small to be conclusive.

DISCUSSION

A fundamental tenet of scientific medicine is that effective treatment of a disease depends on an

understanding of its basic biological mechanisms, followed by the application of drugs of known
properties which will prevent or reverse the pathological processes. Acceptance of the autoim¬
mune model has led to a large experimental literature (for a recent clinically-orientated review
see ref. 31). It is salutary to review the development of knowledge and treatment ofmyasthenia
gravis from these points of view. The clinical audit of treatment directed by one physician
presented in this paper, in full awareness of scientific advances during three decades, suggests
that the major advances in treatment of a hitherto incurable disease were based on'a model of
the disease which was probably wrong in every respect. Immunosuppressive medication has
certainly improved the quality of life for many myasthenic patients (especially those older than
40 years of age), but at a considerable price. It has not affected mortality which was already
negligible. It is necessary to be aware of the fluctuating course of the disease, even after
thymectomy, and to adjust treatment accordingly. Unfortunately this requires considerable
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experience, and the low mortality figures now reported from special centres are not achieved by
physicians with only occasional myasthenic patients.
Thirty years ago, patients died from overdosage with anticholinesterases as frequently as

from inadequate treatment. In the last decade more have died from the results of immunosup¬
pression than from ventilatory failure. In our experience the best epoch (1956-1964) was when
treatment was based on early thymectomy and avoidance of overdosage with anticholinergics
(Table 2). A long-acting neostigmine is a dangerous myth. So is a safe immunosuppressant. The
risk of treatment must be weighed against the risk of the disease. The risk of death due to
neuromuscular weakness falls rapidly after the third year. Justification for long-term immuno¬
suppression must depend on its producing clinical improvement to a degree which justifies the
considerable risks, especially during the growth and reproductive periods.
Contrary to received wisdom, discovering the main facts about the pathological mechanism

ofmyasthenia gravis has not improved the life expectancy. Is this situation likely to change as a
result of current research? Speculation is always exposed to criticism by those who will not
move until conclusive data make speculation unnecessary. It has the positive advantage of
providing a model against which observations can be tried out.
Most current research concerns the identification of a supposed critical antigen-antibody,

reaction from among the many which can now be identified with monoclonal techniques. We
are less hopeful than formerly that this will lead to an antibody against a pathogenic antibody
since in experimental myasthenia gravis we have found considerable individual variations. If
the same is true of the human disease, it would be necessary to raise a unique anti-idiotypic
antibody for each patient [32]. We have demonstrated that inhibition of or-bungarotoxin
binding can be mediated by antibodies which are not directed against the toxin-binding sites
[33]. If the main membrane lytic antibodies do not attack the toxin binding site, we are still a
long way from identifying them in patients, and yet these should be associated with the poorest
prognosis. The role of complement is still uncertain but inhibition of the cascade could be
valuable. Secondly, what is the role of the thymus? If, as many contemporary workers advo¬
cate, it is both source of receptor antigen and site of antigen-presenting cells for transformation
ofT-cells, then is myasthenia an unique form of autoimmune-disease or must we assume similar
embryonic antigen sources for the associated autoimmune disease? What turns it on if the
antigen is there from the beginning, and what turns it off again, as suggested by the natural
history? A thymic regulatory hormone could have a therapeutic role.
Finally, a major contribution to clinical management would be discovery of methods for

promoting re-insertion of receptors into the subsynaptic membrane, and other regenerative
processes. We have tried androgenic steroids (stanozolol and nandrolone) but without obvious
success so far. In rats with experimentally-induced myasthenia gravis, De Baets [34] has
recently shown that anabolic steroids increase receptor synthesis. Discoveries in this area could
revolutionize the prognosis for myasthenia. Wc are confident that complete control is a realistic
possibility. For the present is must be concluded that the addition of steroid or other immuno¬
suppressant regimens does not diminish the already low mortality from myasthenia gravis. The
quality of life of survivors may be improved in 80 per cent of patients but the final audit
conclusion is - benefit now, pay later.

ACKNOWLEDGEMENTS

We are grateful to the Muscular Dystrophy Group of Great Britain and the British Association
of Myasthenics for regular financial support.



Treatment of Myasthenia Gravis 703

REFERENCES

1. Walker M. Treatment of myasthenia gravis with physostigmine. Lancet 1934; 1: 1200-1201.
2. Walker MB. Case showing the effect of prostigmine on myasthenia gravis. Proc R Soc Med

1935; 28: 33-35.
3. Dale HH, Feldberg W. Chemical transmission at motor nerve endings in voluntary muscle? J

Physiol 1934; 81; 39-40P.
4. Simpson JA. Myasthenia gravis. Practitioner 1982; 226: 1045-1050.
5. Simpson JA. Evaluation of thymectomy in myasthenia gravis. Brain 1958; 81: 112-145.
6. Blalock A, Harvey AM, Ford FR, Lilienthal JL. Treatment of myasthenia gravis by removal of

the thymus gland. J Am Med Assoc 1941; 117: 1529-1533.
7. Keynes G. Surgery of the thymus gland. Br J Surg 1946; 33: 201-214.
8. Fraser K, Simpson JA, Crawford J. The place of surgery in the treatment of myasthenia gravis.

Br J Surg 1978; 65: 301-304.
9. Grob D, Brunner NG, Namba T. The natural course ofmyasthenia gravis and effects of various

therapeutic measures. Ann NY Acad Sci 1981; 377: 652-4370.
10. Osserman KE, Kaplan LI. Studies in myasthenia gravis: use of edrophonium chloride (Ten¬

silon) in differentiating myasthenic from cholinergic weakness. Arch Neurol Psychiat 1953; 70:
385-392.

11. Simpson JA. Myasthenia gravis, a new hypothesis. Scott Med J 1960; 5: 419-436.
12. Miller JFAP. Immunological function of the thymus. Lancet 1961; 2: 748-749.
13. Strauss AJL, Seegal BC, Hsu KC, Burkholder PM, Nastuk WL, Osserman KE. Immuno¬

fluorescence demonstration of a muscle binding, complement-fixing serum globulin fraction in
myasthenia gravis. Proc Soc Exp Biol Med 1960; 105: 184-191.

14. Goldstein G, Whittingham S. Experimental autoimmune thymitis: an animal model of human
myasthenia gravis. Lancet 1966; 2: 315-318.

15. Patrick J, Lindstrom J. Autoimmune response to acetylcholine receptor. Science 1973; 180:
871-872.

16. Simpson JA. Myasthenia gravis and myasthenic syndromes. In: Subirana A, Espadaler JM, eds.
Neurology. Amsterdam: Excerpta Medica, 1974: 399-411.

17. Newsom-Davis J. Myasthenia. In: Matthews WB, GlaserGH, eds. Recent advances in clinical
neurology. Edinburgh: Churchill Livingstone, 1984; 4: 1-18.

18. Grob D, Harvey AM. Effect of adrenocorticotrophic hormone (ACTH) and cortisone admin¬
istration in patients with myasthenia gravis and report of onset of myasthenia gravis during
prolonged cortisone administration. Bull Johns Hopk Hosp 1952; 91: 124—136.

19. Pascuzzi RM, Coslett HB. Johns TR. Long-term corticosteroid treatment of myasthenia gravis:
report of 116 patients. Ann Neurol 1984; 15: 291-298.

20. Oosterhuis HJGH. Myasthenia gravis. Edinburgh: Churchill Livingstone, 1984.
21. Weir AI. The effects of corticosteroid treatment on neuromuscular transmission in rats with

experimental auto-immune myasthenia gravis (EAMG). J Physiol 1982; 329: 43^44P.
22. Cohen MS, Younger D. Aspects of the natural history of myasthenia gravis: crisis and death.

Ann NY Acad Sci 1981; 377: 670-677.
23. Pinching AJ, Peters DK, Newsom-Davis J. Remission of myasthenia gravis following plasma

exchange. Lancet 1976; 2: 1373-1376.
24. Toyka KV, Drachman DB. Griffin DE, et al. Myasthenia gravis: study of humoral immune

mechanisms by passive transfer to mice. N Engl J Med 1977; 296: 125-131.
25. Behan PO, Shakir RA, Simpson JA, Burnett AK, Allan TL, Haas G. Plasma exchange

combined with immuno-suppressive therapy in myasthenia gravis. Lancet 1979; 2: 438^440.
26. Newsom-Davies J, Vincent A, Wilson SG, Ward CD. Long-term effects of repeated plasma

exchange in myasthenia gravis. Lancet 1978; 1: 464-468.
27. Mertens HG, Balzereit F. Leipert M. The treatment of severe myasthenia gravis with immuno¬

suppressive agents. Eur Neurol 1969; 2: 321-339.
28. Mertens HG, Hertel G. Reuther P. Ricker K. Effect of immunosuppressive drugs

(azathioprine). Ann NY Acad Sci 1981; 377: 691-699.
29. Matell G, Wedlund J-E, Osterman P-O, Pirskanen R. Effects of long-term azathioprine on the

course of myasthenia gravis. In: Japan Medical Research Foundation, eds. Myasthenia gravis.
Pathogenesis and treatment. Tokyo: University of Tokyo Press, 1981: 373-382.

30. Kissel JT,-Levy RJ, Mendell JR. Griggs RC. Azathioprine toxicity in neuromuscular disease.
Neurology 1986; 36: 35-39.



704 J. A. Simpson and T. Thomaides

31. Simpson JA. Current concepts and history of the autoimmune nature of myasthenia gravis. In:
Albuquerque EX, Eldefrawi AT, eds. Myasthenia gravis. London: Chapman and Hall. 1983:
3-41.

32. Barkas T, Simpson JA. Lack of inter-animal cross-reaction of anti-acetylcholine receptor
antibodies at the receptor binding site as demonstrated by heterologous anti idiotype antisera:
implications for immunotherapy of myasthenia gravis. Clin Exp Immunol 1981; 47: 119-126.

33. Barkas T, Gairns JM, Kerr HJ, Coggins JR, Simpson JA. rr-Bungarotoxin binding to the
nicotinic acetylcholine receptor is inhibited by two distinct subpopulations of anti-receptor
antibodies. Eur J Immunol 1982; 12: 757-761.

34. De Baets MH. Autoimmunity to cell surface receptors. Maastricht: B.V. Leiter-Nypels, 1984.
35. Simpson JA. Myasthenia gravis: a clinical approach to pathogenesis. In: Lunt GG, Marchbanks

RM, eds. The biochemistry of myasthenia gravis and muscular dystrophy. London: Academic
Press, 1978: 77-87.



19

/<m

John A. Simpson

Myasthenia gravis and related syndromes

Historical introduction
Natural history
Symptoms and signs

Abnormalities of sensation—Disorders of other organs
—Neonatal myasthenia

Genetic factors
Clinical chemistry
Immunological studies

Experimental autoimmune myasthenia gravis
Thymus gland
Muscle and nerve

Causation of myasthenia gravis
Diagnostic tests and clinical physiology

Performance tests—Electrophysiology—Reduced safety
factor—Pharmacological tests—The Walker effect

Radiology of thymus
Treatment

Immunosuppressive measures—Elevation of the safety
factor—Drugs which may lower the safety factor

Myasthenic crisis
Cholinergic crisis
Differential diagnosis
Other myasthenic syndromes

Cholinesterase deficiency—Nutritional, metabolic and
toxic myasthenia—Polymyositis and related disorders—
Lambert-Eaton syndrome

HISTORICAL INTRODUCTION

Myasthenia gravis is a specific muscular disease
characterised by the development of an abnormal
amount of weakness in voluntary muscles
following repetitive activation or prolonged
tension, with a marked tendency to recovery of
motor power after a period of inactivity or less¬
ened muscular tension. Some authorities consider
that a positive response to anticholinesterase drugs
should also be included in the definition. It is

important to agree on a definition because the
literature contains many reports of cases of
doubtful provenance. In particular, the term
myasthenia has a less restricted meaning in the
French language.
A case described by Thomas Willis (1672) is

generally accepted as the first description of the
disease. Later landmarks are the papers by Erb,
Goldflam and Jolly in the nineteenth century (see
Simpson 1983). The clinical picture was estab¬
lished by the review of Campbell & Bramwell
(1900). Laquer & Weigert (1901) first noted a
relationship with the thymus gland. Attention was
concentrated on the concept of neuromuscular
block by the demonstration by Walker (1934) of
the beneficial effect of physostigmine. Twenty-five
years of electrical and pharmacological studies
ignored the pathogenesis until Simpson (1960)
suggested that the link between thymus and
muscle was immunological, with production of
antibody against acetylcholine receptors (AChR)
at the end-plates. The chance finding of Patrick
& Lindstrom (1973) that animals used to raise
antibody against acetylcholine receptor protein,
purified from the electroplaques of the electric eel,
became weak with an illness like myasthenia

628
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gravis, confirmed the feasibility of the mechanism.
Since then this autoimmune hypothesis has been
accepted and has become the rationale for modern
treatment.

The molecular biology of nicotinic AChRs and
of their ion channels is being disclosed, with
clarification of the congenital myasthenias (Ch. 20).
For a good review, see Engel (1984). Apart from
showing that polyclonal antibodies are myasthen-
ogenic only when they involve the main immu¬
nogenic region of the macromolecule (five sub-
units), detailed description has too little relevance
to acquired myasthenia gravis to justify a full
description here.

NATURAL HISTORY

Myasthenia gravis affects all races. Estimates of
prevalence range from 1 in 50 000 to 1 in 10 000
of the population. Females are affected twice as
often as males, the disproportion being 4.5:1 in
the first decade, but reversing in later life
(Fig. 19.1). The modal age of onset is about 20
years for each sex but because of the different
distribution curves the mean age is a little lower
for women (26 years) than men (31 years)
(Simpson 1958, 1960). These ages refer to patients
without a thymoma. A thymic tumour (Fig. 19.2)
is found in 10-15% of cases, about 60% of whom
are male (Schwab & Leland 1953, Simpson 1958).
Myasthenia associated with thymic tumour
(benign or malignant) tends to appear at a later
age and is rare under the age of 30 years.
Muscular weakness is usually severe and difficult
to control with any form of treatment, including
thymectomy.
If the thymus is not removed the prognosis is

worse for women, according to Simpson (1958).
The opposite findings, noted by Grob (1958) may
have been due to the higher incidence, in females,
of the ocular type of myasthenia in his series.
Onset of symptoms is usually insidious but may

be sudden, apparently precipitated by an
emotional upset or a febrile illness and less
commonly by physical exertion. Symptoms may
first appear during pregnancy or the puerperium.
If myasthenia is already present before pregnancy
it tends to remit at the end of the first trimester

Fig. 19.1 Distribution of age at first myasthenic symptom:
female, no thymoma
male, no thymoma
thymoma, both sexes. —

Fig. 19.2 Radiograph of chest showing a thymoma

and to relapse soon after childbirth, but this is not
invariable. An abnormal response to a relaxant
drug used during anaesthesia may be the first
indication of myasthenia gravis or of one of the
symptomatic myasthenias.
The initial symptom, especially if it is ptosis or

diplopia, may subside for months or years, and
later remissions may follow relapses. Remissions
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of more than a month occur in fewer than half of
the cases, and usually only in the early years of
the illness in patients treated without thymectomy
or steroids, becoming less frequent and prolonged
as time goes on. More than one long remission is
uncommon, and if myasthenic symptoms return
after an absence of a year or more and if muscles
other than the extraocular are involved, the
disease is usually progressive. Relapses are

precipitated by the same factors as initial attacks,
but additional causes are menstruation, extremes
of cold or heat (especially a hot bath or a stuffy
atmosphere), inoculation or vaccination and,
occasionally, allergy. Bright sunlight may

precipitate ptosis and blurred vision, and a few
patients declare that it causes generalised
weakness.
It is useful to divide the clinical course into

three stages (Simpson 1969a). The clinical state is
most labile during the first five to seven years
(Stage 1). Although the most significant
remissions occur in Stage 1, most of the deaths
directly attributable to the disease occur in this
period, particularly during the first year, with a
second danger period at four to seven years, in
progressive cases (Simpson 1958).
To be effective, thymectomy must be carried

out in Stage 1 (Simpson 1958, 1960, Papatestas et
al 1976). After 10 years (Stage 2) death from
myasthenia per se rarely occurs, although the
patient may be constantly at risk of asphyxiation
from inhaled foreign bodies because of the dimin¬
ished respiratory reserve. Although further
progression is unlikely, there is little or no
response to thymectomy. Relatively high titres of
antireceptor antibody may persist and temporary
improvement may be obtained from immunosup¬
pressive treatment or plasma exchange, but the
role of the thymus appears to be diminished. After
15 years or more, some cases enter Stage 3, with
persisting weakness, a higher incidence of
muscular atrophy, and a reduced response to
anticholinesterase drugs. Steroids may still be
beneficial in this 'burned out' stage, but thymec¬
tomy is of no value and other immunosuppressive
regimes have not been assessed. Presumably,
permanent morphological changes have occurred
at the neuromuscular junctions.
Clinical staging, based on analysis of many

cases, is of some value in selecting treatment but
it remains difficult to prognosticate for the indi¬
vidual. Grading by 'severity' is less useful. The
classification most commonly used (Osserman
1958) is as follows:
I Ocular myasthenia.
IIA Mild generalised myasthenia with slow

progression; no crises; drug-responsive.
IIB Moderate generalised myasthenia; severe

skeletal and bulbar involvement, but no crises;
drug response is less satisfactory.
III Acute fulminating myasthenia; rapid

progression of severe symptoms with respiratory
crises and poor drug response; high incidence of
thymoma; high mortality.
IV Late severe myasthenia; same as III, but

takes two years to progress from Classes I or II;
crises; high mortality.

