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ABSTRACT

Myasthenia gravis (MG) research has, in many respects,
been a trail blazer for the growing number of autoantibody-
mediated disorders that affect the nervous system. The
breakthroughs in MG understanding were made in the
1970s and even 50 years later, MG still remains a topic which
scientists, clinicians and, most recently Pharma, return to as
the most common and well-studied disorder. Here, some of
the main discoveries will be reviewed very briefly focusing
on how the knowledge of the disease evolved during the first
decades after the discovery of acetylcholine receptor anti-
bodies. It should be noted that this is a personal perspective
and not a systematic or fully referenced review.
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Earliest Times

MG was a topic of interest to neuroscientists and neu-
rologists for three centuries before the discoveries of the
1970s. Table 1 lists the most important contributors to the
history of MG research starting with Thomas Willis' in the
17" century. The clinical and physiological characteriza-
tion began to move forward with Erb? and Goldflam® who
described the fluctuating fatigue, and Jolly* helped explain
fatigue by demonstrated the decreasing muscle contraction
during repetitive nerve stimulations. By 1901, Campbell and
Bramwell® had published a detailed description of myasthe-
nia gravis. Meanwhile, Weigert® noticed collections of lym-
phocytes in MG patient muscle and later Buzzard” hypoth-
esized that there might be an “autotoxic” agent. The de-
scription in 1934 by Walker of how, as in curare poisoning,
the symptoms of MG were rapidly reversed by the cholin-
esterase inhibitor, physostigmine, led to the first systematic
treatment for the disease.® All these observations helped
demonstrate that MG was a discase of the neuromuscular
junction and was likely due to some sort of inhibitory cir-
culating substance. The history of MG research is covered
briefly in a 2002 review,” and in a more detailed and beauti-
fully illustrated book by Keesey."”

By 1960, several groups, including neurologists Straus
and Nastuk, examined the role of the immune system on
muscle fibers, finding cytotoxic damage caused by MG
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sera, and immunoglobulins and complement bound; im-
portantly, however, these signs of autoimmunity were not
at the neuromuscular junction itself but very evident on the
muscle fiber striations.""'? In retrospect, the patients whose
sera were positive in these experiments almost invariably
had thymomas; these antibodies later became known as
anti-striated muscle antibodies, strongly associated initial-
ly with the tumors. At this time, tissue specific antibodies
were beginning to be recognized more widely, particularly
those involved in thyroid disease.'® In 1960, Simpson pub-
lished a hypothesis,™* reviewing the clinical associations of
MG, including the often-enlarged hyperplastic thymus, the
fluctuating disease course, the associations with a number
of other autoimmune conditions (including thyroid disor-
ders), and the transfer of disease to neonates. He proposed,
with some prescience, that MG was a condition caused by
an antibody to an “endplate” protein.

In 1952, Fatt and Katz" had identified miniature end-
plate potentials as the postsynaptic depolarization result-
ing from the release of single packets or quanta of ACh.
Elmqvist and colleagues in Sweden'® found that the minia-
ture endplate potentials were reduced in amplitude in MG
muscle. They concluded from their studies, somewhat ten-
tatively, that the defect lay in the release of acetylcholine
rather than in the response of the postsynaptic muscle.

Until that point, there was no way of identifying the
postsynaptic “receptor” for ACh. It took the work of Tai-
wanese scientists, Chang and Lee,"” whose main interest was
snake toxin envenomation, to identify a component of ven-
om from Bungarus multicinctus, the banded krait, that par-
alyzed rodent neuromuscular preparations. Conveniently,
the toxin, a-bungarotoxin, was a polypeptide and could be
casily radio-iodinated. They found that *I-a-bungarotoxin
bound essentially irreversibly to the postsynaptic muscle
membrane, exclusively at the NMJ, suggesting that it was
binding to the elusive “receptor” for ACh.

