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Series Editor’s Introduction

This third edition of Myasthenia Gravis and Related Disorders continues to 
provide a very useful update to the two previous editions edited by Dr. Henry 
Kaminski which were published in the Current Clinical Neurology series in 
2003 and 2009. As stated in their preface, Drs. Kaminski and Kusner indicate 
that this volume marks a recent period of great achievement in the clinical, 
translational, and basic sciences of the neuromuscular transmission disorders. 
As befitting a new edition, many chapters have been extensively updated. In 
addition, recent developments in understanding the basic mechanisms of 
myasthenia gravis and other disorders of neuromuscular transmission have 
been expanded by Dr. Kusner. At the same time new chapters reviewing 
emerging therapeutics and clinical trial design in myasthenia gravis, coau-
thored by Dr. Kaminski, enhance what is currently known concerning the 
clinical treatment and management of this disorder which will serve to move 
the therapeutics of myasthenia gravis from expert opinion in the direction of 
evidence based medicine.

Boston, MA, USA Daniel Tarsy, MD
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The period from the second to the third edition of Myasthenia Gravis and 
Related Disorders marks a time of great achievements in the clinical, transla-
tional, and basic sciences of neuromuscular transmission disorders. When the 
second edition was undergoing development, some chapter authors questioned 
a need for an update. This was not the case for the newest edition. The work 
required the addition of a second editor, Dr. Linda L. Kusner, to provide greater 
depth to oversight of chapters dedicated to the basic science of myasthenia gra-
vis (MG). Dr. Kusner and colleagues have added summaries of preclinical 
research standards for autoimmune MG. Along with Dr. Gary Cutter and Radwa 
Aly, I have written a broad summary of MG clinical trial performance. All other 
chapters have been updated extensively. We now have greater understanding of 
the clinical presentation of MuSK-related MG and identification of potential 
new autoantigens, including LRP-4. Clinical care has been enhanced with the 
development of treatment guidelines by groups in Japan, the United Kingdom, 
Germany, and an international consortium. New authors provide updates of neu-
romuscular transmission, autoimmune pathology, and genetics of MG.

Challenges exist for neuromuscular transmission disorders. Their rarity, 
variability in clinical course, and pathophysiological heterogeneity, i.e., 
thymoma- associated myasthenia gravis, age-related differences, and clinical 
phenotypes (ocular vs. bulbar vs. generalized), make clinical trials and bio-
logical studies of mechanism difficult. Therefore, clinical trials still are few 
and a robust evidence base is lacking, making expert opinion the bulwark of 
treatment recommendations for the most challenging of patients. The ulti-
mate goal of personalized medicine for MG patients has an unclear timeline.

We thank all the contributing authors, Diane Lamsback, and Springer 
Publishing for making the book a reality. Appreciation is extended to the 
Department of Veterans Affairs, National Eye Institute, the National Institute 
of Neurological Disorders and Stroke, the Muscular Dystrophy Association, 
the Myasthenia Gravis Foundation of Illinois, and the Myasthenia Gravis 
Foundation of America that have supported the editors’ research as well as 
the work of many of the contributors. To all patients with MG, we are with 
you in your challenges and commit ourselves as scientists and clinicians to a 
cure. The editors dedicate this book to the love of our life, Adam Kaminski.

Washington, DC, USA Henry J. Kaminski  
Washington, DC, USA  Linda L. Kusner 

Preface
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Neuromuscular Junction 
Physiology and Pathophysiology

Jaap J. Plomp

 Introduction

The crucial role of the neuromuscular junction 
(NMJ) is to reliably transmit action potentials 
from the motor neuron to the skeletal muscle 
fiber so that sustained muscle contraction is guar-
anteed. To be able to understand the NMJ dys-
function in myasthenia gravis (MG) and related 
disorders, it is important to know how this syn-
apse is structurally organized and the way it 
achieves successful transmission The goal of this 
chapter is to provide information about the struc-
ture and electrophysiological function of the 
NMJ and to explain the synaptopathic functional 
deficits which lead to disturbed muscle contrac-
tion in MG and other disorders of the NMJ.

 Structural Composition 
of the Neuromuscular Junction

 The Presynaptic Compartment

The NMJ, or endplate, is a tiny structure on skel-
etal muscle fibers. Depending on the species and 
muscle type, its length ranges from tens to a few 

hundreds of microns (Fig. 1.1), while the muscle 
fiber itself can be as long as several tens of centi-
meters. At this synaptic connection, the pre- and 
postsynaptic membranes and their adjacent cyto-
plasmatic environments are structurally highly 
specialized and harbor elaborate molecular 
machineries which govern the transmission of 
action potentials from motor neuron to muscle 
fiber. Muscles are innervated by a peripheral 
nerve which contains the bundled axons of motor 
and sensory neurons. Within the muscle, a motor 
axon forms multiple branches, each of which 
connects to a single skeletal muscle fiber, typi-
cally in their central region (see Fig. 1.1a). The 
most distal portion of the branch becomes devoid 
of myelin and forms a presynaptic nerve terminal 
that exactly opposes the specialized postsynaptic 
area. A small distance of ~50 nm is kept between 
the pre- and postsynaptic membrane, forming the 
synaptic cleft (Fig. 1.2). Human NMJs are rela-
tively small (usually <100 μm2) as compared to 
the most often studied rodent NMJ (which is 
often >250 μm2) [1]. Furthermore, their geometry 
differs in that the human nerve terminal forms 
several interconnected spotlike boutons instead 
of a much more continuous “pretzel” shape in 
rodents (see Fig. 1.1b). NMJs are covered by a 
few (~3–5) perisynaptic Schwann cells which 
play (as yet poorly defined) structural and trophic 
roles in maturation and maintenance of the NMJ 
and in aiding regeneration of the motor nerve ter-
minal after damage [2, 3].

J. J. Plomp, PhD  
Department of Neurology, Leiden University Medical 
Centre, Leiden, The Netherlands
e-mail: j.j.plomp@lumc.nl
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Nerve terminals contain the key elements 
responsible for the controlled release of the neu-
rotransmitter acetylcholine (ACh) (see Fig. 1.1c). 
ACh is present in “quanta,” which are more or 
less fixed amounts of ~10,000 molecules, con-
tained in ~50 nm diameter synaptic vesicles (see 
Fig. 1.2). Each nerve terminal harbors ~150,000–
300,000 vesicles. The phospholipid bilayer mem-
brane of these vesicles contains several 
transmembrane proteins. These include a trans-
porter protein that loads the vesicle with ACh 
from the nerve terminal’s cytoplasm where it is 
biosynthesized. Furthermore present are the 
SNARE proteins synaptobrevin, which is 
involved in neuroexocytosis, and synaptotagmin, 
a Ca2+-sensing protein. These two molecules, in 
conjunction with the presynaptic membrane 
SNARE proteins SNAP-25 and syntaxin, form 
the core of a complex molecular machinery 
(modulated by many other proteins) which 
enables Ca2+-dependent fusion of the vesicle and 

exocytosis of its ACh quantum from the lumen 
into the synaptic cleft [4]. This process takes 
place at specialized areas called active zones, 
where an array of structural proteins forms a 
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Fig. 1.1 Morphology of the neuromuscular junction. (a) 
Branching of distal motor axons in levator auris longus 
muscle of the mouse, forming nerve terminals on muscle 
fibers. Transgenic expression of YFP (green) in motor 
axons, shown with fluorescence microscopy. Muscle fibers 
visualized with bright-field microscopy. (b) Laser- scanning 
confocal fluorescence microscopical image of a single, pret-
zel-shaped mouse diaphragm neuromuscular junction. 
Staining for acetylcholine receptors with green- fluorescently 
labeled α-bungarotoxin reveals a fingerprint- like geometric 

pattern formed by the high density of receptors on the tops 
of the postsynaptic folds. Courtesy of Lizette van der Pijl. 
(c) Top: schematic illustration of synaptic transmission of 
action potentials from motor neuron to skeletal muscle fiber 
at the neuromuscular junction. Bottom: schematic represen-
tation of the pre- and postsynaptic machinery underlying 
synaptic transmission at the neuromuscular junction. AChE 
acetylcholinesterase, AChR acetylcholine receptor, ColQ 
collagen-Q, LRP4 low-density lipoprotein receptor-related 
protein 4, MuSK muscle-specific kinase

Fig. 1.2 Electron microscopical picture of a detail of a 
mouse neuromuscular junction. SV synaptic vesicles, SC 
synaptic cleft, AZ active zone, PF postsynaptic folds. 
Scale bar = 0.5 μm

J. J. Plomp
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scaffold, which anchors the functional proteins 
needed for regulated neuroexocytosis (see 
Figs. 1.1 and 1.2) [5]. Active zones exist at the 
cytoplasmatic side of the presynaptic membrane 
in a density of ~2.5 per μm2, which means that an 
adult mouse NMJ has ~800 active zones [6]. A 
central functional protein at active zones is the 
voltage-gated Ca2+ channel, which at the adult 
mammalian NMJs is of the CaV2.1 (or P/Q) type 
[7]. In developing NMJs or NMJs from mice 
genetically deficient for CaV2.1, other types 
(CaV1, CaV2.2, and/or CaV2.3) can be present [8]. 
CaV2.1 channels are positioned at the active zone 
through binding with the presynaptic protein bas-
soon and the synaptic cleft molecule laminin-β2 
[9]. In this way they are optimally positioned so 
that the Ca2+ influx resulting from their opening 
by a motor nerve action potential can evoke 
quantal ACh release through stimulation of the 
exocytotic machinery. In the membrane, CaV2.1 
channels may reside in lipid rafts, which are 
cholesterol- rich micro-domains, which contain 
signaling molecules, as well as the SNARE pro-
teins SNAP-25 and syntaxin [10, 11]. 
Furthermore, gangliosides are important compo-
nents of lipid rafts. These are glycosphingolipids 
enriched in neuronal membranes, especially at 
synapses [12].

 The Synaptic Cleft

The ~50-nm-wide synaptic cleft (see Fig. 1.2) 
between the pre- and postsynaptic membrane of 
the NMJ contains several synapse-specific pro-
teins which are anchored in the extracellular 
basal lamina matrix and are of importance for 
synaptic structure and function. A key molecule 
is acetylcholinesterase (AChE), an enzyme 
responsible for the hydrolytic degradation of 
released ACh to terminate its signaling action. 
AChE is embedded in the extracellular matrix 
through its collagen-Q tail (see Fig. 1.1c), which 
also connects to perlecan, and possibly via its 
catalytic domain to laminin [13, 14]. Another 
important molecule in the synaptic cleft is 
laminin-β2, which is produced by the muscle 
fiber and functions as a presynaptic active zone 

organizer, a process in which its interaction with 
presynaptic CaV2.1 channels is essential [15]. 
The synaptic cleft also contains matrix metallo-
protease 9 (MMP9), of which the role may be to 
cleave fragments from the extracellular part of 
some pre- and postsynaptic membrane proteins 
which then serve as signaling peptides in synap-
tic homeostasis [16]. In addition, several types 
of synapse-specific collagens are present with 
putative roles in maturation and stability of the 
NMJ [14].

 The Postsynaptic Compartment

The motor nerve terminal is positioned in a pri-
mary gutter on the muscle fiber membrane. 
Ultrastructural studies show the nerve terminal 
perpendicular to this gutter with the postsynaptic 
membrane forming 50–100-nm-wide secondary 
folds extending into the sarcoplasm (see Fig. 1.2). 
Across species the length of these folds is 
inversely related to the area of the NMJ, the rela-
tively small human NMJs having deep folds [1]. 
The tops of the synaptic folds contain the iono-
tropic ACh receptors (AChRs) of the nicotinic 
type (see below) in high density of ~10,000 ion 
channels per μm2. When AChRs are labeled with 
a fluorescent probe and viewed with high- 
resolution microscopy, the contours of the tops of 
the folds appear as a fingerprint-like geometric 
pattern (see Fig. 1.1b). AChR clusters are in 
dynamic equilibrium; there is intense turnover 
with equal extents of degradation and insertion of 
newly synthesized and recycled AChRs so that a 
constant density is maintained [17]. This balance 
between AChR insertion and removal is regulated 
by antagonistic activity of protein kinases A and C 
[18]. The ultrastructure of the postsynaptic folds 
and the specific distribution of ion channels facili-
tate muscle fiber excitation. The confined cyto-
plasmatic space in the folds increases the electrical 
resistance, which produces an extra depolarizing 
effect of the ion current through the AChRs, when 
being forced to flow through it [19]. At the bot-
toms of the folds, voltage-gated Na+ channels of 
the NaV1.4 type are present at higher density than 
in the extrasynaptic  sarcolemma. This relatively 

1 Neuromuscular Junction Physiology and Pathophysiology
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high NaV1.4 density lowers the firing threshold 
and thus facilitates excitability at the postsynaptic 
membrane (see below) [20].

The postsynaptic folding ultrastructure seems 
dependent on the large proteins dystrophin and 
its close homologue utrophin. Dystrophin resides 
throughout the inside of the sarcolemma where it 
functions to stabilize muscle fibers by connecting 
intracellular actin to a complex of intracellular, 
transmembrane, and extracellular proteins 
(including syntrophin, dystrobrevin, and dystro-
glycans), with dystroglycan as a core transmem-
brane protein. At the NMJ, dystrophin is enriched 
postsynaptically together with utrophin, where 
they modulate ultrastructure and function, as 
demonstrated by altered AChR geometry, 
reduced ACh sensitivity, and diminished post-
synaptic folds in mice deficient for dystrophin 
alone or both dystrophin and utrophin [21–23].

For the embryonic formation of the postsynap-
tic membrane specialization, and the stability of 
the NMJ thereafter, a signaling protein complex 
exists which consists of the transmembrane recep-
tor tyrosine kinase, muscle-specific kinase 
(MuSK), the one-pass transmembrane protein, 
low-density lipoprotein receptor-related protein 4 
(LRP4), and an additional number of intracellular 
postsynaptic proteins (see Fig. 1.1c) [24, 25]. This 
complex forms a signaling cascade which starts 
with the binding of neurally released agrin to 
LRP4. This induces MuSK dimerization, and 
thereby kinase activation, which in turn stimulates 
the downstream pathway to finally recruit and 
cluster AChRs to the tops of the postsynaptic folds. 
Once expressed and clustered in the membrane, 
AChRs attract the intracellular protein rapsyn 
which anchors them to the cytoskeleton [26, 27].

The postsynaptic membrane furthermore con-
tains ErbB receptors which can bind neuregulin-
 1 released from the motor nerve terminal. 
Neuregulin-1 (formerly known as AChR- 
inducing activity, ARIA) was initially thought to 
be indispensable for expression of AChR subunit 
genes from subsynaptic nuclei during NMJ for-
mation. However, multiple studies have chal-
lenged this view, and it is now believed that 
neuregulin/ErbB signaling is not essential for 
AChR gene transcription and formation of AChR 
clusters in developing NMJs. Rather, neuregulin/

ErbB signaling appears to be needed for the 
maintenance of a normal number of AChRs at the 
adult NMJ, by inhibiting the removal of AChRs 
in the recycling process via an effect on 
α-dystrobrevin1 [28–31].

 Normal and Pathological 
Electrophysiology at 
the Neuromuscular Junction

The duty of the NMJ is to faithfully transmit each 
motor neuronal action potential onto the inner-
vated skeletal muscle fiber, where it will spread 
and stimulate the excitation-contraction system 
(not discussed here, e.g., for review, see [32]). 
Although this seems a relatively simple task, the 
above description of NMJ structure indicates that 
highly elaborate multi-molecular arrangements 
are required. Malfunction or deficiency of any of 
these key factors can influence synaptic function. 
Although synaptic transmission at the NMJ has a 
large safety margin (see below), the ultimate con-
sequence of severe defects is block of signal 
transmission. This will obviously cause muscle 
weakness because tetanic (i.e., sustained) muscle 
contraction requires a certain duration of repeti-
tive muscle fiber action potentials at high fre-
quency and that can only be achieved if the NMJ 
transmission seamlessly follows the trains of 
high-rate action potential firing of the motor neu-
ron. Defects in key synaptic molecules may arise 
from genetic mutation, autoimmunity, or intoxi-
cation. To understand how these situations lead 
to block of transmission and consequent muscle 
weakness, it is important to understand the elec-
trophysiology of the NMJ. Below, the synaptic 
events at the NMJ are described, as well as their 
deviations in some prototypical neuromuscular 
synaptopathies, including MG.

 Presynaptic Functional Events

The inside of motor neurons and skeletal muscle 
fibers is negatively charged as compared to the 
extracellular space. This resting membrane 
potential of about −80 mV and the existence of 
several types of ion channels in the membrane of 

J. J. Plomp



5

these cells enable them to generate and transport 
signals in the form of depolarizations along their 
membrane. Action potentials are the unitary 
events (i.e., all-or-none signals of similar magni-
tude) that are conducted in an active way along 
the membrane of excitable cells. Their upstroke 
is caused by influx of Na+ ions through voltage- 
gated NaV channels, which in the skeletal muscle 
fiber are of the NaV1.4 type. In the motor axon, 
action conduction is saltatory, i.e., it hops from 
node of Ranvier to node of Ranvier where the 
NaV channel density is relatively high and the 
lack of a myelin insulation permits ion flux 
through the membrane. The repolarization phase 
of action potentials is due to inactivation of NaV 
channels in conjunction with opening of voltage- 
gated rectifying K+ channels. The latter channels, 
or members of the protein complex in which they 
reside, form the antigenic targets of autoantibod-
ies in neuromyotonia/Isaac’s syndrome, which is 
characterized by enhanced ACh release at the 
NMJ and spontaneous and repetitive motor neu-
ronal firing, most likely generated at the motor 
nerve terminal [33–36]. These presynaptic K+ 
channels are also the target of dendrotoxin, a 
toxin component of mamba snake venom [37]. 
Once a motor axonal action potential reaches the 
synaptic nerve terminal, it causes opening of the 
CaV2.1 channels at active zones. This results in 
Ca2+ influx into the motor nerve terminal, driven 
by the steep concentration gradient between the 
extracellular space (~2 mM) and the nerve termi-
nal cytoplasm (~200 nM). The local increase of 
intraterminal Ca2+ concentration activates the 
neuroexocytotic machinery at active zones, lead-
ing to synchronous exocytosis of several ACh 
quanta from multiple active zones. The total 
number of ACh quanta released from the entire 
nerve terminal per nerve impulse (i.e., the quan-
tal content) varies between NMJs of species and 
muscle types, as well as with age, but is roughly 
correlated with NMJ size and thus with the abso-
lute number of active zones [6]. For instance, 
mouse diaphragm NMJs (being ~250 μm2) have a 
quantal content of ~50, while human NMJs 
(being only ~100 μm2) have a lower quantal con-
tent of only ~20–30 [23, 38]. From the studies of 
active zone density and NMJ electrophysiology, 
it can be deduced that the chance of releasing an 

ACh quantum from a single active zone in 
response to an action potential is only ~10% [1]. 
Most likely this is due to the only brief duration 
(only ~1 ms) of neural action potentials, which 
is insufficiently long to activate all CaV2.1 chan-
nels, in combination with the cytoplasmatic 
increase in the concentration of Ca2+ being lim-
ited in time and space due to strong cytoplas-
matic Ca2+ buffering systems [39].

Several, rare disorders are associated with 
transmission disturbance at the NMJ due to pre-
synaptic malfunction. The prototypical disorder is 
Lambert-Eaton myasthenic syndrome (LEMS), of 
which most patients have autoantibodies that tar-
get CaV2.1 channels [40]. Most often these anti-
bodies have a paraneoplastic origin; many LEMS 
patients suffer from small-cell lung cancer [41]. It 
is hypothesized that the autoantibodies cross-link 
and thereby downregulate CaV2.1 channels, but 
the exact mechanism is unclear. The result is a 
reduced presynaptic Ca2+ influx, which causes 
severe reduction of quantal content. This leads to 
deminished postsynaptic endplate potentials 
(EPPs), which do not reach the firing threshold 
(see below) and thus do not trigger a muscle fiber 
action potential. Prolonged synaptic activity, 
however, may cause some degree of quantal con-
tent increase due to accumulation of presynaptic 
Ca2+ at the active zone, which results in some EPP 
amplitude increase. At NMJs where the initial 
EPP is just below the firing threshold, this may 
lead to temporary recovery of neuromuscular 
transmission. This explains the LEMS character-
istic of short-term improvement in muscle force 
after maximal voluntary activation [40]. The drug 
3,4-diaminopyridine provides symptomatic treat-
ment for LEMS. The drug blocks delayed-recti-
fier voltage-gated K+ channels and thereby 
broadens the presynaptic action potential, which 
leads to stimulation of more CaV2.1 channels or 
opens the available channels for longer duration. 
The increased Ca2+ influx leads to a higher quantal 
content and, consequently, an increase in EPP 
amplitude.

Mutations in the gene CACNA1A, encoding 
the pore-forming subunit of CaV2.1 channels, are 
demonstrated in the rare, inherited migraine vari-
ant familial hemiplegic migraine (FHM), and 
also in the clinically overlapping diseases epi-
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sodic ataxia type-2 (EA-2) and spinocerebellar 
type-6 (SCA-6) [42]. Besides the central nervous 
system symptoms of headache, ataxia, and/or 
epilepsy in these patients, there are indications of 
subclinical NMJ malfunction in such patients as 
well as in Cacna1a-mutant mouse strains [8, 43].

The presynaptic motor nerve terminal at the 
NMJ is the target of Clostridial botulinum neuro-
toxins, which are the causative agents in the para-
lytic disorder botulism. The potent toxin binds to 
gangliosides on the outside of the presynaptic 
membrane as well as to SV2 and synaptotagmin 
on the inside of a fusing neuroexocytotic vesicle 
[44, 45]. The toxin is taken up into the nerve ter-
minal via endocytosis of the synaptic vesicle, and 
a fragment is released into the cytosol where it 
cleaves SNARE proteins, thus causing block of 
ACh release and therewith paralysis. Presynaptic 
gangliosides may also be the autoimmune target 
of anti-ganglioside antibodies in the Miller-
Fisher syndrome (MFS) variant of the peripheral 
neuropathy Guillain-Barré syndrome (GBS). 
Ensuing complement-mediated presynaptic NMJ 
destruction might contribute to paralytic symp-
toms of this syndrome [12]. Botulism and MFS/
GBS are included in the differential diagnosis of 
the myasthenic disorders.

 Postsynaptic Functional Events

After presynaptic neuroexocytosis, ACh diffuses 
into the synaptic cleft. A large part of the trans-

mitter is immediately degraded by the AChE 
anchored in the basal lamina. The ACh molecules 
that escape destruction can bind to the postsynap-
tic AChRs. Afterward, when they come off the 
AChR, they are degraded by AChE as well.

AChRs are pentameric ligand-gated ion chan-
nels of the nicotinic type, consisting of two α, 
one β, one δ, and one ε subunit and having a 
single- channel conductance of ~60 pS [46, 47]. 
To induce opening of the pore, an ACh molecule 
must occupy each of the two binding sites on the 
AChR. These are localized at an interface of each 
of the two α subunits with a non-α subunit [48]. 
AChRs are rather non-specific cation channels; 
under physiological conditions they allow influx 
of Na+ ions and to a lesser extent K+ efflux and 
Ca2+ influx. The predominant Na+ influx through 
opened AChRs causes a local depolarization at 
the postsynaptic membrane. The multiple ACh 
quanta released simultaneously in response to a 
presynaptic nerve impulse give rise to the EPP, a 
summed depolarization which stimulates open-
ing of a sufficient number of NaV1.4 channels to 
form a muscle fiber action potential. This will 
spread out in two directions over the muscle 
fiber, away from the NMJ (see Fig. 1.1c), and 
invade the T-tubuli to switch on the excitation- 
contraction mechanism that leads to massive Ca2+ 
release from the sarcoplasmatic reticulum which 
will evoke contraction of the fiber [49]. 
Depending on species, age, and muscle type, 
EPPs are ~15–30 mV in amplitude and have a 
duration of a few milliseconds with a steep rising 

Fig. 1.3 Synaptic electrophysiology of the neuromuscular 
junction. (a) A nerve stimulation-evoked endplate poten-
tial (EPP) and a spontaneous miniature EPP (MEPP) 
recorded with an intracellular microelectrode from an 
ex vivo mouse diaphragm muscle fiber at the neuromuscu-
lar junction. The triggering of a muscle fiber action poten-
tial is prevented during this measurement by the addition 
of μ-conotoxin-GIIIB to the experimental bath, which 
selectively blocks the voltage-gated Na+ channels on the 
muscle fiber membrane. The arrow indicates the moment 
of nerve stimulation. (b) Schematic illustration of the con-
cept of firing threshold, safety factor, and physiological 
rundown of EPP amplitude during high-rate synaptic 
activity at the neuromuscular junction. Asterisks indicate 
that an EPP will trigger a muscle fiber action potential. In 
the depicted normal situation, every EPP will trigger a 
muscle action potential, and sustained tetanic contraction 

of the muscle fiber will result. (c) Schematic illustration of 
the situation in myasthenia gravis, where EPPs are reduced 
in amplitude due to autoimmune-mediated reduction of 
acetylcholine receptor density at the neuromuscular junc-
tion. Due to the reduced safety factor, EPPs will become 
subthreshold during high-rate synaptic activity, resulting in 
failures to trigger a muscle fiber action potential. This will 
lead to muscle contraction fatigue. (c) Example of an intra-
cellular microelectrode recording at the neuromuscular 
junction of an intercostal muscle biopsy from a myasthenia 
gravis patient. A reduced safety factor in neuromuscular 
transmission becomes apparent after some time of 40 Hz 
nerve stimulation, when EPPs become of peri-threshold 
amplitude and intermittently fail to trigger muscle fiber 
action potentials (arrows). Obviously, if such pathophysi-
ological events take place at many neuromuscular junc-
tions in a muscle, there will be fatigable muscle weakness
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phase and an exponential decay phase (Fig. 1.3a). 
Besides ACh release evoked by nerve activity, a 
motor nerve terminal spontaneously releases sin-
gle ACh quanta through exocytosis of single syn-
aptic vesicles. This happens at irregular intervals 
with an average frequency of ~1–4/s (depending 
on muscle type) in the adult mouse NMJ and at 
much lower frequency (~4/min) at the smaller 
human NMJs. The single ACh quantum released 
leads to a postsynaptic miniature EPP (MEPP), 
ranging from ~0.3 to 1.5 mV, depending on spe-
cies, age, and muscle type and having more or 
less similar kinetics as the EPP (see Fig. 1.3a). 
The MEPP is too small to activate many NaV1.4 
channels and is thus not capable of inducing a 
muscle fiber action potential. Presumably, 
MEPPs form a random spillover from the enor-
mous pool of several hundred thousands of syn-
aptic vesicles present in a motor nerve terminal. 
While they do not seem to have a functional role, 
MEPPs are useful in the ex vivo electrophysio-
logical analysis of NMJ function as their mean 
amplitude forms a measure for the functional 
AChR density (see below). Furthermore, they 
can be used to calculate the quantal content at a 
single NMJ. To this end, the measured EPP 
amplitude (i.e., the result of simultaneous release 
of multiple ACh quanta) is divided by the mean 
measured MEPP amplitude in the same NMJ 
[50]. First, a correction factor to the EPP ampli-
tude has to be applied, correcting for the nonlin-
ear summation of the depolarizing effect of the 
multiple ACh quanta [50, 51]. In fruit fly studies 
a functional role for MEPPs in NMJ maturation 
has been proposed [52]. The relevance of this 
finding for the mammalian NMJ remains to be 
established.

The firing threshold of a muscle fiber is deter-
mined by the density and function of the NaV1.4 
channels on the muscle fiber membrane. Because 
NaV1.4 density is higher at the postsynaptic 
membrane as compared to the extrasynaptic mus-
cle fiber membrane [53, 54], the firing threshold 
at the NMJ region is lower than elsewhere. This 
facilitates the triggering of a muscle action poten-
tial by the EPP. A substantial safety factor of neu-
romuscular transmission exists at the NMJ (see 
Fig. 1.3b). This means that the actual EPP ampli-

tude is much larger than minimally needed to 
reach the firing threshold. In rat and mouse 
NMJs, the minimal EPP amplitude to reach the 
firing threshold is ~10–12 mV, while the actual 
EPPs are ~20–35 mV [23, 55]. Thus, the safety 
factor at these rodent NMJs is ~2–3. In human 
NMJs the safety factor is thought to be at the 
lower end of this range (~2) [56]. This renders 
human neuromuscular transmission somewhat 
more sensitive to conditions that reduce presyn-
aptic ACh release or postsynaptic ACh sensitiv-
ity. The safety factor in neuromuscular 
transmission is needed to ensure sustained suc-
cessful transmission, even when upon intense use 
of the NMJ the ACh release shows a physiologi-
cal rundown. This is due to factors of the neuro-
exocytotic system becoming limiting (e.g., 
Cav2.1 channels which inactivate and/or reduc-
tion of the pool of available synaptic vesicles). 
Tetanic muscle contraction is only possible if the 
NMJ neatly translates the repetitive motor neuro-
nal action potential firing into a similar pattern of 
action potentials on the muscle fiber. Motor neu-
rons fire trains of action potentials in the fre-
quency range of 20–100 Hz, depending on 
muscle fiber type [57, 58]. During such tetanic 
activity, the EPP amplitude in mouse NMJs 
diminishes by 20–30% to a more or less constant 
level after about ten impulses (see Fig. 1.3b). At 
human NMJs, this EPP amplitude rundown is 
even somewhat more pronounced, by ~40% [59]. 
Due to the existence of a safety factor in neuro-
muscular transmission, the NMJ can cope with 
such EPP rundown during intense activity; EPPs 
will remain suprathreshold and each will trigger 
a muscle fiber action potential, causing sustained 
tetanic muscle fiber contraction (see Fig. 1.3b).

A hallmark of MG is fatigable muscle weak-
ness, which is due to progressive transmission 
failure at the NMJ during intense synaptic activ-
ity. Most MG patients have IgG1 and IgG3 auto-
antibodies against postsynaptic AChRs at the 
NMJ. Their antigenic binding has multiple effects: 
(1) cross- linking of AChRs, causing increased 
internalization, (2) direct functional block of the 
AChR, and (3) complement activation, culminat-
ing in focal postsynaptic lysis due to membrane 
attack complex formation [50, 60, 61]. The pri-
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mary result of these effects is a reduced postsyn-
aptic ACh sensitivity due to the physical removal 
and functional block of a proportion of the AChRs. 
When synaptic signals are electrophysiologically 
analyzed at NMJ in human MG muscle biopsies 
or in muscle preparations of MG animal models, 
this reduced AChR density can be shown to cause 
a reduction of mean MEPP amplitude [50]. 
Because MEPPs have no direct physiological role 
in synaptic transmission the NMJ, this amplitude 
reduction itself has no acute functional conse-
quences. The extent of reduction, however, forms 
a good measure for the severity of the autoim-
mune attack by AChR antibodies. The EPP, 
caused by the multi-quantal ACh release evoked 
by a nerve action potential, becomes reduced in 
amplitude too by the reduced AChR density. This 
has direct functional consequences for the synap-
tic function of the NMJ. The safety factor of neu-
romuscular transmission becomes reduced, and 
EPPs may be too small to cross the firing thresh-
old of the muscle fiber, especially during intense 
use of the NMJ when there is EPP amplitude run-
down (see Fig. 1.3c). This can lead to a progres-
sive and (intermittent) failure of EPPs to trigger a 
muscle fiber action potential (see Fig. 1.3c, d) and 
will result in fatigable muscle weakness. In fact, 
EPP amplitudes run down more pronouncedly at 
MG NMJs than at healthy NMJs, presumably due 
to secondary changes in the presynaptic ACh 
release mechanism (see below) [59, 62]. This fur-
ther adds to safety factor reduction in the circum-
stance of intense synaptic activity.

At severely affected MG NMJs, EPPs may be 
reduced by such a large extent that the first EPP 
of a high-frequency train already is subthreshold. 
Such muscle fibers will not contract at all and 
will cause an initial/permanent paralysis compo-
nent of the MG patient, next to the fatigable com-
ponent caused by the fibers with NMJs that 
progressively lose transmission during prolonged 
synaptic activity.

Another factor contributing to the reduced 
safety factor at MG NMJs is the complement- 
mediated disruption of the postsynaptic membrane 
[63]. Besides causing reduction of AChR density, 
this also leads to concomitant removal of a propor-
tion of the postsynaptic NaV1.4 channels, which 

are enriched at the bottom of the postsynaptic 
membrane folds. Because the density of these 
channels dictates the firing threshold of the muscle 
fiber at the NMJ, this results in an elevation of the 
threshold, thereby further reducing the safety fac-
tor [64, 65]. Anti-AChR antibodies by themselves 
do not affect the electrophysiological characteris-
tics of NaV1.4 channels [65]. Furthermore, the 
complement attack disturbs the geometry of the 
postsynaptic folds which normally facilitates mus-
cle fiber excitation and thus leads to a less efficient 
activation of remaining NaV1.4 channels by the 
ACh-induced ion current through the remaining 
AChRs, further elevating the firing threshold [65].