These grades, reputed to be a progressive series
from I, with good prognosis, to III and IV with
poor prognosis, do not represent either discrete
types or stages in a progression. It is a tautology
to say that purely ocular myasthenia is 'safe'
whereas weakness of respiratory muscles in a

rapidly deteriorating disorder is dangerous to life.
The future course cannot be predicted, although
it is widely accepted that it is likely to be benign
if signs remain confined to the extraocular muscles
for two years. Grob (1953) and Ferguson et al
(1955) report this type of history in 20-30%
of cases, but it has been rare in my experience,
except in males. Conversely, the prognosis is
worse (with early death) if a thymoma is present,
despite initial benefit from thymectomy.

SYMPTOMS AND SIGNS

The characteristic feature of myasthenia gravis is
variability in the strength of affected muscles,
rather than a generalised tiredness. It varies from
day to day and even from hour to hour, classically
increasing towards evening. Surprisingly, few
patients comment on this until asked about it. It
is not invariable: many patients are weakest on

rising. Short-term weakness is often due to
physical exertion but the emotional state is an

important determinant. Affected muscles lose
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Fig. 19.3 The triple furrowed tongue (there may be four furrows).

further strength if contraction is maintained or

repeated (so-called 'pathological fatigability').
The contracting muscle may lengthen gradually if
it is supporting a load, or a coarse tremor develops
with increasing 'rest periods' until the attempt to
sustain the contraction ceases. In the eye muscles
this may cause a pseudonystagmus. Gradual
'fatigue' is not always seen and failure of contrac¬
tion may be sudden, suggesting neurotic weakness
to the inexperienced. Recovery after rest is often
incomplete, even with optimal anticholinesterase
dosage, especially in Stage 2. In Stage 3, there
may be weakness which cannot be reversed with
these drugs, and muscular atrophy is not
uncommon, especially in males (Simpson 1958).
The most commonly affected muscles are the
extraocular muscles, triceps brachii, quadriceps
femoris, and the tongue. Atrophy of the tongue
is curiously selective, often giving triple longi¬
tudinal furrowing (Fig. 19.3) which, though rare,
is very characteristic of myasthenia gravis (Wilson
1954). It seems to have been first described by
Buzzard in 1905.
The symptoms associated with weakness of

ocular, facial, and other muscles are readily
appreciated. The distribution of clinically weak
muscles in a large series of cases is shown in
Figure 19.4, which also shows that the probability

Onset Total

Fig. 19.4 Percentage of cases in which various muscle groups
are affected at the onset (left of key) and at some time
during the illness (right of key)

of weakness starting in a muscle group matches
its overall probability of being involved. Without
going into all possible variations, attention is
drawn to the early and frequent involvement of
the extraocular muscles and levatores palpebrarum
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(more than 90% of cases), usually associated with
weakness of orbiculares oculorum, an almost
diagnostic combination. The facies is character¬
istic (Fig. 19.5). Speech and chewing weakness,
difficulty in holding up the head, and proximal
limb weakness (more in the upper than the lower
limbs) are typical. Fortunately, the chest muscles
and diaphragm are not involved until later. Never¬
theless, any muscle or part of a muscle may be
affected and the distribution is commonly asym¬
metrical. When the history or physical examin¬
ation suggests the possibility of myasthenia gravis,
the most commonly affected muscles should be
subjected to a fatigue test and the response to
edrophonium assessed. Some appropriate tests for
use in doubtful cases are described below, but
usually an appropriate performance test is readily
improvised during the consultation.

Fig. 19.5 The myasthenic 'snarl' and ptosis

Tendon reflexes are surprisingly brisk and
clonus may be present (but with a flexor plantar
response). If a reflex is elicited repetitively, the
jerk may decrease progressively until it disap¬
pears. Persistent absence of many tendon reflexes
should suggest that weakness is due to carcinoma¬
tous myasthenia rather than to myasthenia gravis,
but localised absence may be due to muscular
atrophy. Differential diagnosis from the carci¬
nomatous syndrome may be difficult because, in
Stage 3, responsiveness to anticholinesterases is
lost and some patients (usually men) find that
muscle power is increased by exercise. Their
muscles may show an incrementing response to
tetanisation (Simpson 1966a, Schwartz & Stalberg
1975a, b).

Abnormalities of sensation

Normal sensation is the rule, although cases of
myasthenia gravis have been reported with unex¬

plained sensory loss, especially transitory
trigeminal anaesthesia. Paraesthesiae of hands,
thighs or face (Harvey 1948, Simpson 1960) and
the common sensation of 'stiffness' probably have
a mechanical explanation. Patients may complain
of pain in weak muscles, especially in the neck,
the back, and around the eyes. This is normally
attributable to the extra effort required to main¬
tain posture, but sometimes there appears to be
a true myositis. Sudden substernal ache at the
onset of the disease is an occasional and unex¬

plained symptom.

Disorders of other organs

Disorders of the thyroid gland (including subclin¬
ical disease indicated by serum antibody studies)
are more frequent in a myasthenic population but
only a minority have abnormal thyroid function
tests, and these patients are as commonly hypo¬
thyroid as hyperthyroid (Simpson 1966b, 1968).
Millikan & Haines (1953) found that the incidence
of hyperthyroidism before, during, or after detect¬
able myasthenia gravis was about 5%. If all
thyroid disorders are added, the incidence may be
as high as 9% in males and 18% in females
(Simpson 1958, Downes et al 1966). Many of
these patients have thyrotoxic symptoms or signs
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for only a few months and these may precede
myasthenic symptoms by many years. Thyrotoxic
symptoms may be subsiding when myasthenia
appears and vice versa. In a limited period of
observation this may lead to the conclusion that
the disorders have a 'see-saw' relationship to each
other (McEachern & Parnell 1948).
It was clearly shown by Engel (1961) that myas¬

thenia could not be caused by hyperthyroidism.
The linkage between them is probably genetic and
immunological rather than hormonal, and involves
all non-tumour diseases of the thyroid including
non-toxic goitre (Rowland et al 1956, Simpson,
1958, 1968, Bundey et al 1972), spontaneous
myxoedema (Feinberg et al 1957, Sahay et al
1965), and Hashimoto's disease (Simpson 1960,
1964, 1966c, Becker et al 1964). Many myas¬
thenics resemble thyrotoxic patients in other ways.
Slight exophthalmos and thickening of the upper
eyelids are common (Simpson 1960). The 'lid
twitch sign' (transient upward overshoot of the
upper eyelid on abruptly looking upwards,
followed by a slower return to ptosis) described
by Cogan (1965) is readily distinguished from
thyrotoxic lid-lag. Many patients complain of
excessive sweating, even without taking antichol¬
inesterase drugs (Simpson 1960, Pirskanen 1976).
There may also be a genetic as well as an immu¬
nological linkage between myasthenia gravis and
other diseases. Primary adrenal insufficiency of
autoimmune type is rare (Bosch et al 1978). An
arthropathy resembling rheumatoid arthritis or
ankylosing spondylitis is not uncommon in myas
thenics or their relatives (Simpson 1960, 1966c,
Oosterhuis 1964, Namba & Grob 1970).
Aplastic anaemia associated with thymic tumour

is rare in myasthenic patients (Green 1958,
Simpson 1960). A more common association is
pernicious anaemia (Simpson 1960, 1964, 1966c)
which has a genetic linkage to myasthenia gravis
(Simpson 1976). Other immunological disorders
occasionally associated (individually and
familially) with myasthenia are systemic lupus
erythematosus (Harvey et al 1954, Simpson 1960,
Alarcon-Segovia et al 1963, Wolf & Barrows
1966), vitiligo (Simpson 1964), pemphigus vulgaris
(Wolf et al 1966, Beutner et al 1968, Hausma-
nowa-Petrusewicz et al 1969, Vetters et al 1973),
ulcerative colitis (Osserman 1958, Alarcon-Segovia

et al 1963), sarcoidosis (Simpson 1960, Downes et
al 1966), Sjogren's disease (Downes et al 1966,
Simpson 1966c, Wolf et al 1966), and hepatitis
(Simpson 1960, Whittingham et al 1970).
Associated disorders which probably have an

immunological basis or cause immunodeficiency
are acrocyanosis, haemolytic anaemia, nephritis
(Simpson 1960, Oosterhuis 1964), reticuloses
(Alter & Osnato 1930, Symmers 1932, Simpson
1960, Cohen & Waxman 1967), diabetes mellitus
(Simpson 1960), and herpes zoster (J A Simpson
unpublished work).
Associated disorders which are relatively more

common in myasthenics than those listed above,
but in which no immunological pathology has yet
been identified, are epilepsy (Hoefer et al 1958,
Simpson 1960) and psychosis (Hayman 1941,
Simpson 1960, Storm-Mathisen 1961). Emotional
disturbances are common (Brolley & Hollender
1955, Meyer 1966).

Neonatal myasthenia

About one in seven live-born children of myas-
tenic mothers shows evidence of myasthenia at
birth and, if the affected child survives, there is
complete recovery in 1-12 weeks (mean 18 days)
without later relapse. The literature was reviewed
by Namba et al (1970). There is no correlation
between the severity of the infant's symptoms and
the duration of the mother's illness or the severity
of the mother's myasthenia during pregnancy. It
is extremely rare for a myasthenic mother to have
more than one affected child. Previous thymec¬
tomy does not abolish the possibility that the baby
will be myasthenic, but the transient nature of
neonatal myasthenia suggests that the child is
affected by a factor transmitted from the mother.
Maternal anti-ACh receptor antibody is transferred
to the infant (Lindstrom et al 1976b), but it is
becoming evident that this probably occurs in all
pregnancies, although only one in seven (Simpson
1960) results in clinical neonatal myasthenia. It
does not depend on a high maternal titre of anti¬
body or on non-specific inhibition by a-fetopro-
tein (Brenner et al 1980). Reactions of anti-
idiotypic antibody with anti-AChR antibodies of
mother and child suggest that the clinically
affected infant synthesises its own antibody,
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possibly due to transplacental transfer of a cell
clone from the mother (Lefvert & Osterman
1983). A myasthenic syndrome may be apparent
in the new-born child of a mother without myas¬
thenia, and may then persist throughout life. This
congenital myasthenia is not autoimmune in type
and is not related to myasthenia gravis (Ch. 20)
although some children with congenital myas¬
thenia have low blood levels of IgA (Bundey et al
1972, Behan et al 1976a).

GENETIC FACTORS

There is now clear evidence for a genetic factor
in myasthenia gravis. Although a study by Jacob
et al (1968) showed no secondary cases of myas¬
thenia gravis in 448 relatives of 70 myasthenic
patients, and Herrmann (1971) was unable to
establish a definite genetic mechanism in his study
of families containing more than one case,

Simpson (1960, 1968) suggested that a genetic
factor could have variable expression, accounting
for the familial linkage with thyroid disease,
arthropathy, pernicious anaemia and diabetes
mellitus (p. 632). Jacob et al (1968) found no
association between myasthenia gravis and the
ABO rhesus blood groups or with secretor status
or the ability to taste phenylthiocarbamide (PTC).
Bundey (1972) recognised an early-onset form of
childhood myasthenia with autosomal recessive
inheritance of the trait. Her study gave limited
support to the concept of alternative gene

expression.
Linkage with human histocompatibility anti¬

gens, reported in earlier editions of this book, has
been confirmed in many countries (Pirskanen et
al 1972, Behan et al 1973, Fritze et al 1973, Dick
et al 1974, Feltkamp et al 1974, Pirskanen 1976).
There is a frequent association with HLA-A1-B8-
DW3 haplotvpes, but it is clear that the associ¬
ation is not a direct one and not obligatory (Dick
et al 1974, Pirskanen 1976). Compston et al (1980)
related these haplotypes to non-thymoma myas¬
thenia of women with onset under age 40. They
found an increased association with HLA-A3, B7,
DRw2 antigens in the later onset, predominantly
male group. An increased frequency of HLA-A2
or -A3 in patients with thymoma, reported by

Feltkamp et al (1974) and Fritze et al (1974) was
not noted by Dick et al (1974), by Pirskanen
(1976) or by Compston et al (1980). Another
histocompatibility antigen system, such as the LD
antigens (Kaakinen et al 1975) situated near the
SD loci bearing HL-A genes, may exhibit a

stronger association with myasthenia gravis and
with autoimmune disorders; both the SD and LD
gene loci are close to some loci controlling immu¬
nological responsiveness (Ir genes). With respect
to immunoglobulin (Gm) phenotypes, Garlepp et
al (1984) found no significant linkage disequi¬
librium associated with anti-AChR antibodies, but
the phenotype Gm (3;5) was associated with the
development of antistriational antibody in males
and older females. Genetic factors probably
constitute risk factors for autoimmune diseases.
(Adams (1977) suggests V genes.) The relative
scarcity of familial cases of myasthenia gravis
(3.4%, Namba et al 1971a; 7.2% in Finland,
Pirskanen 1977) and involvement of only
one of monozygotic twins (Simpson 1960, 1965,
Namba et al 1971b) indicate that many aetiological
factors may be involved. Twin studies are
reviewed by Behan & Shields (1982).

CLINICAL CHEMISTRY

There are no consistent changes in blood chem¬
istry in myasthenia gravis. Abnormalities of
glucose tolerance (Cohen & King 1932, Simpson
1960, 1966b, Frenkel 1963), adrenocortical hypo-
function (Simpson 1966b, Bosch et al 1978) and
hyper- and hypothyroid function in the absence
of clinical endocrinopathies (Simpson 1966b,
1968) are likely to be due to genetic and/or
autoimmune linkage. Diminished pregnanediol
excretion (Schrire 1959) has not been confirmed
(Simpson 1966b).
Hypergammaglobulinaemia occurs in cases

associated with other autoimmune diseases

(Simpson 1960, 1966b) or with thymoma (Ooster-
huis et al 1964) and some, but relatively few, of
these patients have a raised erythrocyte sedimen¬
tation rate (ESR). Isolated instances of monoclonal
gammopathy have been described (Rowland et al
1969). Hypogammaglobulinaemia sometimes occurs
(Thevenard & Mende 1955, Simpson 1966b) and
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may be associated with a thymoma (Te Velde et
ai 1966, Cohen & Waxman 1967).
Depressed levels of IgA were found in juvenile-

onset myasthenia by Bundey et al (1972); Simpson
et al (1976) found a selective decrease in IgA in
10 of 50 myasthenic patients, and this was not
influenced by thymectomy. The lowest levels were
in three patients with congenital myasthenia who
had undergone thymectomy. Bramis et al (1976)
confirmed that serum IgA concentration may be
subnormal. In their series the lowest concen¬

trations were associated with thymomas or other
neoplasms. Decreased IgA concentrations tended
to be associated with many or prominent germinal
centres in the thymus and levels increased slowly
after thymectomy. There were no congenital cases
in the series of Lisak & Zweiman (1975) who
found normal IgA levels in 19 myasthenic
patients. These workers reported a slight but
significant depression of the mean IgM level
(raised in some subjects, especially with a

thymoma). Serum IgG tended to be above normal.
There was no consistent pattern and the immuno¬
globulin levels did not correlate with the clinical
state.