The question was how to purify this large membrane
protein. First, there was a much easier source than mamma-
lian tissue. It had been known for years that the electric or-
gans of electric eel or Torpedo were innervated somewhat
similarly to muscle and responded strongly to acetylcholine
(reviewed in detail by Keesey'"). Second, in 1968, a group
at the Weizmann Institute led by Cuatrecasas' had shown
that it was possible to purify a protein to high specificity if
you could immobilize its ligand on an insoluble matrix, ap-
ply the protein soup, wash and then “elute” the specific pro-
tein by introducing a ligand that competed with the matrix-
attached ligand. This seminal discovery eventually led to
the use of cobratoxin-columns to purify the toxin-binding
protein from the electric organs of electric eel or torpedo
(and subsequently human muscle).?*?' By eluting with high
concentrations of carbachol or d-tubocurarine, a number of
groups achieved relatively pure ACh receptor (AChR) pro-
teins and began to study its subunit structure.
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Quinquennial meeting, New York 1975

All these findings came together in the early 1970s, and
the results were presented at the MGFA conference on MG
in1975. I was lucky enough to be there, having been asked to
write a conference report for Nature News and Views,* an
opportunity that, although approached with considerable
timidity at the time, turned out to be a wonderful stepping
stone for my future career.

Firstly, Fambrough, Drachmann and Satyamurti had
answered the pre- or post-synaptic question — to a large ex-
tent — by showing that there were less '*1-a-bungarotoxin
binding sites at the MG NMJ compared with control
NMJs.? In the same year, Patrick and Lindstrom found that
rabbits immunized against the purified AChRs from elec-
tric eel developed an MG-like syndrome, reversible by cho-
linesterase inhibitor, that could be transferred to healthy
rabbits by the serum that contained antibodies to the im-
munizing AChR.** Lindstrom had devised a radio-immuno-
precipitation method for measuring these antibodies that
relied on incubating the serum with '*I-a-bungarotoxin
bound to solubilized electric eel AChR, and then immuno-
precipitating with an antibody specific for rabbit 1gG. The
precipitate formed with the rabbit serum IgG contained the
5]-a-bungarotoxin-AChR. #* This led Almon and others
to demonstrate that MG patients also had antibodies that
interfered with binding of a-bungarotoxin to the AChR.*
Meanwhile, Lindstrom together with Seybold, Lennon and
others, used solubilized human muscle in the radio-immu-
noprecipitation assay, with precipitation by antibodies spe-
cific for human IgG, and found that 85% of patients were
positive for AChR antibodies compared with a variety of
controls. This test has formed the basis for an assay which,
despite the radioactivity (which in fact is minimal), is still
used widely.?® Control sera are very rarely positive and the
levels in patients vary but are often orders of magnitude
higher than the controls.

Role of the antibodies

The question then became were these antibodies the
cause of MG or could they be an epiphenomenon with no
pathogenic role? Toyka, Drachmann and colleagues report-
ed at the 1975 meeting that when MG IgG antibodies were
injected into mice daily, the mice developed weakness and
their endplate had very small miniature endplate potentials
- reproducing well the neurophysiological hallmark of the
disease.””

This was strong evidence that the serum IgG was caus-
ative; the reverse was to remove or reduce the AChR anti-
bodies from patients and see if they improved. It was rea-
sonable to suspect that antibodies were being made in the
thymus or lymph nodes draining the thoracic cavity. Already
before the antibodies were discovered, Matell and others?
had found improvement in patients treated with adrenocor-
ticotropic hormone and begun to use azathioprine as an im-
munosuppressive treatment. Impressively, they also found
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that thoracic duct drainage achieved clinical improvement,
and that injection of the drainage fluid back into one patient
caused deterioration — the perfect human experiment.

In the UK, plasma exchange was beginning to be used
regularly for Goodpasture’s discase (autoimmune glomeru-
lonephritis) and the procedure was tried in MG by Pinching
et al.? They found dramatic clinical improvement within
days and, on further investigation, AChR antibody levels
showed a striking inverse relationship with strength dur-
ing the five day procedure and in the following weeks as the
AChR antibody levels recovered and the patient’s symp-
toms returned.® It should be noted that to get these results,
cach MG serum had to be titrated to find the optimal serum
concentration for measuring that individual’s antibodies
over time, and this concentration varied considerably be-
tween different patients; this is seldom done nowadays and
routine AChR antibody titers are seldom helpful in assess-
ing treatment responses.

Since those seminal findings (reviewed in 1980%"), MG
rescarch has expanded in many directions. Figure 1 uses a
heatmap to illustrate the main topics and how interest in
them has waxed and waned over time. The following sec-
tions will cover the topics asterisked.