The patho-electrophysiology of NMJs in the 
less frequently occurring MG variants with auto-
antibodies to postsynaptic antigenic targets other 
than the AChR, such as MuSK or LRP4, is mostly 
similar to AChR MG. The precise primary and 
secondary effects of the non-AChR MG autoanti-
bodies are different from the classical AChR MG 
autoantibodies [66, 67]. However, the ultimate, 
secondary effect of these antibodies is dispersal/
removal of AChRs, and this leads to reduced EPP 
amplitude and, consequently, a smaller safety fac-
tor in neuromuscular transmission [59, 68–72]. 
Of note, MuSK MG has two distinctly different 
features from the classical AChR MG form. First, 
the MuSK autoantibodies are predominantly of 
the IgG4, a special IgG subclass, which does not 
activate the complement cascade. Thus, the 
observed pathophysiological effects in MuSK 
MG are most likely complement independent 
[69]. Second, MuSK MG NMJs seem to lack the 
phenomenon of compensatory upregulation of 
ACh release in response to the reduction of post-
synaptic AChR density [59, 69, 70, 72, 73]. This 
homeostatic adaptation of the NMJ in AChR MG 
is partly compensating for the loss of postsynaptic 
AChRs and operates at the level of single NMJs 
via retrograde signaling. Although several post- 
and presynaptic factors as well as the retrograde 
signals have been proposed, the mechanism 
underlying this compensatory response at the MG 
NMJ is not yet fully understood [74], although it 
may involve an increase in the size of the pool of 
releasable ACh vesicles [75]. The homeostatic 
response might confer some degree of protection 
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against transmission loss in AChR MG NMJs. 
However, there is concomitant extra rundown of 
EPPs due to exaggerated quantal content rundown 
at AChR MG NMJs. This might partially neutral-
ize such a beneficial effect. Because this compen-
satory increase in ACh release is lacking in MuSK 
MG, it might be speculated that MuSK, or its inti-
mate binding partner LRP4, are in some way 
involved in the homeostatic mechanism, e.g., as 
postsynaptic sensors or retrograde messengers.

In principle, the patho-electrophysiological 
mechanisms at the NMJ of intoxications with sub-
stances that block NMJ AChRs (e.g., d- tubocurarine-
like compounds in plants or α-toxins in the venom 
of snakes or other animals) will be rather similar to 
the (non-complement- mediated) effects of AChR 
autoantibodies in MG [37, 50, 62, 76]. In congenital 
forms of MG with mutations in genes that encode 
AChR subunits or MuSK or its downstream signal-
ing factors, the patho-electrophysiological mecha-
nisms might be somewhat different and more 
complex due to the concomitant structural deficits 
resulting from developmental aberrations of the 
NMJ [77, 78]. However, transmission block at 
NMJs will remain the crucial culprit.

In conclusion, the chapter describes the elec-
trophysiological events at the NMJ in relation to 
its structural background and has briefly dis-
cussed the main features of the patho- 
electrophysiology in some prototypical NMJ 
synaptopathies. It is hoped that this chapter has 
increased the reader’s understanding on the phys-
iology of the NMJ and that it will provide a use-
ful background for the reading and interpretation 
of the following chapters.
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Acetylcholine Receptor Structure

Jie Luo and Jon M. Lindstrom

 Introduction

Nicotinic acetylcholine receptors (AChRs) are 
acetylcholine-gated cation channels [1]. They 
play a critical postsynaptic role in transmission 
between motor nerves and skeletal muscles and 
in autonomic ganglia [2, 3]. In the central ner-
vous system, they also act presynaptically and 
extrasynaptically to modulate transmission by 
facilitating the release of many transmitters [4, 
5]. In the skin [6], lung [7], bronchial and vascu-
lar epithelia [8, 9], and several types of immune 
cells including monocytes [10–12], dendritic 
cells [13], macrophages [14–17], T-cells [18, 19], 
and B-cells [20, 21], they also mediate intercel-
lular communication.

Abnormalities of AChRs are responsible for 
several human diseases. Mutations in AChRs are 
known to cause congenital myasthenic syn-
dromes [22] and the rare autosomal dominant 

nocturnal frontal lobe form of epilepsy 
(ADNFLE) [23–26]. Autoimmune responses to 
AChRs are known to cause myasthenia gravis 
(MG) [27], certain dysautonomias [28–30], and 
some forms of pemphigus [31].

Nicotine acting on AChRs in the brain causes 
addiction to tobacco [32]. This is by far the larg-
est medical problem in which AChRs play a 
direct role and the largest preventable cause of 
disease, accounting for 430,000 premature deaths 
annually in the United States [33].

Nicotine acting through AChRs has many 
physiological effects, including beneficial ones 
such as inducing vascularization, neuroprotec-
tion, cognitive enhancement, anxiolysis, and 
antinociception. Thus, nicotinic agents are lead 
compounds for the development of drugs to treat 
many diseases including Alzheimer’s disease, 
Parkinson’s disease, chronic pain, schizophrenia, 
and Tourette’s syndrome [34–40] as well as for 
smoking cessation [41, 42].

There are many known and potential subtypes 
of AChRs, each defined by the subunits which 
compose them [1, 3]. All AChRs are formed by 
five homologous subunits organized around a 
central cation channel. There are 17 known 
AChR subunits: α1–10, β1–4, γ, δ, and ε. By con-
trast with the many subtypes of neuronal AChRs, 
there are only two subtypes of muscle AChRs. 
These are a fetal subtype with an (α1)2 β1γδ 
 stoichiometry and an adult subtype with an (α1)2 
β1εδ stoichiometry.
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AChRs are part of a gene superfamily, which 
includes the genes for subunits of ionotropic 
receptors for glycine, γ-amino butyric acid 
(GABA), and serotonin [1, 43]. The structural 
homologies of all of these receptors, and the sorts 
of evolutionary steps which produced this diver-
sity of receptors, have been elegantly illustrated 
by experiments. One showed that changing only 
three amino acids in the channel-lining part of an 
AChR subunit to amino acids found in receptors 
for GABA or glycine receptors resulted in AChRs 
with anion-selective channels like those of 
GABA or glycine receptors [44]. Another experi-
ment showed that a chimera of the extracellular 
domain of an AChR subunit and the remainder of 
a serotonin receptor subunit produced an ACh- 
gated cation channel with the conductance prop-
erties of a serotonin receptor [45].

Muscle AChRs are the best characterized 
members of the AChRs [1]. The presence of a 
single type of synapse in the skeletal muscle 
(with the exception of extraocular muscle, Chap. 
7) facilitated studies of AChR synthesis, develop-
mental plasticity, and electrophysiological func-
tion [46–48]. The presence of large amounts of 
muscle-like AChR in the electric organs of 
Torpedo species permitted the purification and 
characterization of AChRs, partial sequencing of 
their subunit proteins, cloning of the subunit 
cDNAs, and low- resolution electron crystallo-
graphic determination of their three-dimensional 
structure [43, 48–50]. Low stringency hybridiza-
tion, starting with cDNAs for muscle AChR sub-
units, leads to the cloning of subunits for neuronal 
AChRs [48]. Immunization with purified electric 
organ AChRs leads to the discovery of experi-
mental autoimmune myasthenia gravis (EAMG), 
the autoimmune nature of MG, and an immuno-
diagnostic assay for MG [27, 51]. Monoclonal 
antibodies (mAbs) initially developed as model 
autoantibodies not only lead to the discovery of 
the main immunogenic region (MIR) on α1 sub-
units and the molecular basis of the autoimmune 
impairment of neuromuscular transmission in 
MG [27, 52, 53], but also lead to the immunoaf-
finity purification of neuronal nicotinic AChRs. 
mAbs have continued to provide useful tools for 
characterizing AChRs [3].

This chapter reviews the basic structures of 
muscle and neuronal AChRs. It will describe the 
antigenic structure of muscle AChRs and con-
sider how this accounts for the pathological 
mechanisms by which neuromuscular transmis-
sion is impaired in MG. This will be briefly con-
trasted with the antigenic structure of a neuronal 
AChR involved in autoimmune dysautonomia. 
This chapter also considers the optimized func-
tional structure of muscle AChRs and how muta-
tions impair AChR function in congenital 
myasthenic syndromes. The many AChR muta-
tions identified in all of the muscle AChR sub-
units in myasthenic syndromes are contrasted 
with the few disease-causing mutations discov-
ered, thus far, in neuronal AChR subunits.

 Size and Shape of AChRs

Electron crystallography of two-dimensional 
helical crystalline arrays of AChRs in fragments 
of Torpedo electric organ membranes has 
revealed the basic size and shape of this muscle- 
type AChR to a resolution of 4 Å, as shown in 
Fig. 2.1 [50, 55]. Viewed from the side, a Torpedo 
AChR is roughly cylindrical, about 140 Å long 
and 80 Å wide. About 65 Å extends on the extra-
cellular surface, 40 Å crosses the lipid bilayer, 
and 35 Å extends below. Viewed from the top, 
the extracellular vestibule is a pentagonal tube 
with walls about 25 Å thick and a central pore 
about 20 Å in diameter. The channel across the 
membrane narrows to a close. Other evidence 
suggests that the open lumen of the channel 
becomes narrow (perhaps 7 Å across), sufficient 
only for rapid flow of hydrated cations like Na+ 
or K+. The five subunits are rodlike, oriented-like 
barrel staves at a 10° angle around the central 
channel. Movements of Torpedo AChR subunits 
associated with activation by ACh have been 
captured by electron microscopy of crystalline 
arrays of AChRs in membrane fragments sprayed 
with ACh and fast frozen [56]. Crystal structures 
of related receptors have been determined in sev-
eral conformations, and progress is being rapidly 
made on relating receptor structure to functional 
state. For example, glycine receptors have been 
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crystallized in a closed state bound by an antago-
nist and in an open-channel state bound by gly-
cine [57]. Human neuronal α4β2 AChRs in a 
desensitized state bound to nicotine have been 
crystallized with the activation gate in the mid-
dle of the cation channel open and a desensitiza-
tion gate at the cytoplasmic end of the channel 
closed [58].

X-ray crystallography of a molluscan glial 
ACh-binding protein (AChBP) has revealed the 
structure of the extracellular domain of an AChR- 
like protein at atomic resolution [59–62] 
(Fig. 2.2). Snail glia were found to release a 
water-soluble protein which modulated transmis-
sion by binding ACh. The cloned protein showed 
24% sequence identity with the extracellular 
domain of human α7. It provides a good model 
for the basic structure of the extracellular domains 
of AChRs and other receptors in their superfam-
ily. This is proven by the demonstration that the 
AChBP, with slight modification to match their 

interface, can form a chimera with the transmem-
brane portion of the 5HT3 receptor to form an 
ACh-gated cation channel [65]. Figure 2.2 shows 
that five AChBP subunits assemble as the extra-
cellular domains of AChR subunits would around 
the vestibule of the channel. A buffer component 
was initially found to occupy what was expected 
to be the ACh-binding site, which is formed at the 
interface between subunits halfway up the side of 
the assembled protein. All of the contact amino 
acids for this site corresponded to ones in AChRs, 
which had been identified by affinity labeling or 
mutagenesis studies [43, 49, 66]. Subsequently, 
AChBP was crystallized in combinations with 
both agonists, such as nicotine [60], and antago-
nists, such as snake venom toxins [61]. Basically, 
most recognizable features were found about 
where they were expected to be from studies of 
native AChRs, providing confidence that the 
structure of the AChBP is relevant to that of 
AChRs.

a b80 Å

140 Å

AChR

Lipid
Bilayer

α γ

Rapsyn

Fig. 2.1 Torpedo electric organ AChR structure deter-
mined by electron crystallography. (a) The large extracel-
lular domain contrasts with the smaller domain on the 
cytoplasmic surface. Rapsyn is a 43,000 Da peripheral 
membrane protein through which muscle AChRs are 
linked to actin in the cytoskeleton to concentrate them at 
the tips of folds in the postsynaptic membrane adjacent to 
active zones in the presynaptic membrane at which ACh is 

released [54]. (b) Here the polypeptide chains are shown 
as ribbon structures, highlighting the α1 and δ-subunits, at 
whose interface one of the two ACh-binding sites in this 
(α1)2β1γδ AChR is formed. Reprinted from Journal of 
Molecular Biology, 346(4), Nigel Unwin, Refined 
Structure of the Nicotinic Acetylcholine Receptor at 4Å 
Resolution, 967–989, Copyright 2005, with permission 
from Elsevier
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Fig. 2.2 Mollusk AChBP structure determined by 
X-ray crystallography. (a) Atomic-resolution structure 
of the AChBP reveals the basic structure of AChR extra-
cellular domains. It is a 62-Å-high cylinder that is 80 Å 
in diameter with an 18 Å diameter central hole. The 
structure is a homopentamer- like α7 AChRs. There are 
five ACh- binding sites at subunit interfaces, rather than 
the two ACh-binding sites expected in a muscle AChR 
heteropentamer at interfaces between α1 and δ-, γ- or 
ε-subunits. The ACh-binding site is occupied by the buf-
fer component N-2-hydroxyethylpiperazine-N′-2 eth-
anesulfonic acid (HEPES). The adjacent disulfide-linked 
cysteine pair corresponding to α1 192–193, which is 
characteristic of all AChR α-subunits, is on a projection 
of what can be defined as the “+” side of the subunit. It 
intercalates with the “−” side of the adjacent subunit to 
form the ACh- binding site. As expected from studies of 
AChRs [27, 63], the sequence corresponding to the MIR 
of α1 subunits is located at the extracellular tip and ori-
ented out away from the central axis of the subunit. The 
Cys-loop linked by a disulfide bond corresponding to 
that between cysteines 128 and 142 of α1 subunits, the 
signature loop characteristic of all subunits of the gene 
superfamily of which AChRs are a member, is located in 
the AChBP at the base near what would be the trans-

membrane portion of an AChR or the lipid bilayer. This 
loop sequence shows little homology with that of 
AChRs and is more hydrophilic than the sequences 
characteristic of AChRs. This loop contributes to the 
water solubility of AChBP but is at the interface between 
the extracellular and transmembrane domains of AChRs. 
Reprinted by permission from Macmillan Publishers 
Ltd: Nature, Brejc K, van Dijk WJ, Klaassen RV, 
Schuurmans M, van der Oost J, et al., Crystal structure 
of an ACh-binding protein reveals the ligand-binding 
domain of nicotinic receptors, 411, copyright 2001. (b) 
Shows a top view of an AChBP in its resting and active 
conformations. The C-loop is open in the resting state 
and closed in the active and desensitized states. 
Reprinted from Hansen SB, Sulzenbacher G, Huxford 
T, Marchot P, Taylor P, Bourne Y. Structures of aplysia 
AChBP complexes with nicotinic agonists and antago-
nists reveal distinctive binding interfaces and conforma-
tions. EMBO J 2005; 24: 3635–3646, with permission 
from John Wiley and Sons. Large movement of the C 
loop at the ACh-binding sites is propagated through the 
AChR to produce movement of the M2 transmembrane 
domain and ultimately opening of the channel gate 
located at the middle or bottom of the transmembrane 
domain [64]
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α7 AChR subunits primarily form homomeric 
AChRs. The extracellular domain cleaved by 
protein engineering from α7 assembles into 
water-soluble pentamers with the ligand-binding 
properties of native α7 AChRs, but it does so 
inefficiently [67]. Thus, the molluscan AChBP 
probably contains sequence adaptations for effi-
cient assembly and secretion as a water-soluble 
protein. Based on this hypothesis, a chimeric α7 
ligand-binding domain, which shares 64% 
sequence identity and 71% similarity with native 
α7, was generated by combining sequences from 
α7 AChR with those from AChBP, and crystal 
structures of the resulting pentamer and its com-
plexes with epibatidine and α-bungarotoxin were 
determined [68, 69]. This and other features of 
the structure will be discussed in more detail in 
subsequent sections.

 Structures of AChR Subunits

All AChR subunits share several features. 
Figure 2.3 diagrammatically shows the trans-
membrane orientation of the mature polypeptide 
chain of a generic AChR subunit. To produce the 
mature polypeptide sequence, a signal sequence 
of about 20 amino acids is removed from the 
N-terminus of each subunit during translation as 
the N-terminal domain crosses the membrane 
into the lumen of the endoplasmic reticulum.

The large N-terminal extracellular domain of 
each subunit, which consists of about 210 amino 
acids, contains a disulfide-linked loop (the Cys- 
loop) which is characteristic of all receptors in 
this superfamily. In α1 subunits, it extends from 
cysteine 128 to cysteine 142. This sequence is 
among the most conserved of all AChR subunit 
sequences. In the AChBP (see Fig. 2.2), this loop 
is located near what would be the lipid bilayer or 
extracellular surface of the transmembrane 
regions [59]. It is hydrophobic in AChRs but 
hydrophilic in the binding protein. A proline in 
the loop, which is conserved in all AChR sub-
units, is missing in the binding protein. Mutating 
this proline to glycine disrupts assembly of AChR 
subunits and prevents transport to the surface of 
assembled AChRs [72]. The extracellular 

domains of AChR subunits contain one or more 
glycosylation sites, and in all but the α7–9 sub-
units, which can form homomeric AChRs, there 
is an N-glycosylation site at position 141 adja-
cent to the disulfide bond of the signature loop.

Three closely spaced, highly conserved, 
largely α-helical transmembrane sequences (M1–
M3) corresponding approximately to amino acids 
220–310 extend between the large extracellular 
domain and the largest cytoplasmic domain. The 
N-terminal third of M1 and the hydrophilic side 
of M2 form each subunit’s contribution to the lin-
ing of the channel [1, 43, 70]. This will be 
described in slightly more detail in a subsequent 
section on the channel and gate.

The large cytoplasmic domain between the 
transmembrane sequences M3 and M4 comprises 
110–270 amino acids (α4 having by far the larg-
est). This is the most variable region in sequence 
between subunits and between species. 
Consequently, many subunit-specific antibodies 
bind in this region [73]. The large cytoplasmic 
domain, in contrast with the extracellular domain, 
is quite flexible in structure. Consequently, many 
antibodies to this region bind to both native and 
denatured protein, and visualization of this disor-
dered region is difficult with crystallographic 
methods. The large cytoplasmic region of muscle 
AChRs interacts with rapsyn, a protein which 
links it to the cytoskeleton and thus helps to posi-
tion it appropriately in the neuromuscular junc-
tion [54]. Proteins other than rapsyn are probably 
involved in interacting with the large cytoplas-
mic domain of neuronal AChRs to help transport 
them to and localize them at their various pre-, 
post-, and extrasynaptic sites of action, e.g., 
members of the PSD-95 family, but these pro-
teins have not been characterized in detail [74]. 
The chaperone protein 14-3-3η binds to α4 at ser-
ine 441 in the large cytoplasmic domain, espe-
cially when it is phosphorylated, helping to 
increase conformational maturation or assembly 
[75]. Several chaperone proteins are known to 
participate in the conformational maturation and 
assembly of muscle AChR subunits [76–79]. For 
example, COPI interacts at lysine 314 of α1 
 subunits. The transmembrane portion of M1 in 
α1 subunits contains an endoplasmic reticulum 
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retention sequence that is obscured only after 
complete assembly of AChR pentamers [79]. The 
large cytoplasmic domain contains phosphoryla-
tion sites and perhaps other sequences thought to 
be involved in regulating the rate of desensitiza-
tion [80, 81] and other properties, such as intra-
cellular transport [82]. Surprisingly, it even 
contains sequences that contribute to channel 
gating kinetics [83]. This is because the rigid 
amphipathic α-helices in the large cytoplasmic 
domain, which immediately precede M4, form 
intracellular portals that regulate access of ions 
to the central cation channel through the AChR 
[50, 84].

A fourth transmembrane domain (M4), of 
about 20 amino acids, extends from the large 
cytoplasmic domain to the extracellular surface, 
leading to a 10–20 amino acid extracellular 
sequence. In the case of human α4 subunits, the 
C-terminal end of the α4 sequence has been 
found to form a site through which binding of 
estrogen enhances AChR function three- to 
seven-fold, while it inhibits the response of α3β2 
AChRs [85, 86]. No functional role for the 
C-terminal sequence is yet known for other 
AChR subunits.

α-subunits are defined by the presence of a 
disulfide-linked adjacent cysteine pair in the 
large extracellular domain homologous to α192 
and 193 of α1 subunits. In all α-subunits, other 
than α5 and perhaps α10, this is thought to con-
tribute to the ACh-binding site. These cysteines, 
after reduction of the disulfide bond between 
them, were the targets of the first affinity labels 
developed for AChRs [43]. In the AChBP (see 
Fig. 2.2), this cysteine pair is located at the tip of 
a protruding C loop on what can be defined as the 
“+” side of the subunit. The ACh-binding site is 
formed at the interface between the + side of an 
α-subunit and the “−” side of an adjacent sub-
unit, as will be discussed in somewhat more 
detail in a subsequent section.

 Organization of Subunits  
in AChR Subtypes

Homologous rodlike AChR subunits are orga-
nized in a pentagonal array around the central 
cation channel [50, 55]. In the muscle-type 
AChRs of Torpedo electric organ, the order of 
subunits around the channel is α1, γ, α1, δ, and 

Fig. 2.3 Aspects of AChR structure. The transmembrane 
orientation of a generic AChR subunit is depicted in this 
diagram. The actual structure of the AChR shown in 
Fig. 2.1b and the large extracellular domain of the AChBP 
shown in Fig. 2.2 provide more details. The transmem-
brane domains M1–4 are depicted as largely α-helical. 
The overall shape of the subunit is depicted as rodlike. 
Five of these rods assemble in a pentagonal array to form 
the AChR shown in Fig. 2.1. The subunits are organized 
around the ion channel so that the amphipathic M2 trans-
membrane domain from each subunit contributes to the 
lining of the channel. In muscle AChRs, (e.g., with the 
subunit arrangement α1γα1δβ), and other heteromeric 
AChRs (e.g., with the subunit arrangement α4β2α4β2β2), 
there are only two ACh-binding sites at interfaces between 
the + side of α-subunits and complementary subunits, but 
small concerted conformation changes of all subunits are 
involved in activation and desensitization [55, 65, 70]. 
Thus, all subunits contribute to the conductance and gat-
ing of the channel, even if they are not part of an ACh-
binding site. The amino acids lining the ACh-binding site 
have been identified by affinity labeling and mutagenesis 
studies [43, 66] and have been found to correspond well to 
those identified in the crystal structure of the AChBP and 
α7/AChBP chimera [60, 61, 68, 69]. Notice the predomi-

nance of aromatic amino acids in this region. As in ACh 
esterase [71], the quaternary amine group of ACh is 
thought to be bound through interactions with π electrons 
of these aromatic amino acids rather than ionic interac-
tions with acidic amino acids. Note also that the ACh-
binding site is formed from amino acids from three 
different parts of the extracellular domain of the α-subunit 
interacting with three parts of the complementary subunit 
and that the interaction is at the interface between the + 
side of the α-subunit and the − side of the complementary 
subunit. Thus, the site is ideally positioned to trigger 
small concerted conformation changes between subunits, 
thereby permitting low-energy binding events in the extra-
cellular domain to regulate opening, closing, and desensi-
tization of the ion channel gate near the cytoplasmic 
vestibule of the channel [50, 65, 71]. The amino acids lin-
ing the cation channel and accessible either from the 
extracellular or cytoplasmic surface have been determined 
largely by the substituted cysteine accessibility method 
(SCAM) [70]. The channel lining is thought to be formed 
by M2. The figure depicts the M1–M2 linker at the cyto-
plasmic end of M1 and M2. In the closed, resting state of 
the channel, only a short region is occluded and inacces-
sible to labeling. In the closed desensitized state, a larger 
region is occluded
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β1 [43]. In the adult muscle AChR subtype, ε 
substitutes for γ. Reflecting their similar func-
tional roles and evolutionary origins [87], γ, δ, 
and ε have especially similar sequences, as do 
β1, β2, and β4. In cDNA expression systems, β2 
and β4 can substitute for β1 in muscle AChR 
[88]. α7 can also substitute for α1 [89], reveal-
ing basic homologies between AChR subunits 
rather than an AChR subtype, which is thought 
to be important in vivo. The arrangement of 
subunits in major AChR subtypes is depicted in 
Fig. 2.4.

The primordial AChR was presumably homo-
meric, and heteromeric AChRs evolved subse-
quent to duplication of the primordial subunit 
[87]. AChR subunits are lettered in order of 
increasing molecular weight as they were discov-
ered in the AChRs first purified from Torpedo 
electric organ, and they are numbered in the order 
in which their cDNAs were cloned [48].

Homomeric AChRs can be formed by α7, α8, 
and α9 subunits [1, 3]. In mammals, α7 is the pre-
dominant homomeric AChR. Like muscle AChRs 
(though with much lower affinity), α7, α8, and α9 
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Fig. 2.4 Prominent 
AChR subtypes. AChR 
subtypes are defined by 
their subunit 
compositions. The 
arrangement of AChR 
subunits around the 
channel is known for 
Torpedo electric organ 
muscle type AChRs [43] 
and inferred for other 
types based on this 
example. The subunit 
stoichiometry of some 
neuronal AChR subtypes 
is known [90, 91], and it 
is known that ACh- 
binding sites can be 
formed at specific 
interfaces of α1–4 or α6 
with β2 or β4 subunits 
[85, 92, 93], but recently 
a third ACh-binding site 
has been found at α4/α4, 
α5/α4, β3/α4, and α4/α5 
interfaces, termed 
unorthodox sites 
[94–98]. Stoichiometries 
such as (α4)3 (β2)2 have 
been found in cell lines 
and may exist in vivo 
[99–101]. All subunits 
are expected to 
participate in the 
structure of the channel 
and in conformation 
changes associated with 
activation and 
desensitization. 
Modified from 
Lindstrom [27]
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AChRs bind α-bungarotoxin (α-Bgt) and related 
snake venom peptide toxins to their ACh-binding 
sites. Heteromeric neuronal AChRs containing 
α1–6 in combination with β2–4 subunits do not 
bind α-Bgt. Recently, α7 has also been found to 
be co-assembled with β2 to form a heteromeric 
AChR in human brain [102]. α8 has been found 
only in chickens [103]. It can form heteromeric 
AChRs with α7. α9 can form heteromeric AChRs 
with α10 [104, 105].

Heteromeric neuronal AChRs are formed from 
α-subunit 2, 3, 4, 6, or 7 in combination with β2 or 
β4 [1, 3, 102]. α5 and β3 are present as additional 
subunits in AChRs in which ACh- binding sites are 
formed by other α- and β-subunits [92, 93, 106–
110]. The AChR subunit pairs α2, α4; α3, α6; β2, 
β4; and α5, β3 are closely related in sequence, 
reflecting their origins by gene duplication and 
their similar functional roles [87]. The subunit 
compositions of these heteromeric neuronal 
AChRs can be as simple as α3β4α3β4β4 or 
α4β2α4β2β2, with two identical ACh-binding 
sites. They can be more complex, involving three 
(e.g., α3β4α3β4α5) or more types of AChR sub-
units (α3β4α6β2β3). These can have two identical 
ACh-binding sites (α4β2α4β2β2); two different 
ACh-binding sites with one kind of α-subunit 
(α3β2α3β4α5), as in muscle AChRs (α1εα1δβ1); 
or two different ACh-binding sites with two differ-
ent α-subunits (α3β2α6β2β3). Many neurons 
express complex mixtures of ACh subunits [111–
114]. Ganglionic neurons usually express α3, α5, 
α7, β2, and β4 subunits, which could potentially 
form many subtypes, but the function of α3β4 
tends to predominate postsynaptically [115, 116]. 
α7 assembles into homomers or heteromers with 
β2 in these neurons. Adjacent neurons, within the 
same nucleus, can express different complex com-
binations of AChR subunits [113, 117]. It remains 
to be determined which AChR subtypes are 
expressed from these subunit combinations, where 
they are located within the neurons, and what 
functional roles they play in postsynaptic trans-
mission, presynaptic modulation, and extrasynap-
tic plasticity. What is clear is that AChRs can play 
many, much more complex, regulatory roles than 
their classic postsynaptic role in high-safety factor 
neuromuscular transmission might suggest.

In muscle AChRs, ACh-binding sites are 
formed at the interfaces of the + side of α1 with 
the –side of γ-, δ-, or ε-subunits, and β1 subunits 
do not participate in forming ACh-binding sites 
[43]. In heteromeric neuronal AChRs, α5, β3 and 
other subunits can occupy positions comparable 
to β1 and are referred to as accessory subunits 
[110, 118]. Accessory subunits can be involved in 
forming ACh sites. For example, α4β2 AChRs 
can exist in two stoichiometries (α4β2)2β2 and 
(α4β2)2α4. In addition to the two α4/β2 ACh sites 
present in both stoichiometries, an α4 accessory 
subunit allows a formation of a third α4/α4 ACh- 
binding site that increases the response four- to 
five-fold [94, 95]. An α5 or β3 accessory subunit 
can similarly form an α5/α4 or β3/α4 ACh- 
binding site [96]. AChR subunits contribute to 
both ion channel properties and agonist potency 
not only because they contribute to the lining of 
the channel but also because the ease with which 
the agonist-induced conformation changes of the 
whole AChR molecule take place in the course of 
activation or desensitization depends on the 
structures of all moving parts of the AChR [119].

 Acetylcholine-Binding Sites

ACh-binding sites are formed at the interfaces 
between subunits. This is shown in high resolu-
tion in the case of the AChBP in Fig. 2.2 and dia-
grammatically in Fig. 2.3. Both affinity labeling 
studies of native AChRs [43, 66] and the struc-
ture of the AChBP [60, 61] reveal that the ACh- 
binding site does not contain negatively charged 
amino acids to bind positively charged ACh. The 
ACh-binding site contains many aromatic amino 
acids, and it is thought that interactions between 
the π electrons of these amino acids and the qua-
ternary amine play an important role in binding. 
The ACh-binding site of ACh esterase also works 
this way [71].

Tetramethylammonium is the simplest form 
of an agonist. The small movements initiated by 
the low-affinity binding at just this portion of the 
site must be sufficient to trigger channel opening. 
The fundamental features of an AChR agonist are 
a quaternary or tertiary amine which binds to the 
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site and permits closure of the C loop over the 
site [61] (see Fig. 2.2).

By contrast with small agonists, antagonists 
tend to be larger and are often multivalent. These 
prevent closing of the C loop. In the extreme case 
of large snake venom toxins like α-bungarotoxin, 
binding of the toxin leaves the C loop propped 
open even more than in the resting conformation 
[61] (see Fig. 2.2). This also helps to explain the 
slow rate of binding of snake venom toxins. They 
can only fit into the site when it assumes a rela-
tively rare especially wide-open conformation.

Snake venom toxins such as α-bungarotoxin 
and α-cobratoxin have been extremely important 
for identifying, localizing, quantifying, purify-
ing, and characterizing AChRs [48, 89]. These 
are peptides of ~9000 mw with a flat three- 
fingered structure. Only the tip of the longest fin-
ger enters the ACh-binding site of muscle AChRs 
[61, 120]. Snake venom toxins evolved from 
families of proteins of similar structure, some of 
which have recently been found to interact com-
petitively or allosterically with AChRs. Lynx1 is 
tethered to membranes by a glycophosphatidyl 
anchor, colocalizes with α4β2 AChRs in the 
brain, promotes expression, and enhances desen-
sitization of these AChRs [121]. SLURP-1 is 
found in both anchored and soluble forms, is 
secreted by keratinocytes, and potentiates 
responses of α7 AChRs found in keratinocytes 
[122]. Mutations in SLURP-1 cause Mal de 
Meleda, an inflammatory skin disease character-
ized by hypoproliferation and release of TNFα 
from macrophages. SLURP-1 binds competi-
tively to keratinocyte AChRs [123]. SLURP-2 is 
secreted from keratinocytes and acts as an ago-
nist on keratinocyte α3 AChRs [124]. SLURP-2 
delays keratinocyte differentiation and prevents 
apoptosis, whereas SLURP-1 facilitates keratini-
zation and programmed cell death. This suggests 
that the cholinergic signaling through AChR sub-
types was involved in intracellular communica-
tion before it evolved to specialized use in rapid 
signaling with the evolution of the nervous sys-
tem. The regulation of gene expression evident in 
cholinergic effects on keratinocytes may well be 
reflected in trophic effects of AChRs within the 
nervous system. Within the primitive nervous 

system of C. elegans, for example, there are 
many more AChR-like subunits than are found in 
humans [125]. Even the puffer fish genome has 
more AChR subunits than humans, reflecting this 
evolutionary trend [126]. Simple precursors of 
AChR family have been identified in bacteria 
[127] and have proven extremely useful for crys-
tal structure determination of these ion channels 
[128–131]. AChBP secreted by mollusk glia is 
also very useful for structural studies of the extra-
cellular domain of AChRs and the structures of 
their ACh-binding sites [59–62].