Nastuk et al (1960) measured serum comp¬
lement levels serially in myasthenic patients and
stated that they were lower during active disease,
rising to normal or super-normal levels in
remission. Plescia et al (1966) found reduced
levels of C2 and C4 and inhibitors to these

components. Simpson et al (1976) found no abnor¬
mality of Clq, C3, C4, C7 and C3 proactivator.
They also measured C3 conversion products with
C3 activator levels, and CH50 units. All were
normal although examined in active and remittent
cases. Behan & Behan (1979) re-examined this
material when Engel (1977a) demonstrated local¬
isation of IgG and C3 at motor end-plates.
Depression of C4 component was found in 34%
of myasthenic patients and 29% had circulating
immune complexes. The greatest immunological
abnormalities were found in patients with mild
disease.
Elevated globulin levels in the cerebrospinal

fluid (CSF) of 10 patients were recorded by
Simpson (1960, 1966b), who reviewed previous
isolated reports and concluded that there was
associated disease which may be of immunological

type. Reports that anti-ACh receptor antibody
may be present in the CSF (Lefvert & Pirskanen
1977) have not been confirmed.

IMMUNOLOGICAL STUDIES

The hypothesis by Simpson (1960) that a thymus-
controlled lymphocyte-derived antibody against
ACh receptor could be the proximate cause of
myasthenia gravis could not be confirmed by
immunofluorescence techniques then available
(McFarlin et al 1966): however, using high-resol¬
ution electron microscopy, Rash et al (1976)
found material ('fuzzy coats'), resembling IgG in
its configuration and dimensions, in the region of
the receptors in the neuromuscular junction. The
presence of IgG and of the C3 component of
complement at the postsynaptic membranes of
human myasthenic neuromuscular junctions was

convincingly demonstrated by Engel et al (1977a,
b) by an immunoperoxidase method. These
authors proposed that subsequent sequential acti¬
vation of C5-C9 would complete the attack phase
of the complement reaction sequence and set the
stage for lytic destruction of the postsynaptic
membrane. It remains possible that antibody or
immune complex may block receptors competi¬
tively. The rapid beneficial effect of plasma
exchange (p. 649) might support this concept but
not necessarily so, because the regeneration of
receptors is probably very rapid (Devreotes &
Fambrough 1975) and there is usually a time lag
of two days or more before muscle power is
restored (Newsom-Davis et al 1978). Passive
transfer of myasthenic immune complexes would
help to differentiate between the three main
possibilities: (1) lysis of postsynaptic membrane;
(2) immunopharmacological blockade, and (3)
IgG-induced modulation of AChR. Passive
transfer of myasthenia from man to mouse by
human myasthenic serum was demonstrated by
Toyka et al (1975). It may be necessary to have
previous reduction of the transmission safety
factor in order to demonstrate the passive transfer
(Stahlberg et al 1978) or to use animals of specific
H2 haplotype (Fuchs et al 1976). Tissue culture
experiments suggest that receptor blockade
(Drachman et al 1977) and accelerated degradation
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of ACh receptors (Anwyl et al 1977, Kao &
Drachman 1977b) may both be involved.
Synthesis of AChR appears not to be affected by
immunoglobulin from myasthenic patients
(Drachman 1978).
Serum antibody acting directly on acetylcholine

receptor sites has not been identified by standard
immunological techniques, but its existence is
strongly indicated by a number of methods
demonstrating the presence in myasthenic serum
of an IgG which will prevent access of a-bungar-
otoxins (cv-Bgtx) to nicotinic receptors, indicating
high affinity of the immunoglobulin for receptor or
closely adjacent material. Early assays, based on
measuring the inhibition of binding of cv-Bgtx to
extra junctional receptors of dencrvated rat muscle
(Almon et al 1974), or to junctional receptors of
human muscle (Bender et al 1975), were of low
sensitivity. Indirect evidence of an antibody in
myasthenic serum which cross-reacts with AChR
from electrogenic tissue of Torpedo califomica is
provided by complement fixation (Aharonov et al
1975a).
More sensitive assays are based on the binding

of antibody to AChR linked to isotope-labelled
cv-Bgtx. The antibody-AChR-a-Bgtx complexes
are then precipitated, together with carrier immu¬
noglobulin, by adding anti-immunoglobulin and
the radioactivity of the resulting pellet is measured
(Appel et al 1975, Lindstrom 1977). The globulin
detected by this method blocks the access of cv-

Bgtx to the AChR site by binding the receptor
complex at a site different from, but in close prox¬

imity to, the acetylcholine site which, apparently,
is not usually the target for the antibody. Most of
the monoclonal antibodies isolated by recent
studies bind to the main immunogenic region of
the alpha subunits of the receptor macromolecule
(Tzartos et al 1983). Lefvert (1982) reports anti¬
body reaction outside the toxin-binding site of
myasthenic and denervated muscle in higher litre
than against normal muscle (suggesting presen¬
tation of unusual epitopes on extra-junctional and
myasthenic end-plate receptors). It is increasingly
clear that the anti-AChR antibody response is
polyclonal, but not all antibodies are pathogenic
— only those to the exposed area of the receptor
macromolecule, but cv-Bgtx binding may be

inhibited by antibodies not directed against the
toxin-binding sites (Barkas et al 1982). In some
reports (Lindstrom et al 1976b) the titre of anti¬
body measured by this radioimmunoassay corre¬
lates reasonably well with the severity of the
disease, but only if AChR from human muscle is
used. In other reports (Lefvert et al 1978,
Newsom-Davis ei al 1978) the correlation is rather
low. No significant titre of antibody is found in
serum from congenital myasthenia (Newsom-
Davis et al 1978). Antibody has been detected in
sera from infants with neonatal myasthenia, as
well as from their mothers (Lindstrom et al 1976b,
Keesey et al 1977, Lefvert et al 1978), but some
infants with receptor antibodies have no detectable
weakness, possibly because of receptor antigenic
difference between mother and child (Simpson
1960, Keesey et al 1977). Lefvert et al (1978) have
suggested that IgG antibody detected by radio¬
immunoassay may not be a primary cause of the
disease, because it is sometimes preceded by IgM
antibodies in the early stages of myasthenia. Anti-
AChR antibodies are predominantly of the IgGl
and IgG2 subclasses, rich in k-light-chain. IgG3
antibodies, even richer in k-light-chains, and
reacting better with receptors from ocular muscles
than limb muscles, have been significantly more

prominent in sera from patients with ocular
myasthenia.
The titre of IgG antibody against AChR is

higher in myasthenia gravis associated with
thymoma and falls with all the procedures listed
later as immunosuppressive (p. 647).
Antimyosin antibodies are found in sera from

some myasthenics, the titre being highest in those
with a thymoma (Strauss et al 1960, Beutner et al
1962, van der Geld et al 1964, Djanian et al 1964).
Using an immunofluorescence technique, binding
of antibody to A bands of skeletal muscle is seen

only with myasthenic sera and is highly correlated
with the presence of a thymoma (Vetters 1965).
The A-band antibody also reacts with myoid cells
in the thymus (Feltkamp-Vroom 1966). Antibodies
to other antigens of skeletal and cardiac muscle
occur in myasthenic sera and are usually associ¬
ated with a thymoma. Aarli has studied an acid-
extractable antigen (CA antigen) which is
considered to be specific for thymoma-associated
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myasthenia (Aarli & Thunoid 1981, Gilhus et al
1984). It is probably a membrane antigen unre¬
lated to the cross-striational pattern of the muscle
fibre. Antisera to the CA extract react strongly
with neoplastic epithelial cells of the human
thymoma. Other antibodies commonly found in
sera from myasthenic patients are antinuclear
factor, antithyroid and antigastric substances.
Rheumatoid factor may also be present in the
blood. It does not usually correlate closely with a

history of arthritis (Simpson 1964, 1966b), but
may do so (Aarli et al 1975). Patients with
pemphigus vulgaris have antiepithelial antibody
(Noguchi & Nishitani 1976). Specific antineuronal
and antispermatogonia nuclear antibodies in sera
of patients with myasthenia gravis have been
reported by Martin et al (1974). Clearly, there is
a wide spectrum of autoantibodies (Simpson 1983)
and they are also more frequent in sera from rela¬
tives of myasthenics (Feltkamp et al 1974),
supporting the suggestion of genetic predisposi¬
tion to autoimmune diseases which may include
myasthenia gravis when the anti-AChR antibody
titre is raised.
It is premature to attribute a pathogenetic role

to the 'receptor antibody', although changes in
titre closely follow the clinical severity of myas¬
thenia and the passive transfer studies described
above are impressive. Protection may be provided
by development of anti-idiotype antibodies. They
occur in myasthenia gravis (Dwyer et al 1983) but
their biological role is uncertain. Experimentally
raised anti-idiotypic antibodies against anti-AChR
globulin are unique to the individual (Barkas &
Simpson 1982, Waldor et al 1983).
There is also uncertainty about the role of cell-

mediated immunity (CMI). There are now many

reports of minor abnormalities of T-celi subsets
(too numerous to list, see reviews by Behan et al
1975, Vincent 1980, Clementi & Conti-Tronconi
1983). Many indicate a deficit of T-suppressor
cells, often antigen-dependent and it is probable
that abnormality of regulatory T cells precedes the
production of anti-self antibodies. The term CMI
is now restricted to immunological reactions
involving autoaggressive lymphocytes and macro¬

phages without antibody or complerrfent depen¬
dence, as in delaved-type hypersensitivity. This

type of immune response is minimal in human
myasthenia gravis and in the animal model.

Experimental autoimmune myasthenia gravis

Animal models of myasthenia evoked by inocu¬
lation of nicotinic receptors and termed exper¬
imental autoimmune myasthenia gravis (EAMG)
are described in Chapters 9 and 12.
The successful production of EAMG depends

on there being some interspecies cross-reactivity
of AChR: at first, the sera of animals immunised
with electroplaque AChR have antibodies recog¬

nising the electric organ in much higher concen¬
tration than that of antibodies recognising the
AChR of the animal's muscle. At a later stage of
the immune response the absolute amount of anti¬
body against recipient AChR is high (Lindstrom
et al 1976a) suggesting true autoimmunity. Passive
transfer of EAMG by lymph node cells in the
guinea pig (Tarrab-Hazdai et al 1975a) and rat

(Lennon et al 1976), and by y-globulin in the rat
(Lindstrom et al 1976b) supports the theory that
the proximate mechanism of myasthenia is
autoimmune. But the human disease does not

result from inoculation of foreign AChR and there
is evidence that syngeneic AChR released from
damaged muscle does not evoke an antibody
response in the human or rat (Lindstrom et al
1976b). It has been suggested that a source of anti¬
body-stimulating AChR may be the myoid cells of
the thymus. Myoid cells have long been known to
cross-react with antimyosin antibody (van der
Geld & Strauss 1966) and have been shown by
Kao & Drachman (1977a) to have surface ACh
receptors which may be separate but immuno¬
logically related target organs in myasthenia gravis
(Aharanov et al 1975b). It is unlikely that myoid
cells provide a triggering antigen stimulus tor the
autoimmune reaction. Goldstein & Whittingham
(1966) reported a myasthenic syndrome in guinea
pigs inoculated with calf thymus, muscle, or

lymph node and attributed this to 'autoimmune
thymitis' with liberation from the thymus of a
neuromuscular blocking substance. Other workers
did not confirm their findings (e.g. Vetters et al
1969). The conflicting experimental results and
conclusions were critically reviewed by Simpson
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(1978). The Goldstein hypothesis would make it
difficult to account for myasthenia originating
after thymectomy, or would require ad hoc expla¬
nations for associated autoimmune disorders if the

primary source of autoantigen were the thymic
myoid cell.

THYMUS GLAND

There are pathological changes in 70-80% of
patients with myasthenia gravis. The most
consistent finding is lymphoid hyperplasia of
cortex and medulla with T lymphocytes in both
parts, not mainly in the cortex as in normal
subjects (Aarli et al 1979). It is commonly
associated with numerous germinal centres in the
medulla (Castleman & Norris 1949) (Fig. 19.6).
(The term 'hyperplasia' is criticised by Levine
1979.) The normal gland is not involuted, as
suggested by earlier observers. Germinal centres
are characteristic of several autoimmune disorders

and are not unique to myasthenia gravis. Their
significance is uncertain because the prevalence of
germinal centres in the thymus bears no clear
relationship to the duration or severity of the
disease, or to the clinical response to thymectomy
(Vetters & Simpson 1974). Levine (1979) points
out that germinal centres are separated by basal
lamina from the true thymic parenchyma. These
extra-parenchymal centres have venules with high
endothelium, like lymph nodes. Bofill et al (1985)
agree that germinal centres are reactive and stress
the importance of hyperplasia of medullary epithe¬
lium. Preponderance of B cells in thymic germinal
centres (Abdou et al 1974) has been interpreted
as an expression of antibody formation against
inappropriate T-cell clones, or excess antibody
production attributable to lack of suppressor cells.
Some thymic lymphocytes svnthesise anti-AChR
in culture, but usually from thymuses of patients
with long duration of disease (Scadding et al
1981). Intrathymic production of antibody is
unlikely to be a major mechanism. Thymic cells
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increase production of anti-AChR antibody by
autologous peripheral blood lymphocytes (Newsom-
Davis et al 1981). This is not T-cell dependent
and may result from rare antigen-presenting cells
in germinal centres (Willcox et al 1984). Papatestas
et al (1976) found lower counts of peripheral blood
lymphocytes in patients with many germinal
centres and suggested that the latter may indicate
a state of immunosuppression. A. L. Goldstein et
al (1976) suggested that a thymic hormone,
thymosin, influences precursor T cells, possibly
via an adenylate cyciase-dependent process, and
that genetic factors and/or viral infection may lead
to a deficiency of suppressor or regulatory T cells
which in turn removes the mechanisms controlling
B-cell function (including formation of autoanti¬
bodies). The source of thymosin is unknown; it
would be premature to identify it with the gran¬
ules described in the thymus by Vetters &
MacAdam (1972, 1973). Immunoreactivity for
thymosin cvi is localised on thymic epithelial cells
at the periphery of Hassall's corpuscles and on
some circulating T cells (Dalakas et al 1981). The
concept of the role of the thymus in autoimmune
disease is more plausible than the alternative that
the thymus is itself a target for immunological
attack ('thymitis') with consequent release of a
neuromuscular blocking substance, as in the
theories of Strauss et al (1966) and G. Goldstein
(Goldstein & Whittingham 1966). (The 'thymin'
of G. Goldstein must not be confused with the

'thymosin' of A. L. Goldstein.)
Wekerle et al (1981) propose that B cells in the

thymus and peripheral lymph nodes are instructed
by anti-AChR helper T-cell lines whose antigen-
reactivity critically depends on presentation of
antigen (AChR on myoid cells) and that this inter¬
action is restricted by the HLA phcnotype of the
presenting cells which are probably epithelial.
Their hypothesis would isolate myasthenia gravis
from the other autoimmune diseases with which
it is associated clinically and genetically. An
alternative hypothesis, which 1 prefer, is aberrant
expression of HLA-DR antigens on the antigen-
presenting thymic epithelial cells. An idiotype
mimicry model, as in the original Simpson (1960)
hypothesis, remains possible (Cleveland et al
1983).
Whatever the mechanism, there is general

agreement that anti-AChR and antimyosin anti¬
body titres are higher in the presence of a

thymoma and that this correlates with clinical
severity. A thymoma is usually encapsulated and
may be cystic and calcified, but it is sometimes
malignant. Invasiveness is limited, spread being
usually confined to the thorax and occasionally to
the lymph nodes of the neck. An account of the
histological types described has been given by
Iverson (1956). The thymoma which occurs in
myasthenia gravis shows a predominance of
lymphocytes and epithelial cells which may have
an acinar structure. The spindle-celled thymoma
has no special association with myasthenia gravis.
Indeed, the benign neoplasm may be an associated
disorder, the important tissue being the adjacent
non-tumour thymus which commonly contains
germinal centres (Castleman 1955, Alpert et al
1971).