Levels and characteristics of antibodies to the AChR in
MG

The antibodies were found to be polyclonal IgG, pre-
dominantly IgGl with some IgG3, and they appeared to
react differently with AChR from normal muscle, dener-
vated muscle and extraocular muscles.?” They were very
high affinity for the native AChR - as identified by binding
to AChR in the solubilised muscle extracts — and did not
bind well to denatured protein on western blots. However,
monoclonal antibodies (mAbs), raised against purified eel
AChR could bind to human AChR and one in particularly
bound to a well-defined epitope on the surface of each of the
two alpha subunits.* Since this monoclonal antibody (mAb
35) inhibited a variable but often large proportion of MG
patients’ antibodies, the two binding sites were termed the
main immunogenic regions or MIR.2* Similar results were
obtained with mAbs raised against the human AChR, one
of which, mAb M3D6, competed with mAB 35 and showed
similar ability to compete with patient AChR antibodies.™
In addition, other AChR mAbs bound to the beta or delta
subunits, and four bound only to the fetal isoform in which
the gamma subunit replaces the adult epsilon subunit?® (see
Figure 2). In fact, studies on the human antibodies binding
to human AChRs (mostly identified by competition with
subunit defined mAbs) showed considerable heterogeneity
both in the levels and in their specificities, raising questions
regarding which antibodies might be most pathogenic, and
whether some are non-pathogenic and potentially protec-
tive; these questions have still not been clearly addressed.
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Figure 1. A heat-map displaying some of the main topics of interest from International Conferences on Myasthenia Gravis
over the last 50 years. Note that publications until 2008 included short papers from submitted abstracts as well as the contri-
butions from invited speakers. For 2022, in order to include here some of the newer topics, all invited and submitted abstracts
were searched.
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Figure 2. Simple diagrams of the adult and fetal AChRs and the most important binding sites for antibodies.
A. In humans, the fetal AChR can still be detected up to 31 weeks gestation® and it is likely that adult AChRs are present
for some time before that. In mothers whose children develop AMC (arthrogryposis multiplex congenital), the antibodies
block the AChR ion channel function and are assumed to bind to a fetal-specific site overlapping the ACh binding site. This
is less clear in maternal antibodies of children with the recently described FARAD (fetal acetylcholine receptor antibody-
associated disorder). Note also that because the fetal AChR shares the other three subunits with the adult form, antibodies
to any of these subunits will bind both forms. Nevertheless, many of the FARAD mothers’ antibodies are highly selective for
binding to fetal AChRs (on the gamma subunit); but these may not necessarily inhibit fetal AChR function.

B. The adult AChR and how MIR antibodies can casily cross-link the receptors. Note that additional antibodies can help
build up complexes that stimulate complement activity:*

Fig 2.

Developing muscle NMJ

Fetal AChR AdultAChR

O Likely AMC
antibody binding site
Overlapping one ACh site

O Ach binding sites O Main Immunogenic Region

C.



Mechanisms of action

The pathogenic mechanisms of the antibodies were
identified in the late 1970s and 1980s. Engel’s electron-mi-
croscopic studies demonstrated clearly that the NMJs were
damaged with reduced numbers and depths of the second-
ary folds and widened synaptic gap.”” Within the synapse,
he and his colleagues found IgG bound and complement
factors including C3 and the membrane attack complex.™
The reduced binding of peroxidase labelled a-bungarotoxin
confirmed relationships between 1gG bound complement
activation and AChRs lost. Curiously, despite the evident
involvement of complement-mediated damage in MG, it is
only over the last few years that attention has begun to focus
on complement-mediated activity in MG. In the first of sev-
eral trials, anti-complement therapy was effective in refrac-
tory MG*? and a recent publication describes a method for
assessing the complement-activating ability of individual
patients’ AChR antibodies that should help stratify patients
who will respond to this type of therapy.**

Another mechanism discovered ecarly was that of in-
ternalisation of the AChR.* This is particularly likely to oc-
cur with antibodies binding the MIR because, as illustrated
in Figure 2, they can easily cross-link AChRs. It should be
noted that the creation of complexes of this kind will also
increase the likelihood of complement activation; however,
using human-derived monoclonal antibodies bound to epi-
topes on different AChR subunits, complement activation
was much more effective using combinations of the anti-
bodies rather than antibodies to single subunits;** this sug-
gests a role for the heterogencous antibodies to other sub-
units that are found in MG.