The ACh-binding sites are located halfway up 
the extracellular domain [60, 61], far removed 
from the gate at the cytoplasmic end of the chan-
nel whose opening they regulate [70]. This regu-
lation is thought to occur by means of small 
global conformation changes of the AChR pro-
tein, which may involve slight changes in the 
angles of the rodlike subunits to produce an iris- 
like regulation of channel opening [55, 64]. Both 
the ACh-binding site [132] and the cation chan-
nel [70] change conformation between the rest-
ing, open, and desensitized states. The amino 
acids lining the ACh-binding site come from 
three parts of the + side of the α-subunit and three 
parts of the – side of the complementary subunit 
[43, 60, 61]. It would seem that such an arrange-
ment would be ideal for initiating and communi-
cating small motions involved in ligand binding 
to motions along subunit interfaces throughout 
the molecule. The binding energies involved are 
small, as must be the differences between the 
resting and open conformations as the channel 
flickers open.

It is argued that the two ACh-binding sites in 
muscle AChRs should differ in affinity for ACh 
(KD = μM versus mM) in order to ensure the 
rapid opening and closing of the channel [1, 46]. 
The properties of the two ACh-binding sites in 
muscle AChRs differ because they are formed at 
the interface of α1 with γ-, δ-, or ε-subunits 
[133]. The α1γ sites have higher affinity, produc-
ing longer channel opening at low ACh concen-
trations, as may be appropriate for fetal AChRs 
during synapse development (and perhaps useful 
when fetal AChRs help to compensate for AChR 
loss after autoimmune or genetic damage). The 
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actual kinetics of gating, surprisingly, depend 
not just on properties of the ACh site or gate but 
also on sequences in the large cytoplasmic 
domain [83]. During an end plate potential, ACh 
is present in the synaptic cleft at concentrations 
in the mM range for less than a millisecond 
[134]. Normally, this ensures a substantial safety 
factor for transmission because the ACh satu-
rates the AChRs and the AChRs are in excess 
over what is needed to provide sufficient current 
to trigger an action potential (Chap. 1). When the 
number of AChRs is reduced in autoimmune or 
congenital myasthenia, the current may be insuf-
ficient, or become insufficient on successive 
stimuli as fewer  vesicles of ACh are released and 
AChRs accumulate in the desensitized state. 
Then some synthesis of the fetal form of AChR 
with higher affinity for ACh and consequent lon-
ger burst and channel open times may be critical 
for achieving sufficient current to more nearly 
ensure transmission.

Competitive antagonists ideally keep AChRs 
in the resting conformation. They are usually 
multivalent quaternary or tertiary amines thought 
to interact both at the ACh site and peripheral 
sites to stabilize the resting state. Some, like 
curare, may actually be very low-efficacy ago-
nists [135]. α-Bungarotoxin and related snake 
venom peptides of 8000–9000 Da are large flat 
molecules that might cover 800–1200 Å2 of 
AChR surface [136], corresponding perhaps to a 
30Å × 30 Å square centered on the ACh-binding 
site. Only the tip of one finger of this structure 
enters the actual ACh-binding site [61, 136], but 
this occurs with high affinity and stabilizes the 
AChR in a resting state.

Exposure to ACh or other agonists for long 
periods causes desensitization, which is a con-
formation (or perhaps a set of conformations) 
characterized by a closed channel and higher 
affinity for agonists. In the normal course of 
neuromuscular transmission, desensitization is 
not a limiting factor. However, ACh esterase 
inhibitors given to treat MG (by increasing the 
concentration and duration of ACh to compen-
sate for the loss of AChRs) can, at excessive 
doses, further impair transmission by causing 
accumulation of desensitized AChRs [137]. 

Nerve gases and insecticides that act as esterase 
inhibitors can have similar effects [138]. The 
depolarizing block surgical muscle relaxant suc-
cinylcholine should also have a similar compo-
nent to its action in addition to producing a 
depolarizing blockade of action potential gen-
eration. Nicotine in tobacco users is present for 
many hours (t1/2 for clearance = 2 h) at an aver-
age concentration around 0.2 μM and rises to 
nearly 1 μM briefly after inhalation of smoke 
[139]. The low affinity of muscle AChRs for 
nicotine normally prevents much effect on neu-
romuscular transmission. Nicotine, acting on 
several neuronal AChR subtypes with a wide 
range of affinities for nicotine, produces many 
behavioral effects (addiction, tolerance, anxiol-
ysis, cognitive enhancement, anti- nociception) 
resulting from a complex mixture of activation, 
desensitization, and upregulation effects on the 
AChRs [3, 140, 141]. AChRs containing α4 and 
β2 subunits, which account for most high-affin-
ity nicotine binding in the brain, can account for 
the most prominent effects of nicotine: reward, 
tolerance, and sensitization [32].

Binding of agonists at two ACh-binding 
sites is required for efficient activation of 
AChRs [133]. Antagonist blockage of any one 
site is usually sufficient to prevent activation 
[142]. Homomeric AChRs, such as α7 AChRs, 
have five ACh-binding sites. Desensitization at 
any one of these may be sufficient to prevent 
activation, probably accounting for the very 
rapid desensitization characteristic of such 
AChRs [143].

 Cation Channel and Its Gate

The cation channel is lined by amino acids from 
the M2 transmembrane domains, as depicted in 
Fig. 2.3. Much of the identification of amino 
acids lining the channel pore has been achieved 
using the substituted-cysteine accessibility 
method (SCAM) [43, 70]. In this method, suc-
cessive amino acids along a putative transmem-
brane domain such as M1 or M2 are replaced 
by cysteine. This introduces a free thiol group, 
usually without greatly altering AChR function. 
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Then a thiol alkylating agent which contains a 
positively charged amino group (e.g., 2-amino-
ethyl methanethiosulfonate (MTSEA)) is 
applied from outside or inside the cell in which 
the mutated AChR is expressed. If MTSEA 
covalently reacts and blocks the channel, it is 
assumed that the substituted cysteine was 
exposed on the interior of the channel. From the 
periodicity at which cysteines are exposed, it 
can be inferred whether the domain has 
α-helical or another secondary conformation, 
and accessibility of the cysteine in the resting, 
open, or desensitized conformation determines 
the outer limits of the channel gate. Most of M1 
and M2 appear to be in an α-helical conforma-
tion. In the resting state, the open lumen of the 
channel extends to nearly the cytoplasmic sur-
face with only a small-occluded region between 
α1 G240 and T244. The highly conserved 
sequence α1 G240, E241, and K242, in the 
M1–M2 linker immediately preceding the cyto-
plasmic end of M2, lines the narrowest part of 
the channel in which the gate is located. Small 
motions in this region could open and close the 
channel. In the desensitized state, nearly half of 
the channel is occluded over a region extending 
from G240 to L251. Other mutagenesis studies 
have also helped define the structure of the 
channel [144]. Several polar or charged rings of 
amino acids lining the channel formed by 
homologous amino acids from each subunit 
form the selectivity filter. Electron crystallogra-
phy images the channel as lined by a cylinder of 
α-helical M2 sequences, and this structure is 
surrounded by an arrangement of the other 
three transmembrane domains [145]. Both the 
extracellular and intracellular vestibules are 
strongly electronegative, which would provide 
a stable environment for cations passing 
through the channel [50]. Access of cations to 
the inner vestibule is through narrow lateral 
portals formed by cytoplasmic α-helices imme-
diately preceding M4 [50]. Electrophysiological 
studies suggest that three or four polar amino 
acids lining these portals are critical for allow-
ing passage of ions into the inner lumen of the 
channel in all members of the Cys- loop family 
of receptors [84].

 Antigenic Structure and the Main 
Immunogenic Region (MIR)

Immunization with native α1 AChRs provokes 
antibodies directed primarily at the extracellular 
surface [73, 146]. This is because more than half 
of the antibodies to AChR in an immunized animal 
or an MG patient are directed at the MIR [52, 53, 
147–149]. This is a group of highly conformation- 
dependent epitope; thus, immunization with dena-
tured AChRs or subunits, by default, provokes 
antibodies to the cytoplasmic surface, whose epit-
opes are much less conformation- dependent [73]. 
Synthetic peptides can be used to induce antibod-
ies to many parts of the AChR sequence, but many 
of the antibodies will not bind to AChRs in their 
native conformation [73].

mAbs from rats and mice immunized with 
AChRs have provided excellent model autoanti-
bodies and structural probes for AChRs [ 3, 52, 
139]. Half or more of the mAbs to native α1 
AChRs are directed at the MIR [53, 148]. Such 
antibodies compete with each other for binding 
and prevent the binding of more than half of the 
autoantibodies from MG patients [52, 147, 148]. 
Thus, the antibodies bind to overlapping regions, 
but not necessarily to identical epitopes.

The structure of the MIR is being defined with 
increasing precision. Both absolutely 
conformation- dependent mAbs to the MIR, and 
others which also bind to denatured α1 subunits 
with lower affinity, depend critically on the MIR 
loop (α1 66–76), especially α1 amino acids 68 
and 71, as shown by mutagenesis studies [150]. 
The dependence on the native conformation of 
the AChR for binding of rat mAbs to the MIR 
and MG patient autoantibodies to the MIR sug-
gests that several sequences which are adjacent 
only in the native conformation contribute to the 
formation of the cluster of MIR epitopes recog-
nized by rat mAbs and MG patient autoantibod-
ies. In the AChBP, the sequence which would 
form the MIR in an α1 subunit is located at the 
extracellular tip of the subunit near the N-terminus 
in a loop directed away from axis of the subunit, 
as shown in Fig. 2.2 [59]. The sequence of this 
region in the AChBP is not closely homologous 
to that of α1 subunits. By making chimeras of 
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human muscle AChR α1 subunits with AChBP, 
the native conformation of the MIR was deter-
mined to be formed by two discontiguous 
sequences of the extracellular domain of the α1 
subunit (N-terminal α-helix and the MIR loop), 
which are adjacent only in the native conforma-
tion [148, 151]. The chimera, incorporating both 
the structural elements, exhibits high affinity for 
rat and human mAbs to the MIR; reacts with 
autoantibodies from cat, dog, and human MG 
patients; and induces EAMG in rats. The MIR 
was located at the extracellular tip of α1 subunits 
and angled away from the central axis of the 
AChR. An antibody bound to one α1 subunit can-
not also bind the other α1 subunit in the same 
AChR but can efficiently cross-link adjacent 
AChRs [148]. An antibody bound to the MIR 
would cover a large area of the α1 surface. Thus, 
several adjacent epitopes could be obscured by a 
single-bound mAb. A crystal structure of the 
AChR α1 subunit bound by the Fab fragment of a 
mAb to the MIR confirms these conclusions 
[152].

The separation between the MIR at the tip of 
the subunit and the ACh-binding site halfway 
down the side of the subunit reveals why both 
antibodies to the MIR and α-bungarotoxin can 
bind simultaneously to α1 AChRs. Few autoanti-
bodies in MG are directed at the ACh-binding site 
[153]. These facts form the structural basis of the 
basic immunodiagnostic assay for MG in which 
125I-labeled α-bungarotoxin is used to specifically 
label detergent-solubilized human α1 AChRs to 
permit quantitation of MG patient autoantibodies 
in an immune precipitation assay [154].

The fundamental pathological significance of 
the MIR derives from its basic structure. This is 
represented in Fig. 2.5. The MIR is highly immu-
nogenic. This may be because it is easily accessi-
ble on the protein surface and is present in two 
copies per AChR to permit multivalent binding 
and cross-linking of receptor immunoglobulins to 
efficiently stimulate B cells. Because the MIR is 
easily accessible on the extracellular surface, anti-
bodies can easily bind to it and fix complement. 
α1 AChRs are densely packed in a semicrystalline 
array at the tips of folds in the postsynaptic mem-
brane, promoting high-avidity binding of antibod-

ies and focal lysis of the postsynaptic membrane 
but allowing the postsynaptic membrane to reseal 
after the membrane fragments containing anti-
bodies, AChR, and complement are shed [155]. 
This process contributes to impairment of trans-
mission both by destroying AChRs and by dis-
rupting the morphology of the synapse in which 
presynaptic active zones of ACh release are nor-
mally located near postsynaptic patches of AChRs 
and also release endogenous AChRs that drive a 
feed-forward cycle of autoimmune stimulation to 
AChRs, thereby sustaining the autoimmune 
response [156, 157]. The MIR is oriented at an 
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Fig. 2.5 Structural basis of the pathological significance of 
the MIR. It is important to remember that the MIR is a 
region of closely spaced epitopes, not a single epitope. The 
MIR is easily accessible on the extracellular surface. This 
permits binding of autoantibodies and complement. The 
MIR has a highly immunogenic conformation. There are 
two copies of the MIR. This contributes to its immunoge-
nicity by permitting aggregation of receptor immunoglobu-
lins on B cells. It contributes to synaptic pathology by 
permitting cross-linking of AChRs by antibodies to cause 
antigenic modulation. The MIR is oriented to facilitate 
cross-linking of adjacent AChRs by antibody while not per-
mitting cross-linking of α1 subunits within an AChR. The 
MIR is away from the ACh-binding site and subunit inter-
faces. Thus, antibodies to the MIR do not inhibit AChR 
function competitively or allosterically. Also, this permits 
binding of both antibodies and α-bungarotoxin simultane-
ously, so that immunodiagnostic assays can be done by 
indirect immunoprecipitation of detergent solubilized 
AChRs labeled with 125I-α-bungarotoxin. AChRs are 
densely packed in a semicrystalline array at the tips of folds 
in the postsynaptic membrane. Thus, bound antibody and 
complement can cause focal lysis and shedding of AChR-
rich membrane fragments, while the postsynaptic mem-
brane can reseal. The result is loss of AChR and disrupted 
synaptic morphology, but not lethal lysis of the muscle fiber
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angle which promotes cross-linking of AChR by 
antibodies. This triggers antigenic modulation, 
which is a cross- linking- induced increase in the 
rate of AChR internalization and lysosomal 
destruction [158–160]. mAbs to the MIR and 
most serum antibodies do not impair AChR func-
tion [161]. This is probably because the antibod-
ies do not interfere with ACh binding.

The MIR plays important functional roles in 
maintaining the structure and function of AChRs. 
Transplanting the α1 MIR into human α7 AChR 
results in a 53-fold increase in expression of 
mature chimeric AChRs over wild-type α7 [148]. 
The interaction between the two structural ele-
ments of the MIR promotes efficient assembly of 
the AChRs by nucleating conformational matura-
tion of the subunits. This functional role applies 
to all subunits of AChRs and related receptors 
(e.g., 5-HT3A) [162]. Incorporating an additional 
α1 sequence, the loop region (α1 15–30) between 
the N-terminal helix and the first β-strand, into 
this chimera leads to an increase of over two 
orders of magnitudes in sensitivity to activation 
by ACh [148]. There must be long-range com-
munications mediated by cooperative motions 
between the MIR and the ACh-binding sites.

Some rat mAbs to the MIR on α1 bind well to 
human α1, as well as α3, and α5 subunits (which 
have similar MIR sequences) [3, 110]. These 
mAbs do not recognize denatured α3 even though 
they do recognize denatured α1. MG patient anti-
sera do not bind significantly to human α3 
AChRs, and human autoantibodies to α3 do not 
bind to α1 [29]. Thus, the MIR epitopes recog-
nized by rats and humans are not identical, even 
though they are close enough that antibodies to 
them compete for binding.

Prominent antibody epitopes on the cytoplas-
mic surfaces of α1 subunits and other subunits 
have been determined using antisera and antibod-
ies [52, 73]. These epitopes are pathologically 
irrelevant because autoantibodies cannot bind to 
them in vivo.

The spectrum of autoantibodies to AChRs 
produced in MG patients is dominated by the 
MIR but includes other parts of the AChR and 
closely resembles the spectrum seen in animals 
with EAMG or in dogs with idiopathic MG [147, 

163]. Many MG sera react better with extrajunc-
tional AChRs [164]. This may reflect that the 
endogenous immunogen in MG has γ-subunits, 
and these may be more immunogenic because 
they are not normally expressed in adults. One 
unusual MG patient serum was found to be spe-
cific for γ and occluded the α1γ ACh-binding 
site, thereby inhibiting function [165]. Rare 
mothers have been found who make autoantibod-
ies only to γ-subunits [166]. These have no effect 
on the mother (whose AChRs have only 
ε-subunits), but they paralyze or kill fetuses, 
causing arthrogryposis multiplex congenita.

α1 subunits also predominate in the T-cell 
response to AChRs, but epitopes have been found 
on all subunits [167, 168]. Several α1 T-cell epit-
opes seem to predominate in MG, but there is dis-
agreement between laboratories on quite which 
sequences comprise these epitopes. In Lewis rats, 
α1 100–116 is a dominant T-cell epitope, but in 
brown Norway rats, α172–205 predominates, as 
does α1 52–70 in buffalo rats [169]. There is prob-
ably similar diversity in human groups. 
Pathologically significant T-cell epitopes could 
derive from any part of an AChR subunit because 
the T cells do not bind to native AChRs in vivo but 
to peptide fragments digested by “professional” 
antigen-presenting cells like dendritic cells or 
“interested amateurs” like AChR-reactive B cells.

Before an AChR epitope can be recognized by 
the antigen receptor of a T-helper cell that will 
collaborate with an AChR-stimulated B lympho-
cyte to produce plasma cells secreting autoanti-
bodies to AChRs, the AChR peptide must first be 
bound by an MHC class II antigen-presenting 
protein [170]. The proteolytic processing mecha-
nisms of the antigen-presenting cell and the bind-
ing properties of the various MHC class II 
proteins restrict the peptides which can be recog-
nized by T cells [171]. This is probably reflected 
in part in the higher incidence of HLA-A1, B8, 
and DR3 class II MHC determinants in young- 
onset Caucasian MG patients and different MHC 
determinants in other groups [172]. Inbred mice 
become resistant to EAMG subsequent to a sin-
gle amino acid change in the I-AB protein [173, 
174]. The human α1 sequence 144–156 is recog-
nized only when it is presented by HLA-DR4 
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class II protein variants with glycine at position 
86 and not by a variant with valine at this position 
[172]. If humans were as inbred as these mouse 
strains, and if AChRs had only a few T-cell epit-
opes, MG would be much more genetically con-
strained than is actually the case.

 Induction of the Autoimmune 
Response to AChRs in MG

The mechanisms which induce and sustain the 
autoimmune response to α1 AChRs in MG are not 
known. These mechanisms may differ in various 
forms of human MG, and mechanisms may differ 
between species. Human MG is a remitting and 
exacerbating disease in which the autoimmune 
response to α1 AChRs persists for years [27, 158]. 
Feline MG has many similarities with human MG 
[175], while canine MG is an acute disease in 
which the autoimmune response to AChRs and 
muscle weakness usually remit within 6 months, 
except when the MG is associated with a neoplas-
tic growth [176]. This could suggest that in humans 
and cats, a source of immunogen persists, which 
does not usually happen in dogs. Another possibil-
ity is that human and cat patients share common 
susceptibility genes for MG, but dogs do not.

MG development following virus infection, 
e.g., West Nile virus [177, 178] and Zika virus 
[179], has been described in patients without any 
earlier evidence of MG. Recent studies found evi-
dence for persistent Epstein-Barr virus (EBV) 
infection in the thymus of MG patients, suggest-
ing that EBV might contribute to the onset or 
maintenance of the autoimmune response in MG 
thymus [180, 181]. One possible mechanism by 
which viruses break down self-tolerance is cross- 
reactive B- and T-cell recognitions, known as 
molecular mimicry, between virus proteins and 
AChR subunits. The fact that wild-type AChBP, a 
protein distantly related to muscle AChR, induces 
EAMG supports that some cases of MG might be 
initiated by molecular mimicry of AChR by infec-
tious agents [157]. Another possibility is that a 
chronic occult infection in humans might involve 
a tissue (e.g., thymus), which expresses α1 AChR 
in an unusual amount, place, or state of posttrans-

lational modification, causing it to be immuno-
genic. However, many observations indicate that 
EBV contributes also to the pathological mecha-
nisms of multiple sclerosis [182–184], systemic 
lupus erythematosus [185–187], and rheumatoid 
arthritis [188, 189]. Thus, EBV infection could be 
one of the environmental factors that facilitate the 
development of autoimmune diseases in geneti-
cally susceptible individuals [190].

MG in humans can be initiated and then termi-
nated when the immunogen is removed. 
Rheumatoid arthritis patients treated with penicil-
lamine sometimes develop autoimmune MG 
[191, 192]. It is thought that, in these patients with 
a predisposition to autoimmune responses, cova-
lent reaction of penicillamine with thiol groups on 
α1 AChRs haptenizes them to produce new anti-
genic sites and provoke an autoimmune response 
[193]. Ending the penicillamine treatment ends 
the MG within a couple of months. Neonatal MG 
occurs in babies of mothers with MG as a result of 
passive transfer of autoantibodies from the mother 
[194, 195]. This too spontaneously remits within 
a couple of months. These may be results of lack 
of genetic susceptibility to MG in these patients. 
If active EAMG is not sufficiently severe to be 
lethal, the animals remain abnormally fatigable 
even 30 weeks after the initial immunization and 
have chronic remitting- relapsing course like 
humans do [196]. This suggests that an autoim-
mune assault on neuromuscular junction AChRs 
may be sufficient to present enough AChR to the 
immune system to sustain the autoimmune 
response. Rats with EAMG induced by wild-type 
or chimeric AChBP developed antibodies to 
AChR cytoplasmic domains, though these anti-
gens lack cytoplasmic domains [156, 157]. In rats 
with EAMG induced by electric organ AChR, 
there is a continued increase in the level of anti-
bodies to rat muscle AChR 30 days following the 
initial immunization, a time when the level of 
antibodies to electric organ AChRs decreases 
[197]. These observations illustrate that 
complement- mediated attack on the postsynap-
tic membrane causes shedding AChR-rich 
membrane fragments that drive a feed-forward 
cycle of autoimmune stimulation to muscle 
AChRs. The spectrum of autoantibody specifici-
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ties in MG and EAMG is very similar [147, 163]. 
Therefore, immune stimulation by the endoge-
nous AChRs may sustain the autoimmune 
response in both EAMG and MG [198].

A paraneoplastic autoimmune response may 
be present in some MG patients. Twelve percent 
of MG patients have thymoma, and 35% of thy-
moma patients have MG [199]. These patients 
characteristically make high levels of autoanti-
bodies to AChRs and to several structural pro-
teins found within muscle cells, e.g., titin 
[200–202]. Thymic tumor cells do not usually 
express α1 AChRs [167], but traces of AChR 
have been detected in thymus myoid cells, thy-
mic epithelia, and dendritic cells [203, 204]. The 
autoantibodies to AChRs might result from a 
bystander adjuvant effect of the disruption caused 
by the tumor to an immune regulatory organ 
which contains traces of AChRs. Alternatively, 
viruses or other factors which cause the tumor 
might also cause disruption of AChR-expressing 
cells. In Lambert Eaton myasthenic syndrome 
(LEMS), tumor immunogens play a much more 
obvious role in provoking the autoimmune 
response. Sixty percent of these patients have 
small-cell lung carcinomas [205] (as a result of 
addiction to tobacco through neuronal AChRs) 
[3, 141]. These carcinomas express voltage- 
sensitive calcium channels, which are the target 
of the autoimmune response in LEMS. The mus-
cular weakness which these patients exhibit due 
to autoantibody impairment of ACh release 
[205], often for years before the tumor is discov-
ered, is the tradeoff for development of a success-
ful immune response to the tumor voltage-gated 
calcium channel, which holds the otherwise rap-
idly fatal tumor in check.

 Autoimmune Mechanisms  
Which Impair Neuromuscular 
Transmission in MG and EAMG

EAMG has been induced in many species by 
immunization with purified Torpedo electric 
organ AChR [153]. Native AChR is quite immu-
nogenic, and EAMG has been induced with syn-
geneic AChR [206], even in the absence of 

adjuvants [207]. The most detailed studies have 
been in Lewis rats [153, 155, 208]. Some other 
rat strains produce high levels of antibodies to 
AChRs but are resistant to EAMG [209]. Some 
mouse strains are more resistant than others, but 
all are more resistant than are Lewis rats [174].

Among MG patients, the absolute concentra-
tion of antibodies to AChR does not correlate 
closely with severity [210–212]. Patients with 
only ocular signs have lower concentrations than 
do patients with generalized MG, and antibody 
concentrations fall in almost all patients who 
clinically improve, but also in most patients who 
do not [211, 213]. Thus, absolute antibody levels 
cannot be used as a biomarker of improvement in 
MG.

The basic mechanisms by which autoantibod-
ies to AChRs impair neuromuscular transmission 
appear to be very similar in MG and chronic 
EAMG [153, 155].

There are forms of both MG and EAMG 
which are passively transferred by autoantibodies 
to AChRs. Passive transfer of EAMG is associ-
ated with an antibody and complement- 
dependent, transient phagocyte-mediated attack 
on the postsynaptic membrane which greatly 
amplifies the pathological potency of the bound 
antibodies [214, 215]. In neither chronic EAMG 
nor MG is antibody-dependent phagocytic attack 
or cytotoxic T-lymphocyte attack on the postsyn-
aptic membrane observed [155]. Repeated injec-
tion of mice with large amounts of MG patient 
IgG causes a mild form of muscular weakness 
[216, 217]. Mothers with MG can passively 
transfer MG to their babies [194, 195]. Usually 
this is mild and transient, ending as maternal IgG 
is cleared from the baby.

Active immunization of Lewis rats with AChR 
in adjuvant results in chronic EAMG after about 
30 days [206]. If sufficient AChR and adjuvants 
are used, this can be preceded by an acute phase 
of EAMG 8–11 days after immunization, which 
involves antibody and complement-dependent 
phagocytes, as in passive EAMG [214, 218–220]. 
In both chronic EAMG and MG, ACh sensitivity 
is decreased, and decrementing electromyogram 
responses are observed as transmission becomes 
more likely to fail on successive stimuli [221, 
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222]. This is because decreased postsynaptic sen-
sitivity to ACh reduces the safety factor for trans-
mission, so failure becomes more likely as fewer 
vesicles of ACh are released on successive 
 stimuli due to depletion of docked vesicles. 
Serum autoantibody concentration is high, there 
is loss of more than half of muscle AChRs, and 
many of those which remain have antibodies 
bound [214, 223]. The structure of the postsynap-
tic membrane is disrupted: the folded structure is 
simplified, AChR content is reduced, antibodies 
and complement are bound, and focal lysis occurs 
with shedding of membrane fragments into the 
synaptic cleft [219, 224, 225]. In addition to 
AChR loss through complement-mediated lysis, 
loss occurs due to antigenic modulation follow-
ing cross-linking of AChRs by antibody [159, 
160, 226]. Only a small fraction of antibodies to 
AChR are capable of inhibiting AChR function 
[227–232]. The lack of direct effect on AChR 
function by most antibodies to AChR is illus-
trated by the observation that if rats are depleted 
by the C3 component of complement to prevent 
both lysis and phagocytic invasion, then passive 
transfer of IgG from rats with chronic EAMG can 
label at least 67% of the AChRs without causing 
weakness [233].

 Effects of AChR Mutations 
in Congenital Myasthenic 
Syndromes

The structure of muscle AChRs is optimized for 
its functional role [27]. Studies of congenital 
myasthenic syndromes due to mutations in AChR 
subunits [1, 10, 128] have clearly demonstrated 
that it is detrimental to either increase [234] or 
decrease [235, 236] affinity for ACh or increase 
[237] or decrease [238, 239] the channel opening 
time. Such changes often result in large pleo-
tropic changes in the number of AChRs and the 
morphology of the neuromuscular junction, fur-
ther contributing to impairment of neuromuscu-
lar transmission. Below, some examples of the 
many congenital myasthenic syndromes ele-
gantly characterized by Andrew Engel [240] and 
his coworkers will be described briefly with the 

intention of relating defects in aspects of the 
AChR structures previously described to specific 
functional defects and the resulting medical 
effects (see Chap. 16).

Synthesis of AChR subunits can be impaired 
or prevented by mutations in the promotor region 
or the MIR or frameshift mutations that result in 
truncation of the subunit [239, 241–244]. These 
sorts of mutations are more frequent in ε-subunits 
than others because, in humans, expression of γ 
is induced, which partially compensates for the 
loss of ε. Expansion of the end plate area also 
helps to compensate for loss of AChRs. In mice, 
knockout of the ε-subunit is perinatal lethal 
[245]. Deletion mutants of α1 subunits are not 
seen, presumably because this would be lethal.

Mutations both within and outside the ACh- 
binding region alter agonist potency and efficacy. 
Reciprocally, these mutations alter channel- 
opening kinetics. A mutation which replaces α1 
glycine 153 with a serine (in loop B of the ACh- 
binding site) decreases the rate of ACh dissocia-
tion, resulting in repeated channel opening during 
prolonged ACh binding and increased desensiti-
zation [234]. The resulting 100-fold increase in 
affinity which prevents the normal rapid termina-
tion of transmission results in excitotoxic dam-
age, including reduced AChR amount, increased 
desensitization, and morphological alterations of 
the postsynaptic region due to overloading with 
cations. ACh esterase inhibitors would not be 
beneficial therapy. This mutation was less dis-
abling to the patient than were some mutations in 
the M2 channel-lining region which, by increas-
ing the stability of the open state of the channel, 
prolonged channel opening fivefold longer than 
did this increase in affinity for ACh [237]. A simi-
lar increase in agonist-binding affinity, activa-
tion, and desensitization was also caused by a 
mutation in the α1 M2 domain V249F at a posi-
tion that is not on the hydrophilic lining of the 
channel [246]. A mutation which replaces valine 
188 with a methionine in the C loop of the 
agonist- binding domain of the α1 subunit 
decreases gating efficiency 70-fold and reduces 
affinity for ACh two-fold [239]. An ε P121L 
mutation near the E loop of the ACh-binding site 
reduced the affinity for ACh in the open and 

2 Acetylcholine Receptor Structure



30

desensitized states, resulting in infrequent and 
brief episodes of channel opening and, conse-
quently, impaired transmission causing weakness 
[235]. The amount of AChR and synaptic 
 morphology was normal due to the absence of 
excitotoxicity in this mutation. An ε W55R muta-
tion at the α-/ε-subunit interface of the agonist 
binding site decreases agonist affinity 30-fold 
and gating efficiency 75-fold and substantially 
reduces channel opening probability [236]. An 
α1 N217K mutation in the M1 region was found 
to cause a 20-fold increase in the affinity of ACh 
for the resting state of the AChR [247]. This N is 
a conserved amino acid in the synaptic third of 
the M1 transmembrane domain, i.e., not a contact 
amino acid in the ACh-binding site but part of the 
lumen of the channel, between the ACh-binding 
site and the conserved P121 C122 in the middle 
of M1, a region which is known to move during 
the process of AChR activation [248]. Efficacy 
and potency of agonists are effected by mutations 
in the M2 channel-forming part of the AChR 
because some of the mutations so destabilize the 
resting conformation that even binding of choline 
(usually not an effective agonist) is sufficient to 
activate the AChR [249]. Thus, the levels of cho-
line in serum are sufficient to cause “spontane-
ous” activation of AChRs and contribute to 
excitotoxic damage in these long-channel con-
genital myasthenic syndromes. Experimental 
mutations in similar regions in M2 of α7 AChRs 
cause some antagonists to behave as agonists 
[250] by facilitating the transition from the rest-
ing to the open state. Choline is selective as an 
agonist, though a weak one, for α7 AChRs [251]. 
This may be because the five ACh-binding sites 
on α7 homomers permit the low-affinity binding 
of a sufficient number of choline molecules to 
trigger activation by this very weak agonist.

Mutations in the M2 channel-forming part of 
the AChR frequently affect the duration of channel 
opening, usually causing prolonged channel open-
ing resulting in excitotoxicity. For example, the 
T264P mutation in the εM2 hydrophilic surface 
causes prolonged channel openings [237]. The 
α-V249F mutation on the hydrophobic surface of 
M2 also causes an autosomal dominant slow-
channel myasthenic syndrome [246]. Agonist 

potency is increased, and desensitization is 
enhanced sufficiently to impair function at physi-
ological rates of stimulation. Excitotoxic effects 
include loss of AChR, degeneration of junctional 
folds, cluttering of an enlarged synaptic cleft with 
bits of membranous debris, degeneration of synap-
tic mitochondria and other organelles, and apopto-
sis of some junctional nuclei. Mutations in the M2 
regions of several AChR subunits cause slow-
channel syndromes [241]. Other mutations can 
cause excessively rapid closure of the channel, but 
also excessive conductance, so that the net effect is 
also excitotoxic [238].