MUSCLE AND NERVE

Despite frequent statements in the past that myas¬
thenia gravis is a disease without morbid anatomy,
the lymphocyte infiltrations of muscle described
by Weigert (1901) and termed lymphorrhages
(Fig. 19.7) by Buzzard (1905) are found repeatedly
in such cases, but not invariably. According to
Oosterhuis & Bethlem (1973) they are seen

particularly in patients with a thymoma. On rare
occasions they occur at the end-plates (Wiesen-
danger & D'Alessandsi 1963). Buzzard (1905) also
reported degenerative changes of muscle fibres
which were re-investigated and classified by
Russell (1953). These changes were regarded as

non-specific. Simpson (1960) suggested that they
may indicate cell-mediated immunological damage,
a concept supported by Rule & Kornfeld (1971).
In some muscles of some patients, denervation

atrophy has been reported, the criteria being
groups of small muscle fibres with angular cross-
sectional contours, and 'target' fibres (Fenichel
& Shy 1963, Brody & Engel 1964, Oosterhuis &
Bethlem 1973 and others). The histochemical
pattern is usually normal but type II fibre atrophy
is not uncommon (Brooke & Engel 1969). These
changes are not uniquely associated with dener¬
vation due to presynaptic pathology: Coers &
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Fig. 19.7 Lymphorrhage in skeletal muscle, H & E x!89

1 elcrman-Foppet (1976) rarely Found the increased
terminal innervation ratio which they regard as a
sensitive index of denervation with reinnervation.
The peripheral nerve trunks are histologically

normal in human myasthenia gravis (Oosterhuis
& Bethlem 1973) and in EAMG (Hill et al 1977).
Collateral sprouting, a hallmark of conventional
denervation, is rare in myasthenia and occurs

mainly in older patients (Coers et al 1973). By
intravital staining with methylene blue, Coers &
Desmedt (1959) demonstrated two types of abnor¬
mality of the terminal arborisation of motor nerves
(Fig. 19.8): a 'dystrophic' type, considered to be
a reaction to muscle fibre degeneration, and a

'dvsplastic' type highly characteristic of myas¬
thenia gravis. In the latter there are few terminal
knobs and these are arranged serially along a
scanty number of terminal branches ending in a
remarkably elongated end-plate region, especially

in young patients (Coers & Telerman-Toppet
1976). Bickerstaff & Woolf (1960) and MacDermot
(1960) confirmed these findings and also described
prolific ultraterminal sprouting, important evidence
of vigorous but aberrant regeneration.
Ultramicroscopic studies of the end-plate region

show poor development of junctional folds and of
secondary clefts (Zacks et al 1962, Woolf 1966,
Engel & Santa 1971, Fardeau et al 1974). These
changes are accompanied by abnormal reduction
of the subneural apparatus (Engel & Santa 1971)
(Fig. 19.9). Bergman et al (1971) also noted
abnormalities of muscle and nerve fibres, damage
to Schwann cells, and grossly thickened basement
membrane of capillaries but these findings are
inconsistent, as are minor changes described in
nerve terminals such as dense bodies, myelin
figures, mitochondrial abnormalities, and decreased
numbers of synaptic vesicles (see review by Engel
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Fig. 19.8 Methylene blue preparations of human motor nerve terminals, a. Normal end-plate, b. Elongated end-plate from a
case of myasthenia gravis, c. Motor end-plate with shrunken terminal expansions from a case of myasthenia gravis resistant to
neostigmine, d. Axonal sprout with diminutive ending in a case of myasthenia gravis with prominent lymphorrhages — mvositic
response. previously termed 'dystrophic' (Simpson 1969b, with permission from the publishers and bv courtesy of the late Dr
A. L. W'oolf)

& Santa 1971). Fardeau et al (1974) reported that
synaptic vesicles had a normal diameter (about
60 nm) but that the vesicular stacks (at the
presumed release sites of ACh) were rarely visible.
Nevertheless, they agreed with Engel & Santa
(1971) that the changes predominate in the
subneural apparatus, which is grossly elongated
although the mean nerve terminal area is reduced
(measured into the folds). It is generally agreed
that the postsynaptic membrane disorganisation is
not caused by anticholinesterase medication and
that it is of functional significance, because the use
of labelled cv-Bgtx to identify receptor sites has
shown reduced amounts of AChR to a degree
which correlates linearly with the decreased
miniature end-plate potential amplitude (Engel et
al 1977b). Localisation of the IgG and C3 compo¬

nent of complement to receptors of end-plates
obtained only from myasthenic patients was
identified by Engel et al (1977a) (Fig. 19.10).
From morphometric analysis of electron micro¬
graphs, these authors found that immune
complexes are more abundant in the less severely
affected patients than in those with more severe
myasthenia (who have less AChR remaining in
their end-plates). They interpret this as evidence
for a destructive autoimmune reaction involving
the postsynaptic membrane. There is functional
evidence that anti-AChR antibody increases the
degradation and internalisation of junctional (and
extrajunctional) receptors of muscle (Reiness &
Weinberg 1978) and induces modulation of
AChR (Heinemann et al 1978) without involving
complement. Fambrough et al (1973) demon-
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Fig. 19.9 End-plate regions of external intercostal muscles. Acetylcholine receptor sites are stained by n-Bgtx conjugated to
horseradish perioxidase, x 22 300. In (a), from a normal subject, AChR is associated with terminal expansions and deeper
surfaces of the postsynaptic folds; the presynaptic membrane (arrrowhead) stained by leaching, and Schwann cell membrane
(arrow) facing crest of folds are lightly stained. In (b), from a case of moderately severe myasthenia gravis, the postsynaptic
regions are simplified, only segments of it react for AChR (Engel et al 1977b)

stratcd that the number of ACh receptors is
decreased by 70-90%, assuming absence of a

population of receptors inaccessible to cv-Bgtx
(Fambrough 1979). Immunopharmacological
blockade, as suggested by Simpson (1960), remains
a possibility which is supported by the prompt
relapse of myasthenic symptoms noted after
retransfusion of homologous cell-free lymph
(Matell ct al 1976), and by the indication that
serum from myasthenic patients reduces the mepp

amplitude of rat end-plates, an effect which can
be reversed by washing with a control solution
(Shibuya et al 1978). The relative importance in
the human disease of modulation and internalisa-

tion, complement-mediated lysis and blockade of
receptors is discussed by Engel (1984) and may
varv from case to case.

CAUSATION OF MYASTHENIA GRAVIS

The clinical, pathological, and immunological data
now available, with the model provided by
EAMG, provide strong support for the Simpson
hypothesis of myasthenia gravis as a genetically
predisposed autoimmune disorder, the proximate
mechanism being destruction of end-plate ACh
receptors by a complement-fixing antibody reac¬
tion. It is probable, although not proved, that cell-
mediated immunity and immunopharmacological
blockade of receptors are also important. It is still
not known what starts the immunological reac¬
tion, although a viral attack on thymus or muscle
is an attractive hypothesis. This would account for
the occasional finding of IgM antibodies, supplanted
by the IgG type in early myasthenia (Lefvert et
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Fig. 19.10 Semi-thin sections of motor end-plates from two cases of myasthenia gravis showing localisation of IgG (a and c)
and C3 component of complement (b and d). Reaction at the end-plates is more intense in the case of mild myasthenia gravis
(a and b) than in the more severe case (c and d). One of two end-plate regions in c (*) displays only a trace of IgG.
Background staining is absent. Unstained sections photographed with a green filter, X1425 (Engel et al 1977a)

al 1978). Tindall et al (1978) report elevated titres
of complement-fixing antibody to cytomegalovirus
(CMV) in myasthenics not treated with thymec¬
tomy or steroids. Their suggestion that there is
persistent viral antigenic stimulation in the myas¬
thenic thymus, arising from incorporation of viral
protein into mvoid cell surface membranes with
subsequent induction of anti-AChR antibody,
would be consistent with the thvmitis theory
reviewed above; the same criticisms would be
valid. Nevertheless, virus-induced breakdown of
immune surveillance with lack of recognition of
self — a strong possibility in all autoimmune
diseases — is more likely to be due to infection
of cells of the lymphoid system, as a mutagenic
agent, than to infection of target organs. Immu¬
nodeficiency is a possible background to myas¬
thenia gravis (Dawkins ct al 1975a, Simpson et al
1976) but also to CMV infection. Some important
biological aspects of myasthenia gravis are

discussed by Rule & Kornfeld (1971) and
Drachman (1981).

DIAGNOSTIC TESTS AND CLINICAL
PHYSIOLOGY

Performance tests

The abnormal fatiguability of skeletal muscles
shown by bedside tests (p. 495) may be docu¬
mented in many ways, providing objective data
which may be important in the assessment of the
pharmacological tests described below, or in eval¬
uating treatment. Diaphragmatic movement, or
the ability to swallow a mouthful of barium before
and after intramuscular injection of edrophonium,
may be observed on the fluoroscope; the objective
measurement of diplopia, e.g. with prisms, may
be valuable in demonstrating the changing extent
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of weakness. A recording dynamometer or ergo-
gram (Greene et al 1961) is useful and is readily
improvised. Other techniques for recording the
amount of muscular contraction are ocular tono¬

metry (Campbell et al 1970), nystagmography
(Spector & Daroff 1976) and audio-impedance
measurement of the stapedius reflex (Blom &
Zakrissor 1974). These tests are all occasionally
useful when muscular weakness is confined to the

appropriate sites.

Electrophysiology

In 1895, Jolly showed that the pathological fatigu-
ability of myasthenia could be reproduced by
faradic stimulation of a motor nerve while the

'fatigued' muscle would still respond to locally
applied galvanism. Electromyographic recording
shows that the loss of power when the motor nerve
is supramaximally and repetitively stimulated is
accompanied by a decrement of the evoked action
potential of the muscle, while the antidromically
conducted nerve action potential is unchanged in
amplitude. In view of the ultrastructural and
immunological data, it is unnecessary to present
all the facts of neurophysiological observation
relevant to the nature of the functional abnor¬

mality. For this purpose the reader is referred to
reviews by Slomic et al (1968), Simpson (1969b)
and Kim (1982). It is now accepted that the essen¬
tial lesion is degeneration of ACh receptors on the
postsynaptic membrane, with or without immu-
nopharmacological blockade, but it is clear from
these studies and from computer analysis of
evoked motor unit potentials (Ballantyne &
Hansen 1974) that additional, if less important,
prejunctional and muscle fibre lesions may co¬
exist. The essential electrical features are: (1)
subnormal amplitude of spontaneous miniature
end-plate potentials (mepps), (2) transmission
failure due to lowered safety factor, and (3) intact
prejunctional potentiation mechanisms. It has
been assumed that a lowered safety factor
uncovers a physiological decrement of quantal
release following a train of nerve impulses;
contemporary studies challenge this. Prejunctional
nicotinic receptors may also be involved in the
disorder.
Subnormal amplitudes of mepps, identified by

Elmqvist and colleagues, were at first attributed
to production of small quanta of ACh following
a prejunctional lesion (Elmqvist 1965), although
on theoretical grounds a postjunctional morphol¬
ogical abnormality was at least as probable
(Simpson 1971). The evidence of a receptor lesion
reconciles the electrophysiological and morpho¬
logical findings. Decreased amplitude of spon¬
taneous mepps in biopsied intercostal muscle can
be used as a diagnostic test because this finding
is probably unique to myasthenia gravis, but
meticulous technique is necessary for reliable
results (Elmqvist & Lambert 1968). Spontaneous
negative discharges recorded with macroelectrodes
at the end-plate zone (motor point) of human
muscle are considered to be miniature end-plate
potentials. Lovelace et al (1970) reported
reduction in frequency of firing and of burst
duration, but the amplitude was only slightly
reduced. Grob (1971) found no significant differ¬
ence between these values and those from normal

subjects but he had greater difficulty in locating
the negative spontaneous discharges in myasthenic
subjects. The value of analysis of spontaneous
end-plate activity (not to be confused with 'end-
plate noise') has not been proved.

Tests of reduced safety factor for transmission

Electromyographic signs of transmission failure at
the neuromuscular junction (Fig. 19.11) are

fundamentally: (1) evidence of a decremental
muscular response to slow repetitive supramax¬
imal per-neural stimulation in the presence of a
normal antidromically conducted motor nerve

potential and normal direct muscular excitability;
(2) increased 'jitter' and blockings of single muscle
fibre responses to repeated nerve impulses (volun¬
tary or evoked). Both are due to subnormal end-
plate potentials, summed from subnormal minia¬
ture end-plate potentials. The practical appli¬
cations of these principles are described in
Chapter 30 but some riders must be added.
Certain electrophysiological phenomena point to
additional presynaptic and muscle fibre abnor¬
malities. The decrementing response and increased
'jitter' are non-specific indicators of a reduced
safety factor for transmission at the neuromuscular
junction. Their presence supports a clinical diag-
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Fig. 19.11 Electromyograms from patients with myasthenia gravis: a. Ulnar nerve at wrist stimulated with supramaximal
shock, repeated -1, 8 and 50 times/s. Action potential recorded from abductor digiti minimi muscle by surface electrodes
shows decrement ('fatigue') with fast tetanisation only. Note post-tetanic facilitation at arrows, b. The classic response from
abductor digiti minimi, but the triceps shows a temporary incremental response

nosis of a myasthenic reaction but does not indi¬
cate the type of lesion. Normal findings do not
exclude a diagnosis of myasthenia gravis. Their
role is to support a tentative clinical diagnosis and
they do not strengthen the evidence if 'fatiguable'
weakness is demonstrable at the gross level.

Pharmacological tests

The reduced safety factor also increases suscepti¬
bility to neuromuscular blocking drugs of
competitive type such as D-tubocurarine (Ch. 30)
and quinine bisulphate. Agonist-competitors,
mainly quaternary ammonium drugs such as
decamethonium and suxamethonium, have
increased agonist and decreased blocking effect.
Their use in diagnosis is of historical interest only
but should be known to anaesthetists as the

paralysant effect is unpredictable in myasthenics
and recovery may be prolonged. The myasthenic
end-plate has reduced sensitivity to acetylcholine
(Engbaek 1951) because of the loss of receptors in
the postsynaptic membrane. Acetylcholine is more
effective if its hydrolysis is slowed by inhibiting
the acetylcholinesterase at the end-plates. Neostig¬
mine, pyridostigmine and other anticholinesterase
drugs given orally or parenterally cause temporary
restoration of muscle power but the response is
delayed and persists for one to six hours, which
is inconvenient. The prolonged action and
muscarinic stimulation are unpleasant if the
subject does not, in fact, have myasthenia. The
short-acting anticholinesterase, edrophonium, is
more suitable on both counts although it is
necessary to inject the drug intravenously and to
adopt a strict protocol.
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Edrophonium test. The short antimyasthenic
effect of edrophonium chloride (Tensilon®)
makes it very suitable for a diagnostic test. A
syringe is loaded with 1 ml (10 mg) for intra¬
venous injection. Initially 2 mg should be injected
to detect sensitivity but if there is no response the
remaining 8 mg is injected after 30 s (Osserman
& Kaplan 1953). Within 0.5-1 min there is
improvement if weakness is due to myasthenia
gravis, but weakness returns in 4-5 min. Some
normal subjects experience no obvious effects,
while others feel a tight sensation around the eyes
and fasciculation may be seen for a few seconds.
If weakness is due to cholinergic crisis in a patient
under treatment it is transiently increased and
fasciculation may occur. Unfortunately, respir¬
atory weakness may be increased to an extent
endangering life.
The positive responses described are valuable

and reliable when present, but failure to obtain
improvement or fasciculation does not indicate
either that weakness is not myasthenic or that it
is cholinergic. Negative responses are sometimes
found, but false positive results are very rare

provided that only objective criteria are used.
Subjective 'improvement' should never be relied
on, especially when the test is used to assess the
adequacy of treatment. The test is best performed
at the time of greatest activity of the therapeutic
drug: where pyridostigmine is being used, it
should be performed one hour after a dose.