It was disappointing that the antibodies did not often
show direct inhibitory effects on the AChRs. This would
likely need antibodies that bind to at least one of the two
ACh binding sites, which are distinct from the MIR and at
the interfaces with the two adjacent subunits (Figure 2).
Those antibodies appear to be rare, and the mechanisms are
more likely dominated by complement-mediated damage
and internalisation. One exception, however, is fetal specific
antibodies as described below.

Maternal MG and fetal AChRs

In the 1990s, a small number of women, mostly with
MG, had babies who had stopped moving in utero and were
born with severe, often fatal, arthrogryposis multiple con-
genita (AMC) rather than the well-known transient neo-
natal myasthenia. AMC is due to lack of fetal movement of
any cause, including many genetic disorders, but the pres-
ence of AChR antibodies in the mothers, and the fact that
consecutive pregnancies were affected, strongly implicated
a maternal cause. IgG antibodies from two of the moth-
ers, unusually, rapidly blocked fetal AChR currents while
having no effect on adult AChR currents* This suggested
that they bound to the fetal gamma subunit in such a way
as to block the binding of ACh to the adjacent alpha sub-
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unit (Figure 2); moreover, passive transfer of the mothers’
antibodies to pregnant mice resulted in pups born with de-
formities and respiratory failure.** The numbers of reported
cases with this condition is small, but it is now recognized
that some children have milder symptoms in utero and sur-
vive, but have long-term consequences, a syndrome initially
termed fetal acetylcholine receptor inactivating syndrome
(FARIS).* The antibodies often bind preferentially to the
fetal AChR but since the functional studies have not yet
been performed, fetal acetylcholine receptor antibody asso-
ciated disorder (FARAD) is more appropriate. The features
in 40 children, all of whose mothers had AChR antibodies,
include polyhydramnios and mild contractures in utero as
well as hypotonia, feeding and respiratory difficulties at
birth and dysmorphism, feeding difficulties, and speech im-
pairment long term; only 50% of the mothers had diagnosed
MG raising the possibility that FARAD could be a, previ-
ously undiagnosed, cause of neuromuscular developmental
disorder in some neonates.*

Subgroups of MG

There were early hints in the 1970s of interesting as-
sociations between MG, gender, age of onset, and specific
HLA (human leucocyte antigen) polymorphisms. Over the
next decade many groups enlarged on these findings*” As
the number of MG patients increased (partly the result of
having diagnostic antibody tests available), three different
subgroups of MG began to emerge: early onset (before 40
years), late onset (after 40 years) and those with thymo-
ma.*® Only when separated into these three groups was it
clear that there were different gender ratios and HLA poly-
morphisms. Although the genetic analysis has since become
much more complex, these distinctions remain; moreover,
as the population ages the number of patients developing
MG after the age of 50 years, predominantly males, now far
exceeds those, mainly female, who develop MG as children
or younger adults. However, there is still little understand-
ing of how these genetic polymorphisms, and the more re-
cent GWAS studies contribute to the aetiology of MG.

The role of the thymus.

Involvement of the thymus in the pathology of MG was
seen in autopsies from earlier times but possibility of thy-
mectomy for MG was serendipitous. Removal of the thy-
mus by Sauerbruch*® when performing thyroidectomy for a
woman with thyroid discase led to marked improvement in
her MG, and Blalock noted improvement in a woman when
he removed her thymomatous gland.”

Since then, thymectomy, mainly for early onset MG,
has been the source of much research material. Surpris-
ingly, lymphocytes derived from the thymus could be shown
to make AChR antibody spontancously in culture.” In fact,
the thymus contains B and T cells, some of which have
been shown to be specific to AChR, which are surrounded
by muscle-like cells that express AChRs on their surface.>