Myasthenic syndromes have also been identi-
fied in other parts of AChR subunits. One was 
found to involve two recessive mutations in ε 
[252]. The C128S mutation at one end of the 
disulfide-linked signature loop in the extracellu-
lar domain inhibits AChR assembly. Then the ε 
1245 ins 18 mutation, which duplicates six amino 
acids in the C-terminal half of the large cytoplas-
mic domain, surprisingly, forms AChRs with 
altered opening kinetics and reduced net open-
ings. That mutations in and out of the ACh- 
binding site effect agonist potency, and that 
mutations in and out of the channel effect gating, 
are all evidence that activation and desensitiza-
tion of AChRs involve both local and global con-
formational changes and that mutations in distant 
parts of the AChR protein can effect the stability 
of various conformation states and the kinetics of 
transition between them. Clinically, it is interest-
ing that the patient and her similarly affected sib-
lings with these two mutations went through 
life-exhibiting muscle weakness and fatigue, but 
the crisis which provoked detailed study was 
when the 36-year-old patient underwent surgery 
and was given a curariform muscle relaxant 
which resulted in paralysis lasting several hours 
due to her low safety factor for transmission.

Another striking feature of mutations causing 
congenital myasthenic syndromes is that there 
are a lot of these mutations. Often a recessive 
mutation does not produce a phenotype until two 
occur simultaneously. Thus far, more than 60 
such mutations have been found [22]. It seems 
likely that similar varieties of mutations will be 
found in other receptors and channels.
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 Neuronal AChR Subtypes 
and Functional Roles

There are many potential and a few known prom-
inent neuronal AChR subtypes, as indicated in 
Fig. 2.4 [2]. α4β2 AChRs account for most of the 
high-affinity nicotine binding in the brain. α2 
AChRs in primate brain may assume some of the 
roles of α4 AChRs in rodent brains [253]. Some 
of these also have α5 or perhaps β3 subunits 
replacing the β2 subunit equivalent to β1 in mus-
cle AChRs [119, 254]. Autonomic ganglia post-
synaptic AChRs are predominantly α3β4 AChRs, 
but α3β4α5 AChRs and subtypes containing β2 
are also present. In brain aminergic neurons, 
α6 in combination often with β3 and β2 or β4 and 
sometimes α3 or α4 can form a variety of com-
plex subtypes [93, 112–114, 255, 256]. α7 
homomers are found both in autonomic ganglia 
and in brain. Heteromeric α7β2 AChRs are 
expressed in basal forebrain and cerebral cortical 
neurons [257, 258]. Neurons often contain com-
plex mixtures of AChR subtypes [111, 113]. In 
autonomic ganglia, α3 AChRs perform a post-
synaptic role in transmission similar to that of 
muscle AChRs, but many brain AChRs are 
involved in pre- and extrasynaptic modulation of 
the release of many transmitters [259], and some 
extrasynaptic α7 AChRs may play roles in tro-
phic regulation [116].

A good way to get an overview of the func-
tional roles of neuronal AChRs is to examine the 
features of mice in which a particular subunit has 
been knocked out or replaced with a hyperactive 
mutant form. For example, knockout of α3 sub-
units is neonatal lethal [260]. They lack auto-
nomic transmission and die as a result of a 
distended and infected bladder.

Knockout of α4 subunits causes loss of most 
high-affinity nicotine binding in the brain, loss of 
nicotine-induced antinociception, and increased 
anxiety [261, 262]. Replacement of α4 with exci-
totoxic M2 mutation was neonatal lethal, but a 
heterozygote survived which had reduced expres-
sion of the mutation due to some expression of 
the neo cassette involved in making the mutant 
mouse [263]. These mice lost dopaminergic neu-
rons in the substantia nigra, exhibited altered 

motor behavior and learning, and increased anxi-
ety. Knock-in of hyperactive α4 subunits was 
used to show that AChRs containing α4 subunits 
can account for the rewarding, tolerance, and 
sensitizing effects of nicotine [32]. These hyper-
sensitive AChRs also cause changes in the sleep- 
wake cycle and increase sensitivity to 
nicotine-induced seizures [264].

Knockout of α6 subunits does not reduce the 
total number of AChRs in dopaminergic nerve 
endings in the striatum because of a compensa-
tory increase in the α4 subunits which are 
expressed in these neurons to compensate for the 
loss of α6 in α6β2β3 and α6α4β2β3 AChRs [265, 
266]. α6-containing AChRs are selectively 
expressed in these nerve endings, while α4 
AChRs are selectively expressed in the cell bod-
ies of these neurons in the ventral tegmental area. 
α6 AChRs are selectively lost in MPTP-induced 
animal models of Parkinson’s disease [267] and 
may be target for drug therapy in this disease 
[37].

Knockout of α7, surprisingly, produced few 
evident problems [268, 269]. The most evident 
phenotype is reduced fertility. Knock-in of an 
excitotoxic M2 mutant α7 was neonatally lethal 
[270]. A problem in interpretation of knockout 
mice is that developmental compensation may 
minimize the apparent functional importance of 
the knockout subunit. The problem with knock-
ing- in a lethally excitotoxic mutant subunit is 
that any neuron which at any time in its develop-
ment expresses some of the subunit risks dying, 
thus exaggerating the apparent functional 
importance of the subunit. Multinucleate mus-
cle cells are large and rather resilient to the 
lethal excitotoxic effects of mutant AChRs, but 
smaller neurons may not be, especially early in 
development when their ability to buffer excess 
calcium ions entering through hyperactive 
AChRs is low [271].

Knockout of α9 prevented cochlear efferent 
stimulation [272], as expected from its post-
synaptic role there. α10 subunits are function-
ally equivalent to β-subunits, and α9α10 
AChRs usually have the stoichiometry 
(α9)2(α10)3 [273]. These AChRs are unusual in 
their physiological role in that entry of Ca++ 
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through these AChRs triggers Ca2+-sensitive K+ 
channels resulting in a net inhibitory postsyn-
aptic response [274].

Knockout of β2 altered some learning behav-
iors, caused increased neuronal death with aging, 
prevented nicotine-induced antinociception, and 
prevented nicotine reinforcement (i.e., addiction) 
[275]. Selective expression of β2 only in the ven-
tral tegmental area of β2 knockout mice results in 
nicotine-induced dopamine release and nicotine 
self-administration [275]. Nicotine induces 
wakefulness in wild type but not β2 knockout 
mice, and knockout mice exhibit disrupted sleep 
patterns [276]. Wild-type mouse pups exposed to 
nicotine exhibit reduced growth, unstable breath-
ing, as well as impaired arousal and catechol-
amine synthesis [277]. β2 knockout pups exhibit 
the same symptoms. This suggests that these 
effects of nicotine result from desensitization of 
AChRs containing β2 subunits. Deletion of the 
β2 subunit altered development of tolerance to 
nicotine and eliminated nicotine-induced upregu-
lation of the amount of brain AChR [278]. 
Nicotine induces/increases the amount of AChRs 
[279–281]. This is much more prominent with 
β2-containing than β4-containing AChRs [281, 
282]. Upregulation results primarily from nico-
tine binding to assembly intermediates, thereby 
causing a conformation change which promotes 
their assembly [99, 283]. Nicotine also slows the 
rate of AChR destruction [99, 280, 281]. High 
concentrations of nicotine can increase the 
expression of human muscle AChRs in cell lines 
[284], but in vivo smoking-associated concentra-
tions of nicotine only upregulate brain [285, 286] 
not muscle AChRs.

Knockout of β3 subunits [287] selectively 
reduces, but does not eliminate, expression of the 
α6-containing nigrostriatal AChRs [255] with 
which they are associated. This alters striatal 
dopamine release, locomotor activity, and acous-
tic startle behaviors.

Knockout of β4 produced viable mice, indi-
cating that β2 expression must have compensated 
for loss of β4 in α3 AChRs in autonomic neurons 
[288]. When both β2 and β4 were knocked out, 
the effects were even more lethally severe than 
the knockout of the α3 subunit.

Neuronal nicotinic AChRs are directly respon-
sible for addiction to the nicotine in tobacco [3, 
140, 141] and are more peripherally involved in 
many other neurological problems [3, 36].

 Autoimmune Impairment 
of Neuronal AChRs

Low levels of autoantibodies to α3 AChRs were 
found in 41% of patients with idiopathic or 
paraneoplastic dysautonomias and 9% of 
patients with postural tachycardia syndrome, 
idiopathic gastrointestinal dysmotility, or dia-
betic autonomic neuropathy [29]. Antibody lev-
els were higher in the more severely affected 
and decreased with improvement. Low levels of 
autoantibodies to α3 or α7 AChRs have also 
been found in a few patients with MG, LEMS, 
Guillain-Barre syndrome, or chronic inflamma-
tory demyelinating polyneuropathy who also 
exhibited symptoms of autonomic dysfunction 
[289]. Unlike human MG, but like canine MG 
[176], these autoimmune dysautonomias are 
often monophasic illnesses [29]. Passive trans-
fer of serum IgG purified from patients with 
autoimmune autonomic ganglionopathy [AAG] 
causes an impairment of autonomic ganglionic 
synaptic transmission in mice [290]. Patient 
IgG, rather than Fab fragments prepared from 
patient IgG, decreases whole-cell neuronal 
AChR current in cultured human IMR-32 cells 
[291]. This antibody- mediated inhibition of 
AChR is not readily reversed by removing anti-
body and does not require complement or any 
other immune mediators. Thus, the effect of 
antibodies on the AChR does not result from 
interference with agonist-binding or comple-
ment-mediated focal lysis but primarily from 
antigenic modulation as has been described for 
muscle AChR antibodies in MG and EAMG. As 
with MG, plasmapheresis of AAG produces dra-
matic improvement [292]. Experimental AAG 
(EAAG) can be induced by immunization of 
rabbits with the bacterially expressed extracel-
lular domain of the α3 subunit [293, 294], and 
serum from these rabbits can passively transfer 
EAAG to mice [28].
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It is interesting that rat mAbs to the MIR react 
well with human α3 AChRs [110], yet MG patient 
antisera in general do not react with human α3 
AChRs [29], AAG patient autoantibodies do not 
react with muscle AChRs [29], and rats with 
EAMG do not exhibit obvious autonomic symp-
toms [27]. Thus, despite the similarities in pri-
mary sequences in the 66–76 regions of α1, α3, 
α5, and β3 subunits, the conformation depen-
dence of MIR antibody binding and the large 
areas of a protein occluded by a bound antibody 
can account for the apparent differences in MIR 
antibody specificity between rats and humans, 
despite mutual competition for binding to α1 
subunits.

Low levels of AChR α3, α5, α7, α9, and β2 
and β4 AChR subunits have been reported in 
human keratinocytes, and ACh has been reported 
to modulate keratinocyte adhesion, proliferation, 
migration, and differentiation [6]. Autoantibodies 
in pemphigus patients have been found directed 
at not only desmoglein but also at α9 AChRs and 
a keratinocyte ACh-binding protein termed pem-
phaxin [31]. Pemphaxin is not the equivalent of 
the snail AChBP [59, 295]. Autoimmune 
responses to neuronal AChRs found in other non- 
neuronal tissues have not been reported yet.

A priori, antibody-mediated autoimmune 
responses to receptors in the brain would seem 
unlikely due to the presence of the blood-brain 
barrier. However, the field of neuronal 
autoantibody- associated diseases of the central 
nervous system has expanded dramatically 
recently. Autoantibodies to a N-methyl-d- 
aspartate (NMDA) receptor subunit GluRε2 and 
to α7 AChR have been found in some Rasmussen’s 
encephalitis patients and certain forms of cere-
bellar degeneration [24, 296, 297]. Recent stud-
ies reported the presence of autoantibodies 
against the NMDA receptor [298], GABAA 
receptor [299], GABAB receptor [300], glycine 
receptor [301], contactin-associated protein-like 
2 (CASPR2) [302], and leucine-rich glioma- 
inactivated 1 (LGI1) [302] in patients with auto-
immune encephalitis. Thus, there is precedent for 
antibody-mediated autoimmune responses to 
brain neuronal AChRs, and it is possible that such 
responses could involve neuronal AChRs [303].

 Effects of Human Neuronal AChR 
Mutations

Autosomal dominant nocturnal frontal lobe epi-
lepsy (ADNFLE) is a rare form of epilepsy 
[resembling night terrors] which is caused by 
mutations in either α4 or β2 subunits in the M2 
region [24, 304, 305]. There are mutations known 
in both α4 and in β2. A conundrum is that the α4 
mutations involve loss of function, whereas the 
β2 mutations involve gain of function. For exam-
ple, replacement of α4 serine 247 in the M2 chan-
nel lining with a phenylalanine reduced channel 
function as a result of use-dependent functional 
upregulation, faster desensitization, slower 
recovery from desensitization, less inward rectifi-
cation, and virtual elimination of Ca++ permeabil-
ity [306]. Although many functions of α4β2 
AChRs in brain are unknown, α4β2 AChRs have 
been shown to promote the release of the inhibi-
tory transmitter GABA [307]. Thus, reduced 
function of α4β2 AChRs might produce the 
excessive activation characteristic of epilepsy, if 
under the right circumstances in the wake/sleep 
cycle, reduced AChR function caused reduced 
inhibition. However, ADNFLE mutations in β2 
subunits cause excessive function when expressed 
with α4 [304, 305]. As an example, a V287M 
mutation in a conserved valine near the C-terminal 
end of M2 causes a ten-fold increase in ACh 
potency and reduced desensitization [305]. Since 
β2 can also function in combinations with α2, α3, 
and α6, it is possible that one of these combina-
tions or α4β2 AChRs in a different circuit could 
account for ADNFLE. It has been proposed that a 
common feature shared by all ADNFLE muta-
tions is reduced Ca++ potentiation of the response 
to ACh [308]. Clearly, it is much more difficult to 
study neuronal AChR mutations than muscle 
AChRs because the many complex functions of 
neuronal AChRs in many overlapping circuits are 
not well known and because biopsy material is 
not usually available or easy to study.

The autonomic dysfunction and neonatal 
lethality of α3 or β2 plus β4 knockouts in mice 
[260, 288] resemble the human disease 
megacystis- microcolon-intestinal hypoperistalsis 
syndrome. No AChR mutations have yet been 
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found to account for this disease [309], although 
there is some evidence for loss of α3 AChRs in 
these patients [310]. Rare missense variants 
within the intracellular loop of α3, α4, and β4 
AChR subunits are significantly overrepresented 
in sporadic amyotrophic lateral sclerosis (SALS) 
patients and alter receptor functions [311].

The large number of mutations found in mus-
cle AChRs [1, 22] makes it seem likely that there 
are many neuronal AChR mutation syndromes to 
be discovered. Instead of affecting a single sub-
type of AChR, and producing symptoms of one 
basic type, varying degrees or features of myas-
thenia, congenital neuronal AChR mutation syn-
dromes will probably be discovered which affect 
a wide range of AChR subtypes. These mutations 
might produce hyper- and hypofunction and 
result in a wide range of pleotropic phenotypes 
affecting both the central and peripheral nervous 
systems as well as the non-neuronal tissues in 
which these AChRs are expressed.
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Immunopathogenesis 
of Myasthenia Gravis

Rozen Le Panse and Sonia Berrih-Aknin

 Introduction

Autoimmune myasthenia gravis (MG) is due to 
pathogenic antibodies targeting molecules of the 
neuromuscular junction. MG is characterized by 
an abnormal fatigability, and the clinical symp-
toms are fluctuating with a course of remissions 
and relapses. The manifestations are often ocular 
at the onset, but all muscles could be affected.

The first evidence that the acetylcholine recep-
tor (AChR) was involved in the disease was dem-
onstrated by the development of muscle weakness 
in rabbits immunized with AChRs purified from 
torpedo fish [1]. The main implication of the 
AChR was demonstrated by the finding of a 
reduced number of AChRs on the muscle end-
plates of MG patients [2]. The target of the anti-
bodies are AChR in more than 80% of MG 
patients [3, 4], muscle-specific kinase (MuSK) 
[5], or low-density lipoprotein receptor-related 
protein 4 (LRP4) [6, 7] in a minority. In this 
review, we will identify the subgroups of patients 
as AChR-MG, MuSK-MG, and LRP4-MG.

MG is a prototypic autoimmune disorder and 
shares many common mechanisms with other 
autoimmune diseases [8]. The precise etiological 
mechanism is unknown, but a combination of 
immune dysregulation, genetic background, hor-
mones, and environmental factors takes part in the 
onset and progression of the disease. In AChR-MG, 
MuSK-MG, and LRP4-MG, the muscle is the tar-
get of the antibodies, but in AChR-MG, the thy-
mus plays an important role as it displays frequent 
histological abnormalities and that thymectomy 
has a favorable clinical effect [9].

 Heterogeneity of Myasthenia Gravis

MG classification is often based on the age of onset 
of symptoms, which can arise early, before the age 
of 50 (EOMG), or late after the age of 50 (LOMG), 
and the autoantibody profile. Rarely, more than one 
subtype of antibodies can be found in a patient 
[10]. The classification also takes into account the 
affected muscles as ocular or generalized. The het-
erogeneity of MG is illustrated in Fig. 3.1.

 Targets of the Autoimmune Response

The autoantibodies are all directed against mole-
cules located at the postsynaptic membrane of 
the neuromuscular junction (NMJ) that is a 
 complex structure whose role is to transduce the 
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electrical impulse from the motor neuron to the 
skeletal muscle to allow the muscle to contract:

• AChR, the main antigen in MG, is a 
neurotransmitter- gated ion channel, composed 
of five polypeptide chains, organized in a ring 
around a narrow membrane pore [11]. AChRs 
are expressed on the muscle endplates and are 
clustered under the nerve terminals. When ace-
tylcholine released by the nerve ending binds to 
AChR, the channel opens for the influx of 
sodium ions, and the subsequent endplate 
depolarization leads to muscle contraction [12].

• MuSK plays a major role in the development 
of the neuromuscular junction as mutation of 
this protein leads to impaired NMJ [13]. 

MuSK is required for the formation of AChR 
clusters [14].

• LRP4 forms a complex with the protein 
MuSK. LRP4 is the receptor for the neural 
agrin that can activate MuSK [15]. It has a 
critical role in the development of endplates 
since mice mutated for LRP4 die at birth of 
respiratory distress, as do mice with mutated 
forms of MuSK or agrin [15].

In support of the major role of these three pro-
teins, mutations in AChR, MuSK, or LRP4 result 
in alterations of the neuromuscular transmission 
causing congenital myasthenias [16, 17]. Patients 
with manifestations of MG that do not display 
AChR, MuSK, or LRP4 antibodies are termed 
seronegative, but other potential antibody targets 
are searched.

 Typical Features of MG Subtypes

 AChR-MG
AChR is the main antigen in MG as AChR anti-
bodies are found in 80–90% of patients. 
However, a significant number of MG patients 
have AChR antibodies not detectable by the clas-
sical immunoprecipitation assay, but identified 
in a cell- based assay (CBA) using cells express-
ing the AChR in its native configuration and 
clustered on the cell surface [18, 19]. Whether 
these antibodies have a low affinity for the solu-
bilized receptor or recognize only the clustered 
AChR is not clear. It appears that the CBA is 
much more sensitive than the classical immuno-
precipitation assay [20].

AChR-MG is associated with thymus pathol-
ogy. Thymic follicular hyperplasia containing 
lymphoid follicles with germinal centers (GCs) is 
frequently found in young patients, especially 
women (15–40 years), while thymoma is found 
in a minority of patients commonly between the 
age of 40 and 60 years [21]. Interestingly patients 
with anti-clustered antibodies also display thy-
mic hyperplasia [18]. The analysis of thymic 
pathologies in more than 1000 MG patients 
shows that women mainly have follicular hyper-
plasia while men have both pathologies (hyper-
plasia and thymoma) to a similar extent. One 

Thymus
Pathology 

Affected
Muscles 

Auto-
Antibodies

Age of onset

Ocular muscle

Limbs

Bulbar muscle

Anti-AChR

Anti-MuSK

Anti-LRP4

Follicular hyperplasia

Thymoma

EOMG: Early onset 

LOMG: Late onset 

Fig. 3.1 Heterogeneity of MG diseases. The main epide-
miological and clinical features of MG disease involve the 
age of onset, the type of affected muscles, the nature of the 
antibodies, and the type of thymic pathology. The age of 
onset could be early (defined between 40 and 50 years) or 
late. The disease could affect ocular muscle only or could 
be generalized; bulbar muscles could also be affected, 
thus resulting in a severe disease. Three main types of 
antibodies are helpful for the diagnosis. The AChR anti-
bodies could be quantified by the regular radioimmunoas-
say, but in the case of a negative result, the cell-based 
assay could detect antibodies that recognize the clustered 
receptors; MuSK and LRP4 antibodies are also used for 
the diagnosis. The thymus is involved essentially in the 
form with AChR antibodies and could be hyperplastic in 
young female patients or a tumor in older patients
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main difference between the two thymic patholo-
gies is the age of occurrence, as thymoma occurs 
later than follicular hyperplasia [22].

The mechanisms of action of the antibodies are 
well known (review in [23]). Most AChR antibod-
ies are IgG1 and IgG3 and can bind the comple-
ment. The antibodies can damage the postsynaptic 
membrane by the complement pathway activation, 
which results in the generation of the membrane 
attack complex (review in [24]). The damage 
results in a lower density of AChR at the NMJ, 
associated with decreased endplate potentials. The 
disease severity is correlated with the loss of 
AChRs [25], suggesting that the loss of AChR is 
responsible for the clinical symptoms. Also, the 
postsynaptic region displays a simplification of the 
synaptic folds [26]. At the molecular level, the 
reduced expression in the AChR number is com-
pensated by the active synthesis of the different 
AChR subunits [27, 28], suggesting that the mus-
cle is not a passive target of autoimmune attack. 
The interpretation of these data is that the level of 
AChR expression at the muscle endplate is the 
result of its degradation by AChR antibodies and 
its synthesis via compensatory mechanisms.

 MuSK-MG Patients
This category of patients was described for the 
first time in 2001 by Hoch et al. [5]. Clinical 
symptoms in MuSK-MG are frequently severe, 
and the ocular form is rare. Muscle atrophy, 
which is uncommon in AChR-MG patients, is 
frequent in MuSK-MG patients [29]. Among MG 
patients with generalized symptoms and without 
AChR antibodies, about 40% have antibodies 
against MuSK. The frequency of women is 
greater than 80% [30, 31]. Thymic follicular 
hyperplasia is generally not observed in this sub-
group of patients [29, 32].

MuSK antibodies are of the IgG4 isotype and, 
therefore, do not bind the complement. The 
MuSK antibodies induce muscle weakness in 
mice [33], and the pathogenicity was shown to 
be due to the IgG4 but not IgG1–3 [17]. The 
pathogenic mechanisms include a defective clus-
tering of the AChR [5], and the MuSK antibod-
ies reduce the proliferation of rhabdomyosarcoma 
TE671 cells [34]. The effect of MuSK antibodies 
on the clustering of the AChR was confirmed in 

animal models, in which NMJs were fragmented 
with partial destruction of the postsynaptic mus-
cle endplates [35]. Interestingly, MuSK antibod-
ies seem to affect not only the postsynaptic 
components of the NMJ but also presynaptic 
molecules [29].

 LRP4-MG Patients
The presence of LRP4 antibodies in MG patients 
were described in 2011–2012 by three groups [6, 
7, 36]. LRP4-MG patients are generally young 
females with a mild disease. This group of 
patients represents approximately 20% of patients 
with a generalized form of MG without AChR or 
MuSK antibodies [6, 7]. Similarly to MuSK anti-
bodies, LRP4 antibodies can interfere with the 
clustering of the AChR [7, 36]. When injected in 
mice, LRP4 induces myasthenic symptoms [37]. 
LRP4 antibodies are predominantly of the IgG1 
and IgG2 subtypes and can, therefore, bind to 
complement [10]. Interestingly, some of the 
LRP4-MG patients seem to develop thymic 
hyperplasia [10].

 Other Targets
Other molecules of the endplate appear to be the 
target of antibodies in MG. For example, colla-
gen Q and agrin have been described as autoanti-
gens [38, 39], although their specificity to MG 
and pathogenicity are still unknown. Also, cor-
tactin, a protein acting downstream from LRP4/
MuSK, has recently been described as a target of 
autoantibodies in MG. These patients frequently 
have a mild disease [40].

Altogether, autoantibodies to AChR, MuSK, 
and LRP4 are all key pathogenic factors in the 
different forms of MG. Although the percentage 
of seronegative MG patients is very low (less 
than 10%), there are still MG patients with 
unknown antibodies. Seronegative patients are 
still heterogeneous and may have a pure ocular or 
a generalized form of MG [41].

 Thymus Pathology

The thymus is the principal organ of central toler-
ance but is not known to be altered in AIDs 
except in MG. In AChR-MG, the thymus dis-
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plays histological changes, and thymectomy is an 
effective therapy [8]. The main thymic patholo-
gies are follicular hyperplasia characterized by a 
large number of B cells often organized in lym-
phoid follicles with GCs and, thymoma, a tumor 
of thymic epithelial cells [42, 43].

 Thymomas

Thymomas are due to the abnormal growth of 
epithelial cells. Ten to 20% of generalized 
AChR-MG patients display a thymoma that 
appears in patients older than 40 years of age. 
There is a relation between autoimmune mecha-
nisms and thymoma development as 80% of thy-
moma patients have autoimmune syndromes, 
including mainly MG disease [44]. In thymomas 
associated with MG, cortical areas are generally 
expanded, and thymopoiesis is sustained, while 
the medullary area is reduced. As a result, mole-
cules located in the medulla that are important for 
tolerance are deficient in thymomas. That 
includes FoxP3, the master gene for Treg cell 
function, the autoimmune regulator factor 
(AIRE), and the major histocompatibility com-
plex (MHC) class II antigens (reviewed in [42] 
and Chap. 8).

 Thymic Follicular Hyperplasia

Follicular hyperplasia is characterized by the 
presence of GCs (Chap. 8). Among patients with 
a thymic follicular hyperplasia, 80% are women. 
However, the sexual bias is also related to the age 
since the female predominance is essentially 
observed before the age of 40 [22]. It is clear that 
patients over 50 have a low risk of developing 
follicular hyperplasia, likely because the thymus 
at this age is essentially involuted [45]. 
Hyperplastic MG thymuses are also character-
ized by active neoangiogenesis processes with an 
ectopic development of high endothelial venules 
and lymphatic vessels that expressed chemokines 
to attract peripheral cells [46, 47].

The potential associations of thymic hyperpla-
sia with AChR antibodies have been suggested 

by several findings: (1) the nature of the thymus 
pathology is related to the level of AChR anti-
bodies; patients with thymic hyperplasia have the 
highest titers, and thymoma have intermediate 
titers, while involuted thymuses have the lowest 
titers [48]. Also, the serum level of AChR anti-
bodies is related to the degree of hyperplasia, and 
most seronegative MG patients do not have GCs 
[22]. (2) B cells from MG thymus release in vitro 
AChR antibodies [49, 50]. Also thymic B cells 
have an activated status and do not need a step of 
activation to synthesize AChR antibodies [51]. 
(3) When MG thymic tissue or dissociated thy-
mic cells are grafted in immunodeficient mice, 
AChR antibodies can be found in the serum [52, 
53], and in some conditions, myasthenic symp-
toms appear [54].

Together, these findings support the idea that 
the thymus is a source of AChR antibodies. Since 
glucocorticoids, a common therapy in MG, 
reduce significantly the number of GCs [22], it is 
possible that the relationship between the degree 
of hyperplasia and the AChR antibody level is 
lost in corticosteroid-treated MG patients.

 Effects of Thymectomy

Thymectomy has been a main treatment of MG 
although the evidence of its benefit (Chap. 13) 
was not proven until the recent multicenter, ran-
domized trial that compared the effects of thy-
mectomy plus prednisone with prednisone alone 
[55]. This trial performed over a period of 3 years 
shows that thymectomy associated with predni-
sone results in a more favorable outcome than 
prednisone alone. The two main outcome mea-
sures were quantitative MG score and the 
required prednisone dose and were both more 
favorable in the group which underwent thymec-
tomy [55]. However, the results were the stron-
gest in patients under the age of 50 years, 
supporting a favorable effect of thymectomy 
only in patients below the age of 50 years. This 
could be related to the pathology of the thymus 
that does not generally contain GCs after the age 
of 50 [22]. Compatible with these findings, 
another study with a follow-up of 123 MG 
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patients showed that the best prognostic factors 
of thymectomy are the age of the onset and dura-
tion of disease [56]. Indeed, patients with disease 
duration less than 12 months had significantly 
greater clinical improvement than those with lon-
ger disease duration, suggesting that thymic 
pathogenic cells could migrate to the peripheral 
organs.

In conclusion, the frequently observed func-
tional and morphological changes of the thymus, 
the correlation between the level of AChR anti-
bodies and the score of follicular hyperplasia, as 
well as the favorable clinical effects of thymec-
tomy suggest a causal relationship between thy-
mic pathology and MG.

 Dysregulation of the Immune 
System

Similarly to other autoimmune diseases, MG is 
characterized by defects of immune cell regula-
tion [57]. However, in MG, these defects concern 
not only the peripheral blood but also the thymus. 
We will describe here the role of B cells, the 
imbalance between Treg and Th17 cells, and the 
implication of T follicular helper cells.

 The Role of B Cells

Since autoantibodies play a major pathogenic 
role in MG, B cells represent a main actor in the 
disease. Treatments based on the elimination of 
autoantibodies and of B cells are efficient. Plasma 
exchanges that result in removal of AChR anti-
bodies induce short-term clinical improvement in 
MG [58]. The recent use of a monoclonal anti-
body against B cells, such as rituximab, is effi-
cient, particularly in the MuSK-MG form [59].

In the thymus, the number of thymic B cells is 
abnormally high, and these cells are activated 
[51]. The increased number of B cells is likely 
related to the high level in the thymus of CXCL13, 
the main B-cell chemoattractant. Indeed CXCL13 
is overexpressed in all MG subgroups, suggest-
ing that B-cell infiltration in the thymus is not 
limited to the thymus with follicular hyperplasia 

[60]. The CXCL13 expression is also increased 
in the sera of glucocorticoid-untreated patients 
and normalized in response to treatment in cor-
relation with clinical improvement [61]. Recently, 
a novel transgenic (Tg) mouse overexpressing 
CXCL13 in the thymus was established to mimic 
the thymic MG pathology. These mice are more 
susceptible to experimental myasthenia and 
develop B-cell clusters in their thymus [62].

In the periphery, the total number of B cells 
does not appear to be increased. However, some 
qualitative alterations of the B cells have been 
described. (1) The number of Breg cells is 
decreased in both AChR-MG [63] and MuSK-MG 
[64] patients. The frequency of B10 cells is 
inversely correlated with disease severity [65]. 
(2) The B-cell repertoire is altered. AChR-MG 
and MuSK-MG patients have different gene 
usage biases in both VH and VL sequences within 
the naive and memory cell subsets [66]. (3) The 
B-cell-activating factor (BAFF), a cytokine that 
plays an important role in activation, prolifera-
tion, and differentiation of B cells, is increased in 
the sera of AChR-MG [67, 68] and MuSK-MG 
[64] patients as well as in the thymus of 
AChR-MG patients [67, 68].

 Treg and Th17 Cells

Regulatory T (Treg) cells play a central function 
in the control of the immune response [69]. In 
most autoimmune disorders, defects in the num-
ber or function of Treg cells is observed, while 
Th1 and Th17 cells overproduce pro- 
inflammatory cytokines and may be in excess 
[70]. The frequency of Treg cells is not altered in 
the thymuses of MG patients [71, 72] and the 
periphery [73, 74]. However the function of Treg 
cells is flawed in MG patients, whether measured 
in the thymus or the periphery [71, 75, 76]. In the 
thymus, conventional T (Tconv) cells are also 
defective as they are unable to be suppressed by 
normal Treg cells [77]. Using microarrays, a 
Th17 signature was identified in Treg cells from 
MG patients, while a Th1 signature was found in 
both Treg and Tconv cells. TNF-α likely plays a 
functional role in the chronic inflammation 
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appearing in the MG thymus [77]. It is possible 
that IL-17 contributes to the thymic follicular 
changes, as IL-17A promotes a stable interaction 
between B and T cells in GCs, through the upreg-
ulation of regulators of G protein signaling [78].

 Follicular Helper T Cells

Follicular helper T cells provide T cell help to B 
cells and have a key role in GC formation. These 
cells express CXCR5 that is the single receptor of 
CXCL13 [79, 80]. CXCR5+ T cells are found in 
GCs as well as in peripheral blood [81], and cir-
culating CD4+CXCR5+ T cells are described as 
T follicular helper cells.

In PBMC of MG patients, a high frequency of 
CXCR5+ CD4+ T cells was observed in correla-
tion with the disease severity. Interestingly, the 
percentage of CXCR5+ CD4+ T cells decreases 
after therapy [82]. A recent study also shows a 
correlation between the frequency of these cells 
and the serum level of AChR Ab [83].