Because of the differing degree of involvement
of different muscles, it is important to test respir¬
atory and bulbar but not ocular muscles when the
test is carried out to differentiate between myas¬
thenic and cholinergic weakness. These vital
muscles may be overdosed while the ocular
muscles are still underdosed, and failure to recog¬
nise this may lead to fatal overdosage. An
equivocal or 'adequate' response should always be
taken to mean that further dosage may be
dangerous.

Neostigmine test. Although the latency is
greater, a favourable response to injection of
neostigmine remains the most convincing evidence
of myasthenia gravis because its duration is suffi¬
cient to permit repeated testing of all muscles
(Viets & Schwab 1935). The duration makes it

unsuitable when cholinergic crisis is suspected.
Neostigmine methylsulphate is injected intramus¬
cularly (1.5 mg) alone or combined with 0.6 mg
of atropine sulphate. Improvement begins in
10-15 min but is most obvious after 30 min. The
same preparation may be used intravenously
(0.5 mg), when the response is more rapid but the
danger of ventricular fibrillation or arrest is
greater. The drug should never be given by this
route unless accompanied or preceded by atro¬
pine. The response to 15 mg of neostigmine
bromide orally may be sufficient to make the
diagnosis clear. If any of the parenteral tests are

equivocal and the diagnosis of myasthenia gravis
seems highly probable on clinical grounds, it is
worth carrying out a therapeutic trial with oral
medication for a week.

The Walker effect

The report by Mary Walker (1938) that exercising
a myasthenic limb muscle induced extraocular
paresis has not been confirmed by experienced
observers (Johns et al 1956) but was supported by
Tsukiyama et al (1959). The test is usually
conducted with exercise distal to a tourniquet and
Patten (1975) postulated that under hypoxic
conditions the myasthenic muscle releases lactic
acid which adversely affects other muscles when
the cuff is released, possibly by lowering the
serum calcium levels. I have never witnessed a

convincing Walker effect. There is no acceptable
evidence of a blocking substance in serum (Nastuk
et al 1959). Cell-free lymph re-injected into a

myasthenic patient precipitated weakness which
had been reduced by thoracic duct drainage
(Matellet al 1976) and passive transfer from man
to mouse has been described above. These effects
are attributed to immunoglobulin. There is no

convincing evidence for a role of other 'myas¬
thenic toxins' originating in muscle or thymus.

RADIOLOGY OF THYMUS

The thymus gland is not seen in chest radiographs
unless there is a thymoma. Small tumours local¬
ised to part of the gland may remain invisible, but
those seen at surgery before the gland is sectioned
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can almost always be detected on straight films of
the chest (posteroanterior and lateral) (Fig. 19.2)
assisted by tomography if necessary. Pneumo-
mediastinography or thymic venography are
unnecessary and are not recommended. Isotopic
scanning of the mediastinum with selenome-
thionine-75 (Cowan et al 1971) or gallium-67
citrate (Swick et al 1976) gives good imaging of
thymomas. As the radiopharmaceutical agent
accumulates in numerous tissues, false positive
studies are reported, but negative studies are
considered to be of value in ruling out the pres¬
ence of a thymoma. Gallium-67 has become the
preferred isotope. It may be valuable in detecting
recurrences of malignant thymoma after oper¬
ation. A large thymus is visible on computed
tomography and may be wrongly assumed to be
a thymoma (Brown et al 1983).

TREATMENT

There are three facets of treatment: (1) immuno¬
suppression; (2) elevation of the safety factor for
neuromuscular transmission; (3) avoidance of
factors which lower the safety factor or further
embarrass respiration.

Immunosuppressive measures

In principle, the autoimmune disorder may

respond to removal or suppression of the thymus,
ultrathymic immunosuppression, or removal of
antibodies and immuno-aggressive cells.

Thymectomy. For a long time the value of
thymectomy was obscured by failure to appreciate
that results are different in cases with a thymoma
(Keynes 1955). In cases without a thymoma there
is a clear benefit in favour of thymectomy, regard¬
less of age or sex of the patient, provided that the
disease is still in Stage 1 (Simpson 1958). The
contrary view of Papatestas et al (1971) was later
reversed (Papatestas et al 1976). Published series
since 1960 are too numerous to review but all

support these conclusions (Oosterhuis 1984).
There is no clear indication as to which patients

are most likely to benefit, apart from those in
whom the disease has been of short duration.

Failure of thymectomy to prevent myasthenic
death occurs more often in patients requiring a

large dose of anticholinesterase drugs, but if they
do survive (which is now the rule) the ultimate
state is not, apparently, correlated with preoper¬
ative severity. Patients with severe bulbar weak¬
ness are most likely to die, despite operation. On
the other hand, if myasthenia remains confined to
the extraocular muscles for two years, the prog¬
nosis for life is so good that thymectomy has not
been considered justified (Grob 1953, Ferguson et
al 1955): nevertheless, I believe that it is unusual
for weakness to remain so restricted and the

operation is now entirely safe, regardless of the
surgical method (Fraser et al 1978). The surgical
technique (sternal split or transcervical incision)
is a matter of choice by the surgeon. Operative
morbidity is less with the transcervical approach,
but complete removal of the gland is less certain
and this is considered desirable if possible. Preju¬
dice against the sternal splitting operation is due
to the belief that respiratory support by endotra¬
cheal intubation is usually necessary. It is gener¬

ally unnecessary if anticholinesterase medication
is not discontinued (Fraser et al 1978). Undoubt¬
edly, sites of aberrant thymic tissue are easier to
reach with the sternal incision.
Even in Stage 1 (active stage), thymectomy is

not a cure: it arrests deterioration, promotes
remission and makes the further course more

benign; this is increasingly evident with the
passage of time (Simpson 1958, Perlo et al 1966,
Papatestas et al 1976). It is still controversial
whether the pathology of the thymus is important.
It is generally agreed that the long-term outlook
is much poorer if there is a thymoma, although
for five to ten years the results of thymectomy may
be excellent. Indeed, there are many records of
myasthenia becoming first clinically apparent
months or years after removal of a thymoma
(Koch et al 1970). There are conflicting reports
about the correlation between the presence of
germinal centres and the response to surgery:
some reported series are too small for analysis;
others have assessed the histology subjectively.
Not surprisingly, they disagree with each other.
Differing conclusions are: (1) there is no relation¬
ship between thymic histology and postoperative
response (Castleman & Norris 1949, Seybold et al
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1971, Reinglass & Brickel 1973); (2) a favourable
response correlates with the presence of numerous
germinal centres (MacKay et al 1968, Gcnkins et
al 1975, Sambrook et al 1976); (3) a favourable
response is more likely after removal of glands
with few germinal centres (Alpert et al 1971).
Vetters & Simpson (1974) used an accurate
morphometric technique and also found a tend¬
ency for patients with relatively unreactive thymus
glands to obtain a better result from thymectomy,
but the difference was not statistically significant
and others have considered that there is no

relationship at all.
The response to thymectomy is unpredictable.

It may be immediate or delayed. The more favour¬
able course in comparison with cases without
thymectomy often becomes apparent in the second
or third year and is most evident with early
thymectomy (Simpson 1958, Genkins et al 1975).
A major relapse occurs very rarely: a postulated
growth of 'aberrant' or incompletely removed
thymic tissue has not been confirmed in most
cases although undoubtedly present in some

(Joseph & Johns 1973). There is often a temporary
improvement during the first few days, which may
be so rapid that it is obvious as soon as the patient
recovers from the anaesthetic, even though no

neostigmine has been injected throughout the
operation. A previous ptosis may be replaced by
lid retraction. Unfortunately the dose of antichol¬
inesterase drugs may require progressive increase
on the third or fourth day but it is extremely
important to recognise the extent of the temporary
remission as, during this period, a previously
ineffective dose of neostigmine may cause a

cholinergic crisis. In the past, many postoperative
deaths were caused in this way. To avoid this,
many experts stop anti-cholinesterase medication
before operation and resume two to three days
later, meanwhile supporting breathing by artificial
ventilation, commonly by tracheostomy. With
careful attention to dosage, neither measure is
required (Fraser et al 1978).
The delayed response to thymectomy, and the

inferior response when operation is postponed
beyond stage 1, suggest that T cells controlling
antibody formation by B cells continue to be
active for some time after thymectomy in some

extrathymic site, and that it would be rational to

follow thymectomy with immunosuppressive
drugs aimed at these cells, and not merely in the
most seriously affected patients. It might be
argued that adequate chemical immunosuppres¬
sion would remove the need for thymectomy. This
should certainly be investigated but the proof will
have to be convincing now that thymectomy
carries no operative mortality.

Suppression of the thymus. Alternative means
of suppressing the thymus have not been shown
to be as effective. Carotid sinus denervation,
claimed to cause adrenocortical hypertrophy and
thymic atrophy, has been abandoned. Radio¬
therapy as a method of destroying thymic function
is less certain than thymectomy and may cause
initial deterioration. Preoperative radiotherapy has
been advised before removal of a thymoma
(Keynes 1955) and also for non-tumour cases

(Schulz & Schwab 1971). The additional benefit
has not been proved.

Ultrathymic immunosuppression. Whole-body
irradiation reduces the total pool of immune cells
and all subsets are equally at risk. Thiopurines
and nitrogen mustards depress immune responses
by suppression of T-cell-mediated humoral
responses, most effectively at the time of antigen
presentation and proliferation of antigen-specific
T cells. They therefore have the potential of selec¬
tive suppression of T/B-cell interactions leading to
production of IgG class antibodies, but in practice
have an appreciable risk of side effects which
endanger life. Despite 20 years of clinical trials,
cytotoxic drugs have not been established as being
superior to thymectomy alone.

Azalhioprine. Even in a dosage of 100 mg/day,
significant reduction of myasthenia gravis is
delayed for 2-24 months, control is inadequate
(Hertel et al 1979) and relapse follows withdrawal
of treatment after prolonged suppression of symp¬
toms (Hohlfeld ct al 1985). When used as a

'steroid sparer' with low-dose prednisolone, the
metabolic complications of both drugs are reduced
but the risk of uncontrolled infection is not, and
the clinical advantage has not been established.

Cyclophosphamide. This alkylating immuno¬
suppressant has greater activity than azathioprine
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against B cells and other replicating cells. It is
more toxic to the gonads. Lymphomas and leukae¬
mias occur more commonly and enhancement of
infection is greater. Clinical and neurological
remission of myasthenia may be obtained with
cumulative dosage of 30 g over a period of one to
two years but relapse is common when treatment
is stopped (Perez et al 1981).
No cytotoxic immunosuppressive regime has

been shown to induce permanent remission, and
all are hazardous, but they may have a limited role
in treatment of patients who have not been offered
thymectomy during clinical stage 1.

Corticosteroids; adrenocorticotrophin. Early reports
of 'rebound' remission after initial deterioration of

myasthenia treated by ACTH were not followed
up because of early fatalities, until the manage¬
ment of crisis situations improved and intensive
therapy units became commonplace. It was then
possible to use larger doses of ACTH or predni¬
solone with striking benefit. In the first seven
to ten days of treatment there is often clinical
deterioration which is associated with a rise of

receptor antibody preceding a sustained fall
(Lefvert et al 1978), with marked remission of
symptoms. As intubation and supported respir¬
ation may become necessary, the treatment should
be started in hospital. It appears that any corti¬
costeroid or timing regime may be used (Brunner
et al 1976) at any clinical stage including the most
advanced. Serum concentration of anti-AChR

antibody decreases and anticholinesterase dosage
may be reduced progressively (but not abruptly
withdrawn). A recommended regime is prednisone
100 mg daily or on alternate days for a month or
more. Subsequent withdrawal of prednisone must
be very gradual, by no more than 10 mg decre¬
ments at six to eight week intervals. Pascuzzi et
al (1982) reported no satisfactory improvement in
20% of 116 patients. The median time to maximal
improvement was five to six months. Only 14%
of patients could discontinue steroid treatment
and this was not improved by previous thymec¬
tomy. Most benefit is experienced by patients over
the age of 50 years, but individual responsiveness
is not predictable. Results of treatment are

impressive, but the side effects and hazards are
not negligible (Brunner et al 1976, Mann et al

1976). It is not known how long steroid treatment
must be continued. In my opinion it is not a treat¬
ment of first choice but should be reserved for

patients not responding to thymectomy and anti¬
cholinesterases and preferably not until three years
or more after operation. Some early reports were
certainly over-enthusiastic and not supported by
controlled trial (Howard et al 1976). Indeed, it is
by no means certain that the benefit from steroids
is due to immunosuppression. A direct neuro¬
muscular action is possible, perhaps on regenera¬
tion of end-plates or on acetylcholine release (Weir
1982).

Antilymphocyte and antithymocyte sera. It is poss¬
ible that cytotoxic and steroid immunosuppression
may act on immunocompetent cells in division,
presumably in the reticuloendothelial system, and
so the phase of activity may be critical. This
limitation may not apply to these sera. Antilym¬
phocyte serum acts to deplete paracortical lymph
node areas where recirculation of antigen-sensitive
lymphocytes occurs. An additional action may be
to coat the receptor sites of the lymphocytes.
Antithymocyte serum has been used in myasthenic
patients with varying degrees of clinical improve¬
ment, especially when used after thymectomy
(Pirofsky et al 1971, Roux et al 1974). Aureggi et
al (1970) also used antilymphocyte serum.
Although of theoretical importance, these antisera
appear to be of limited practical value.

Removal of antibodies and immunoaggressive
cells. Drainage of lymph from the thoracic duct,
with removal of 0.5-2.0 1 daily, to a total of 4-5
1, causes improvement of myasthenic weakness
within 48 h. Although the lymph volume increases
again in a few days, there is maintained improve¬
ment for a year or more (Matell et al 1976). This
treatment has been supplanted by plasmapheresis.
Plasma exchange (plasmapheresis) is an effective

method for reducing serum anti-AChR antibody.
Newsom-Davis et al (1978), who first used the
treatment, reported progressive improvement in
strength, commonly after two days. We have had
good results with six exchanges of 4 litres.
Plasmapheresis followed by immunosuppressive
therapy may give long remissions. In most cases,
however, relapse occurs in one to three weeks.



650 MYASTHENIA GRAVIS AND RELATED SYNDROMES

Some authors recommend repeated courses of
plasmapheresis (Newsom-Davis et al 1981).
Unfortunately, relapse at five to six months is

sometimes severe. Susceptibility to infection is
temporarily increased by antibody depletion, the
role of which is still being assessed. There is no
direct relationship between the magnitude of fall
in antibody titre and improvement. If it merely
removed an immunopharmacological block, anti¬
body depletion would be restricted to the manage¬
ment of myasthenic crises or for preoperative
preparation, but it may also permit synthesis of
new receptors if followed by long-term immuno¬
suppression (Newsom-Davis et al 1978). The
rapid changes in the safety factor for neuromus¬
cular transmission require careful adjustment of
anticholinesterase dosage. The efficacy of lymph
duct drainage and plasmapheresis depends on the
fact that the antireceptor antibody regenerates
more slowly than the main pool of immunoglob¬
ulin. Nevertheless, increased susceptibility to
infection is a hazard, and feedback overproduction
of auto-antibodies (Bystryn et al 1971) may be
dangerous. A method of inhibiting their production
selectively would be ideal.

Induction of anii-idiolypic antibodies. A second-
best procedure would be selective destruction of
autoantibody. Preliminary experimental induction
of anti-idiotypic antibodies by immunisation
against AChR-educated lymphocytes has been
reported (Schwartz et al 1978). If confirmed and
extended to the human, this would provide a

highly effective treatment for myasthenia gravis,
but Barkas & Simpson (1982) found that anti-
idiotypic antisera do not cross-react between indi¬
viduals or species. Favourable response to poly¬
clonal antibody mixtures has been reported
(Fatch-Moghadam et al 1984). Meanwhile,
although treatment of the immunological basis of
myasthenia gravis must be a prime consideration,
it is always necessary to raise the safety factor for
neuromuscular transmission. Anticholinesterase
medication should be continued in an appropriate
dosage throughout all immunosuppressive
treatment.