It is not surprising, therefore, that the levels of AChR an-
tibody often decreases after removal of the thymus.?*>* In
most cases, the clinical response to thymectomy is slow, and
given the success and quicker effect of immunotherapies,
particularly steroids, it was questioned whether thymec-
tomy was necessary. As Gronseth and Barohn reported in
their retrospective review of controlled, non-randomized
studies,™ thymectomy conferred only moderate benefits.
This was the basis for the multicentre international trial of
thymectomy, first established in 2003 by John Newsom-
Davis, which was eventually reported in 2016 led by Wolfe
and colleagues;®® this showed that thymectomy plus ste-
roids conferred significant clinical improvement with less
requirement for steroids, compared to steroids alone.
Thymic tumours are found in about 10% of MG pa-
tients, usually between the ages of 30 and 60, and they are
mainly lymphoepithelial.®” Thymoma patients seldom im-
prove after removal of the tumour (unlike Blalock’s patient)
and may even get worse. They are always AChR-Ab positive
but also often have antibodies to striated muscle proteins,
specifically titin and ryanodine receptor.”®* These bind to
intracellular proteins and are unlikely to be causative, but
their presence in MG patients can be helpful as a biomarker
for thymoma, especially in younger individuals. Antibodies
to cytokines IFNa and I1.12 can also help predict thymoma
recurrence® but are seldom measured. The thymoma itself
does not express native AChRs, but the epithelial cells ex-
press individual subunits of the AChR® which are thought
to sensitise T cells which then migrate to the periphery.®?
Finally, in late-onset MG, the thymus is usually atrophic
(ie. normal for age), yet these patients, whose numbers are
growing owing to the increasing life expectancy of the gen-
eral population, often have antibodies that are specific for
titin and ryanodine receptor, despite no evident thymoma.

T cells in MG

As soon as it became clear that MG was a high affinity
IgG antibody mediated disorder, it was assumed that the B
cell antibody response was dependent on AChR-specific T
cells, and that the epitopes recognized by the T cells would
likely be more restricted than the B cells that produced the
heterogencous antibodies. The hope was that, if a specific
T cell receptor response could be identified, the respond-
ing T cells could be selectively deleted. From the 1980s, the
individual subunits of the AChR from Torpedo electroplax
and then human muscle, were sequenced and cloned for
expression studies.®*** Several groups produced recombi-
nant AChR subunits by E. coli expression, and looked for
proliferative T cell responses to the purified subunits, then
epitope mapping the responses with overlapping synthetic
peptides sequences, either in peripheral blood mononucle-
ar cells or thymic lymphocytes. Hohlfeld and colleagues first
found peripheral-blood lymphocytes responding to purified
Torpedo AChR® and, when the human AChR subunits were
sequenced, he and others went on to clone T cells specific
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for responding to human AChR.%0-%®

Disappointingly, there was diversity of responses to
AChR peptides between MG patients, and sometimes
control cells also responded. T cell responses could be re-
stricted by the appropriate MG-associated HLA but often
they were restricted by a less MG associated HLLA.°® Pools
of overlapping peptide sequences frequently stimulated
T cell responses, but it was not clear whether these cells
would have responded to the native AChR as presented to
B cells in vivo. When recombinant proteins were used as
antigen, some of the responses were shown to be to E. coli
contaminants rather than the AChR itself.*” More encour-
aging, a small number of patient T cells responded, surpris-
ingly, to the AChR epsilon subunit (adult receptor), and the
response could be mapped to one specific epitope. It was
possible to cause apoptosis in responding T cells cloned
from one patient by means of a tetrameric class 11 peptide
complex in vitro” but, unfortunately, the hope of a specific
T cell epitope that could be the target for such a therapy in a
high proportion of patients has not yet been realised.

Origin of the immune response

Could the autoimmunity in MG be secondary to an in-
fection? In the 1980s, there was considerable interest in the
work of Jerne”™ who described antibody idiotypes and how
their networks could control immune responses. A few pub-
lications appeared to show that AChR specific antibodies
arose as a result of dysregulation of an “idiotypic” network,
perhaps initiated by a microbial antigen” or by cross-reac-
tion with epitopes shared on microbial antigens,”” although
the ELISA techniques used were questioned.” Moreover,
the absence of an infectious history in most patients, the
very high affinity of the AChR antibodies, and their clear
preference for binding to the native protein rather than iso-
lated subunits or synthetic peptides, strongly implied that
the B cells are stimulated by the native human antigen. It
is still possible, however, that low affinity antibodies to the
AChR, possibly induced by cross-reaction with a microbial
antigen, precedes the production of high-affinity pathogenic
antibodies. Nevertheless, two attempts to demonstrate the
presence of viruses in myasthenia gravis patients, including
in the thymus itself, were unsuccessful.”””® A review in 1998
discussed these issues in more detail.”