In the experimental model of MG (EAMG), 
the role of CD4+CXCR5+ was also confirmed 
[84], by showing a similar correlation between 
the frequency of CD4+CXCR5+ cells and the 
levels of AChR antibodies in the serum. Also, the 
silencing of Bcl-6 gene expression decreases the 
CD4+CXCR5+ cell number, IL-21 expression, 
as well as AChR antibody levels [84] resulting in 
improvement of EAMG.

Recent studies have highlighted that among 
follicular helper T cells expressing CXCR5, 
coexist the real follicular cells (Tfh) and a small 
subset of follicular regulatory cells (Tfr). The dis-
tinction between these two subsets is possible by 
the use of FoxP3 that is expressed in Tfr only. 
The analysis of these subsets in MG shows an 
imbalance in the Tfh/Tfr ratio, with a decreased 
Tfr number; the Tfh/Tfr ratio is linked to the dis-
ease manifestations in MG patients. In addition, 
the patients who received glucocorticoids dis-
played a normalized frequency of Tfh cells, in 
addition to attenuated disease activity [85, 86].

Together, these data strengthen the hypothesis 
of a role of Tfh cells in MG pathogenesis and 
highlight a link between the disease manifesta-

tions in MG patients and the disequilibrium in the 
Tfh/Tfr ratio.

 What Are the Causes of MG?

Irrespective of the clinical form, MG is a multi-
factorial disease. Similarly to the other autoim-
mune diseases, the onset of MG is due to a 
combination of predisposing and triggering envi-
ronmental factors, and epigenetics make the link 
between these two components [8]. Although the 
predisposing background is necessary, it is not 
sufficient. The main predisposing factors are the 
genetic, but the level of vitamin D, the microbi-
ota, or the level of sexual hormones could also be 
predisposing [8]. Indeed most autoimmune dis-
eases are more frequent in women, in which sex-
ual hormones could alter the tolerance mechanism 
via the downregulation of AIRE expression [87]. 
In this chapter, we focus on the contribution of 
genetics, the role of miRNA, and among the trig-
gering factors we will discuss the viral 
hypothesis.

 Contribution of Genetics

The concordance rate in monozygotic twins is 
useful to define the contribution of the genetics in 
the susceptibility of MG. A study that compiled 
31 pairs of monozygotic twins showed a concor-
dance of MG in 35% of cases, while the concor-
dance was approximately 4–5% among 
heterozygous twins [88], highlighting the impor-
tant role of genetics in susceptibility to MG. A 
recent study aimed to identify novel disease- 
associated genes in immune cells, using the 
unique situation of monozygotic (MZ) twins. The 
analysis of the transcriptome and methylome of 
monocytes showed a high similarity between the 
MG discordant twin and his healthy twin sug-
gesting that genetic predisposition may have a 
stronger contribution than previously assumed 
[89]. Also, several transcripts associated with 
immune homeostasis and inflammation resolu-
tion were dysregulated in the MG twin com-
pared to the healthy twin, including the 
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TREM-1 signaling pathway, as well as EGR2 
and EGR3 genes known to induce the expression 
of suppressor of cytokine signaling-1 (SOCS1) 
and SOCS3, inhibitors of STAT1 and STAT3, 
which mediate IFN-I antiviral and inflammatory 
immune responses [90, 91]. These findings sug-
gest a novel role of the innate immune system 
and circulating monocytes in MG [89].

The genes most commonly associated with 
MG include the human leukocyte antigen (HLA) 
class I and class II genes [92]. In the EOMG 
form, HLA-B8 (MHC class I) and HLA-DR3 
(MHC class II) are highly associated [93]. A 
GWAS association study confirmed the strongest 
association with HLA-B*08 [94]. In LOMG, a 
GWAS study revealed the most solid association 
with HLA-DQA1*05:01 and minimal with HLA- 
B*08:01, but they are both protective [95]. In 
MuSK-MG patients, an association with the 
HLA-DR14-DQ5 was observed [96].

Other susceptibility genes include genes 
involved in the immune responses, namely, 
PTPN22 that interferes with signaling in T cells, 
CTLA-4 that limits the excessive activation of T 
cells, and several cytokines such as interleukin 
(IL)-1β, IL-10, tumor necrosis factor (TNF)-α, 
and (interferon) IFN-γ [97]. In the EOMG form, 
a new association with the TNFAIP3-interacting 
protein 1 (TNIP1) confers greater risk than 
PTPN22 [94]. Another recent analysis in 1200 
EOMG patients described association with 
CD86, AKAP12, VAV1, BAFF, and with the pre-
viously known TNF-α gene [97]. The α-AChR 
promoter has also been shown to be genetically 
associated with autoimmune MG [98].

The comparison of the GWAS studies in 
EOMG and LOMG reveals striking differences 
in the genetic susceptibility between the two 
groups. Only PTPN22 was associated with both 
groups. In LOMG an association with 
TNFRSF11A was confirmed, and a novel candi-
date gene, ZBTB10, was identified, while TNIP1 
(associated with EOMG) showed no association 
in LOMG [95]. As indicated above, differences 
are also observed in the HLA region; HLA-B*08 
is protective in LOMG, while it is strongly pre-
disposing in the EOMG subgroup. Together, 
these findings highlight the requirement of sub-

grouping MG patients for biological and clinical 
studies.

Most of the genes associated with MG are 
linked to the regulation of the immune system. 
Since some specific alleles are associated with an 
altered level of the protein expression, it is pos-
sible that subjects with alleles associated with 
low immunoregulatory capacity are at highest 
risk to develop an autoimmune disease, particu-
larly MG.

 Role of the MicroRNA

MicroRNAs (miRNAs) are small noncoding 
RNAs (20–25 nucleotides length) acting as post-
transcriptional regulators. They target mRNAs 
and lead to their degradation or the inhibition of 
their translation, according to the perfect or 
imperfect miRNA-mRNA matching, respectively 
[99]. miRNAs have a role in pathophysiological 
processes, including autoimmune diseases [100]. 
The implication of miRNAs in MG has been 
mainly investigated as potential biomarkers 
[101–104], but the implication of specific miR-
NAs on regulating gene involved in MG starts to 
be described. For example, serum levels of miR- 
20b are decreased in EOMG patients with AChR 
antibodies and correlate negatively with the cir-
culating levels of IL-8 and IL-25 and a quantita-
tive MG score [105]. A downregulation of 
miR-20b has also been observed in thymoma tis-
sues and serum from patients with thymoma- 
associated MG in which miR-20b could act as a 
tumor suppressor in the development of 
thymoma- associated MG by inhibiting the acti-
vation of molecules involved in the NFAT signal-
ing pathway [106]. As another example, an 
increased expression of miR-146a has been 
described in PBMCs from MG patients with 
AChR antibodies, as observed in other autoim-
mune disorders [8]. Authors suggest that miR- 
146 could regulate the activation of AChR-specific 
B cells and contribute to the pathogenesis of MG 
[107]. Compatible with a role of miR-146 in MG, 
silencing miR-146a in a mouse MG model influ-
ences B cells and ameliorates symptoms [108]. 
Ongoing studies investigating the implication of 
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miRNAs will better define their specific impact 
in MG and their potential interest as therapeutic 
targets.

 Triggering Factors

Whether an infectious agent could be at the initia-
tion of MG is still a supposition. It is well known 
that a viral infection results in a massive produc-
tion of IFN-I [109]. The role of IFN-I has been 
described in MG. MG could develop after IFN-α- 
or IFN-β-based therapy [110–113], showing that 
IFN-I increases the risk of developing MG [114]. 
Also, the levels of IFN-I and numerous IFN-I- 
induced genes are increased in the thymus of MG 
patients [60, 115]. Among the different subtypes 
of IFN-I, IFN-β appears the most important. IFN- 
β is increased in the thymuses of MG patients and 
can upregulate the expression of molecules with a 
key role in MG: (1) the autoantigen (α-AChR) in 
thymic epithelial cells (TECs); (2) the chemo-
kines CXCL13 and CCL21, which play a major 
role in the chemotaxis of B cells, T cells, and den-
dritic cells [47]; and (3) B-cell-activating factor 
(BAFF), which promotes the development of 
autoreactive B cells [68] are all upregulated by 
IFN-β. Finally, a link between increased expres-
sion of IFN-I and the onset of MG has been shown 
in a murine model treated with poly(I:C), which 
mimics viral double-stranded RNA (dsRNA); not 
only the production of thymic IFN-β was 
increased, but the animals developed AChR anti-
bodies and mild clinical MG manifestations [116].

A potential scenario includes a viral infection 
as a first step, followed by increased production 
of IFN-I and IFN-II in the thymus that will result 
in an overexpression of chemokines, of pro- 
inflammatory cytokines, and of α-AChR as well 
as a release of α-AChR fragments due to 
increased TEC death [68]. B-cell chemoattrac-
tant attracts B cells from the periphery via HEV 
that are numerous [47]. In this context, B cells 
and DC in the thymus could present fragments of 
AChR to T cells that are activated, leading to the 
autoimmune response against AChR. In this thy-
mic environment, Treg cells are not efficient, and 
Th17 cells are numerous, that results in ineffec-

tive immune regulation [77]. The chronicity of 
the autoimmune response could be explained by 
the inability of T cells to be suppressed [77] and 
by the possible continuous release of new AChR 
molecules because of the antibodies attack on 
thymic myoid cells [117].

This scenario that suggests the implication of 
a viral infection in MG development is sup-
ported by other findings. An association between 
viral infection, such as EBV, and thymic pathol-
ogy has been proposed [118]. Also, other viruses, 
such as cytomegalovirus, human foamy virus, 
and Nile virus, could also be associated with MG 
[114, 119]. The abnormal expression of various 
toll- like receptors (TLRs) has been demonstrated 
in PBMCs from MG [107, 120] but also in MG 
thymuses [116, 121–123]. However, since pos-
sible triggering infection occurs a long time 
before the development of MG symptoms, the 
direct link between MG and an infection is dif-
ficult to assess. As EBV in its latent form is 
localized in B cells, its presence in the MG thy-
mus could reflect the high level of B-cell infiltra-
tion in the MG thymus. However, Cavalcante 
et al. demonstrated the reactivation of EBV in 
MG thymus [122]. Is EBV playing a role in the 
onset of the disease, or is EBV reactivated in the 
inflammatory environment of the MG thymus 
and playing a role in the chronicity of the dis-
ease, is not yet defined.

Viral infections have not only been associated 
with thymic hyperplasia but also with thymoma. 
Indeed, patients with thymoma have high levels 
of IFN-I neutralizing antibodies [124]. The pres-
ence of these antibodies could be due to the high 
level of IFN-I produced in the thymomas. 
Compatible with this hypothesis, thymuses from 
MG patients with thymoma exhibit high levels of 
IFN-I, particularly IFN-α2, IFN-α8, IFN-ω, and 
IFN-β [125]. Altogether these findings propose 
that a viral infection could be responsible for the 
development of thymoma in MG patients.

 Conclusion

Since the 1970s, MG has been investigated 
subsequently to the discovery of AChR autoan-
tibodies. Several other antigenic targets have 
been identified, but so far the AChR-MG form 
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is the best known. MG disease looks more het-
erogeneous and composite than believed. Thus 
a better classification for the different MG sub-
types and their distinct physiopathological 
mechanisms have been proposed.

Broad biological investigations including 
transcriptomic analyses have improved our 
knowledge on MG and underlined new 
 theories about the development of 
MG. Autoimmune mechanisms are common 
between autoimmune and inflammatory dis-
eases including deficiencies in immune regu-
lation, especially regarding the balance 
between Treg cells and inflammatory Th17 
cells and between Tfh and Tfr cells. The con-
tribution of other components is also strongly 
suspected in the autoimmunity such as the 
influence of the genetic background, sexual 

hormones, the microbiota, and the level of 
vitamin D. Although these components have 
not all been studied in MG, it is likely that 
they contribute to the etiological and patho-
logical mechanisms involved in MG.

A scheme of physiopathology is shown in 
Fig. 3.2. A triggering factor such as an infec-
tion could result in inflammation and IFN-I 
production that subsequently will lead to sig-
nificant changes in α-AChR expression in the 
thymus, as well as the overproduction of pro-
inflammatory cytokines and chemokines 
attracting B cells. These complex interactions 
could result in AChR antibody production. 
These antibodies will then circulate to the 
NMJ, where they impair the neuromuscular 
transmission, inducing myasthenic clinical 
manifestations.

Treg/Th17/Tfh

Viral infection

Germinal Centers

AChR at the NMJ

interferons type I and type II

Antibodies to AChR

Disease Symptoms

HEV generation/
Cell recruitment  

AChR

Thymus

Periphery

Inflammation
chemokines

(CXCL13/CCL21) 

B cellsTreg/Th17/Tfh
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Thymus

Inflammation
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(CXCL13/CCL21)

B cells
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2nd step

4th step

3rd step

5th step

AChR at the NMJ

Antibodies to AChR

Periphery

Fig. 3.2 The scenario of the pathophysiology of 
AChR-MG. Five main steps are described: (1) A viral 
infection occurs. (2) It will result in increased production 
of interferons type I and type II. (3) These molecules act 
by increasing the expression of the autoantigen (AChR), 
the cell recruitment, via generation of new vessels (viz., 
HEV), increased chemokines, and inflammation. This 
environment is favorable for Th17 development and 

defective Treg cells. Together with the increased level of 
chemokines, Tfh, and B cells, and in response to AChR, 
the germinal centers could develop and will produce 
AChR antibodies. (4) The antibodies will be released in 
the periphery where they can reach the NMJ. (5) The 
binding of the antibodies to the NMJ could lead to MG 
symptoms
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 Anti-AChR-Experimental 
Autoimmune MG (AChR-EAMG)

Myasthenia gravis (MG) results in weakness due 
to autoantibodies that target the neuromuscular 
junction (NMJ) causing dysfunction. 
Development of new therapeutics that are spe-
cific, potent, and safe is necessary to improve 
quality of life in MG patients. Animal models 
can accelerate the preclinical evaluation of new 
or repurposed therapeutics for MG. The animal 
models are specific for the targeted antigen at the 
NMJ. The models are produced by antigen immu-
nization as in the experimental autoimmune MG 
(EAMG) or by specific antibodies as in the pas-

sive transfer MG (PTMG) (Table 4.1). Standard 
procedures for animal care, sampling and ran-
domization of animals, experimental design, and 
outcome measures will clarify the interpretation 
of preclinical testing and improve our ability to 
navigate potential new therapeutics toward clini-
cal trials.

 Classical EAMG Mouse Model

The acetylcholine receptor-experimental autoim-
mune MG (AChR-EAMG) model can be trig-
gered by active immunization with AChR 
peptides, whole AChR subunits, and recombinant 
fragments of muscle AChR or, more often, with 
purified AChR isolated from the electrical organs 
of the marine ray, Torpedo (T-AChR) [1, 2]. 
Mouse strains carrying the H-2b haplotype are 
more susceptible to AChR-EAMG, and the 
C57BL6 mouse strain is the wild-type mouse 
strain conventionally used in most studies [3, 4].

T-AChR is emulsified with an equal volume of 
complete Freund’s adjuvant (CFA, incomplete 
Freund’s adjuvant (IFA) supplemented with 
1 mg/mg heat-inactivated Mycobacterium tuber-
culosis). Mice aged between 6 and 9 weeks 
receive several subcutaneous injections with a 
total of 20–30 μg T-AChR: in the hind footpads 
and at several sites in the back and tail base. After 
25–30 days, mice are immunized a second time 
with T-AChR emulsified in IFA. If, after the sec-
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ond immunization, the incidence of AChR- 
EAMG is less than 50%, a third immunization 
with T-AChR in IFA is advised [2]. To evaluate 
the efficiency of the experimental model, AChR- 
EAMG mice and a control group (injected with 
CFA but no immunogen) are run in parallel.

During the immunization series, mice are 
inspected for welfare, weighed, and graded for 
weakness, especially after boosters when weak-
ness may occur. Mice displaying any particular 
signs of severe weakness or sores must be eutha-
nized. All mice are euthanized at the end of the 
experiments for assessment of immune- 
pathological parameters. In the context of pre-
clinical studies to evaluate efficacy, treatments 
are started after the second or the third immuni-
zation, once the majority of mice have developed 
symptoms.

 Classical AChR-EAMG Rat Model: 
Induction

Strain, sex, and age of the rats are contributing 
factors in susceptibility to AChR-EAMG [5, 
6]. Lewis female rats, 7–10 weeks of age, have 
been commonly used in both discovery phase 
and preclinical testing [7–13]. Differences in 
major histocompatibility haplotypes between 
strains can affect outcomes [14]. AChR-EAMG 
is induced in rats by injection with T-AChR 
emulsified in CFA at the base of the tail. 
Weakness in the rats is observed in the acute 
phase, 7–10 days after injection, and the 
chronic phase, 30–45 days after injection [15]. 

For therapeutic assessment, treatments begin 
after the observance of weakness in the 
animals.

 Outcome Measurements for AChR- 
EAMG Models

 Health Score
To assess a health score, each animal is inspected 
on a regular basis based for weakness. For con-
sistency of scoring, the same investigator should 
test all the animals and remain blinded to treat-
ment group. A global health score can be calcu-
lated taking into account different tests to 
evaluate animal behavior and associated muscle 
weaknesses, as detailed below [2, 16].

• Measurement of body weight: 6- to 9-week- old 
mice and 7–10-week-old rats normally gain 
weight until the end of the experiment. Upon 
immunization with T-AChR, animals that are 
weak may stop gaining weight, lose weight, or 
gain less weight than control animals.

• Measurement of grip strength: For objective 
measurement of muscle strength, animals are 
first exercised to tire them with 20 paw grips 
on a cage top wire grid or with a run on a 
treadmill. Each animal is then allowed to 
grasp a grid attached to a dynamometer using 
its forepaws and is then gently and steadily 
pulled by its tail away from the grid until it 
loses its grip. Forelimb muscle strength is 
determined by the mean maximum tension 
from several measurements.

Table 4.1 Animal models of MG

MG model Induction method Mode of action
Complement 
dependent

AChR- 
EAMG

Injection of  
CFA + AChR

Production of antibody to AChR Yes

AChR- 
EAMG

Injection of antibody to 
AChR

Binding of antibody Yes

Mg-NSG Implant MG thymus Production of antibody and localization of human 
lymphocytes

Yes

MuSK- 
EAMG

Injection of 
CFA + MuSK

Production of antibody to MuSK No

MuSK- 
EAMG

Injection of antibody to 
MuSK

Binding of antibody No
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• Inverted grid test: For mice only, the animal is 
placed in the center of the grid, and the grid is 
inverted. The grid is held inverted steadily 
30–50 cm above a padded surface such that 
the mouse hangs on by all four paws. For each 
mouse, the time at which the mouse falls off is 
documented.

• Observation: Animals are assessed at rest and 
after exercise for activity. A clinical score is 
assigned as follows: grade 0, normal muscle 
strength and no muscle weakness, even after 
exercise; grade 1, normal at rest but weak after 
exercise, with the chin on the floor and inabil-
ity to raise the head, hunched back, and 
reduced mobility; grade 2, weakness at rest 
with inability to raise the head, hunched back, 
and reduced mobility; grade 3, severe weak-
ness, dehydrated, and paralyzed (quadriple-
gic) and loss of significant weight; and grade 
4, moribund or found dead in the cage. For 
many experiments, a humane endpoint of 3 is 
sufficient to evaluate drug efficacy. The use of 
grade 3 and grade 4 as an outcome measure 
would require a stricter ethical argumentation, 
for example, if a drug has a specific effect in a 
myasthenic crisis.

 Anti-AChR Antibody Measurement
AChR antibody levels in the serum of mice can 
be measured: (1) by radioimmunoassay (RIA), 
using murine AChR coupled to 125I-α- 
bungarotoxin as described previously [1], or (2) 
by enzyme-linked immunosorbent assay 
(ELISA), using plates coated with T-AChR or 
mouse membrane extracts containing AChR. It is 
important to note that in AChR-EAMG, a large 
fraction of the antibodies raised against T-AChR 
will not cross-react with rodent AChR and there-
fore will not contribute to endplate pathology 
[17]. The levels of all anti-AChR antibodies are 
measured using a secondary antibody for total 
immunoglobulin G (IgG) or an isotype-specific 
antibody.

 Measurement of Muscle AChR 
Concentration
The extent of neuromuscular junction (NMJ) 
pathology can be assessed by quantifying mus-

cle AChR. This is done biochemically by mea-
suring the binding of 125I-conjugated 
α-bungarotoxin. Different techniques can be 
used to assess the amount of AChR, either in the 
whole carcasses of immunized animal or just in 
the muscle diaphragm or tibialis anterior muscle 
[1, 2, 6, 18, 19].

 Muscle Histopathology
The structure of the NMJ and AChR content 
(together with IgG and complement deposits in 
the EAMG model) are relevant to assess the 
impact of the anti-AChR antibodies. The AChR 
organization at the NMJ can be visualized with 
fluorescently conjugated α-bungarotoxin and 
immunofluorescence to localize IgG, comple-
ment factors (C3, C9), or membrane attack com-
plex. Immunofluorescence can be used in 
double-labeled micrographs to assess co- 
localization of AChR to IgG and complement 
deposits [1]. As a reference, a presynaptic marker 
such as the vesicular acetylcholine transporter 
(VAChT) or the synaptic vesicle protein 2 (SV2) 
can be used to immunolabel the NMJ.

 Electromyography
Decrement of compound muscle action potential 
(CMAP) can be measured in the tibialis anterior of 
AChR-EAMG animals. At healthy NMJs, each 
nerve impulse releases many vesicle-loads (quanta) 
of acetylcholine, and each quantum produces a 
strong quantal response. When the nerve is stimu-
lated, many simultaneous quantal responses add 
together to generate an endplate potential that is 
normally more than enough to trigger a muscle 
action potential (the safety factor). However, dur-
ing muscle contraction (tetanus), successive nerve 
impulses deplete the number of synaptic vesicles 
that are immediately available to release acetylcho-
line. This decline in quantal number during tetanus 
is not a problem for the healthy NMJ, but in MG 
the reduced postsynaptic response to each quantum 
of acetylcholine makes neuromuscular transmis-
sion susceptible to fatigue. This is revealed by a 
decrement in the amplitude of the CMAP when the 
nerve is repetitively stimulated at low frequency 
(typically three impulses/sec). Stimulation and 
recording can be performed with Electromyography 
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(EMG) systems used in clinical practice. To detect 
a decremental response, the nerve is given a series 
of ten supramaximal stimuli at a frequency of 3/s. A 
10% decrease in amplitude and area of the negative 
peak of the CMAP can be taken as a positive result 
for CMAP decrement [20]; usually the difference 
between first and the fourth CMAP is used. Curare 
challenge may be used to determine animals that are 
subclinical in disease weakness [7].

 Acetylcholine Receptor Antibody- 
Specific Passive Transfer MG 
(AChR-PTMG)

The AChR-PTMG model involves the intrave-
nous or intraperitoneal injection of AChR anti-
bodies directly into the animal. The animal model 
bypasses the cellular adaptive immune response 
requirement of autoimmunity and instead 
assesses the antibody effector response at the tar-
get skeletal muscle synaptic membrane. The 
signs of weakness in AChR- PTMG are depen-
dent upon both anti-AChR dose and IgG isotype. 
Discovery studies using AChR- PTMG revealed 
that the influx of mononuclear cells was depen-
dent on initiation of complement by antibody 
binding, and the loss of AChR and postsynaptic 
folds was dependent on deposition of IgG and 
complement components [9, 21]. Moreover, the 
amount of complement damage was influenced 
by complement inhibitors within the muscle [22, 
23]. Susceptibility to AChR- PTMG was shown to 
be dependent upon animal strain and age [24]. 
AChR-PTMG studies have also shown that 
expression levels of rapsyn and other AChR-
associated proteins influence susceptibility of 
animals to AChR-PTMG [6] and the severity of 
weakness that ensues.

Preclinical testing using an AChR-PTMG 
model requires the antibodies to have high affin-
ity to the AChR of the recipient species, activa-
tion of complement in the host, and availability 
of the antibodies to the scientific community for 
use. At present, only the AChR mAb35 (rat IgG1 
isotype, http://dshb.biology.uiowa.edu/acetyl-
choline-nicotinic) fulfills all these criteria to pro-
duce a rat model. While mAb35 activates 

complement at the NMJ in rats, which produces 
weakness, injection of mAb35 in mice does not 
induce weakness. A possible explanation is that 
the rat IgG1 isotype does not efficiently activate 
mouse complement. Inducing AChR-PTMG with 
polyclonal antibodies from AChR+ MG patients 
brings many complexities to preclinical testing. 
The use of these antibodies for preclinical assess-
ment of a therapeutic would be difficult in terms 
of reproducibility and multicenter verification. 
However, the polyclonal nature of these antibod-
ies may make them suited to testing therapeutic 
compounds such as blocking antibodies or drugs 
that target the antibody half-life (its stability in 
the blood).

 Outcome Measurements 
for AChR-PTMG

The clinical score of the animal is a necessary 
outcome measurement in AChR-PTMG. Onset 
of weakness is usually rapid with slight weakness 
observable at 24 h after injection. Documentation 
of health scores is undertaken every 12 h (or less) 
once the animals begin to demonstrate weakness. 
Dose of the antibody should be determined based 
on whether the animals demonstrate clear weak-
ness by 48 h (but without inducing respiratory 
problems or death). For some studies, lower 
doses of antibodies can be useful [25]. Study 
design should never use death as an endpoint 
since careful dosing of antibodies allows clear- 
cut and reproducible generation of moderate 
disease.

The cellular or molecular pathway targeted by 
the therapeutic will determine which other sec-
ondary outcome measurements are relevant. 
Histology of the NMJ by hematoxylin and eosin 
stain can identify inflammatory cellular infil-
trates. Immunohistochemistry of NMJ with anti-
bodies to complement components or electron 
microscopy of the NMJ can verify complement 
damage to the endplate. ELISA or RIA of the 
serum or plasma can confirm the concentration of 
circulating AChR antibody. RIA with radiola-
beled α-bungarotoxin of muscles can determine 
muscle AChR concentration.

L. L. Kusner et al.
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 Experimental Humanized Mouse 
Model (MG-NSG)

The classical rat and mouse EAMG models are 
perfectly relevant to study the autoantibody 
attack but are not ideal to model the human dis-
ease with respect to thymic involvement. 
Moreover, the EAMG models may not be suit-
able for preclinical studies involving human cell 
therapies or humanized monoclonal antibodies. 
To overcome these limitations, MG thymus tis-
sues or cells can be engrafted into immunodefi-
cient mice [18, 26]. A new humanized MG 
mouse model has recently been developed for 
such studies [27].

 MG-NSG Protocol

Immunodeficient NOD-scid IL-2Rγnull (NSG) 
mice are used between 8 and 14 weeks of age. 
They are engrafted with small human thymic 
biopsies (obtained with the informed consent of 
MG patients after thymectomy or from control 
patients undergoing corrective heart surgery). 
Four fragments of around 5 mm per side are 
transplanted subcutaneously into the back of 
anesthetized NSG mice. Incisions are closed by 
stitches with nylon suture, and the skin is disin-
fected with Betadine. Usually wound healing is 
effective after 1 week. After engraftment, mice 
are carefully monitored to follow wound healing 
and the appearance of MG symptoms. At the end 
of the experiments, mice are euthanized for 
assessment of immune-pathological parameters.

 Outcome Measurements for MG-NSG

 Health Score
Mice are monitored to assess the health score, 
usually every week. MG-like clinical signs usu-
ally appear 2–3 weeks after engraftment and for 
preclinical studies. Treatments should be started 
when the majority of mice develop symptoms. 
Assessments of animals are performed in a 
blinded fashion, each time by the same investiga-
tor for consistency of measurements.

• Measurement of body weight: Upon engraft-
ment mice that become sick may lose weight, 
or gain less weight, than control mice.

• Health score: Mice display quite evident MG 
symptoms, and a MG-like clinical score is 
established by observing mouse behavior and 
is graded on a scale of 0–4, as follows: score 
0, no sign; score 1, abnormal movements 
(walking with head and tail down); score 2, 
reduced motility; score 3, hunched posture; 
and score 4, paralysis, dehydration, or death. 
The animals are considered to be sick when 
they reached score of 1 and sacrificed if they 
reach a score of 4.

 Human Anti-AChR Antibody 
Measurement
Usually human anti-AChR antibodies can be 
detected in the serum of mice 2 weeks after 
engraftment with small delay from mouse to 
mouse. Human anti-AChR antibodies produced 
in MG-NSG mice are measured via a classical 
RIA as done in clinical laboratories. There is a 
correlation between the titer in MG patients at the 
time of thymectomy and the titer subsequently 
measured in the engrafted mice. However, as 
with the MG patients themselves, there is a lack 
of correlation between the level of anti-AChR 
antibodies and the MG-like clinical score [27].

 Measurement of Muscle AChR 
Concentration
The loss of AChR at the NMJ can be assessed by 
biochemically quantifying the amount of mouse 
muscle AChR, using 125I-conjugated 
α-bungarotoxin as a probe. The amount of 
 radioactivity bound by the muscle (relating to the 
endplate AChR content) is inversely correlated 
with MG-like clinical scores [27].

 Animal Models of MuSK Myasthenia

Muscle-specific kinase (MuSK) is a receptor 
tyrosine kinase that is vital for clustering and sta-
bilizing AChR at the motor endplate. MuSK 
autoantibodies are predominantly of the IgG4 
isotype: considered functionally monovalent and 
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do not activate complement. By binding the ecto- 
domain of MuSK, IgG4 anti-MuSK prevents the 
activation of the agrin-LRP4-MuSK kinase com-
plex [28–32]. As a result postsynaptic AChR 
become less stable, leading to failure of neuro-
transmission and muscle weakness. This under-
standing of the pathogenesis of MuSK myasthenia 
gravis depends largely upon a combination of 
experimental animal models and cell culture 
studies (reviewed in [33]). The pathogenic effects 
of the MuSK IgG1–3 fractions from anti-MuSK 
myasthenia gravis patients require further study. 
Here we outline the active immunization and 
passive transfer rodent models of MuSK-MG.

 Active Immunization Models of MuSK 
Myasthenia (MuSK-EAMG)

Rabbits, rats, and mice have each been shown to 
develop myasthenia after active immunization 
with MuSK [34–40]. In recent years, mice have 
most commonly been used for MuSK-EAMG 
studies. Mice are injected with recombinant 
MuSK extracellular domain (10–30 μg/mouse or 
100 μg/rat), in CFA emulsion. Control mice 
receive injections of CFA emulsion (no immuno-
gen protein). Induction of myasthenic-like weak-
ness requires one or more booster immunizations 
with MuSK (and adjuvant) spread out over sev-
eral months before clinical weakness develops. 
During the immunization series, mice should be 
inspected for welfare (see AChR-EAMG sec-
tion), weighed, and graded for weakness twice 
weekly.

 Passive IgG Transfer Mouse Model 
of MuSK Myasthenia (MuSK-PTMG)

Anti-MuSK positive myasthenia gravis has been 
modeled in mice by injecting IgG from anti- 
MuSK- seropositive patients. Mice must receive 
daily intraperitoneal injections of a large quantity 
(20–40 mg) of total IgG or smaller amounts (as 
little as 4 mg) of the IgG4 fraction of patient 
plasma [38, 41–44]. To avoid an active immune 
response against the human immunoglobulin, 

C57BL6J mice were given a single, immunosup-
pressive injection of cyclophosphamide (300 mg/
kg) 24 h after their first IgG injection [41]. 
Alternatively NOD/scid mice, which do not 
develop antibody responses, can be used for 
MuSK-PTMG experiments [43]. Total IgG from 
severely affected patients (MGFA 3B or 4) caused 
weakness in mice after 12–14 days of daily injec-
tions. The IgG4 fraction caused weakness after as 
little as six daily injections.

Weakness was always found to be associated 
with a reduction in the amount of AChRs at the 
motor endplate, as assessed by fluorescence 
microscopy (reviewed in [33]). During the course 
of the anti-MuSK injection series, the endplate 
potential amplitude declined progressively. This 
could be explained by impaired MuSK function at 
the endplate and the accelerated loss of AChRs 
from the postsynaptic membrane [30, 44, 45]. One 
peculiarity of mouse models of MuSK-MG (found 
in both EAMG and PTMG models) was the failure 
of the nerve terminal to increase the number of 
acetylcholine quanta released in response to this 
postsynaptic deficit [46]. This failure of presynap-
tic adaptation suggests that MuSK function may 
be necessary for feedback control of acetylcholine 
release from the motor nerve terminal.