Choice of treatment. Protagonists of thymectomy,

immunosuppression and plasmapheresis vigor¬
ously support their favoured regime in the litera¬
ture. I believe that treatment should be based on

certain principles: (1) Anticholinesterase drugs
must be used with discretion to avoid cholinergic
poisoning: there is no evidence that long-term use
in therapeutic dosage is harmful in man. (2)
Thymectomy is safe and of proven value although
rarely curative. (3) Death from myasthenia gravis
is rare after the second year if choking is avoided.
(4) Immunosuppressant drugs have serious side
effects and can rarely be withdrawn without
relapse resulting. I therefore recommend that all
myasthenics should take pyridostigmine in
adequate but not excessive dosage (see below).
Anti-immunological therapy is a parallel, not an
alternative treatment.

Every patient should be offered thymectomy if
there is clinical evidence that myasthenia is not
confined to the extraocular muscles and symptoms
have not been present for more than seven years.
Sex and age do not influence the results if account
is taken of the appropriate natural history. If
myasthenia is generalised, the severity is not
relevant because the future course is not predict¬
able. Late spontaneous remissions are rare. With
longer duration before diagnosis, thymectomy is
still indicated if there is radiological or serological
evidence of thymoma as the tumour is potentially
invasive. Late cases failing to respond to phar¬
macological treatment have less to gain but
nothing to lose from thymectomy supervised by
an experienced neurologist.
No special preparation is required if the policy

of -early thymectomy is followed (Fraser et al
1978). It should be delayed until a 'crisis' (see
below) is controlled by plasmapheresis or steroids
if necessary. Otherwise preoperative steroid
therapy is unnecessary. Preparation for operation
and treatment of 'crisis' are the only indications
for plasmapheresis. Steroids undoubtedly suppress
autoimmune reactivity and would be strongly
endorsed but for the serious and irreversible side
effects. I use them (usually prednisolone) only for
patients with life-threatening weakness or where
there is a contraindication to surgery. I consider
that cytotoxic drugs have little advantage and
greater risk. After using them to gain experience
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I have abandoned azathioprine and cyclophospha¬
mide. If newer immunoregulatory drugs prove less
toxic, the audit will be different.

Insertion of new receptors. The rate of insertion
of AChR receptors is increased by anti-AChR anti¬
body in EAMG and is highest in denervated
muscle. It appears to be indirectly related to the
concentration of receptors already present in the
postjunctional membrane. Anabolic steroids have
no significant clinical effect (J. A. Simpson,
unpublished work). De Baets (1984) found a

protective effect in rat EAMG but this was related
to lower antibody titres in the hormone-treated
animals.

Elevation of the safety factor for transmission

Anticholinesterase drugs. Inhibitors of end-
plate acetylcholinesterase raise the safety factor for
neuromuscular transmission by preventing hydro¬
lysis of ACh and so prolonging the occupancy of
receptor sites by ACh. Anticholinesterases do not
increase production of ACh and so are effective for
as long as the transmitter is released at motor
nerve endings and the ACh receptors of the end-
plates are intact. In stage 3 myasthenia this may
not be so, at least in some muscles ('neostigmine
resistance'). On the other hand, if inhibition of
cholinesterase is carried to excess, so that ACh
persists at receptor sites, the end-plate remains
depolarised or becomes desensitised ('cholinergic
(blockade') (see p. 653).

Anticholinesterases which have been used

previously include physostigmine (eserine), galan-
thamine, ambenonium, bis-quaternary compounds
such as distigmine bromide, and alkyl phosphates.
They have been abandoned, either because they
cross the blood-brain barrier, with central
actions, or because their prolonged action leads to
cumulative poisoning.

Edrophonium chloride (Tensilon®). This hvdroxy-
anilinium salt, administered intravenously
(2-10 mg) has a peak action in 2-3 min, which
rapidly subsides. Although some effect is still
apparent 20-30 min later, this is too brief for
therapeutic purposes. It is used to confirm the

diagnosis of myasthenia or to differentiate between
underdosage and overdosage of anticholinesterases
(p. 653).

Neostigmine bromide (Prostigmin®). The 15 mg
tablet of neostigmine has a cholinergic activity
which evokes a surge of muscular power for
30-60 min, followed by continued activity at a
lower level for 2-6 h. Subsequently, strength is
rapidly lost, making it difficult to adjust the
timing of dosage. Most myasthenics prefer pyri¬
dostigmine for this reason. The 'boost' effect of
neostigmine is valuable if taken 30 min before a
meal or a special physical effort.

Pyridostigmine bromide (Mestinon®). Pyridostig¬
mine has less peak effect than neostigmine and its
plateau of activity is very little longer but it wanes
more slowly, allowing a sustained blood level to
be achieved by judiciously timed dosage: this
varies from 2-8 h and the frequency must again
be established by trial. The 60 mg tablet of pyri¬
dostigmine is approximately equivalent to the
15 mg tablet of neostigmine. Each of these drugs
should be given by mouth (crushed tablet by
nasogastric tube if necessary) in preference to
parenteral injection, but in some patients absorp¬
tion is erratic and it is then necessary to rely on
subcutaneous or intramuscular injection of neos¬

tigmine methylsulphate (1 mg having an effect
equivalent to 15 mg neostigmine or 60 mg pyri¬
dostigmine given orally). It should rarely be given
intravenously as bradycardia may be dangerous.

Potentiation of ACh release and muscular

responsiveness. A number of drugs raise the
safety factor for transmission by potentiating
release of ACh presynaptically and/or by sensitis-
ation of ACh receptors or muscle contraction. The
major action is uncertain and they are inferior to
anticholinesterases in treatment of myasthenia
gravis. Guanidine and the aminopyridines are
discussed on p. 657.

Adrenaline; ephedrine etc. Adrenaline and its
amine analogues have exceedingly weak antichol¬
inesterase activity. They are of no practical value
for myasthenia gravis but ephedrine may be
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beneficial by combating the bronchoconstriction
caused by anticholinesterases (Ringvist & Ringvist
1971). The oral dose is 10-25 mg thrice daily.

Veratrum alkaloids; gernnne esters. Drugs of this
group 'amplify' the muscle response by causing
repetitive firing of nerve endings and of the
stimulated muscle. Their potential value is
insufficient to compensate for important side
effects such as hypotension, cardiac arrhythmias
and sensory symptoms, although Flacke et al
(1966) found these negligible with germine in
short-term studies.

Potassium; aldosterone inhibitors. Potassium was
once used extensively as an adjuvant in myas¬
thenia gravis. The rationale was obscure and the
benefit not documented. It may cause nausea and
diarrhoea resembling cholinergic crisis. Spirono¬
lactone, given to conserve potassium (Gottleib &
Laurent 1961), is of no proven value although it
gives a sensation of well-being. Provision of
potassium to counteract loss of intracellular potas¬
sium during steroid therapy is quite another
matter and its use is rational (Critchley et al 1977).

Theophylline; caffeine etc. Phosphodiesterase
inhibitors (which increase intracellular cAMP)
have been reported to increase the strength of
myasthenic patients by increasing Ca++ flux at the
prejunctional membrane (Dretchen & Standaert
1981). Appel et al (1981) reported stimulation of
receptor synthesis of myotubes in culture from
calcium and cyclic nucleotides.

Drugs which may lower the safety factor

Enemas may cause sudden death in myasthenics
(Keynes 1950). The mechanism is unknown, but
may involve stretching of a bowel rendered tonic
by anticholinesterases. Corticosteroids, adrenocor-
ticotrophin and thyroxin may cause temporary
deterioration. Respiratory depressants, including
morphine and sedatives, must be used with care,
but diazepam is relatively safe. Myasthenic
syndromes are very occasionally caused by peni¬
cillamine and (5-adrenergic blocking drugs (p. 655),
but there is no evidence that these remedies aggra¬
vate spontaneous myasthenia gravis. Several drugs

regularly lower the safety factor for transmission
at the neuromuscular junction and should be used
(with appropriate adjustment of anticholinesterase
dosage) only if the indication is clamant (see
Ch. 29).

Inhibitors of production or release of ACh. A
number of aminoglycoside antibiotics have this
action, including streptomycin, dihydrostrepto-
mycin, neomycin, kanamycin, gentamycin,
viomycin, bacitracin, polymyxin A and B, and
colistin, especially with renal insufficiency
(Hokkanen 1964). Low ionised serum calcium
may be implicated in a presynaptic action (Wright
& McQuillen 1971).

Blockers of ACh receptors or of muscle
response. Any neuromuscular blocking drug must
be used with caution in myasthenia gravis.
Despite the increased sensitivity to curare
(p. 645), D-tubocurarine is the best if relaxation
for surgery is required, because its mode of action
is consistent and is antagonised by neostigmine.
The anomalous responses to depolarising drugs
(decamethonium, and suxamethonium and others)
are dose-dependent and vary in different muscles
(Churchill-Davidson & Richardson 1952).
Membrane stabilisers (hydantoinates, quinine,

quinidine, procainamide) are, in principle,
harmful but rarely cause significant deterioration.

MYASTHENIC CRISIS

There is little justification for this traditional term,
which implies sudden spontaneous exacerbation of
disease activity. Unquestionably, most cases in the
past were examples of unrecognised cholinergic
crisis or asphyxia. It is, of course, true that weak¬
ness is increased by unusual physical exertion,
emotional upset, an infection or childbirth, but it
responds to management of the stressful situation.
The drugs listed above, which lower the safety
factor for transmission or depress respiration,
should be used with caution. Myasthenic crisis is
rare in well-managed patients.
The absence of cholinergic signs and the pres¬

ence of a favourable response to the edrophonium
test (p. 646) indicate the cause of the severe
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weakness. If it is necessary to increase the dose of
anticholinesterase medication, the only suitable
method in emergency is intramuscular injection of
neostigmine. Endotracheal intubation is necessary
if pulmonary ventilation is failing, or there is
severe dysphagia. Thick, glairy bronchial secretion
must be aspirated by bronchoscopic suction.
Tracheostomy is not required unless the need for
passive ventilation continues for more than one
week. Once respiration is safeguarded, treatment
can proceed methodically without panic measures,
the dose of neostigmine or pyridostigmine being
regulated by repeated edrophonium titration
(Osserman & Kaplan 1953). It is possible that
plasma exchange may produce rapid improvement
but it cannot be relied on.

CHOLINERGIC CRISIS

Mild muscarinic effects of anticholinesterase
medication (colic, diarrhoea, belching, nausea) are
not uncommon in myasthenic patients, although
less prominent than in normal subjects taking the
same dose. More severe muscarinic signs such as

vomiting, sweating, hypersalivation, lachry-
mation, miosis and pallor are less common and
indicate that the dose is nearing a dangerous level.
The most valuable indication of impending danger
is the size of the pupil. It should not be allowed
to contract to less than 2 mm diameter in normal
room lighting. Bradycardia is very unusual with
oral medication, but may be prominent and lead
to cardiac arrest with intravenous medication.

Hypotension occurs with severe cholinergic
poisoning. In the most severe cases, confusion and
coma indicate block of cerebral synapses. The use
of an antagonist such as atropine sulphate
(0.3-0.6 mg) is obligatory with intravenous
dosage, but need not be given if the cholinergic
drug is administered orally or by subcutaneous
injection, unless colic is intolerable. The disad¬
vantage of suppressing the muscarinic symptoms
is that more serious nicotonic signs may be over¬
looked (Schwab 1954). There is, however, no
evidence that atropine inhibits the nicotinic signs,
the earliest of which is fasciculation of muscles.
This need not be a serious sign as it will first
appear in muscles unaffected by myasthenia.

Persistent fasciculation in the leg muscles is
consistent with excellent clinical control.

Conversely, a depolarisation block may be reached
without previous fasciculation, or the latter may
be transient and therefore overlooked. A muscle

may pass from myasthenic weakness to cholinergic
block without passing through a stage of normal
strength. Poisoning has reached a dangerous level
('cholinergic crisis') when weakness increases
because of depolarisation block. This may be
difficult to recognise and undoubtedly accounts
for most cases of 'neostigmine resistance' not
attributable to muscular atrophy. It must be
emphasised that different muscles will reflect their
degree of myasthenic involvement. Thus, some
muscles may suffer cholinergic block while others
still require further anticholinesterase medication.
As the muscles of respiration are often relatively
spared by myasthenia, they may be blocked by a
dose of neostigmine which is insufficient for the
ocular or limb muscles. It is extremely important
to measure the effect of a test dose of edro¬

phonium on the respiratory and bulbar muscles as
well as on the more easily tested muscles. Even
though short-acting, the additional cholinergic
effect of edrophonium may be fatal in cholinergic
crisis. In these circumstances atropine should be
injected first and there should be facilities for
immediate assisted respiration. The test is
described on page 646.
Cholinergic paralysis requires urgent treatment.

A cuffed endotracheal tube should be passed at
once and positive-pressure respiration started.
Tracheostomy may be necessary if this has to be
prolonged. Atropine sulphate should be injected
intravenously (2 mg/h) until signs of atropine
toxicity develop. Specific antidotes for antichol¬
inesterase poisoning are not satisfactory in clinical
practice. Drugs of the oxime group have some
effect on overdosage of quaternary ammonium
anticholinesterases (Grob & Johns 1958). Personal
experience is limited to pyridine-2-aldoxime (2-
PAM) and methane sulphonate (P2S) but their
latency has been found to be. too long and their
potency and duration of action inadequate for
satisfactory treament. Physiological antagonism
can be obtained by the use of D-tubocurarine if
respiration is artificially controlled. In these
circumstances there is little need for an antidote
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other than atropine to protect the cardiovascular
system. Controlled respiration and repeated atro¬
pine injection pending the recovery of the
neuromuscular response is the most satisfactory
form of treatment available at present. Antichol¬
inesterase medication should not be resumed until
there is a clear 'myasthenic' type of response to
edrophonium on two successive occasions at inter¬
vals of 1 h. On resumption, neostigmine should
be given by injection and an adequate dose discov¬
ered by trial, guided by edrophonium testing.
Only when this has been done should oral medi¬
cation be resumed, at first with neostigmine and
then with longer-acting drugs by cautious substi¬
tution and prolongation of dose-interval.

DIFFERENTIAL DIAGNOSIS

Myasthenia gravis has to be differentiated from
the symptomatic myasthenias described below.
More commonly, the problem is to fail to recog¬
nise the existence of a myasthenic disorder; once
considered, the diagnosis is rarely in doubt.
Positive EMG tests (p. 644) are confirmatory but
negative tests do not invalidate the diagnosis. A
properly conducted edrophonium test, with objec¬
tive response, is very reliable and a raised titre of
anti-AChR antibody in the blood is diagnostic of
myasthenia gravis. A normal titre does not,
however, exclude the diagnosis.
Myasthenia gravis is commonly mistaken for

hysteria because it is so often precipitated by
emotional disturbances, and physical signs may be
absent if the patient has rested before examin¬
ation. The intermittent nature of the symptoms
and the frequent occurrence of diplopia and dysar¬
thria or other bulbar symptoms may suggest
multiple sclerosis. Motor neurone disease, parkin¬
sonism, peripheral neuropathy, and endocrine
disorders, particularly thyrotoxicosis, may cause
weakness which increases with effort; hypoka¬
lemic states, periodic paralysis, paroxysmal
myoglobinuria, botulism, craft palsies and other
disorders causing transient paralysis may be
confused with myasthenia gravis.
The most difficult disorders to differentiate

from myasthenia gravis are the condition termed
'pseudoptosis', mitochondrial myopathy and the

congenital syndromes with facial and extraocular
palsies including congenital ptosis, ocular myopathy
and the Von Graefe-Moebius syndrome. None of
these conditions responds favourably to antichol¬
inesterase drugs.