Seronegative MG

In 1976, when reporting the AChR antibody assay re-
sults, Lindstrom?® drew attention to the presence of some
patients who appeared completely negative, and this “sero-
negative” MG group has been a focus of interest ever since.
Importantly, these patients usually responded very well to
plasma exchange, confirming that they probably did have
an antibody-mediated condition, and passive transfer of
their IgG to mice resulted in some changes in NMJ func-
tion, but not as clear-cut as transfer of those with AChR
antibody positive 1gG;* moreover, clinically the patients



MGPFA International Conference Proceedings

Figure 3. Antibodies in myasthenia gravis patients. Note that a number of antibodies have been reported in MG, but not all
of them are tested widely, and there are still around 5% of patients with generalised MG who have no detectable MG-related

antibody and a higher proportion of those with ocular MG.

Fig 3.
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were somewhat different, often with more bulbar features.®!
One improvement was the much later introduction of the
cell-based “clustered AChR™ antibody test which detected
antibodies in a proportion of those who were otherwise se-
ronegative.®> More exciting, was the discovery in 1994 by
DeChiara et al. of a new potential antigen at the NM.J, mus-
cle specific kinase (MuSK),* and the subsequent identifica-
tion of MuSK’s interaction partner low density lipoprotein-
related protein 4 (LRP4).5* Antibodies to MuSK®***® and
LRP4 are now detected routinely in many labs, by radio-im-
munoprecipitation or cell-based assays. These patients can
be severely affected with weakness and long-term muscle
atrophy often predominant in the facial, bulbar and respi-
ratory muscles,”” and they have been difficult to treat effec-
tively. The thymus is seldom hyperplastic, and thymectomy
is not usually undertaken.®® Intriguingly, however, they re-
spond well to rituximab, and indeed better than the pa-
tients with AChR antibodies.?® Nevertheless, some patients
relapse which has provided an opportunity to explore the
characteristics of the emerging B cells (CD27""CD38Mish
plasmablasts) and to identify the affinity-matured MuSK
antibodies they produce.”

MuSK antibodies are different from AChR antibodies
since they are mainly IgG4, not IgGl, they are monovalent,
and they inhibit the interaction between LRP4 and MuSK
that initiates MuSK phosphorylation and AChR clustering
during development, and maintains AChR clusters in ma-
ture muscle.”? In MuSK-MG, monovalent cloned human
IgG4 antibodies had more pathogenic potential than the
same antibodies when made divalent.”? On the other hand,
IgG1,2 and 3 MuSK antibodies exist in most patients and

generally available.

they also reduce AChR clusters in vitro.”* However, instead
of inhibiting MuSK phosphorylation as 1gG4 antibodies
do, they either have no effect (Cao et al. in preparation)
or enhance MuSK phosphorylation.”* IgG4 antibodies are
proving to be of particular interest in a number of antibody-
mediated diseases, including several that affect the central
nervous system?, but in most conditions co-existing diva-
lent IgG1-3 antibodies exist and the mechanisms need to be
explored comprehensively.

Since the discovery of MuSK antibodies, LRP4, agrin
and other neuromuscular junction proteins have been test-
ed for antibody binding (sce Figure 3). Although antibod-
ies to these proteins can be found in a minority of patients,
they are not widely tested in routine laboratories, and de-
spite many attempts by a number of research centres, there
remain some patients (perhaps 5%), usually with relatively
mild symptoms, who are persistently negative.

Final comments

There is a long history of research into the neuromus-
cular junction and the diseases that affect it; myasthenia
gravis remains one of the best studied neurological diseases,
and has provided a model, although with some obvious limi-
tations, for understanding and treatment of the now well-
defined antibody-mediated disorders of the central nervous
system.

There are new approaches to study of myasthenia gra-
vis that have flourished over the last 20 years, particularly in
genetics, human derived monoclonal antibodies, biomark-
ers such as miRNAs, and trials of better targeted immuno-
therapies. Nevertheless, there are still many aspects that are
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unexplained and deserve further research, some are now
being investigated more intensively as was clear in the 2022
meeting (Figure 1), particularly ocular MG, novel biomark-
ers and the roles of complement and fetal FCR.
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Table. Important developments in the early research into myasthenia gravis

Year Author Observations

1672 Willis (1)

A woman with long-standing paralysis that affected

her limbs and her tongue. “She speaks freely and readily enough for a while, but after a long
period of speech ... she is not able to speak a word and is as mute as a fish. Her voice does not
return for one or two hours”.