MuSK-PTMG is a model with both advan-
tages and disadvantages. The key advantage is 
that it allows us to test the in vivo pathogenic 
effects MuSK autoantibodies from patients (the 
actual disease-causing agent). On the other hand, 
the injection series requires as much as 600 mg of 
total patient IgG per mouse. It is important to 
remember that pathogenic autoantibodies gener-
ally represent only a tiny fraction of total plasma 
IgG from a myasthenia gravis patient. Such large 
amounts of total IgG are only available when a 
patient undergoes therapeutic plasmapheresis. 
Even then, the amount of IgG that can be purified 
severely limits the number of treatment groups 
and mouse replicates (mice per group) that can be 
included in any MuSK-PTMG experiment. This 
limitation might be overcome in the future by 
cloning the genes for pathogenic anti-MuSK 
IgG4 from patients, so as to generate large 
amounts of (MuSK-function blocking) recombi-
nant IgG.
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 Outcome Measurements for Rodent 
Models of MuSK Myasthenia

The primary outcome measures for rodent mod-
els of MuSK-MG have mostly involved assess-
ing limb muscle weakness and reductions in body 
weight (body weight loss might be exacerbated 
by difficulties in swallowing). Since the onset of 
weakness can be rapid (and cause suffering), 
mice must be graded regularly. For MuSK- 
EAMG mice or rats should be inspected twice 
weekly after the first booster immunization. The 
time course of MuSK-PTMG is briefer 
(6–15 days) so mice should be weighed and 
inspected for weakness each day (before they 
receive their daily IgG injection). The kinds of 
criteria routinely used for grading myasthenic 
mice include body weight, posture/mobility 
observations (before and after exercise), forelimb 
grip strength, and hang time in the inverted grid 
test (how long a mouse can cling to an inverted 
grid using all four limbs). CMAP recordings are 
made from the shank muscles at the endpoint for 
evidence of impaired neuromuscular transmis-
sion. Preclinical researchers have yet to agree 
upon how some or all of these tests might be 
combined to generate a consensus composite 
weakness scale appropriate as a primary outcome 
measure for grading myasthenic impairment in 
mice. A well-defined composite scale, if widely 
adopted, might increase the statistical power and 
reproducibility for preclinical testing of 
therapeutics.

As noted above, loss of AChRs from the 
motor endplate is the most consistent pathologi-
cal observation from animal studies of MuSK 
myasthenia gravis. In mouse models of MuSK 
myasthenia gravis, impaired MuSK signaling 
function is thought to cause disassembly of the 
NMJ. For this reason quantitative confocal 
microscopic analysis of the NMJ is particularly 
relevant. Fluorescently labeled α-bungarotoxin 
provides a convenient and sensitive tag to assess 
the distribution of AChRs in cryostat sections or 
whole mounts of muscles from experimental 
animals. Fluorescence microscopy reveals 
reductions in the density of endplate AChR and 
can also reveal the fragmentation and shrinkage 

of the AChR- rich area at each endplate, com-
pared to non- myasthenic controls. In order to 
assess the relative intensity of endplate 
α-bungarotoxin labeling, cryosections of myas-
thenic and control muscles must all be processed 
and imaged together as a single batch. 
Longitudinal cryosections or muscle whole 
mounts can be double labeled for AChR and 
with immunofluorescence for synaptic vesicle 
marker proteins to assess the alignment of nerve 
terminals with endplate AChRs. Detailed meth-
ods for measuring the area and relative intensity 
of endplate AChRs and nerve terminals have 
been published recently [47]. Loss of endplate 
AChRs provides a direct measure of the primary 
deficit responsible for failure of neuromuscular 
transmission (and weakness) in animal models 
of MuSK-MG.

 Animal Care

Consistency of animal care at institutions may 
vary based on ethical, environmental, and safety 
regulations. Repeated use of CFA and footpad 
injections can raise animal welfare concerns, 
and ethics panels in some jurisdictions would 
require extraordinary argumentation before 
approving such protocols. Animal care involves 
the cage type and size, ambient temperature, 
number of animals per cage, bedding material, 
diet, and environmental enrichment supplements 
[48]. It is important to note that enrichment items 
that encourage or facilitate exercise, such as run-
ning wheels, can affect the size of the NMJ [49]. 
The reproducibility in the MG animal models 
requires the animal care to be consistent between 
research settings. To ensure consistency, docu-
mentation in the methods should include the care 
of animals. Differences in the environment hous-
ing of the animals may alter outcome of thera-
peutic evaluation. Study design should seek to 
lower stress levels for experimental animals. 
Chronic stress in animals has been linked to a 
decrease in immune response, lower cytokine 
expression, and a delay in antibody production 
[50]. Reducing stress in the animals can be 
achieved by minimizing handling, limiting the 
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number of personnel in contact with animals, 
reducing ambient noise by the experimenters 
and facility staff, avoiding unnecessary animal 
suffering, and providing environmental enrich-
ment items to the cage [51]. Study design should 
also state the endpoints at which an animal will 
be terminated and/or excluded from study. 
Documentation of animal care is recorded 
throughout the study.

 Rigor of Study Design

Experimental design of a preclinical study 
requires specific criteria to promote reproduc-
ibility and rigor. Guidelines identify four spe-
cific areas: randomization of animals, blind 
assessments, power calculations for study size, 
and data handling including use of both sexes in 
study [52]. Prior to initiation of the study, pri-
mary and secondary outcome measurements 
should be identified. To ensure sufficient num-
ber of animals per group, power analysis based 
on the primary outcome measurement are per-
formed to determine the sample size needed for 
statistical significance (with acceptable levels of 
type I and type II statistical error). Randomization 
of animals into groups and blinding of the 
observer to these groups will reduce subcon-
scious observer bias. Therapeutic and control 
agents that are to be delivered should have a 
coded label to ensure that the operator remains 
blinded to the treatment each animal receives. 
The criteria for excluding an animal from the 
study should be predefined before commencing 
the study, and any animal that is subsequently 
lost or excluded must be documented. Both 
male and female mice can be used, but outcome 
measurements regarding body weight and mus-
cle strength are different for males and females 
so they should be grouped separately for assess-
ment of outcomes [2]. The power analysis, 
experimental design, and randomization need to 
take gender differences into account. The crite-
ria required for a rigorous study are based upon 
the experience in human trials and reflect the 
need to increase reproducibility in preclinical 
setting.
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Epidemiology and Genetics 
of Myasthenia Gravis

Melissa Nel and Jeannine M. Heckmann

 Introduction

Myasthenia gravis (MG) represents a heteroge-
neous group of autoantibody-mediated diseases 
targeting the neuromuscular junction. Although 
much is known about the pathogenic mechanisms 
of MG at the muscle end plate, the precise etiol-
ogy triggering MG remains unknown. However, 
there is increasing recognition that autoimmune 
disease is a consequence of a complex interplay 
between the host’s genetic susceptibility and fac-
tors such as infections and other environmental 
influences that may impact the epigenetic regula-
tion of genes [1]. In this chapter we discuss the 
epidemiological profile of MG and the genetic 
susceptibility of MG subtypes.

 Epidemiology of MG

The prevalence estimates of MG (i.e., number of 
cases present in a population at a specified time) 
vary depending on methodological approach but 
generally range between 77 and 167 per million 
people living in Europe [2]. A pooled estimate of 
35 studies performed globally calculated an inci-
dence rate (i.e., number of new cases per year) of 
5.3 per million person-years. The global inci-
dence rate estimates based on studies using only 
acetylcholine receptor (AChR)-antibody positiv-
ity as inclusion criterion ranged between 4 and 18 
per million person-years [3]. While MG was 
originally thought to occur predominantly in 
young women [4], an increasing incidence of 
MG among the European elderly (70–90-year- 
olds) has been reported since the mid-1980s 
despite the stable incidence rates among those 
with earlier onset disease [5, 6]. Data from Asia 
(Taiwan and Japan) [7, 8], Australia [9], and 
Africa (South Africa) [10, 11] have shown the 
same trend with incidence peaking among older 
men. Vincent et al. suggest the sharp falloff in 
incidence of AChR antibody (Ab)-positive MG 
after the age of 80 is likely due to underdiagnosis 
in the very elderly [12].

The “hygiene hypothesis” linking better 
socioeconomic conditions and fewer infections 
such as tuberculosis in the developed world was 
proposed to explain the apparent changing epide-
miology of MG [1]. However, data from Africa, 
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with similar MG age/gender incidence trends 
[11] despite significantly higher rates of infec-
tious diseases such as tuberculosis [13], do not 
support this theory. Based on the same observa-
tions worldwide, it is likely that the apparent 
global changing pattern of MG from a disease of 
young women to predominantly that of older 
people is a result of improved diagnostics, an 
aging population as well as improved access to 
health care in parts of the developing world 
[14–17].

 Epidemiology of Antigen Subtypes

In most cases of MG, the autoantibodies target-
ing the acetylcholine receptor (AChR) are of the 
IgG1 and IgG3 isotypes. In the few patients who 
have circulating antibodies targeting the muscle- 
specific kinase (MuSK) end plate protein 
(MuSK-MG), the antibody is mainly non- 
complement fixing IgG4. In recent years autoan-
tibodies to other end plate autoantigens such as 
lipoprotein-related protein 4 (LRP4) (IgG1, 
IgG2, IgG3) [18] have been recognized. Next we 
discuss the incidence of MG classified according 
to antigen subtype.

 AChR Antibody-Positive MG 
(AChR-MG)

Individuals with circulating antibodies to the 
AChR comprise 85–90% of patients with clinical 
and electrophysiological criteria consistent with 
MG. The incidence rates of AChR-MG appear to 
be similar across the world including Caucasian 
patients from different continents [19, 20] as well 
as those in Arab countries [21] and from Africa 
[10, 11]. In these studies a bimodal distribution is 
found with peaks representing the ages at symp-
tom onset: early-onset MG (EOMG) in the third 
decade and comprising predominantly women 
and late-onset MG (LOMG) peaking between the 
eighth and ninth decades and more frequent in 
men [5, 22]. As mentioned, the latter group has 
apparently increased over the past three decades, 
first reported in 1991 in Denmark [23] and subse-

quently in European, American, Asian (including 
Japan), and African populations [8, 11, 22]. In 
addition, it has been noted that AChR-Ab titers 
among Caucasian and Chinese individuals with 
MG were similar [24].

AChR-MG represents the largest subgroup by 
antigen type and age at symptom onset associ-
ated with certain clinical, pathological, and 
genetic characteristics. Therefore, we define 
three groups: (1) juvenile onset (prepubertal/
childhood and postpubertal between 12 and 
20 years), (2) EOMG with symptoms before the 
age of 40 or 50 years (depending on arbitrary 
definition criteria), and (3) LOMG as those with 
symptoms after the age of 40 or later (50 or even 
65 years) varying based on individual study defi-
nitions. Early studies recognized that EOMG 
occurs most commonly among young women 
who were likely to have hyperplastic thymuses 
and carry HLA-B8, -DR3 alleles in the major his-
tocompatibility (MHC) region [24], whereas 
LOMG occurs predominantly in men with atro-
phic thymuses who demonstrate associations 
with HLA-B7, -DR2 alleles [24].

Epidemiological studies in juvenile-onset MG 
are relatively sparse. The annual incidence of 
AChR-MG in children from Canada (mixed pop-
ulation), South Africa (predominantly African 
genetic ancestry), and Turkey [11, 19, 25] may be 
higher than Caucasian cohorts from the United 
Kingdom and Norway (≈3 per million vs. <1.5 
per million, respectively) [26, 27].

 MuSK Antibody-Positive MG

Overall, MuSK antibody-positive MG or 
MuSK-MG represents about 1–4% of all subjects 
with the disease. The annual incidence of 
MuSK-MG in the Netherlands is 0.3 patients per 
million per year [14] with a slightly higher preva-
lence in Greece (2.9 vs. 1.9 per million, respec-
tively) [3]. However, the proportion of 
AChR-Ab-negative myasthenics with MuSK-MG 
varies substantially; both African American [28] 
and South African [29] cohorts show 30–50% of 
the AChR antibody-negative group have 
MuSK-MG compared to European genetic 
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 ancestry investigations which range from 20% in 
the Netherlands to none in Norway [30]. Two 
studies of Chinese populations found frequencies 
of 2.5–3% of MuSK-MG among AChR-Ab-
negative myasthenics [31, 32]. However, approx-
imately 10% of MuSK-MG cases, at least in 
patients with African genetic ancestry, were 
falsely negative using the MuSK radioimmuno-
assay and were subsequently found positive 
using a MuSK cell- based assay [29]. Rarely, 
MuSK-MG has been found among juveniles with 
MG [33].

 LRP4 Antibody-Positive MG

LRP-4 antibodies impact end plate AChR clus-
tering by binding to LRP4 and thereby interfer-
ing with the LRP4-agrin clustering function. 
LRP4-MG is estimated to be half as frequent as 
MuSK-MG, at least in Caucasian populations 
[14]. An evaluation of 635 patients from 
European centers, who were seronegative by 
radioimmunoassay for both AChR- and MuSK- 
Abs, detected antibodies to LRP4 in 18% using a 
cell-based assay. However, 3.6% of the 110 con-
trols with other “neuro-immune disorders,” 
mainly multiple sclerosis, also had detectable 
LRP4-Abs [18] as well as 7.5% of AChR-MG 
and 15% with MuSk-MG. The MG patients with 
LRP4-Abs tended to have symptom onset prior to 
age 40 (65%) and mild generalized MG (55%) or 
symptoms confined to the ocular muscles (22%) 
[18]. In a small study of 27 patients with African 
genetic ancestry and generalized MG, no sera 
showed reactivity to LRP4 in a cell-based assay 
[29].

 Triple-Seronegative MG (AChR-/
MuSK-/LRP4-Antibody Negative)

A small proportion of patients with generalized 
MG do not have detectable circulating antibodies 
to AChR, MuSK, or LRP4 antigens either by 
radioimmunoassay or cell-based assays. These 
triple-seronegative MG patients usually have a 
milder clinical phenotype than those with 

MuSK-MG, though there are rare patients in this 
group who have severe refractory disease and 
even muscle atrophy similar to MuSK-MG [18, 
29]. A cohort study composed of European and 
African genetic ancestry and AChR antibody- 
negative MG showed proportionately more 
triple- seronegative MG among older Caucasians 
in contrast to MuSK-MG among younger patients 
with African genetic ancestry [29].

 Epidemiology of Clinical  
Subtypes of MG

 Ocular MG

Observational studies with prolonged follow-up 
found that 90% of patients with disease confined 
to the ocular muscles for 2 years will remain as 
ocular MG [14]. An early study from North 
America found ocular MG to be more frequent 
among older men [34], while a retrospective 
evaluation from Japan found ocular MG almost 
twice as frequently among individuals presenting 
with MG at an average age of 70 years compared 
to younger patients with a mean age of 27 [8]. A 
recent European study found almost twice as 
many older patients with ocular MG in the 
Netherlands compared to Norway [2].

An audit from China [32] found a higher inci-
dence of childhood-onset ocular MG compared 
to postpubertal children although this was not 
observed in Japan [8] or Taiwan [7]. Nevertheless, 
peri-pubertal Caucasian, Asian, and African 
children show a lower proportion of ocular MG 
compared to those who are younger [33, 35]. A 
substantial proportion of Asian and African chil-
dren with ocular MG do not respond to MG ther-
apies, in particular pyridostigmine ± prednisone 
(see MG subphenotype) [35, 36].

 Generalized MG

Although there are clearly two peaks in the ages 
at onset of generalized MG as outlined earlier 
and genetic associations (see later), there are no 
consistent reports of differences between EOMG 
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and LOMG with respect to clinical presentations 
or responses to therapies [17]. Nevertheless, the 
EOMG subgroup appears to have well-defined 
features across populations with a female pre-
dominance and thymic hyperplasia. In contrast, 
LOMG is predominated by men with atrophic or 
involuted thymus [17, 37]. Although a Japanese 
cohort showed lower frequencies of concomitant 
autoimmune disease and AChR-Ab titers among 
the LOMG compared to EOMG [8], a compre-
hensive study from the United Kingdom found 
similar AChR antibody titers irrespective of age 
[12].

 Thymoma-Associated MG

Thymoma MG occurs in 10–15% of myasthenic 
cohorts worldwide. Thymoma MG may present 
at any age but with a higher frequency among 
those over 40 [7, 17, 38, 39]. These patients 
almost always have detectable AChR-Abs, 
although rarely patients may be AChR-Ab nega-
tive with mild ocular MG [24, 40].

 Treatment-Resistant 
Ophthalmoplegia

Extraocular muscles are highly susceptible to 
development of myasthenic weakness and are 
frequently the first muscles to be involved [41]. 
While the extraocular muscles usually respond to 
immunosuppressive therapies in a similar man-
ner to non-ocular muscles, a unique subpheno-
type of MG has been identified which presents as 
treatment-resistant ophthalmoplegia (OP-MG). 
This subphenotype is substantially more frequent 
among individuals with African genetic ancestry 
and particularly those with juvenile-onset AChR 
antibody-positive MG [35, 38, 42]. Although 
most patients with treatment-resistant ophthal-
moplegia have generalized MG, African and 
Asian children with ocular MG are also at risk 
[35, 36].

This subphenotype is not confined to AChR- 
Ab- positive MG. Treatment-resistant myasthenic 
ophthalmoplegia has been reported among 

MuSK-MG cases, both generalized and ocular, as 
well as a middle-aged Caucasian woman with 
triple-seronegative MG [29, 43]. The treatment- 
resistant ophthalmoplegic subphenotype is likely 
the result of a complex network of dysregulated 
genes “activated” within the context of MG 
resulting in increased complement-mediated 
damage and altered ganglioside biosynthesis and 
myogenesis [42, 44, 45]. Several African-specific 
and functional susceptibility variants in these key 
pathways have been reported at a higher fre-
quency in OP-MG compared to MG patients with 
treatment-responsive ocular manifestations.

 Genetics of Myasthenia Gravis

Similar to other autoimmune diseases, MG has 
a strong heritable component. One to 7% of 
Caucasian, African, and Chinese MG patients 
have family members with MG [32, 38, 46, 
47], but family members may vary in MG sub-
type with respect to age at onset, thymus his-
tology, and even detectable MG-autoantibodies 
[48]. A MG patient may have first- or second-
degree family members with other autoim-
mune diseases, most frequently autoimmune 
thyroid disease and rheumatoid arthritis (RA) 
[22, 29].

The gene variants that presumably make an 
individual susceptible or resistant to autoimmune 
disease development are likely a result of evolu-
tionary pressures to adapt to the environment 
[49]. These variants are not necessarily rare in a 
population, but most individuals will carry a mix 
of risk and protective alleles, which together will 
determine the overall “autoimmune” genetic risk 
[49]. However, a high burden or specific combi-
nations of different risk alleles can predispose an 
individual to MG.

There are several strategies to dissect the 
genetics of these complex disorders. Prior to 
high-throughput sequencing capabilities, poly-
morphic genetic markers were assessed for their 
association with MG. This strategy involved 
genotyping variants, usually single-nucleotide 
polymorphisms (SNPs) within or close to candi-
date genes, and determining their frequencies in a 
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cohort of cases vs. controls, all from the same 
population. In the last decade, several genome- 
wide linkage association studies (GWAS) have 
been performed using genotyping SNP arrays 
and sample sizes that are tenfold larger—in this 
approach individual SNPs spaced at regular inter-
vals across the genome may act as a tag for a 
genomic region, and the frequencies can be com-
pared with population controls. Because multiple 
tests are performed using this approach, a conser-
vative genome-wide level of significance 
(p < 5×10−8) needs to be applied to reduce the 
number of false positives [49]. Based on algorith-
mic predictions of GWAS SNP genotyping data, 
the heritability component of AChR-MG that is 
captured when the common SNP variants are 
simultaneously considered was estimated to 
range between 25 and 38% [50].

Some gene associations, notably in the HLA 
region such as the HLA-A1-B8-DR3 haplotype, 
appear to be shared among different target 
organ- specific autoimmune diseases such as 
MG, thyroid disease, celiac disease, and sys-
temic lupus erythematosus (SLE) and may sig-
nify a genetic predisposition to developing 
autoimmunity [22]. Not surprisingly, patients 
with MG may have additional autoimmune dis-
ease, such autoimmune thyroid disease or SLE 
[51]. Below we discuss notable findings of stud-
ies searching for MG susceptibility genes using 
both candidate approaches, i.e., those informed 
by current knowledge around autoimmunity and 
GWAS (summarized in Table 5.1). Although the 
strength of GWAS is that it is an unbiased explo-
ration of tagged loci, there are likely many risk 
variants hidden below the GWAS significance 
threshold [49].

 Non-HLA Genes

 Protein Tyrosine Phosphatase Non- 
receptor Type 22 (PTPN22)
The PTPN22 1858T (or R620W) variation has 
been extensively studied over the last decade in 
European Caucasians for association with MG 
after it was shown to associate with thyroid dis-
ease and RA [49]. Several groups have found 

modest, albeit inconsistent, associations with 
subgroups of MG stratified by laboratory features 
such as “non-thymoma with anti-titin antibodies” 
[52], “MG without anti-titin antibodies” [53], 
and late-onset AChR-Ab positive LOMG [54]. A 
meta-analysis of these European studies failed to 
show any association with MG or MG subgroups 
[55]. A large GWAS performed in Caucasians 
with EOMG found an association signal with the 
rs2476601 SNP encoding R620W [56] although 
two independent GWAS Caucasian cohorts found 
this SNP to associate with LOMG [50, 57]. 
PTPN22 encodes a lymphocyte-specific protein 
which acts as a negative regulator of T-cell sig-
naling responses. The 620W risk variant is 
thought to reduce the T-cell regulatory effect and 
impact on B-cell activation [57]. A report from 
Turkey found no association with this variant and 
MuSK-MG [58].

 Cathepsin 2 (CTSL2)
Cathepsin 2 (CTSL2) encodes the cysteine prote-
ase cathepsin L2, which is involved in antigen 
presentation by HLA class II molecules in the 
thymus. Although an association was reported 
between a SNP upstream of CTSL2 in a small 
group of European subjects with EOMG, as well 

Table 5.1 Significant gene associations with MG by 
odds ratios (OR) in unbiased genome-wide association 
studies (GWAS)

EOMG LOMG
All MG 
(>18 years)

HLA class I: 
-B*08 female; 
male

6.9; 3.6 
[56]
4.7 [50]

–

HLA class II: 
-DRB1, -DQA1 
(rs9271871)
-DQA1*0501

4.9 [50] 4.3 
[50]
0.5 
[57]

2.3 [57]

PTPN22 R620W 1.7 [56] 1.6 
[57]

TNIP1 1.7 [56] –

TNFRSFIIA – 1.4 
[57]
1.6 
[50]

CTLA4 – 1.4 [50]

ZBTB10 – 0.5 
[57]

–
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as juvenile-onset type 1 diabetics, CTSL2 gene 
expression studies on thymic tissues were nega-
tive [59].

 The BAFF and VAV1 Interaction
A SNP association study in a large multicenter 
cohort of Caucasians with AChR-Ab-positive 
EOMG analyzed several SNPs spanning 35 
candidate genes. Apart from the MHC region 
(HLA DRA and TNF), the only significant “sig-
nal,” albeit with modest association, was 
observed by analyzing the interplay between 
SNP alleles in VAV1 and allelic variants in the 
BAFF promoter region. The authors suggest an 
epistatic interaction, which is stronger than 
either gene alone, between VAV1 involved in 
T-cell proliferation and BAFF involved with 
maturation of B-cells [60]. Caucasians with 
EOMG compared to population controls 
showed a modest negative association with 
SNPs tagging the coding regions of two genes, 
VAV1 and BAFF, both of which encode pro-
teins involved in T-cell and B-cell functions, 
respectively [60]. The significance of these 
associations is unclear.

 Cytokine Polymorphisms
Various groups have performed case-control 
studies assessing the association of MG with 
interleukin gene polymorphisms. Variations in 
the interleukin-4 (IL-4) receptor alpha (IL4Ra) 
gene were reported to show an association in a 
European cohort [61], although this was not 
reproduced [62]. Several polymorphisms in the 
interleukin-10 (IL-10) gene have been reported 
to be associated with RA, SLE, and inflamma-
tory bowel disease. An association with a func-
tional homozygous polymorphism in the IL-10 
promoter region, resulting in “low” IL-10 
secretion, associated with a subgroup of late-
onset MG and thymoma MG [63]. A group 
from Turkey assessed several polymorphisms 
in the interferon- gamma, IL-10, and interleu-
kin-12b genes in a MG cohort comprising sev-
eral subgroups but found no significant 
associations after correcting for multiple com-
parisons [64].

Another cytokine, tumor necrosis factor 
superfamily IIA (TNFRS11A), was found to 
associate with Caucasians with AChR-Ab MG 
and older than 50 years in two independent 
GWAS cohorts [50, 57]. Therefore, TNFRS11A, 
which encodes the receptor activator of nuclear 
factor-κΒ important in the regulation of immune 
surveillance between T-cell and dendritic cells, 
appears to have a role in older individuals devel-
oping MG [50].

 TNFAIP3-Interacting Protein 1 (TNIP1)
A GWAS performed in Caucasians with EOMG 
showed a modest but significant association with 
TNIP1 [56] although an independent GWAS did 
not confirm this signal [49]. Gregersen et al. 
found several non-synonymous SNPs in the 
TNIP1 gene were almost twofold higher among 
the EOMG cases compared with controls [56]. 
TNIP1, a member of a family of proteins inter-
acting with transcription factors such as NF-KB1, 
has an inhibitory profile. Interestingly, mice with 
knock-in TNIP1 mutations showed elevated 
immunoglobulin levels and B-cell hyperactiva-
tion phenotypes [56].

 Cytotoxic T-Lymphocyte-Associated 
Protein 4 (CTLA4)
In a large Caucasian cohort comprising North 
Americans and Italians, SNPs in and flanking 
the CTLA4 locus were associated with MG at 
genome-wide significance level [50]. Although 
the CTLA4 +49A > G association was repli-
cated in a smaller cohort of older MG cases 
from Germany, the population frequency of the 
variant was high (MG 49% vs. controls 36%) 
[65]. Two candidate gene studies performed in 
China found associations with AChR-Ab-
positive MG and CTLA4, although one found 
the association with a promoter region SNP 
(rs733618) in only Chinese children with MG 
[33], whereas the other study found the same 
SNP association only in a combined cohort of 
older- and younger-onset MG [66]. CTLA4 
appears to be involved in the autoregulation or 
feedback control of activated T-cells and pos-
sibly B-cell expansion signals [50].
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 MG-Specific Candidate Genes

The predominant autoantigen in AChR-Ab- 
positive MG is the alpha subunit of the AChR 
encoded by the CHRNA1 gene. Previously, asso-
ciations with polymorphisms in the CHRNA1 
gene and MG subjects of European and African 
genetic ancestry were found [48, 67]. A rare func-
tional SNP (rs16862847) in the promoter region 
of the CHRNA1 gene was found to associate with 
early- onset Caucasian MG and more recently this 
association was replicated in a Chinese cohort 
[33, 68]. Giraud et al. showed that the alternate 
variant disrupted the binding of the interferon 
regulatory factor 8 (IRF8) thereby repressing the 
promoter activity of CHRNA1 in thymic epithelial 
cells in vitro; it is speculated that the consequent 
repression of alpha-subunit transcription in the 
thymus may impact on establishing self-tolerance 
to the autoantigen [68].

No associations have been found for genes 
that encode the beta and epsilon subunits of the 
AChR [22], but an association has been found 
with variants in the gene of the delta subunit [69].

 HLA Genetic Associations

The human leukocyte antigen (HLA) region on 
chromosome 6 was the first genetic region that 
was studied for association with MG in Europeans 
using serotyping techniques [24]. MG, like other 
target-organ autoimmune diseases, has been 
shown to associate with various class I (HLA-A, 
HLA-B) and class II genes (HLA-DR, HLA-DQ). 
These HLA genes encode molecules that present 
antigens to CD4+ T helper cells, which are neces-
sary to mount an adaptive immune response spe-
cific to foreign pathogens. In the case of 
autoimmune disease, HLA gene polymorphisms 
may impact on the structure of HLA molecules, 
which alter the affinity and presentation of self- 
antigens and thereby influence tolerance to self- 
antigens. The HLA gene loci are difficult to study 
due to their highly polymorphic nature and exten-
sive linkage disequilibrium (multiple HLA alleles 
which are co-inherited across different loci).

Table 5.2 presents HLA associations among 
MG subgroups by study population and geo-
graphical area. The HLA-A1, -B8, -DR3 haplo-
type (where DR3 designation implicates various 
DRB1 alleles based on their assigned serological 
specificities) is the earliest reported HLA associa-
tion in AChR-Ab-positive EOMG [24]. 
Subsequent candidate gene association studies 
have replicated the association with MG and 
HLA-B*08 and HLA-DRB1*03/*03:01. In 
AChR-Ab EOMG, HLA-B*08 has the strongest 
association in various northern and southern 
European populations and has been replicated in a 
GWAS study comprising Caucasians with EOMG 
[54, 56, 70]. In this EOMG cohort, HLA- B*08 
showed significantly stronger associations in 
women compared to men (OR = 6.9 vs. 3.6) [56]. 
Although the previously reported association sig-
nal for HLA-DRB1*03:01 was detected, it lost 
significance after conditioning on the HLA-B*08 
association signal, which indicates that the two 
alleles are closely associated and that the true MG 
association signal can be attributed entirely to 
HLA-B*08. The study also identified an associa-
tion signal for HLA-DRB*16 with AChR-Ab-
positive MG, which has also been found in 
previous candidate association studies of both 
AChR-Ab positive and MuSK-MG. A subsequent 
GWAS, also in Caucasians, failed to replicate the 
established HLA-A1, -B8, -DR3 haplotype asso-
ciation with EOMG but instead identified a sus-
ceptibility allele in the region of HLA-DQA1 
(rs601006) [50].

Numerous studies have found an association 
with various HLA-DQB1*05 alleles in AChR-
Ab- positive MG as well as MuSK-MG. However, 
since the HLA-DQ and HLA-DR loci are in tight 
linkage disequilibrium, it is possible that this 
HLA-DQB1 association signal may in fact be 
linked to the same predisposing HLA-DRB1*03 
locus particularly if the HLA-DQ genotyping 
was performed in isolation.

Childhood-onset ocular MG in Japanese and 
Chinese children, who were predominantly 
AChR-Ab negative, found a number associations 
with HLA-DR and -DQ alleles, excluding HLA- 
DQB1*03 (see Table 5.2) [71, 72]. These  findings 
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are consistent with associations with HLA-DR9 
serotype and ocular MG in Chinese children [73, 
74]. This suggests that juvenile MG may have a 
distinct immunological basis.

Few studies have been performed in LOMG. In 
Europeans with LOMG (over the age of 50) 
HLA-DRB1*15, which was part of the old 
HLA-DR2 serotype, and HLA-DQB*05:02 [37, 
75] have been found as risk alleles for MG. A 
GWAS in Caucasians with LOMG showed posi-
tive associations with several HLA loci although 
the strongest was a protective association with 
HLA-DQA1*05:01 [57].

Several relatively small cohorts of MuSK 
antibody-positive patients (n = 14–78) have 
been studied for HLA associations in case-con-
trol studies, but the results are strengthened by 
the reproducibility in populations from various 
geographical locations comprising cohorts 
from Northern and Southern Europe (includ-
ing Turkey), the Middle East (Iranian), and 
Far East (Japanese) [54, 76–79]. Although 
MuSK-MG is uniquely associated with HLA-
DRB1*14, it also shares allele associations 
with other MG  subgroups (HLA-DRB1*16, 
HLA-DQB1*05/*05:02). Similar HLA allele 
associations are found across different MG sub-
groups, which may not necessarily negate the 
theory that subtypes of MG have distinct HLA- 
risk profiles. For example, allelic forms of the 
DR and DQ HLA proteins among MG patients 
have an epistatic relationship, either acting 
together or modifying the effects of the other 
rather than being causative alleles in isolation 
[80]. This indicates that defining the “true” MG 
genetic association signal in subtypes of MG 
may require consideration of a broader HLA- 
DR- DQ haplotype rather than individual allelic 
associations at isolated loci. While HLA-DRB1 
alleles in the -DR3 serotype group have shown 
a consistent association in Caucasians, other 
HLA- DRB loci might be more relevant in 
Africans as African Americans with MG were 
previously reported to have an increase in DRB 
antigens classified in the HLA-DR5 serologic 
group [81]. No investigations of HLA associa-
tions have been performed in African 
populations.

 Epigenetic Regulation  
of Gene Expression

Epigenetics refers to events or conditions result-
ing in the reversible modification of DNA which 
impacts gene expression, but without modifying 
the DNA sequence. These epigenetic regulators 
may include chemical modifications of DNA 
(methylation) and histones (acetylation) as well 
as noncoding RNAs [93]. The epigenome is criti-
cal in determining whether genes can be actively 
transcribed or silenced in a given tissue. Factors 
arising from outside an individual such as envi-
ronmental triggers, drugs, or toxins or altered 
internal milieu such as hormonal influences may 
influence the activity of the DNA methylation 
machinery and consequently impact on gene 
expression. Indeed, women are thought to have 
an increased risk for developing many autoim-
mune diseases, and recent work suggests that 
estrogen may impact on the establishment of 
T-cell tolerance in the thymus by mediating DNA 
methylation changes to the autoimmune regula-
tor (AIRE) gene [94]. A -579G > T DNA methyl-
transferase 3B gene (DNMT3B) promoter 
polymorphism has been implicated in impaired 
methylation of tumor suppressor genes and to be 
associated with thymoma MG but not MG with-
out thymoma [95].