OTHER MYASTHENIC SYNDROMES

The syndrome of progressively decreasing muscular
power during continuous or repeated contraction,
which is relieved by rest, will result from any
disorder which lowers the safety factor for neuro¬
muscular transmission, short of complete block.
Many of the types described in the literature are
detected only during EMG or pharmacological
studies and do not show pathological fatiguability
on clinical testing. The lesion may be either pre-
or post-junctional. Thus Churchill-Davidson &
Wise (1963) examined children under the age of
six months and found that successive muscle

responses to repetitive stimulation of the motor
nerve showed a decrement of amplitude, followed
by post-tetanic facilitation. Furthermore, such
infants were remarkably resistant to high doses of
depolarising drugs such as decamethonium. At
birth, human motor end-plates are immature,
many consisting of terminal clubs, and a terminal
arborisation (if present) is simple. Many immature
end-plates are seen in children up to the age of
two years (Coers & Woolf 1959). It is possible that
maturation arrest might account for the unusual
case of benign congenital myopathy with myas¬
thenic features described by Walton et al (1956)
and for the congenital myasthenic syndrome in a

15-year-old boy described by Engel et al (1976a).
Neither of these patients had a worthwhile
response to neostigmine. In the case described by
Engel et al (1976a) there was acetylcholinesterase
deficiency in the subneural apparatus of the motor

end-plates and no increase in anti-AChR antibody.
The congenital myasthenias are described more

fully in Chapter 20.

Cholinesterase deficiency

Deficiency of pseudocholinesterase may be genetic
or acquired. In normal life there is no muscular
weakness, but prolonged apnoea occurs if the
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affected person is given a depolarising relaxant
drug (e.g. suxamethonium) and this disorder must
then be distinguished from carcinomatous myas¬
thenia. The genetic variety has a number of phen-
otypes which may be identified by measuring the
inhibitory effect of dibucaine or fluorine (Lehmann
& Liddell 1969).
Acquired deficiency of pseudocholinesterase is

caused by liver disease, pregnancy, and use of
certain drugs, phenelzine (a monoamine oxidase
inhibitor) and echothiophate (an organophos-
phorus compound used as eye drops for glaucoma)
(Pantuck & Pantuck 1975). The most important
and the only necessary treatment for prolonged
response to suxamethonium is adequate pulmonary
ventilation, continued for several hours if
necessary.

Nutritional, metabolic and toxic myasthenia

A disease named kubisagari in Japan was
described in the late nineteenth century. This was
an outbreak of paralysis with ptosis and bulbar
symptoms. Similar epidemics occurred in pris¬
oner-of-war camps in the Far East. Denny-Brown
(1947) reported that parenteral administration of
thiamine caused the symptoms to disappear in one
week but Japanese authorities now consider that
kubisagari was synonymous with myasthenia
gravis.
In rare cases of peripheral neuropathy a

decrementing response to serial stimulation may
be seen, as in diabetic neuropathy, Guillain-Barre
syndrome and post-zoster motor neuropathy
(Simpson & Lenman 1959, Simpson 1966a). It is
also found in other lower motor neurone diseases

including poliomyelitis, syringomyelia and motor
neurone disease. This statement refers to the elec¬

trophysiological findings: clinical myasthenia is
exceedingly rare in disorders of the lower motor
neurones. One condition in which it has been
described is acute idiopathic porphyria, in which
the myasthenic weakness is said to respond to
neostigmine (Gillhcspy & Smith 1954).
Muscular weakness of 'myasthenic' type in

chewers of tobacco which had fermented as the
result of contamination by Clostridium perfritigens
was described by French authors (Coulonjou &
Salaun 1952). This organism usually causes severe

myositis (gas gangrene) and it is possible that
minimal muscular damage was responsible for the
symptoms described, but it is interesting to
consider the possibility of an exotoxin such as that
produced by CI. botulinum.
Treatment of patients with a number of f5-

adrenergic-blocking drugs has resulted in a clinical
syndrome described as resembling myasthenia
gravis by Herishanu & Rosenberg (1975) who
attributed it to a neuromuscular-depressant effect
described by previous workers. It should be
remembered that serious adverse reactions to some

fl-blockers are immunological in nature (Behan et
al 1976b).
A number of patients have developed typical

myasthenia gravis while taking D-penicillamine for
rheumatoid arthritis or Wilson's disease (Bucknall
1977). Marked falls of serum IgA and other
immunoglobulins have been reported with peni¬
cillamine treatment for non-immunological diseases
(Stephens & Fenton 1977) and a lupus reaction
has been induced (Golding & Walshe 1977). It
therefore seems likely that myasthenia results
directly from the drug (and not from association
with rheumatoid arthritis) and that it has an

immunological pathogenesis. It clears up when D-
penicillamine is withdrawn. Nevertheless, as only
two cases of myasthenia have occurred during
treatment of Wilson's disease (Dawkins et al
1975b), existing immunological abnormality or

genetic constitution may be important predis¬
posing factors. Penicillamine-induced myasthenia
gravis has been found to be associated with HLA
haplotypes Al, A8 by Bucknall (1977) and Bw,
DR1 by Garlepp et al (1983).

Polymyositis and related disorders

A myasthenic type of weakness is commonly
present at some stage of polymyositis and derma-
tomyositis (Walton & Adams 1958). The
decrementing neuromuscular response is similar
to that of myasthenia gravis and there is usually
an initial favourable response to edrophonium or

neostigmine. Typically, the 'fatiguability' is tran¬
sient or the response to anticholinesterase drugs
is not maintained after the first few doses. A
similar transient myasthenic syndrome occurs in
systemic lupus erythematosus but classic myas-
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thenia gravis also occurs in that disease (Harvey
et al 1954). As interstitial myositis may occur in
myasthenia gravis, and the diagnostic status of
anticholinesterase responsiveness is debatable, it
is clear that the diagnosis will often give rise to
disagreement. The most reasonable interpretation
is that all are autoimmune diseases which often
show clinical and serological overlap and associ¬
ation with thymic tumours. Dermatomyositis is
particularly related to carcinoma. The EMG find¬
ings were described by Simpson (1966a) who drew
attention to a marked facilitation during rapid
stimulation, and occasional slow augmentation of
tension and EMG on voluntary contraction
(Simpson & Lenman 1959). These authors and
Simpson (1966a) described a number of patients
in whom the incrementing response was the major
reaction. None of their cases had a malignant
tumour or developed one subsequently and some
had other EMG or histological characteristics of
polymyositis. This intermediate group, which
constitutes an important link between polymyos¬
itis and the carcinomatous myasthenic syndrome,
is now classified as an autoimmune form of
Lambert-Eaton syndrome.

Lambert-Eaton syndrome

The occasional occurrence of a myasthenic type of
muscular weakness associated with malignant
tumours was first recognised when Anderson et al
(1953) reported prolonged apnoea after adminis¬
tration of succinylcholine to a patient with bron¬
chial neoplasm, and similar patients were reported
in the next two years. As the neuromuscular block
was reversed by edrophonium, these authors
recognised an abnormal end-plate responsiveness
resembling that occurring in myasthenia gravis
(p. 646). Croft (1958) found abnormal responses
to relaxant drugs in patients with carcinomatous
neuropathy, not all of whom had symptoms of
muscular fatiguability, and drew attention to
absence of the tendon jerks. The clinical
syndrome was first clearly defined by Lambert et
al (1961). They found later that the syndrome is
usually related to malignant tumour, either
contemporaneously or preceding it by several
years, but mainly in men over the age of 40,
whereas most women with this syndrome do not
develop a recognised neoplasm. The tumour is

usually a small-cell or oat-cell carcinoma of bron¬
chus; Greene et al (1968) drew attention to poss¬
ible histological differences in the tumour cells,
suggesting a secretory function. Less commonly
the syndrome has occurred with intrathoracic
reticulum cell sarcoma (Rooke et al 1960) and with
carcinoma of breast, colon, stomach, prostate and
other organs (Adams 1975).
Association of the non-carcinomatous type with

autoimmune diseases was noted by Gutman et al
(1972) and Lang et al (1981). Patients with both
types of Lambert-Eaton syndrome have a linkage
disequilibrium for HLA-B8 and DRw3 antigens
and the IgG heavy chain marker Glm(2) (Willcox
et al 1985).
The principal symptoms are weakness and

fatiguability of proximal muscles of the extremi¬
ties, particularly of the pelvic girdle and thighs.
Careful manual testing often reveals a delay in
development of strength at the onset of maximal
voluntary contraction. Ptosis may be present, but
striking differences from myasthenia gravis are
that symptoms of involvement of ocular and
bulbar muscular weakness either do not occur, or
are mild and transient, and that the tendon
reflexes are depressed or absent. Common
complaints are aching of the lower limbs, periph¬
eral paraesthesiae, dryness of the mouth and loss
of potency.
The significance of these symptoms is commonly

apparent in retrospect after the patient has had
prolonged apnoea following administration of a
muscle-relaxant drug during surgical procedures.
The diagnosis is then readily confirmed by charac¬
teristic EMG responses to repetitive supramaximal
motor nerve stimulation. The rested muscle shows
a pronounced depression of the response to a

single stimulus. Low rates of stimulation evoke
further decrement: stimulation rates above 10/s
evoke markedly incremental responses (Lambert
et al 1965, Lambert 1966). For further details see

Chapter 30. Intracellular recordings from the end-
plate region of single muscle fibres reveal normal
miniature end-plate potentials but subthreshold
end-plate potentials which vary greatly, indicating
that a very low number of ACh quanta arc
released from the nerve ending until it is stimu¬
lated repetitively (Elmqvist & Lambert 1968).
Pharmacological studies on biopsied muscle have
shown a reduction in the number of quanta of
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acetylcholine released from the nerve terminal and
also of non-quantal release ('molecular leakage')
(Molenaar et al 1982). The transmission charac¬
teristics are similar, but not identical, to those of
a normal neuromuscular junction exposed to a

high Mg2 + concentration. The blood level of
Mg2+ is normal. The quantum content of the
end-plate potential is raised by increasing the
external calcium ion concentration and with the
addition of guanidine.

Pathology. The clinical neurophysiology and
pharmacology indicate a prejunctional abnormality
of ACh release. In light microscopic specimens,
stained intravitally with methylene blue, Wise &
MacDermot (1962) noted irregularity of calibre
and abnormal swelling of axons of intramuscular
nerve fibres, increased preterminal branching, and
abnormally large and complex end-plates which
they regarded as consistent with a mild peripheral
neuropathy. Engel & Santa (1971) found no

significant abnormality in the mean area of motor
nerve terminals, and a normal number of synaptic
vesicles, but there was possibly a decrease in the
mean diameter of the vesicles and of the mean area

of mitochondria in the nerve terminals. Freeze-
fracture studies of the neuromuscular junction
showed loss and disorganisation of presynaptic
active zone particles, possibly representing
distorted calcium channels (Fukunaga et al
1983a). Engel & Santa (1971) also drew attention
to an overdevelopment of the post-junctional
region, highly complex secondary clefts and folds,
and the sacroplasmic folds contained numerous

pinocytotic vesicles. At present it is not under¬
stood why the post-junctional region is altered in
this way or how it contributes to the functional
deficit.
There is indirect evidence for antibody-mediated

attack on the presynaptic active zone particles (see
below). Serum antibody against ACh receptors is
not increased (Lindstrom et al 1976a). There is no

report on anti-axonal antibody.

Pathogenesis. Speculation about the possible
causes of the cancer-related myasthenic syndrome
has postulated tumour-derived neurotoxin (Ishi-
kawa et al 1977), polypeptide hormone (Simpson
1982) and immunological disorder (cf previous

editions). Immunogcncsis is virtually certain, as
Newsom-Davis and colleagues have demonstrated
that the IgG fraction of plasma from affected
patients when injected into mice evokes a similar
syndrome (Lang et al 1983, 1984). It is probable
that an IgG antibody binds to nerve terminal
determinants concerned with release of ACh,
causing the distortion of active zones observed by
Fukunaga et al (1983a, b). The London and Mayo
Clinic groups in collaboration showed that paucity
and disorganisation of active zone particles and
reduction of quantal content of ACh could be
induced in the nerve terminals of mice injected
with IgG from patients with the myasthenic
syndrome. Late components of complement are
not required (Prior et al 1985). Voltage-dependent
calcium channels necessary for quantal release of
ACh may be damaged. Presumably the postsyn-
patic changes which are so distinctive morpho¬
logically must be secondary. The mechanism of
induction of the apparent antibody is unknown.
As in most autoimmune disorders, a reduction of
circulating suppressor T cells (as marked by the
OK T8 monoclonal antibody) has been reported
(Robb et al 1985) but, surprisingly, only in the
tumour-associated type.

Treatment. Evidence for humoral autoimmunity
has encouraged treatment with corticosteroids
(previously used empirically), cytotoxic immuno¬
suppressants and plasma exchange as for myas¬
thenia gravis (Newsom-Davis & Murray 1984).
The most favourable treatment regime has not yet
been established. Pending recovery of nerve
terminal function, release of acetylcholine may be
potentiated by several drugs. Anticholinesterase
drugs (e.g. pyridostigmine) are temporarily
beneficial. Guanidine hydrochloride is strikingly
effective on prolonged administration. Lambert
(1966) recommended 20-30 mg/kg/day in divided"
dosage: the effect is superior to that of 4-amino-
pyridine or 3-4-diaminopyridine (Lundh et al
1977, 1983), both of which lower the threshold for
seizures. Where tumour has not been identified
but may be occult, immunosuppressant treatment
may accelerate growth of oat-cell carcinoma and
Newsom-Davis & Murray (1984) advise caution in
heavy smokers with the Glm(2) heavy chain
phenotype.
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MYASTHENIA GRAVIS IN PREGNANCY:

John A. Simpson

Glasgow University Department of Neurology, Institute of Neurological Sciences
Southern General Hospital, Glasgow.

The highest incidence of myasthenia gravis is in women of reproductive

age. Keynes (1952) pointed out that many women with myasthenia gravis (MG)
are weaker at some time in the menstrual cycle. In my experience the timing
is individual, being in the first 5-4 days of menstruation in some women

whereas in others weakness is greater in the premenstrual week and muscular

power improves when bleeding starts. Schrire (1959) investigated pregnandiol
metabolism in myasthenic women. He reported that there was an abnormally
low urinary excretion of pregnandiol during the proliterative and luteal

phase of the menstrual cycle. Schrire injected myasthenic women with pro¬

gesterone and reported a low recovery of pregnandiol from their urine.

Injection of adrenocorticotrophin resulted in recovery of very large amounts
of pregnandiol. His s\;ggested explanations do not carry conviction and Dr K.

Fotherby (MRC Clinical Endocrinology Unit, Edinburgh) was unable to confirm
these results in my patients (Simpson, i960). The latter paper introduced ~

the autoimmune hypothesis of MG, now validated, and endocrine studies have

lapsed since then. Occasional attempts to influence MG by progesterone or

oestrogens are referred to by Rowland et al (1966).
In MG, a life-threatening disease, muscular weakness is precipitated by

emotional as well as physical stress. It might be anticipated that pregnancy
and parturition would be hazardous. On the contrary, most myasthenic women

have some degree of remission during pregnancy but, as with menstruation,
there is great individual variation. Simpson (1964) described two patients>
one of whom improved at the putative time of conception ( defined accurately
as it occurred during her husband's return on short leave during the Second
World War ). Myasthenia recurred just before the first post-parum period at
three months. The other patient was symptom free for two years after thymect¬

omy when she relapsed. She later relised that she was pregnant. When pregnancy

was terminated at the fifth month the myasthenic symptoms disappeared on the
same day. Onset of MG immediately following conception was previously recorded

by Tilney (1907).
Before thymectomy and immunosuppression became established treatments, all

authors agree that the effect of pregnancy on myasthenic weakness is very

variable ( Kennedy and Moersch,1957; Viets et al,1942; Harvey,1948; Fraser
and Turner,1953)« Some patients have a relapse, others a remission. From a

study of only eight patients, Viets et al (1942) concluded that there was
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commonly a moderate relapse in the first trimester and often a remission, r»

sometimes complete, during the last six months. The pattern may be diametric¬

ally opposite in different pregnancies in the same patient. Fraser and Turner

0953) described 15 pregnancies in 14 myasthenic women. They agreed with Harvey

(1948) that the course was most variable but were unable to confirm the late-

pregnancy remission derscribed by Viets et al (1942). They reported that labour
was relatively normal but advised that the mother should be admitted to hospital

2-3 weeks before the expected date to anticipate or avoid premature onset of
labour. All the authors cited agree that a normal labour can be expected, other
circumstances being equal, and my experience concurs. It is acknowledged that

prolonged labour may precipitate myasthenic exhaustion and that there is a

danger of relapse post partum, especially during the first three weeks. Fraser
and Turner (1953) noted; post-partum relapse in half of their patients.