Hypothesis: a failure of some circulating substance to reach the muscles.

1895 Jolly (4)

Repetitive stimulation of the nerve that innervates a muscle produces a decreasing muscle
contraction in MG patients, which explains their weakness and fatigue.

1901 Weigert (6) from MG patients

Collections of lymphocytes (‘lymphorrhages’) in muscle and other tissues (but not brain)

1905 Buzzard (7)

Hypothesis: a circulating toxin, possibly an ‘autotoxic’ agent, was the cause of the disorder.

1934

Walker (8)

Mary Walker, recognizing the similarities between MG and curare poisoning, tried the curare
antidote, physostigmine, with success in an MG patient.

1952

“att and Katz (14)

First demonstration of miniature end-plate potentials using fine glass electrodes inserted
into muscle fibres. Acetylcholine is released in small quanta that cause small depolarisations
of the muscle membrane.

1960

Nastuk (10)

Cytolytic effect of MG sera on frog muscle fibres in vitro and MG sera contain a complement-
activating substance.

1960

Strauss (11)

Complement-fixing antibodies specific for muscle fibres in MG. IgG and complement are
involved in MG.

1960

Simpson (13)

The female bias, fluctuating course, other autoimmune disorders, thymic abnormalities, and
transfer of myasthenia to neonates indicated a circulating immunoglobulin was responsible
for MG.

Hypothesis: MG caused by an antibody to an “endplate (NM.J)” protein

1962

Chang and Lee (16)

Demonstrated that bungarotoxin from Bungarus multicinctus bound to postsynaptic
membrane blocked neuromuscular transmission. Hyp: it binds to the muscle acetylcholine
receptor.

1904

Elmqvist et al. (15)

First description of reduced miniature end-plate potentials at NMJs of MG patient. Could be
pre- or post-synaptic; but they concluded that a reduction in acetylcholine release was more
likely than a reduction in the postsynaptic response.
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Showed how a ligand bound to an insoluble substance (such as bead polymers) could be used

C N atrocacna
1908 Cuatrecasas (18) to purify the receptor for that ligand.
1970 - Changeux and Miledi Cuatrecasas msth().d employed cobra-toxins to purify ALth from t()r.pcd() and eel cl.cctrlc
organs. The AChR is a membrane, detergent-soluble protein that retains bungarotoxin
1972 (17,18) LT . i
binding in solution.
. . Rabbits immunized against purified electric eel AChR developed weakness, that responded
. Patrick and Lindstrom . .
1973 20) to anti-cholinesterase.
Hyp: an experimental model of MG.
. Fambrough, Drachmann . . . o } . -
1973 . Used radioactive bungarotoxin to measure AChRs and found reduced AChRs in MG muscle.
and Satyamurti (21)
MG sera inhibit binding of '*’I-a-bungarotoxin binding to rat denervated muscle AChR. First
C / W al (9
1974 Almon etal. (22) demonstration of effect of MG antibodies on AChR.
o S o - o ) <
1976 Lindstrom et al. (23) Radio 1n11nun9prec1p1tat10q by patient IgG antibodies of ’I-a-bungarotoxin human AChR
demonstrated in 85% of patients.
1975, Toyka et al. (24) Injection of immunoglobulin G from MG patients into mice produced weakness and a
1977 ykaetal reduction in the number of AChRs at the NM.J.
P a ovehs ~ whic oc cirenlatine anti ies 1 € > factors N
1977 Pinching et al. (26) Plasma cxd.m.ngc,. which remov Ls‘ Flrcu].dtl{]g antibodies 1pd other @(.)hfbk fdcto{ s, produced
1978 Newsom-Davis et al. (27) a marked clinical improvement. For an individual MG patient, the clinical benefit correlated
) ' inversely with the level of AChR specific antibody.
1980 Engel et al. (33) Both IgG and complement present at the NMJs of MG patients and co-localize with the

remaining AChRs

These landmarks are focused on early observations and the most relevant work of the 1970s.

Hypothesis = hypothesis-generating.
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