Circulating microRNA (miRNA) are small 
noncoding RNA species (20–22 nucleotides in 
length) that regulate gene expression by posttran-
scriptional silencing; miRNA molecules can rec-
ognize and bind to specific motifs in the 
untranslated region of mRNA transcripts (seed 
regions) and thereby target them for degradation. 
These molecules are encoded by the genome, may 
be influenced by infectious agents, and can have 
both widespread and tissue-specific effects. The 
genes encoding miRNA may also be subject to 
genetic variation, which may impact on pathways/
networks in complex diseases [96]. Studies exam-
ining the role of miRNAs in MG are emerging. 
However, since miRNA profiling captures 
dynamic signals (as opposed to a static signal of 
encoded DNA variation), it is difficult to correlate 
and summarize the MG-associated miRNA signa-
tures defined by small studies where the study 

5 Epidemiology and Genetics of Myasthenia Gravis



80

variables are not consistent. This is because spe-
cific miRNA signatures are likely influenced by 
factors such as the MG subtype and autoantibody 
profile, the sample origin (usually serum, periph-
eral blood mononuclear cells, or thymus tissue), 
and whether the sample was collected from 
treated or treatment-naïve patients. In addition, 
the normalization strategies applied in determin-
ing whether a particular miRNA is up- or down-
regulated are complex and sensitive to biases 
arising from small-sized cohorts which is a char-
acteristic of many studies performed to date.

Despite these limitations, some common 
themes are emerging with regard to miRNA dys-
regulation in MG. For example, the let-7 family 
of miRNAs may impact lymphocyte proliferation 
and can be influenced by bacterial proteins [39]. 
This is interesting given that several lines of evi-
dence now implicate a viral infection as a trigger 
for MG [39]. Punga et al. found let-7a-5p and let- 
7f- 5p were upregulated in the sera of MuSK-MG 
[97]. Another study found that miR-150-5p and 
miR-21-5p were upregulated and miR-27a-3p 
was downregulated in sera of AChR-Ab-positive 
MG patients [98]. Both miR-150-5p and miR- 
21- 5p are involved in the differentiation and 
immune response of T-cells, while miR-27a-3p 
influences natural killer (NK) cell cytotoxicity. A 
GWAS in Caucasians found a SNP variant in the 
zinc finger- and BTB-domain 10 (ZBTB10) gene 
which showed genome-wide significance for a 
negative (or protective) association with LOMG 
(see Table 5.1). This gene is thought to be regu-
lated by miR-27a which in turn may influence 
ZBTB10’s impact on Sp1, Sp3, and Sp4 tran-
scription factor signaling and its indirect effect 
on estrogen [57].

 Conclusion

The case-control GWAS association studies in 
MG, as is true for many other autoimmune 
diseases, have uncovered genetic variants 
associated with MG which are not uncommon 
in the general population. A number of candi-
dates have emerged which show consistently 
strong associations with MG subtypes; HLA-
B*08 strongly associates with EOMG in 
Caucasians and subjects from the Middle East 

despite occurring in 17% of the Caucasian 
controls [56]. MuSK-Ab- positive MG appears 
to associate with HLA- DRB*14 and 
-DQB1*05 in individuals with European, 
North African, and Asian genetic ancestry. As 
the “proportion” of MG predicted by an indi-
vidual’s genetic background is likely to be 
between 35 and 38% [50], it is postulated that 
several susceptibility genes with smaller effect 
sizes remain to be discovered.
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Clinical Presentations 
of Myasthenia Gravis

Jan B. M. Kuks

 Definition and Classification

The signs and symptoms of a postsynaptic neuro-
muscular junction disorder as myasthenia gravis 
(MG) result from fluctuating strength of the vol-
untary muscles. The degree of weakness is partly 
dependent on the exertion of a muscle group but 
also varies spontaneously over longer periods of 
time influenced by the immunological or hor-
monal factors, stress, medication use, or without 
apparent cause. The course of MG is difficult to 
predict, especially in the first years when relapses 
and remissions may be frequent. Most patients 
have a more stable course later on, and in the long 
term, full remissions may occur. All voluntary 
muscle may be involved but usually to varying 
degrees. In about 15% of the patients with MG, 
manifestations remain confined to the ocular 
muscles, while among others bulbar symptoms 
and signs predominate, even without any ocular 
symptom. Usually MG begins with a few isolated 
signs (Table 6.1) and extends to other muscles 
within a few weeks to a few months, and seldom 
over years. Apart from a certain degree of local 
muscle atrophy that may occur in a small part of 

the patients, no other neurological abnormalities 
are expected.

Most patients with myasthenic symptoms suf-
fer from the acquired autoimmune disease, myas-
thenia gravis with antibodies to the acetylcholine 
receptor (a-AChR). Another autoimmune post-
synaptic neuromuscular junction disorder is 
myasthenia with antibodies to muscle-specific 
tyrosine kinase at the end plate (a-MuSK). In the 
remaining group of acquired MG, about 50% of 
the patients may have antibodies against 
lipoprotein- related protein (LRP4). Acquired 
MG, developing at any age after birth, should be 
distinguished from transient neonatal myasthe-
nia, occurring in 10–15% of children of myas-
thenic mothers and congenital (hereditary) 
myasthenia, which is usually present at birth but 
may become apparent in the first years of life, or 
at times in adulthood.

 Clinical Manifestation

 Ocular

Ocular symptoms are the most frequent manifes-
tations of MG. No consensus is found in the lit-
erature about the ocular symptom that most 
frequently appears first: ptosis or diplopia. 
Further, any of the extraocular muscles may be 
involved in isolation or in combination leading to 
horizontal, vertical, or diagonal double vision. 
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The inferior oblique muscle is most frequently 
involved [1]; purely horizontal double vision is 
relatively rare and should make considering other 
diagnoses. Ptosis is often asymmetric and may 
fluctuate in degree and in response to contralat-
eral action (see Chap. 7, Ocular Myasthenia). In 
cases of symmetric ptosis, blepharospasm should 
be excluded. The patient is immediately aware of 
double vision as it occurs acutely, but a mild pto-
sis may escape attention. Some patients appreci-
ate fluctuation of the diplopia and may be able to 
characterize the nature of the double images 
themselves. Others only complain of blurred 
vision, which becomes normal when viewing 
with one eye. Patients may complain of worsen-
ing of their symptoms by bright light and prefer 
to wear sunglasses. Patients with isolated fluctu-
ating ocular symptoms with no other evidence of 
weakness form a distinct group of “ocular myas-
thenia”; in contrast there are rare patients who 
never have ocular symptoms. In cases of binocu-
lar ophthalmoplegia, MG may mimic brainstem 

disorders, and importantly, MG should not be 
confused with oculopharyngeal dystrophy, thy-
roid, or mitochondrial myopathy.

 Bulbar

In neurological jargon, “bulbar muscles” are 
those innervated by motor neurons originating in 
the pons and the medulla oblongata (cranial 
nerves V, VII, IX, X, XI, XII). The most frequent 
of the bulbar signs among patients with severe 
MG is facial weakness, which may be asymmet-
rical (in some patients the initial diagnosis is con-
fused with Bell’s palsy), but this asymmetry is 
rarely as pronounced as that seen with ocular 
signs. Facial weakness usually develops insidi-
ously and only appreciated in retrospect. 
Although sensory loss is uncharacteristic for 
MG, some patients complain of stiffness, 
numbness like the sensation of dental anesthe-
sia, and sometimes paraesthesias or even 

Table 6.1 Clinical manifestations of myasthenia gravis

Early onset 1–39 years Late onset 40–85 years Thymoma Total

Ocular diplopia 70 (14)a 84 (36) 17 (1) 171

  Ptosis 55 (16) 36 (12) 14 105

  Ptosis and diplopia 64 (10) 47 (18) 15 126

Bulbar articulation 43 5 6 54

  Face 20 2 22

  Chewing 1 6 3 10

  Swallowing 7 4 1 12

  Neck muscles 2 5 4 11

  Combined 23 20 16 59

Oculo-bulbar 25 17 30 72

Limbs arms 15 3 4 22

  Hands or fingers 12 1 2 15

  Legs 45 6 1 52

  Combined 29 5 5 39

Generalized 4 5 16 25

Respiration 4 2 4 10

Total 419 (40) 248 (66) 138 (1) 805
a Initial signs of MG reported by the author’s patients. In parentheses are number of the patients who remained purely ocular 
during the follow-up. This was the case in only 1 patient with a thymoma, in 9.5% in the early-onset group, and 26.6% in 
the late-onset group. The ocular muscles were involved at onset in 59% of all patients, the bulbar muscles in 30%, and the 
ocular and bulbar muscles combined in 80%. Of the 10 patients with initial respiratory signs, 8 had a prolonged apnea 
without previous weakness, and 2 were children with high fever. The onset with ocular signs was more frequent in the late-
onset group than in the early-onset group (74% vs. 51%). Limb muscle weakness was more frequent in the early-onset than 
in the late-onset group (25% vs. 8%). Patients with thymomas had the highest incidence of bulbar signs at onset (55% vs. 
31% in the early-onset and 26% in the late-onset group)
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 hypalgesia. At rest, the facial expression may be 
unremarkable, but any expression of emotion, 
and particularly laughing, betrays the loss of nor-
mal function. Observers may ask why a patient 
appears sad or angry, whether they show misery 
or laugh. A classical feature is the myasthenic 
sneer (“snarl” or the “rire verticale,” Fig. 6.1a). 
Since weakness of the upper part of the face is 
also present, laughing makes the eyelids droop, 
even if ptosis is not noticeable at rest.

Orbicularis oris weakness is first noticed by 
the inability to whistle or kiss, in sneezing force-
fully, in eating soup with a spoon, or by dysar-
thria. Insufficient strength of the orbicularis oculi 
may cause problems in keeping the eyes closed 
while washing the face or hair. Several of our 
patients complained that they could not close one 
eye and keep the other open while taking photo-
graphs. If the eyes are not completely closed dur-
ing sleeping, they may be irritated on awakening. 
With severe weakness, patients may avoid social 
contacts because of their facial symptoms.

Speech difficulties manifesting as nasality of 
the voice or a difficulty in articulation are the 
most common at onset of MG. More than any 
other symptom, dysarthria is likely to occur ini-
tially under the influence of emotions. At first, it 

is frequently an isolated and fluctuating symptom 
that disappears after a period of silence; later on 
it may disturb intelligibility in a considerable 
way. Drunken speech, lisping, slurring, or nasal 
speech may occur. Loss of air through the nose 
may be heard in patients with palatal weakness. 
In a minority of patients, the voice first becomes 
weaker in volume, but not dysarthric. Some 
hoarseness may occur, but aphonia is not a sign 
of MG. Obstruction of the airways by weakness 
of the vocal cords has been reported [2, 3]. In 
general, dysarthria and nasality occur, while the 
volume remains normal. In the case of a hyperna-
sality (“spastic dysarthria”), motor neuron dis-
ease should be considered, but differentiating 
from MG may be difficult [4].

Weakness of the tongue may lead to problems 
in pronunciation of d, t, and s. Some patients 
complain that their tongues are thick and do not 
fit in their mouths. The time needed for eating a 
meal increases, and conversation becomes diffi-
cult while eating.

Chewing may be difficult at the end of the 
meal, or the problem may be first appreciated 
when chewing bubble gum or eating peanuts. If 
observed while eating, some MG patients support 
their jaws, under the lips and the floor of their 

a bFig. 6.1 A 36-year-old 
man with typical facial 
weakness. (a) In an 
attempt to close the 
eyelids firmly, the 
eyelashes remain visible, 
and the orbicularis oris 
weakness is evidenced 
by the straight smile.  
(b) He needs to support 
his jaw by holding his 
mouth closed
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mouth, in order to counteract gravity and to 
“chew with their hands.” A characteristic posture 
is seen in Fig. 6.1b.

Swallowing difficulties may be due to weak-
ness of the lips, the tongue or pharyngeal mus-
cles, and, often, a combination of these. They 
may be worsened by incomplete crunching of 
food in patients with chewing problems. 
Swallowing in some patients improves if they 
turn their head. Regurgitation of fluids through 
the nose is a sign of palatal weakness. 
Insufficiency of the upper pharyngeal muscles 
results in the sensation that food is sticking in the 
throat. Weakness of lower pharyngeal muscles 
may cause an inability to pass ingested food with 
a globus sensation. Retrosternal feelings of 
obstruction should not be considered related to 
MG. Laryngeal weakness may lead to coughing 
after swallowing. Severe impairment of swallow-
ing accompanies drooling of saliva, choking, and 
ventilatory insufficiency.

Patients with dysphagia commonly report a 
preference for cold food. This may relate to 
improvement in neuromuscular transmission pro-
duced by relative cooling of the muscles.

An important symptom correlating well with 
the severity of dysphagia is weight loss, and 
many of our patients with bulbar manifestations 
provide a history of 5–10 kg of weight in the 
3–6 months prior to diagnosis. Weakness of neck 
muscles may result in difficulty in balancing the 

head, which is particularly troublesome if the 
patient works in a bent position. Complaints 
about stiffness, vague pains in the neck and the 
back of the head, and occasionally paraesthesias 
are then common, and nearly always set the doc-
tor on the wrong track searching for cervical 
spine pathology.

Bulbar weakness is not always easily assessed, 
and quantification may be difficult. Dysphagia 
may be evaluated clinically and electrophysio-
logically. On clinical examination, the patient 
cannot blowout their cheeks without air escaping, 
if pressure is applied to the cheeks by the exam-
iner’s fingers. The closed eyes may be opened 
with one finger by the examiner, or the eye lids 
cannot be closed completely. The most sensitive 
functional test of the muscles of articulation is 
speaking aloud without interruption. An easy test 
is counting (l01, 102, etc.) or reading aloud. A 
certain degree of quantitation of examination 
findings is possible by noting when dysarthria or 
nasal twang is appreciated to the time when the 
patient becomes unintelligible (Fig. 6.2).

Weakness may lead to inability to protrude the 
tongue and reach the frenulum of the upper lip. If 
the tongue is pushed against the inner cheek, the 
degree of weakness can be appreciated directly 
by the examiner. Palatal weakness may be dem-
onstrated, if peak-flow volume measures improve 
after pinching the nose. Weakness of the sterno-
cleidomastoids and of the neck muscles may be 
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appreciated on routine testing. A useful func-
tional test is having the patient lift their head in 
the recumbent position, and the individual should 
be able to look at their toes for 60 s.

Several tests and devices that provide quanti-
tative measures of bulbar function among MG 
patients have been developed [5–8].

 Limb, Trunk, and Respiratory

A minority (15–20%) of the patients complain 
first of weakness of arms, hands, or the legs. 
Among patients under age 30 years, limb weak-
ness, especially of the legs, was the first sign in 
one third of our patients. Perhaps, this is related 
to younger individuals placing these muscle 
groups into situations of heavier loading, for 
example, during sports. Inability to maintain arm 
position or repetitively elevate the upper extrem-
ity, e.g., when hanging laundry, hammering a 
nail, or washing hair, is a common complaint. 
Isolated weakness of one or more extensors of 
the fingers, usually the fourth or fifth, may be dif-
ficult for the doctor to interpret and sometimes 
leads to the misdiagnosis of a peripheral nerve 
compression. Selective triceps muscle weakness 
has been reported more than once [9].

Leg weakness frequently leads to falls, and 
several of our patients had MG diagnosed after a 
fall from stairs. If the first manifestations are 

weakness of the limbs or of the trunk muscles, 
most patients complain of undue fatigability and 
peculiar feelings of heaviness. Most patients 
have both arm and leg symptoms, but often one 
predominates, and the differential fatigability 
may be confirmed by examination (Fig. 6.3).

Fluctuating pain in the back and girdle mus-
cles occurs in some patients and is readily 
explained as an insufficiency of the postural mus-
cles. Chronic pain is not a feature of 
MG. Furthermore many patients with postsynap-
tic myasthenia report muscle cramps irrespective 
of the use of anticholinesterases or cyclosporine; 
this complaint may be respond to antiepileptics, 
such as phenytoin, without worsening the 
myasthenia.

Weakness of the respiratory and other trunk 
muscles is rarely the first, isolated sign of the 
disease but may be the first manifestation that 
brings a patient to medical care. We have only 
seen this in rapidly evolving generalized MG in 
children with coincident infection or as an effect 
of curare during narcosis (“prolonged apnea”). 
Some patients report short periods of altered 
awareness with inspiratory stridor, which are 
often the forerunners of longer-lasting and life-
threatening attacks. Rarely, short episodes of 
unconsciousness occur, which may not be recog-
nized as caused by sudden apneas. Ventilatory 
symptoms should always lead to a rapid 
hospitalization.

Fig. 6.3 Extended arm 
test. The patient is asked 
to lift his arms with 
hands in pronation. 
Normally, this position 
usually may be sustained 
for at least 3 min. 
Myasthenic weakness 
may lead the patient to 
drop one or both arms. 
Weakness of one of the 
extensor digitorum 
muscles (especially of 
the fourth finger) may 
become manifest with 
this test
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Pelvic floor weakness occurs in our experi-
ence mostly in combination with upper leg weak-
ness and may lead to stress incontinence, 
especially in female patients.

Pure limb girdle myasthenia with junctional 
autoantibodies has been reported [10]. The diag-
nosis may be delayed because of resemblance to 
other myopathies, especially in familial forms. 
The Lambert-Eaton myasthenic syndrome 
always should be taken into the differential diag-
nosis of fluctuating proximal limb girdle weak-
ness with or without cranial nerve symptoms, 
especially if the patients report autonomous 
symptoms (dry mouth). Using manual and hand-
held dynamometer evaluation, nearly 30% of 
MG patents were found to have permanent fixed 
muscle weakness, especially in shoulder abduc-
tors, and more commonly among men than 
women [11].

Distal myasthenia gravis [12, 13] is another 
diagnostic challenge, which may be confused 
with pure motor “peripheral nerve lesions.” If a 
patient is suspected to have MG, it is essential to 
test muscle strength after exercise. All tests 
designed to measure the capacity to do muscle 
work require the cooperation of the patient. In 
general this presents no difficulties, but the exam-
iner must discern true weakness from a nonor-
ganic failure to generate maximal muscle force.

The following procedures in the assessment of 
muscle strength and exhaustibility are useful. 
Firstly the strength of individual muscle groups 
is tested after rest. Accuracy is improved by using 
a hand-held dynamometer and the adoption of 
fixed postures. After moderate exertion, which 
does not decrease the strength of normal muscles, 
the strength of the patient is measured again. 
Moderate exertion may be standardized as fol-
lows [14]:

 1. The arms, as well as the hands and fingers, are 
stretched horizontally (see Fig. 6.3). This 
position should be maintained for 3 min. 
Without trembling or shaking. The patient 
may require some encouragement performing 
the maneuver. Increasing weakness will pro-
duce some shaking or a gradual drooping of 

arms, hands, or fingers. If weakness is mini-
mal, it may only be detected by measuring the 
strength again after 3 min of exertion. This 
test is sensitive but not specific. Patients with 
other neuromuscular diseases may not be able 
to maintain their arms outstretched for more 
than a minute, but the strength before and 
after this effort remains the same.

 2. Grip strength on repeated contraction may be 
measured with a hand-held dynamometer. A 
simple ergometer can be made out from a 
blood pressure manometer.

 3. Patients should be able to perform knee bends, 
or in older people rise, from a standard chair 
repeatedly without the aid of the arms 20 times.

 4. Walking on tiptoes and on the heels at least 30 
steps.

 5. Straight leg rising to 45° for 1 min in the 
recumbent position.

 6. Vital capacity and peak-flow measurements 
should give normal values five times in a row. 
The results of these tests may be compromised 
by the weakness of the lips or palate.

Among most patients with a generalized MG 
but without actual or previous dyspnea, a 
decrease of the vital capacity and other respira-
tory parameters is found, and even, in 40% of 
pure ocular cases, the vital capacity may be 
decreased [15]. Routine lung function tests show 
that the vital capacity is decreased to a greater 
extent than the forced expiratory volume. In 
most patients, peak- flow or vital capacity mea-
surement is a valuable tool in the follow-up and 
is done easily at any time and circumstance. 
Most of these tests are quantifiable, and the 
patient can perform some of them at home, to 
obtain a reliable picture of diurnal and periodic 
fluctuation. According to the complaints of the 
individual, other tests may be appropriate. A sur-
vey of the examinations that are used in our 
practice is given in Table 6.2 [16]. The data 
acquired may show a convincing difference 
between the strength at rest and after exertion. 
They can also serve as a frame of reference in 
the evaluation of the effect of anticholinesterases 
and other treatments.
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 Muscle Atrophy

From a clinical viewpoint, localized muscle atro-
phy is detectable in about 6–10% of the patients 
with MG [17, 18], and a still higher percentage is 
reached if patients with permanent ophthalmo-
plegia are included. Remarkably few details 
about the distribution of the atrophy are found in 
the literature, but atrophy of the tongue is partic-
ularly appreciated (Fig. 6.4). In our patients 
localized muscle atrophy occurred in 9% of 
early-onset patients, 8% of late-onset patients, 
and 12% of the patients with thymomas [19]. In 
the limbs we found mainly shoulder muscles, 
forearm muscles (finger extensors), and foot 
extensor muscles were affected. Atrophy in bul-
bar muscles was more frequently found in our 
series; some of these patients are now recognized 
having a-MuSK myasthenia [20].

 Non-motor Symptoms

Clinical experience with MG patients does not 
raise suspicion of central nervous system involve-
ment, but some patients may have non-muscle- 

Table 6.2 Clinical investigation of the patient with 
myasthenia gravisa

Inspection of the head at rest

  •  Note ptosis of the eyelids (usually 
asymmetrical), ocular deviations, or drooping of 
the head

  •  Facial weakness may be manifested by 
disappearance of the nasolabial fold and loss of 
expression

  •  Weakness of the neck- or cheek muscles may be 
masked by supporting the jaw

  •  Ptosis may be compensated by lifting the 
eyebrows

  •  There may be tilting or rotation of the head to 
minimalize diplopia

Ocular functions

  •  Looking straight toward a bright light provokes 
ptosis

  •  Looking aside or upward for 60 sb provokes 
ptosis, especially on the side of abduction

  •  Diplopia may occur after sustained lateral/
vertical gaze (maximal 60 sb, not further than 
45° from the midline)

Bulbar functions

  •  Test peak expiratory flow or vital lung capacity 
with and without nose clips to detect palatal 
weakness

  •  Repeated closing of the eyes tightly provokes 
weakness of the ocular orbicular muscle; eye 
lashes may remain visible in spite of firmly 
closing the eyelids

  •  Nasal speech may occur after counting 101–199. 
Note the number where dysarthria or nasality 
occurs

  •  Masseter function may be tested by biting on a 
spatula before and after 100x closing the mouth 
with click

  •  Swallowing a glass of water may not be possible 
without coughing or regurgitation through the 
nose

Neck musculature (tests in horizontal position)

  •  Keeping the head raised for 120 sb (“look at your 
feet”)

  • Raising the head repeatedly (20×)

Arm (test in sitting position)

  •  Arms stretched forward in pronate position (90°) 
for 240 sb

    –  Note the beginning of trembling or shaking 
of the arm/hand

    –  Note drooping of individual fingers

Hand

  •  Inflation of sphygmomanometer until 
300 mmHg

Table 6.2 (continued)

  •  Fist closing/opening with fingers joined together 
(no digital abduction allowed) (70×)

  •  Hand grip with a dynamometer (dominant hand 
≥45b (men) or ≥30b (women) kgW, non-
dominant hand ≥35b and ≥25b kgW, 
respectively)

Leg

  •  Hip flexion (45° supine in horizontal position) 
for 100 sb

  • Deep knee bends (20×)

  •  Rising from a standard chair without the use of 
the hands

Ventilatory function

  • Vital capacity or peak-flow in rested condition

  •  Vital capacity or peak-flow may decrease after 
repeated testing (5–10×)

a Test muscle force directly before and after repetitive 
activity

b Maximal values according to recommendations of the 
medical scientific advisory board of the Myasthenia 
Gravis Foundation of America [19]
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related complaints. Non-motor symptoms in MG 
can be attributed to concomitant diseases, espe-
cially in patients with a thymoma [21], or occur 
without a relation to other disorders. Such com-
plaints are not related to acetylcholine receptor 
antibodies from MG patients, since these do not 
bind receptors extracted from the human brain, 
and, therefore, complaints do not arise from auto-
immune targeting of central cholinergic receptors 
[22]. Chronic disease with feelings of unwellness 
in and of itself may lead to compromised cognitive 
functioning. Some studies suggest that MG 
patients perform worse on a range of cognitive 
tests [23].

Antibodies directed to the ganglionic acetyl-
choline receptor may cause autonomic neuropa-
thy, and these antibodies incidentally have been 
found in a-AChR MG as well causing gastroin-
testinal to panautonomic failure, and the same 
was found in MG patients without these antibod-
ies, especially in patients with a thymoma. Cross- 
reactivity of nicotinic AChR antibodies has been 
postulated [24]. Sympathetic hyperreactivity was 
found in a mixed group of MG patients [25] and 
parasympathetic cardiac impairment in patients 
with [26] and without a thymoma [27]. Although 

MG is primarily a disease of the acetylcholine 
receptor on the postsynaptic muscle membrane, 
some indications exist that somatosensory, audi-
tory, and visual pathway involvement could 
occur [28].

 Fatigue

Weakness, and not merely “fatigue,” is a sign of 
MG. However, MG patients complain of a non-
specific feeling of fatigue more often than control 
subjects [29]. This is not related to the degree of 
muscle weakness [30] but nevertheless may limit 
activity level. On the other hand, some patients 
appreciate that prolonged weakness after unusual 
activity. Although it is difficult to quantitate 
fatigue, we feel fatigue never should lead to start 
or adjust immunomodulation in a given patient. 
Other factors may play a role: fatigue caused by 
the use of steroids or adverse effects of other 
medications, sleepiness related to obstructive 
sleep apnea syndrome, depression in the context 
of a chronic disease, autonomic dysfunction [31], 
concomitant autoimmune or hormonal disorders 
and deconditioning.

 Differential Diagnosis

Making the diagnosis of MG in the patient with 
a-AChR antibodies is not difficult. If no autoanti-
bodies are found, the history, results of clinical 
examination, reaction to anticholinesterases, or 
findings on electrodiagnostic testing may strongly 
point to the diagnosis. Nevertheless, the diagno-
sis may remain difficult in a small subgroup of 
patients, in particular, those patients with purely 
ocular manifestations. If the patient has bulbar 
symptoms, one might need to consider other neu-
romuscular diseases such as amyotrophic lateral 
sclerosis, oculopharyngeal dystrophy, bulbar spi-
nal atrophy, or myotonic dystrophy. Of course, 
brainstem pathology may also lead to bulbar 
manifestations. Some patients with isolated com-
plaints and signs of dysarthria may have no 
organic disease. Isolated dysphagia may be due 
to a mechanical impairment or to a disturbance in 

Fig. 6.4 A 60-year-old man with atrophy of the tongue. 
Note the presence of one medial and two lateral furrows, 
which define the “triple furrowed tongue.” MG existed 
from early infancy, and was diagnosed at age 52
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the parasympathetic innervation of the esophagus 
(achalasia). Focal dyskinesias may also need to 
be considered in certain patients.

In the patient seronegative for a-AChR and 
a-MuSK with predominant limb weakness, the 
possibility of Lambert-Eaton myasthenic syn-
drome surpasses that of MG. Other acquired 
 diseases with more or less fluctuating weakness 
of the limb and trunk muscles include motor neu-
ron disease, myositis, endocrine myopathies, and 
mitochondrial myopathies. The slight benefit 
appreciated with cholinesterase inhibitor treat-
ment in these diseases should not be considered 
as evidence of MG. Neck extensor weakness may 
be a prominent or initial manifestation of MG but 
also occurs with motor neuron disease and myo-
sitis. There is also an isolated neck extensor 
myopathy that develops over 3 months without 
leading to further weakness [32]. Finally, some 
patients just have complaints of muscle pain or 
muscle fatigue without objective weakness. 
These symptoms are not suspicious for MG.

 Clinical Subtypes

Several clinical subtypes may be recognized 
according to antibodies, clinical symptoms, and 
age at onset. These may be important for making 
therapeutic decisions [33, 34]. Classifications 
may overlap. Firstly congenital and acquired 
must be distinguished. Then there is the differ-
ence between juvenile-onset MG (age of onset 
between 1 and 16 years) and adult MG. In adult 
MG there is a difference between ocular and gen-
eralized myasthenia. The first being seronegative 
(50%) or seropositive (50%) for a-AChR anti-
bodies. For generalized myasthenia there is dif-
ference between patients seropositive for a-AChR 
antibodies, seropositive for anti-MuSK antibod-
ies, and seropositive for LRP4 antibodies or agrin 
antibodies and (still) seronegative patients. Anti- 
MuSK myasthenia is characterized by relatively 
severe bulbar symptoms, limited reaction to cho-
linesterase inhibitors, probably no effect of thy-
mectomy and association with HLA DR14-DQ5 
[35]. There is no clear clinical difference between 
a-AChR-positive patients and non-MuSK patients 

[36]; however, in the latter category, thymectomy 
cannot be recommended.

For a-AChR positive MG, the author finds the 
analysis of Compston et al. in categorization of 
patients with acquired MG useful [37]: (1) purely 
ocular MG (weakness restricted to the palpebral 
levator and the extraocular muscles), (2) early- 
onset generalized MG (clinical onset prior the 
age of 40 years) associated with HLA DR3-B8, 
(3) late-onset generalized MG (onset after age of 
40 years) associated with HLA DR-B7, and (4) 
patients with a thymoma, with onset at any age. 
Nowadays most authors divide early and late 
onset according to an age of onset before or after 
the age of 50 years. Patients from the second cat-
egory probably derive more benefit from thymec-
tomy than others do.  Anti-striated muscle 
antibodies mainly are found in the third and 
fourth categories.

 Disease Course

The initial manifestations of MG have a highly 
variable pattern and evolution among patient. 
Patients, when treated and relieved of their symp-
toms, often appreciate that they have suffered 
from MG longer than initially perceived. There is 
a tendency of spread to muscle groups beyond 
those initially affected, and only in 10% [38] to 
16% [39] of the patient’s weakness confined to 
the ocular muscles in the first 3 years (Fig. 6.5), 
yet after 3 years generalization occurs in only 
3–10% of these purely ocular patients [18, 38, 
39]. It is rare for weakness to remain confined to 
the bulbar muscles or to the muscles of the 
extremities.

In most patients the diagnosis is made in the 
second year after symptom onset, but longer 
delays are not unusual [18, 38] especially for 
early-onset women. One reason for this delay 
found in our study of 100 consecutive patients is 
the more rapid progression of weakness in men 
than in women in the first 3 months of disease 
onset [40]. Patients with limited or predominant 
limb muscle weakness had a higher chance of a 
missed diagnosis. In general, severity of illness 
increases in the first years of the disease, with a 
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Fig. 6.5 Only ocular 
signs at onset were 
present in 39% of 
early-onset, 58% of 
late-onset, and 27% of 
thymoma patients. After 
3 years other muscle 
groups were involved in 
84% early-onset, 68% 
late-onset, and 96% 
thymoma patients. At 
the end of the follow-up, 
9.6% early onset, 26.6% 
late-onset, and 1% of 
thymoma patients 
remained purely ocular 
[19]
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Fig. 6.6 Pictorial representation of a case history of a 
patient with MG. Onset of MG occurred with dysarthria 
during a stressful situation with generalization 6 months 
later, while exacerbations during infections and improve-
ment during pregnancy were observed. During a wartime 
period, oral prostigmin was replaced by subcutaneous 
injections (0.5 mg six times a day) because tablets were 
scarce. The patient improved very gradually after the age 

of 30, and after the age of 45, only slight weakness was 
present. Several major operations in the last 10 years were 
performed without development of weakness. She has 
been reluctant to discontinue medication (prostigmin 
7.5 mg and Mestinon 10 mg three times a day). The sever-
ity of symptoms is expressed using a six-point disability 
score: 0 no symptoms and 5 dependent on artificial venti-
lation [37, 39]

tendency to stabilize, improve, or even resolve 
after many years. A typical case history is sche-
matized in Fig. 6.6.