Simpson (1964) recorded the course of 120 pregnancies as judged by retro¬

spective interviews and a study of contemporary case records. In 30% of cases

there was no significant change of myasthenic status during or after pregnancy.

Most of these patients felt fitter than usual, as in many normal pregnancies,
but could not be said to svow genuine remission of MG. Of the remainder, as

many improved as relapsed during pregnancy, but if this group was tabulated
as a 'balance chart' (Fig 1) it could be seen that in general there is a

tendency to relapse in the first trimester, to remit in the second and third,
and to relapse again after the child is born. Similar findings were reported

by Seitz (1966) with the additional observation of of first manifestation of
MG by the mother in the first trimester. In my cases the late relapse often
started during or immediately after labour which sometimes required instrum¬

ental assistance. Fraser and Turner (1953) probably underestimated the dangers
of labour, but with good neurological supervision a normal labour can usually
be expected and MG does not normally constitute an indication for termination
of pregnancy ( Osserman,1958; Simpson,1964 ). Five of the pregnancies in Fig 1
were aborted or terminated (exact records are no longer available) in the
second trimester.

It has been assumed that the fluctuating state and individual differences
reflect hormonal status of the mother but no biochemical basis has been est¬

ablished. Simpson (1964, 1971) drew attention to the patient's emotional state
as an important factor which correlated highly with the 'balance chart'. A
wanted pregnancy sometimes seems to be associated with remission and so is a

desired termination. An illegitimate pregnancy or an accidental miscarriage

may precipitate a relapse. The curve of Fig 1 parallels the emotional responses
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of many normal women to their pregnancy, labour, and the fatigue of the

puerperium.
The psychological factor may, however, be fortuitous. These observations

were made before it was possible to identify the antiacetylcholine receptor

(antiAChR) antibody which damages the nicotinic receptors of the endplates
of skeletal muscle, and it would be valuable to make serial clinical, sero¬

logical, and psychological studies throughout pregnancy. It is interesting

to note that I have no records of pregnancy occurring in a myasthenic

patient who is known to have had a thymic tumour, but thymoma-related MG is
rare in the reproductive age group and otherwise fertility appears to be

normal.

Other clinical observations which should still be recorded concern the

relationship between the putative pregnancy effect on the myasthenic woman

and the probabilit"- that the child will develop neonatal MG. For instance,
are those women who fail to improve in the second trimester more likely to

have a myasthenic child? In the writer's 1964 series, most abortions were

in the group which improved in the second trimester but theift are alternative

possible immunological explanations for this (Simpson,1991) which were not
known when the earlier data were gathered. In the original hypothesis

(Simpson,i960) it was suggested that the phenomena of neonatal MG compared
with the failure of transference of MG by interadult blood transfusion might
be due to tissue compatibility factors. There are now a few HLA studies and

peri-partum antibody assays in neonatal MG but none on the mother-child

relationship in those pregnancies where the child is not affected. These
data are essential to determine whether the risk-benefit balance to both

mother and child are due to pregnancy related fluctuations in the mother's

production of antiAChR antibody , because the alternative possibility that

pregnancy or the products of conception induce protective factors is of
fundamental importance for future work on the suppression of MG and other

autoimmune diseases. A hormonal factor is not necessarily excluded since

clinical studies suggest a hypothalamo-pituitary influence on susceptibility
to KG (Simpson, i960) and there is increasing evidence for a role of the
neuroendocrine system in the regulation of the immune system (Ader,1981;
Martin,1984) and a feedback effect on the hypothalamo-pituitary axis could
account for the occasional reports of a 'see-saw' relationship between thyro¬
toxicosis and MG (McEachern and iarnell, 1948)0 A more probable mechanism
would be that the mother and fetus are both protected from attack by the

maternal immunological system by immunoprotective products of the conceotus.
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Alpha-fetoprotein has been investigated in this context and shown to

influence the myasthenic status of animals with experimental MG (Brenner
et al, 1980) but seems unlikely to'beithe sole or the makers factor. Possible

pregnancy sustaining inhibitory immunological mechanisms are still uncertain

(Pavia et al, 1987). Further developments in this field would have considerable

implications for the control of MG in both sexes. The main purpose of this

paper and related papers (Simpson, 1991 a.,"b) is to invite the collaboration
of obstetricians and paediatricians throughout the whole course of pregnancy
in myasthenic women in addition to any clinical assistance the neurologist

may provide. Women who improve in pregnancy and produce an unaffected child

are even more important biologically than their unfortunate sisters.
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RECURRENT INTRAUTERINE DEATH ASSOCIATED WITH THE ANTICARDIOLIPIN

ANTIBODY IN MYASTHENIA GRAVIS

John A. Simpson MD, FRCP, FRS(E)
Glasgow University Department of Neurology, Institute of Neurological

Sciences, Southern General Hospital, Glasgow.

If the relative remission of myasthenia gravis (MG) in the course of

pregnancy and the proposed in utero protection of the fetus are related

(Simpson 1991a,b), it might be supposed that fetal survival would be
within the normal range, but Kosotsky et al (1955) reported a high rate

(27%) of spontaneous abortion in myasthenic women. In 1964 Simpson
recorded 15% fetal loss in 81 known pregnancies in 59 women. This is

presumably a minimum figure. As it did not indicate a special tendency
to spontaneous abortion, no detailed study was made in later patients0

My interest in the matter was renewed in 19^3 when recurrent abortion

became a major concern of a patient with comparatively mild MG.
Case 1 AG, a young woman from the north of Scotland, had early symptoms

of myasthenia gravis in the spring of 1980 when she was 29 years of age.

Starting in the muscles of both hands, it rapidly became generalised with
involvement of bulbar and ocular muscles. She was referred to the author

when 14 weeks pregnant, having had four previous pregnancies, all of which

miscarried, at 23, 7» 32 and 23 weeks of gestation. In one case the fetus

(male) was reported as normal and a placental infarction was considered to
be the cause of abortion. She complained of joint pains in wet weather but
had no clinical or serological evidence of rheumatoid arthritis and no

histoty indicative of any other recognized autoimmune disease, but she had
a skin allergy to penicillin. Her mother had had rheumatoid arthritis and

pernicious anaemia.

Clinical, electophysiological and pharmacological examination confirmed
the diagnosis of MG. During the pregnancy, treatment was restricted to

pyridostigmine, 660mg/day in 2-hourly oral doses. The pregnancy continued

normally until mid-term when she aborted. The resulting depression was

associated with temporary exacerbation of myasthenia, followed by improvement
with reduction of pyridostigmine to 420mg/day within three months. Trans—
sternal thymectomy was carried out in October 1981 (Mr H I Tankel, Glasgow)
with complete removal of the thymus which was large with many germinal centres

(Dr D Doyle, Glasgow). The post-operative course was uneventful.
The severity of myasthenia fluctuated in the next two years. Steroids

were not used as the general trend was towards improvement. She was still
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within the latent period for benefit from thymectomy (Siypson,1958) and was

determined to try another pregnancy. In June 1983 she became pregnant for the
sixth time. She remained in good health with good myasthenic control r.nd was

able to work part-time as a home-help. At 10 weeks the obstetrical findings
were normal but at 14 weeks an ultrasonic scan showed a cyesis appropriate
to 14 weeks gestation with no obvious heart action (Dr D A R Lees, Inverness).
The pregnancy was terminated by an extra-amniotic infusion of prostaglandin
on 7 October 1983 when a high level of alpha-fetoprotein in the blood and a

repeat scan confirmed fetal death. The aborted fetus appeared grossly normal.

Up to that time biochemical and immunological studies (Table 1) were indicative
of uncomplicated MG, but in the same month a leading article in the British
Medical Journal drew attention to am association between recurrent intra-uterine

deaths and lupus anticoagulant , anticardiolipin and other lupus related anti¬
bodies. By courtesy of Drs G R V Hughes and L E Hart of Hammersmith Hospital,
London the anticardiolipin antibody (ACA) was assayed by the method of Harris
et al (1983a). The titre was 18 standard deviations above normal control levels.

Mrs AG's blood group was 0 Rh positive (CC Dee). Her HLA phenotype (Prof H

Dick, Glasgow) was A1, A2, CW4, B8, B12(4), Bw4, Bw6. Prof M Ferguson Smith FRS

(Glasgow) made a chromosome analysis by Giemsa banding. Mrs AG and her husband
were normal female and male karyotypes respectively.

Being in very substantial remission of myasthenia, the patient wanted to

try one more pregnancy. In view of the probable immunological basis for the

previous abortions it was agreed, after discussion with her family doctor and

obstetrician to try to carry another pregnancy to term with immunosuppression
started before conception, Incresing arthralgia suggested active systemic lupus

erythematosus (SLE) but the DNA binding capacity was 20%. In February 1985
studies of tissue and blood thromboplastin inhibition showed very mild lupus-

type inhibition (Dr B Benett, Aberdeen) and a negative test for lupus anti¬

coagulants (Prof J Vermylen, Leuven). Although these findings suggested

decreasing lupoid activity it was agreed to start her on prednisolone along
with aspirin and pyridostigmine (with cimetidine to minimise the high risk of

gastric bleeding on this regime).
Myasthenia went into full remission and all treatment was gradually withdrawn

in April 1986. In June she became pregnant. Prednisolone and aspirin were

restarted. In August the anticardiolipin titres were very high (Hammersmith
Hospital ) but dropping, she had no clinical myasthenia, and measures of comp¬

lement activity (C3» C4, Factor B and C1 inhibitor ) were normal. Cyesis was

normal until severe proteinuric pre-eclampsia developed at 32 weeks gestation.
A normal baby was delivered by Caesarean section (Dr K S Stewart, Stirling),
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The mother had a very high titre of anti-AChH antibody (4624x10 M) but
the cord blood had none.

In the puerperium the mother had occasional myasthenic symptoms but she

developed pleurisy with haemoptysis at five weeks. At 10 weeks she was found
to have active endocarditis with aortic incompetence. Post partum, levels of
ACA rose from 120 to 310. She is now under treatment for active SLE with only

occasional myasthenic symptoms.
Case 2 AE, a young woman with slight right amblyopic strabismus, had no

diplopia until she was 20 years old when she developed intermittent diplopia
and ptosis, worse in the evening. It was relieved by edrophonium and pyrido¬

stigmine, A clinical diagnosis of ocular MG was supported by a high serum titre
of anti-AChR antibody (Table 1). One year previously a thyroid cyst was excised
from a non-toxic nodular goitre. Her mother and brother had thyrotoxicosis
and a grat-aunt had pernicious anaemia.

Thymectomy was not advised as myasthenia remained confined to ocular muscfcs.

After one year on pyridostigmine she had complete clinical remission for eight

years although anti-AChfi antibody persisted. In the following six years she

had occasional relapses, well controlled without steroid therapy.
Her first pregnancy, at age 26 years, was uneventful. A healthy female child

was born by spontaneous labour at 36 weeks. A second pregnancy, at age 29 years,

was aborted at 12 weeks. A third pregnancy, at age 31 years, appeared to be

proceeding normally until vaginal bleeding started at 24 weeks. Emergency
section was required for abruptio placentae at 27 weeks. The 1.1kg infant died
two days later from intraventricular haemorrhage. Mrs AE then decided to have
tubal ligation.

In February 1985» at age 34 years, a blood sample obtained for measurement
of anti-AChH antibody titre (75x10~^M) did not clot. (As she had left the

Institute, no coagulation screen was obtained.) In view of the obstetric

history an aliquot was sent to Hammersmith Hospital (Dr L E Hart). Lupus

anticoagulant was not assayed but anti-cardiolipin IgCr was detected with a

binding index of 3c44 (upper limit of normal, 3.0).
When last seen in 1986 the patient was clinically well with no myasthenic

signs, euthyroid and without obvious pathology of other organs. She refused
further investigation as she menstruated regularly and had been sterilised.

DISCUSSION

Escobar et al (1982) reported a gonadotrophic resistant ovary syndrome
in myasthenia gravis which they suggested may have an autoimmune mechanism,
but this would not account for recurrent intrauterine deaths. The cases

reported here are believed to be the first recorded in MG associated with an

anti-cardiolipin antibody. The mechanism of abortion could be similar to
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that described by Firkin et al (1980). Case 2 had defective coagulation. The

lupus anticoagulant is an immunoglobulin which reacts with the phospholipid

component of the prothrombin activator complex (Conley and Hartman,1952). It
hs been found in blood samples of women with connective tissue disease who
have experienced recurrent spontaneous intrauterine deaths and may precipitate
thrombosis in placental vessels by its interference with prostacyclin (Carreras
et al (1981). Derve et al (1985) found marked elevation of ACA levels in a

majority of women with SLE and other autoimmune disorders who experienced one

or more intrauterine deaths. They found infarction in four placentae from

patients with connective tissue disease. In Case 1 of the present report only
one of the five placentae was examined histologically and it was considered
that infarction was the probable cause for intrauterine death. Lockshin et al

(1985) proposed that antibody to cardiolipin may be a better predictor than
other lupus-associated criteria of fetal distress or death in patients with
SLE and others, and that placental infarction may be less relevant. Elevated
ACA levels are associated with a number of clinical disorders including venous

and arterial thrombosis (Harris et al, 1983*1984). The successful pregnancy
in Case 1 supports the suggestion of Lubbe et al (1983) that suppression of

antiphospholipid antibodies with oral corticosteroids may promote fetal survival.
The prevalence of ACA in MG has not been investigated. A definite correlation

between the presence of the lupus anticoagulant (LA), raised serum ACA levels
and biological false positive tests for syphilis has been established (Boey
et al, 1983; Harris et al, 1983) and the false positive tests for syphilis

may result from the cross reaction of LA with cardiolipin (Johansson and

Lassus, 1974). In sin earlier study before the introduction of the VLRL precip¬
itation test, Simpson (1964) noted anticomplementary reactions in seven of 15
cases of MG.

Certain similarities between MG and SLE were among the original reasons

for postulating an autoimmune basis for MG (Simpson, i960). Myasthenia gravis
is characterised by the development of antibodies against numerous tissue

antigens additional to polyclonal antibodies to nicotinic acetylcholine receptors
of the endplates of skeletal muscle, pointing to a loss of immunological
tolerance (Simpson, 1981, 1983). Myasthenia gravis and SLE share a common

histocompatibility antigen HLA-DW3 (Celada et al, 1979). Michalski et al (1978)
reported monozygotic twins with Klinefelter's syndrome discordant for SLE and

symptomatic MG.
A myasthenic syndrome is well recognized in SLE (Harvey et al, 1954) and

there are now many reports of SLE developing in patients with MG. Chan and
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Britton (198O) considered that it is rare to find both diseases active

simultaneously. The onset of myasthenic weakness in SLE is related to the

appearance of anti-AChR antibody in the blood (Valesini et al,1983).
conversely the vasculitis and nephropathy of SLE are related to deposition
of DNA-antiDNA and other immune complexes. In our patients with MG Behan
and Behan (1979) and Barkas et al (1980) found circulating immune complexes
in 42^ with depressed C4 component of complement, but the antigenic

component of the complexes has not been characterised. The immunoregulatory
reasons for these differences are speculative. Are MG and SLE different in
kind or only quantitatively different breakdowns of immunological tolerance
A study of MG in the pregnant woman and in the neonate may be definitive0

Table 1

Antibodies

AntiAChR

Antinuclear factor

DNA binding capacity

Thyroglobulin precipitin

Thyroid microsome

Gastric parietal

Mitochondrial

Smooth muscle

VDRL

Biochemistry

Thyroid function tests

Urine and electrolytes
Liver function tests

Serum B12

Red cell folate

Case 1

—10
56.2 x 10 M

1:256 homogeneous

15.7% (normal)
negative

negative

negative

negative

normal

normal

normal

500 ng/l
282 pg/1

Case 2

2300 x 10~1°M
negative

negative

negative

normal

normal
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