Severe exacerbation of MG leading to 
 myasthenic crisis occurs usually in the first years 
[39, 41, 42] of the disease and rarely in the first 
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weeks of onset. One exception is for children 
with MG with an infection or with rapidly pro-
gressive bulbar symptoms that lead to choking 
and a poor cough. In these patients crises occur 
more often with gradually increasing generalized 
weakness during respiratory infections induced 
by aspiration. Crisis in MG is life-threatening 
and demands aggressive treatment with immuno-
modulating strategies to minimize the duration 
(Chap. 12).

The mortality of MG has been reduced from 
30% to zero in the past decades [37, 38, 40]. 
Spontaneous long-lasting remissions are rare in 
the first years, but in the long-term they are 
expected in 10–20% of patients [39–41]. Patients 
with ocular MG have a higher remission rate than 
those with the generalized disease [39, 42].

 Exacerbating Factors

Certain events are recognized as unfavorably 
influencing the course of MG and may unmask 
subclinical MG. Of particular importance are 
infectious diseases with fever, psychological stress 
(but see Chap. 18), hyper- or hypothyroidism, and 
certain drugs such as antimalarial-drugs (quinine, 
chloroquine), aminoglycosides, beta- adrenergic 
receptor blocking drugs, and d- penicillamine [43, 
44]. Some experts recommend avoidance of vac-
cinations; others feel they are safe [45]. Patients 
under immunosuppression are advised by some to 
stop treatment for 2–3 weeks before immuniza-
tion, if appropriate [46].

The effect of pregnancy on MG is subject to 
conflicting reports: improvement or deterioration 
or no influence, each one third in all the series 
[47]. Most patients improve in the second part of 
their pregnancy [47]. In a prospective investiga-
tion of 64 pregnancies, MG relapsed in 4 of 23 
asymptomatic patients who were not on therapy 
before conception: in patients under treatment, 
MG improved in 12 of 31 pregnancies, remained 
unchanged in 13, and deteriorated in 6. MG 
worsened after delivery in 15 of 54 pregnancies 
[48]. Minor exacerbations are experienced 
3–10 days before menstruation by at least one 
third of the women [38, 49].

The effect of ambient temperatures has not 
been studied extensively. Hot weather in particu-
lar is reported to increase weakness [18, 50] and 
may even induce a crisis [51]. In our experience, 
the individual response varies considerably, and 
several of our patients are considerably better in 
warm weather.

 Special Considerations

 Incidence and Prevalence

The annual incidence of MG is 3–5 per million 
[52–54]; incidental reports mention higher inci-
dences up to 21 [55, 56]. The prevalence is 
about 60 per million [52–54, 57–60], in some 
surveys even higher up to 150 [61]. A striking 
difference of prevalence was appreciated 
between cities and rural areas [57] but may be 
due to variation in populations and medical 
facilities. The prevalence seems to be increasing 
in the last decades, probably influenced by new 
diagnostic tests, more attentiveness by multime-
dia and social networks, a decrease of mortality 
rate, an increase of life expectancy [62], and 
comprehensive methods of case identification 
[62–67]. Nowadays, MG is rather a disease of 
the elderly than of young women [64]. In 
Virginia the incidence and prevalence were 
found to be higher in the African-American 
population than in the corresponding Caucasian 
population. Ocular myasthenia comprised 25% 
of this group of patients [58], which was higher 
than observed in previous series. In our own 
patient group, we estimate 90% of the general-
ized patients having a-AChR antibodies and 3% 
having anti-MuSK [68].

 Age, Gender, and Classification

MG may have its onset at any age. In general, 
women are affected twice as often as men, in the 
childbearing period even three times as fre-
quently, while the incidence is about equal before 
puberty and after the age of 40 [54, 60, 69, 70]. 
The relative incidence is highest in women in the 
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third decade [52, 54], and in some series a late 
peak is found in older men [39, 54, 71]. Several 
authors mention an increase in incidence of 
elderly-onset patients [72, 73], and this is 
explained by population aging and probably 
environmental factors.

Ocular myasthenia occurs in about 15% of 
patients and has a higher prevalence in men, 
especially over the age of 40 [60, 74]. Age at 
onset, gender, type, and incidence of thymomas 
in the author’s series of 800 patients are given in 
Fig. 6.7. A relatively higher onset (22%) in the 
first decade, or 36% before puberty, is reported 
from Chinese populations [75, 76], and the dis-
ease remains restricted to the ocular muscles in 
more than 50% of patients. However, the inci-
dence of congenital cases is unknown in these 
series.

 Acquired Juvenile MG
The prevalence of patients with disease onset in 
the first decade in European and American series 
varies from 1 to 3%, which is lower than the 
overall prevalence in the population. A relatively 
greater prevalence was found in Japanese [74] 
and Chinese [76] populations, with a peak at 
2–3 years of age for ocular myasthenia. The rela-
tively higher incidence of ocular myasthenia in 
prepubertal MG was also found in a European 
series [77].

The prognosis of juvenile MG is usually 
favorable, although exacerbations may occur 
with fevers. In sporadic cases, a fulminating 

onset with life-threatening respiratory insuffi-
ciency may occur. The incidence of a-AChR anti-
bodies is lower than in adults, so that this test 
cannot be used to differentiate between congeni-
tal and autoimmune MG. The outcome of infan-
tile (onset 1–17 years) [77] or juvenile MG (onset 
1–20) [78] is comparable with the adult forms, 
and the same treatment modalities are used 
although it seems justified to be less aggressive 
with immunomodulation in prepubertal children 
[72, 79].

 Myasthenia Gravis in the Elderly
There are several clinical and epidemiological 
reasons to differentiate between patients with 
late-onset and early-onset MG. Thymoma is 
more common in late-onset patients, the 
response to thymectomy is more uncertain than 
in younger patients, a-AChR titers are lower 
[80], and antibodies to other muscle compo-
nents than the acetylcholine receptor are more 
often found among these patients [81–83]. 
Although there are no differences between the 
manifestations in patients with late-onset MG, 
progression to severe disease may be more com-
mon in late-onset MG. There is a somewhat 
increased incidence of weakness of bulbar mus-
cles [84], which cannot be attributed to the 
increased incidence of a thymoma [81]. 
Immunomodulating therapies are effective [80], 
but elderly patient may be at increased risk of 
side effects, in particular for corticosteroids [19, 
81, 84].
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Fig. 6.7 Clinical and 
demographic data from 
805 patients with MG 
evaluated between 1960 
and 1994 [19]
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 Myasthenia Gravis and Thymoma
The incidence of thymoma is about 15% among 
MG patients [60] with late-onset patients being 
more commonly affected (see Fig. 6.7). Generally, 
the course of MG is more severe, and crises occur 
more often than in patients without thymomas 
[38, 69]; however, there are contradictory studies 
[85]. Patients with thymomas more often have 
onset of MG with bulbar manifestations (see 
Table 6.1). Complications related to the thymoma 
contribute to a worse outcome, but myasthenic 
manifestations respond to treatment similarly in 
thymoma and non-thymoma patients. In our own 
series [19] of 138 patients observed from 1960 to 
1994, 16 patients died from complications of the 
tumor. In the remaining group, 20 died from MG 
(all before 1984, only two had immunosuppres-
sive therapy), and 55 patients went into remission 
with (n = 37) or without (n = 18) immunosup-
pression. Death related to MG occurred in close 
to 3% and full remission in nearly 40% of our 
537 non-thymoma patients with generalized dis-
ease. Our data suggests that the natural course of 
MG with a thymoma is more unfavorable but that 
the outcome with immunomodulation is the same 
as in non-thymoma patients with MG.

 Other Autoimmune Diseases

The hypothesis of the autoimmune pathogenesis 
of MG was partly based on the occurrence of 
other autoimmune disorders among MG patients 
[86]. Many associations of MG with other auto-
immune diseases are reported in large series [38, 
52, 54, 59, 87]. The frequencies vary from 2 to 
nearly 25%, with a mean of 13% compared with 
that of a US series of 3% [85].

 Familial Myasthenia Gravis

Although MG is not considered as a hereditary 
disease with a definite mode of genetic transmis-
sion, familial cases are reported in 1–7% of 
patients [18, 59, 67, 69, 83–92]. In an analysis of 
72 familial cases reported up to 1970, 39% 
belonged to the congenital type (onset before 

2 years of age), 22% had occurred between 3 and 
18 years, and 39% over the age of 18. In 76% 
they occurred in one generation, in 24% in two 
generations, but never in three. In 85% of the 
families, two members had MG, in 10% three 
and rarely more [89]. In twin studies, 6 out of 15 
monozygotic twins both were affected but none 
out of 9 dizygotic twins [93].

Recently, 4 separate families each with 2 
affected members were described out of a total 
of 800 patients [94]. In seven of the eight 
patients, a-AChR antibodies were found. No 
association with a single HLA haplotype was 
found. In another family, 5 of 10 members in 1 
generation (ages 63–77) were described; no 
genetic abnormalities were found [95]. In our 
own 800 patients [19], 14 had a near family 
member with acquired MG (1.7%). Familial 
autoimmune MG seems a rarity but can be con-
fused with congenital MG that is more often 
familial. For more extensive discussion of the 
genetics of MG, see Chap. 5.
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Ocular Myasthenia

Sui Hsien Wong and Michael Benatar

 Introduction

Myasthenia gravis (MG) is a disorder of neuro-
muscular transmission that often manifests ini-
tially as focal weakness. The most common focal 
presentation is ocular, with weakness involving 
the extraocular muscles (EOMs), levators, or 
orbicularis oculi. Although there may be electro-
physiological evidence of myasthenia in lower 
facial or limb muscles, if the weakness is limited 
to the ocular muscles, it is designated ocular 
myasthenia (OM). Eye muscle weakness at the 
onset of MG is evident in 85–90% of patients, 
with the percentage of those without clinical evi-
dence of coexisting bulbar or limb weakness at 
the onset (i.e., pure OM) varying from 18 [1] to 
59% [2] in different series [3–6]. The term OM 
has been recommended by an international con-
sensus committee to be used to describe the cur-
rent clinical state of a patient, whether or not 
there is generalized disease in the past [7]. 
However, there is some debate among neuro- 

ophthalmologists who may reserve the use of 
such terminology to patients who have never 
developed generalized symptoms.

 Epidemiology

The epidemiology of MG is discussed in detail in 
Chap. 5, and here we will discuss it only briefly. 
Determining the relative frequencies of ocular 
and generalized MG is compounded by multiple 
factors. However, using data from several pub-
lished population-based studies that defined OM 
on the basis of the modified Osserman classifica-
tion or the criteria of the Myasthenia Gravis 
Foundation of American, the pooled estimate of 
the proportion of all patients with MG who have 
purely ocular disease is 35% (95% CI, 32–38%) 
[8–12]. The literature on childhood OM is sparse. 
Although he does not provide or cite any data, 
Fenichel states that it rarely begins prior to 
6 months of age [13]. Prepubertal onset is more 
common in boys, and postpubertal is more com-
mon in girls.

 Basis for Ocular Muscle Involvement 
by Myasthenia Gravis

The marked susceptibility of the extraocular mus-
cles in MG may be explained by a variety of factors 
unique to these muscles [14, 15]. One fairly intui-
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tive explanation is that ocular alignment requires a 
high degree of precision and a minor reduction in 
force generation, which would be imperceptible in 
a limb muscle, leads to misalignment of the visual 
axis and diplopia. But there are other factors, both 
anatomic and immunologic, which make the extra-
ocular muscles particularly susceptible. One ana-
tomic explanation is that these muscles differ from 
other skeletal muscles in that they contain both sin-
gly and multiply innervated muscle fibers. It is not 
simply this diversity that predisposes to myasthe-
nia but rather that the junctional synaptic folds of 
the singly innervated fibers in extraocular muscles 
are less complex than those in other skeletal mus-
cles [16]. Moreover, multiply innervated muscles 
are completely devoid of synaptic folds that serve 
to increase the density of acetylcholine receptors 
and to focus current into the depths of these folds. 
Voltage-gated sodium channels are located in the 
depths of these folds and increase the safety factor 
for neuromuscular transmission. The lack of syn-
aptic fold complexity in the neuromuscular junc-
tions of extraocular muscles lowers the safety 
factor, thereby increasing susceptibility to myas-
thenia. Extraocular muscle also differs immuno-
logically from other skeletal muscles in that 
decay-accelerating factor (Daf1), a membrane- 
bound complement regulatory gene, is expressed at 
low levels in extraocular muscle [17]. Since com-
plement regulators serve to protect cells from com-
plement deposition and consequent membrane 
damage, the low level of expression of Daf1 may 
predispose extraocular muscles to immune-medi-
ated damage. In addition, MG is more likely to be 
ocular when associated with autoimmune thyroid 
disease, possibly related to immunological cross-
reactivity against shared thyroid and eye muscle 
antigens [18].

The reasons for preferential involvement of 
the levator palpebrae muscle are less clear but 
may relate to their relatively sparse junctional 
folds and their constant activation to keep the 
eyes open, which predisposes the levators to 
fatigue [19].

 Clinical Presentation

The pattern of muscle involvement in OM ranges 
from weakness of a single extraocular muscle or 
lid to complete external ophthalmoplegia with 
bilateral ptosis, with any intervening combina-
tion. At times, the pattern may mimic a central 
motility disturbance, such as a gaze palsy or 
internuclear ophthalmoplegia [20]. Although 
accommodative weakness and fatigue may occur 
in OM, as may subclinical pupillary abnormali-
ties that can only be detected accurately with 
quantitative techniques [21–23], we agree with 
Glaser and Siatkowski [24] that “if pupillary 
signs are present, another diagnosis must be 
entertained.”

The diagnosis of OM should be strongly 
suspected by aspects of the history, such as 
(1) episodes of recurrent unilateral, alternat-
ing, or bilateral ptosis and (2) progressively 
increasing ptosis or diplopia during the day, 
with improvement upon awakening in the 
morning. In addition, the examination may 
mandate a diagnosis of OM. For example, 
whereas a third nerve palsy may begin with an 
isolated ptosis, involvement of extraocular 
muscles soon follows, and the addition of 
pain and pupillary dilatation is frequent. Thus, 
an acquired isolated painless ptosis is almost 
certainly diagnostic of OM, with the extraor-
dinarily rare exceptions of isolated metastatic 
carcinoma to the eyelid [25], amyloid infiltra-
tion of a levator muscle [26], or unilateral 
painless lid myositis [27]. Similarly, ophthal-
moparesis with rapid saccades within the lim-
ited range of eye movements only occurs in 
MG; all other conditions that restrict ocular 
amplitude also slow saccadic velocity [20–
28]. Facial weakness limited to the orbicularis 
oculi, coexisting with ptosis or extraocular 
muscle weakness, only occurs in MG. Fatigue 
of extraocular muscles and lids during sus-
tained upgaze (Fig. 7.1) also suggests OM, 
although this, as well as Cogan’s “lid twitch” 
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sign,1 may be secondary to midbrain lesions 
[29, 30].

Another OM lid sign is “enhanced” ptosis, 
where passive elevation of a ptotic lid causes the 
opposite lid to droop. The explanation is Hering’s 
law of equal innervation; for instance, if both eye-
lids are ptotic due to bilateral levator weakness, 
and the right is more ptotic than the left, both 
sides will receive equivalent increased central 
innervation to elevate the lids. Because of the 
asymmetric weakness, the right lid will remain 
more ptotic than the left. But, if the right lid is 
manually elevated, the increased central innerva-
tion ceases, and the left lid becomes more ptotic 
[21, 31].

We must emphasize, however, that no matter 
how “characteristic” the history and examination 
are for OM, a dilated pupil or pain negates the 
diagnosis, unless another disorder coexists with 
the MG.

1  This sign is commonly present in MG patients with unilat-
eral ptosis. The patient is asked to look down, thereby inhib-
iting the levator muscles. After about 15 s, the patient looks 
up to the examiner’s nose, or an object at eye level, and if the 
sign is present, the previously ptotic lid overshoots and is 
transiently higher than the other lid. The retracted lid then 
slowly drops to its previous ptotic position.

 Diagnostic Testing

The methods utilized for the diagnosis of OM 
include the rest, ice, and edrophonium tests, ace-
tylcholine receptor (and rarely muscle-specific 
kinase) antibody assays, repetitive nerve stimula-
tion (RNS), and single-fiber electromyography 
(SFEMG). The methodological quality of the 
studies examining the diagnostic accuracy of 
these tests has varied widely [32]. A common 
limitation has been the case-control design (in 
which patients known to have MG are compared 
to healthy controls or patients with other disor-
ders) rather than a cohort design (in which a 
series of patients, all of whom were referred for 
diagnostic evaluation for possible MG, are evalu-
ated against some external reference standard).

The different techniques suggested for the rest 
and sleep tests all represent variations of the 
ptotic eyelid being clinically closed (“rested”). In 
the sleep test, the patient is placed in a quiet, 
darkened room with instructions to close the eyes 
and try to sleep for about 30 min. With both tests, 
a comparison is made between the degree of pto-
sis before and after the rest period. A case-control 
study of the rest test reported a sensitivity of 0.50 
and a specificity of 0.97 for the diagnosis of OM 

a b

Fig. 7.1 On the left (a) the patient is attempting to look 
up, evidenced by the contraction of the frontalis muscle. 
Note the slight right ptosis and left lid retraction. The right 
panel (b) demonstrates the lid fatigue that developed dur-

ing the sustained upward gaze. This was manifested by 
marked ptosis on the right and lessening of the lid retrac-
tion on the left. Photos courtesy of J. Lawton Smith, MD
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[33]. A case-control study of the sleep test, albeit 
of limited methodological quality, reported a sen-
sitivity of 0.99 and a specificity of 0.91 for the 
diagnosis of OM [34].

Saavedra et al. first described the utility of the 
ice test for the diagnosis of OM [35], based on 
the observations by Borsenstein and Desmedt 
[36] that the neuromuscular block in myasthenia 
is ameliorated when the temperature is lowered. 
The ice test is typically performed by placing a 
surgical glove filled with ice over the ptotic eye-
lid for about 2 min. The degree of ptosis is com-
pared before and after the application of ice. 
Three studies utilized a case-control design to 
determine the accuracy of the ice test for OM 
[37–39]. The pooled estimates of sensitivity and 
specificity for the diagnosis of OM were 0.94 and 
0.97, respectively. Given the remote possibility 
of a serious allergic reaction, we suggest using 
latex-free surgical gloves for the ice test.

The edrophonium test, also referred to as the 
Tensilon test, was once regarded as the mainstay 
of the office diagnosis of OM. Edrophonium is a 
short-acting, acetylcholinesterase inhibitor with 
an onset of action within 10–30 secs of intrave-
nous administration. Tensilon has since been dis-
continued, but edrophonium is still available in 
the form of Enlon (at least in the United States). 
While the edrophonium test seems to have fallen 
out of favor in part because of limited access to 

drug and in part because of safety considerations, 
the concern for serious side effects may be over-
stated. A questionnaire mailed to neuro- 
ophthalmologists yielded almost 200 respondents 
who had performed a combined total of over 
23,000 tests in which only 37 (0.16%) were asso-
ciated with a serious complication, such as brady-
arrhythmia and syncope; yet 16% of the 
respondents preferred an alternative diagnostic 
procedure, such as the sleep or ice tests [40]. 
Although we have never personally observed any 
serious complications during the performance of 
a Tensilon test, we do recommend that atropine 
should always be available (in a syringe) to coun-
ter possible muscarinic side effects of Tensilon.

The most important technical aspect of the test 
is the need for an unequivocal end point to judge 
the success or failure of the test. We regard reso-
lution of eyelid ptosis (Fig. 7.2), or the direct 
observation of the strengthening of at least a sin-
gle paretic EOM, as the only reliable end points. 
Thus, patients without ptosis or discernible oph-
thalmoparesis have no valid end points [41] 
(Fig. 7.3).

Formal studies of the diagnostic accuracy of 
the Tensilon test are almost nonexistent [32]. The 
only study that we identified is a cohort study of 
relatively poor methodological quality that 
reported a sensitivity of 0.92 and a specificity of 
0.97 for the diagnosis of OM [42].

a b

Fig. 7.2 The left panel (a) depicts an almost complete 
right ptosis in a patient with ocular myasthenia. The fron-
talis muscle contraction, elevating the eyebrows, reflects 
the patient’s effort to keep the lids open. Following 

administration of intravenous edrophonium chloride 
(Tensilon), the right ptosis is resolved (b, right). Photos 
courtesy of J. Lawton Smith, MD
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Three case-control studies [43–45] and three 
cohort studies [46–48] reported the utility of ace-
tylcholine receptor antibody testing. The pooled 
estimate of sensitivity for the diagnosis of OM was 
lower (0.44) for the higher methodological quality 
cohort studies [46–48] than for the less well-
designed case-control studies (0.66) [43–45]. 
Specificity in these studies ranged from 0.95 [48] 
to 1.0 [48]. The consistently high specificity of 
elevated titers of acetylcholine receptor antibodies 
establishes their presence as essentially diagnostic.

The above tests refer to radioimmunoprecipi-
tation assays detecting the presence of antibody 
binding to radioactively labeled AChRs in solu-
tion. In recent years the development of cell- 
based assays has improved serological detection 
rates [49]. Cell-based assays to detect antibodies 
on the surface of cells where AChR is clustered 
showed seropositivity in 50% of previously sero-
negative OM patients [50, 51]. Regrettably, these 
cell-based assays are not yet widely available and 
so not utilized in routine clinical practice outside 
of the UK.

Anti-muscle-specific receptor tyrosine kinase 
(MuSK) antibodies in purely OM is also seen in 
a small number of patients [49, 52, 53]. Newer 
cell-based assays including the anti- MuSK anti-
body tests are improving serological detection 

rates in OM patients (SHW) but are also not com-
mercially available.

Antibodies to the lipoprotein receptor-related 
protein 4 (LRP4) are the latest pathogenic anti-
bodies found in 2–50% of patients seronegative 
to both AChR and MuSK [54–56]. LRP4 forms a 
complex with MuSK, and thus far the clinical 
phenotype appears to resemble that of anti-MuSK 
MG [54–56]. One of us (SHW) has a small num-
ber of OM patients with anti-LRP4 antibodies.

Repetitive nerve stimulation (RNS) for the 
diagnosis of MG is discussed in Chap. 9. 
Estimates of the sensitivity of RNS for the diag-
nosis of OM have ranged from 0.11 (based on 
stimulation of the radial nerve with recording 
from anconeus [57]), to 0.15 (based on stimula-
tion of the truncus primarius superior with 
recording from abductor digiti minimi [48]), to 
0.20 (based on stimulation of the facial nerve, 
recording from both nasalis and frontalis) [58], to 
0.39 (based on stimulation of the facial nerve 
with recording from orbicularis oculi) [59]. Costa 
et al. found that sensitivity remained around 0.33 
when they performed RNS on four different 
nerve-muscle pairs (facial nerve-nasalis, acces-
sory nerve-trapezius, radial nerve-anconeus, and 
ulnar nerve-abductor digiti minimi) [46], suggest-
ing that the sensitivity of RNS for the diagnosis of 

a b

Fig. 7.3 On the left (a), the patient has weakness of eye-
lid closure, permitting easy opening by the examiner. On 
the right (b), the patient shows much stronger eyelid clo-
sure following the administration of Tensilon. This patient 
had myasthenia, demonstrated by EMG and the presence 
of antibodies. The Tensilon test, by itself, disclosing the 

increased strength of the orbicularis oculi, would not have 
been conclusive for the diagnosis of MG, since impaired 
volition could have explained the orbicularis weakness in 
part a. A Tensilon test with placebo control is unreliable in 
these circumstances, because IV saline does not cause the 
same systemic reaction as does Tensilon
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OM is generally poor. Specificity is better, how-
ever, ranging from 0.89 [48] to 0.97 [46, 59].

As with RNS, the diagnostic accuracy of 
SFEMG may vary depending upon the individual 
muscle examined (e.g., orbicularis oculi or fron-
talis), the recording technique used (e.g., stimu-
lated or volitional), and the type of recording 
electrode (e.g., single fiber or concentric needle). 
Studies of the accuracy of SFEMG for the diag-
nosis of OM all employed a cohort design. 
Although other methodological issues raise con-
cern, these studies paint a general picture of 
higher sensitivity for the diagnosis of OM when 
single-fiber electrodes are used to record jitter 
from the orbicularis oculi muscle (0.97) [46, 48] 
compared to studies with similar electrodes 
recording from the frontalis muscle (0.86) [60, 
61] or concentric needles recording from the 
frontalis (0.62) [32]. The specificity for OM is 
more variable, ranging from as low as 0.66 [60] 
to as high as 0.98 [46].

 Progression to Generalized 
Myasthenia Gravis

A major concern in OM is the potential spread to 
the generalized form of the disease. The studies 
reporting conversion rates from OM to secondary 
generalized MG (GMG) range widely, from 30 to 
85% [3, 6, 12, 62–65]. This large range is likely 
affected by the variable duration of follow-up, 
different patient cohorts, retrospective methodol-
ogy, and perhaps even the early use of immuno-
suppression, though whether such therapy does 
indeed reduce the risk of progression to GMG 
remains unresolved. In children, rates of general-
ization range from 39 to 49% [66].

The highest risk of conversion from OM to 
GMG is within the first 2 years of onset [62], 
although this can occur many years after the ini-
tial onset. Patients who are seropositive for anti- 
AChR or anti-MuSK are at higher risk of 
conversion to GMG [64, 67–69]. The presence 
(higher risk) [64] or the absence (lower risk) [70] 
of neurophysiological changes in the limbs or 
trapezius may perhaps be predictive, but this is 
not established.

An unresolved controversy is whether the early 
use of immunosuppression can reduce the risk of 
conversion from OM to GMG [49]. One of our 
recent reviews looked into this in depth [49] and 
concluded that although some retrospective stud-
ies suggested this possible disease- modifying 
effect [64, 67, 71–74], the data were flawed for 
reasons including different disease duration 
before the start of immunosuppression, possible 
selection bias from non-randomized sample, and 
inadequate matching of risk factors for immuno-
suppressed and control group. A randomized con-
trolled trial is needed to address this question of 
risk modification with immunosuppression [69].

Spontaneous remission of disease can occur. 
Twenty percent of children with OM are said to 
go into a permanent, drug-free remission [13], 
compared to 10% in Bever et al.’s adult series 
[3]. Unfortunately, these studies regarding pre-
dictive factors or spontaneous remission rates are 
retrospective with their inherent limitations. At 
the time of writing, a prospective study (by 
SHW) is ongoing, which could hopefully shed 
further light on the risk factors and prognosis of 
OM.

 Treatment

The goals of treating OM are to reduce symp-
toms. Ideally, treatment would also reduce the 
risk of conversion from OM to GMG, but as dis-
cussed above, there is uncertainty as to whether 
any of the currently available treatments impact 
the risk of developing GMG. The spectrum of 
treatments includes anticholinesterase drugs, 
usually pyridostigmine bromide (Mestinon®), 
corticosteroids and other immunosuppressants 
(e.g., azathioprine), and mechanical devices such 
as prisms or monocular occlusion for diplopia 
(e.g., with an eye patch) or lid props for ptosis. In 
children with OM, the risk of amblyopia, due to 
ptosis or diplopia, prompts the need for occlusion 
therapy to ensure the use of both eyes [75]. There 
are proponents and opponents of these various 
forms of therapy, and data are only just beginning 
to emerge that might permit evidence-based 
recommendations.
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There are two randomized controlled drug tri-
als in OM from the 1960s. One evaluated intrana-
sal neostigmine [76] and the other corticotropin 
[77], but neither provided useful information for 
contemporary treatment. The details of these two 
studies, including the treatments employed and 
outcome measures used, are summarized in a 
systematic review published in the Cochrane 
library [78]. More recently, the results of a small 
randomized double-blind, placebo-controlled 
trial of prednisone (the EPITOME study) have 
been published [79, 80]. Patients whose symp-
toms failed to remit on pyridostigmine alone 
were randomized to receive placebo or predni-
sone, initiated at 10 mg every other day and 
titrated to a maximum of 40 mg/day over 
16 weeks. The primary outcome measure was 
treatment failure, defined as failure to achieve 
minimal manifestation status, progression to 
GMG, or discontinuation of prednisone because 
of side effects. Of the 11 patients randomized, 9 
completed 16 weeks of double-blind therapy. 
Treatment failure incidence was clinically and 
significantly different between the two 
groups—100% (95% CI 48–100%) in the pla-
cebo group (n = 5) compared to 17% (95% CI 
0–64%) in the prednisone group (n = 6). Median 
time to sustained minimal manifestation status 
(MMS) was 14 weeks, requiring an average pred-
nisone dose of 15 mg/day. Adverse events were 
infrequent and generally mild in both groups. 
These results support the conclusion that a strat-
egy of low-dose prednisone with gradual escala-
tion appears to be safe, well tolerated, and 
effective in treating OM.

All patients should be screened for thymoma 
as this can be seen in up to 5% of patients with 
OM [49, 81]. The data on thymectomy for non- 
thymomatous OM is not conclusive, and there-
fore it is not routinely performed, although this 
practice may vary globally [4, 82–86].

Based on the limited evidence available, we 
present our approach to the treatment of these 
patients. We first try Mestinon for symptomatic 
relief. Although it often improves ptosis and dip-
lopia, patients may not be satisfied. For instance, 
patients with complete unilateral ptosis don’t 
have diplopia; Mestinon may relieve the ptosis 

and unmask the diplopia. Mestinon usually 
increases the strength of weak extraocular mus-
cles but may not totally correct the weakness, 
leaving some diplopia. A small amount of diplo-
pia is more disconcerting than a large separation, 
since it is easier to ignore a diplopic image that is 
off in the periphery, than one close to the real 
image. Thus, eliminating ptosis or substantially 
reducing diplopia with Mestinon may be more 
distressing to the patient than their original 
symptoms.

If we cannot correct diplopia with Mestinon, 
we sometimes suggest patching an eye with a 
clip-on spectacle occluder, frosted lenses, or an 
occluding contact lens. Bilateral ptosis can often 
be improved with a “lid props” constructed by an 
optician (Fig. 7.4) or double adhesive tape 
(Clavin Non-Surgical Eye Lift) (http://www.
Clavin.com/).

We will offer steroids to most patients who do 
not respond to the usual conservative measures 
described above. We favor an approach of start-
ing with low dose and titrating up. One of us 
(SHW) prefers a daily, rather than an alternate 
day, dose of corticosteroids [87] based on feed-
back from patients about compliance with medi-
cation. Once remission of symptoms has been 
achieved and sustained for a period of time, we 
initiate a gradual prednisone taper. Myasthenics 
may “crash” with exceedingly small reductions 
when their alternate day dose is 20 mg or less. A 
“crash” in an ocular myasthenic is not particu-
larly problematic, but we never know whether 
the steroids were masking generalized myasthe-
nia, which might manifest more dramatically. We 
are attentive to the potential complications of ste-
roids, such as diabetes, hypertension, glaucoma, 
osteoporosis, peptic ulcer disease, and weight 
gain. We may obtain 2-h glucose tolerance test, 
arrange bone density scans on patients prior to 
initiation of steroids, and provide gastric prophy-
laxis in the form of a proton pump inhibitor and 
prophylaxis against osteoporosis. We advise the 
patients to follow up regularly with their primary 
care physicians to monitor blood pressure and 
glycemic control.

Azathioprine or mycophenolate mofetil may 
be useful steroid-sparing agents, in patients 

7 Ocular Myasthenia

http://www.clavin.com/
http://www.clavin.com/


108

whose symptoms are responsive to corticoste-
roids but have persistent or recurrent symptoms 
when the corticosteroid dose is reduced. 
Intravenous immunoglobulins (IVIg) may be a 
useful adjunctive treatment option in refractory 
cases, although the published evidence suggests 
limited benefit from IVIg [88]. We do not use 
plasma exchange in OM and do not recommend 
elective thymectomy.

Rare patients with “fixed” (unchanged for 
several years) tropias may benefit from 
prisms or corrective strabismus surgery [89]. 
Lid surgery can be useful in some cases of 
chronic ptosis [90], although not all recom-
mend this [91]. However, blepharoplasty to 
correct dermatochalasia (redundant, sagging 
periocular skin) coexisting with MG ptosis 
may increase the size of the palpebral fissure. 
Bentley et al. [89] used botulinum toxin in a 
few patients with a fixed tropia to weaken the 
antagonist of the paretic muscle, thereby 
straightening the eye. Given the generalized 
nature of neuromuscular dysfunction in OM, 

and the distant effect of locally injected botu-
linum [92, 93], there is a potential risk with 
this option.

There is an overlap of patients who have both 
thyroid eye disease and ocular myasthenia. 
Therefore, this is important to bear in mind in 
patients who have poor response to treatment for 
OM only.

At present, there is no standardized way to 
quantify severity of symptoms on OM. The rat-
ing scales currently used for MG studies, e.g., the 
MG composite score, do not adequately address 
this. A possible direction may be to combine rat-
ings from patient questionnaires (e.g., MG qual-
ity of life or diplopia questionnaire) and a 
physician-rated questionnaire (e.g., an expanded 
version to include more questions on diplopia as 
part of the quantitative MG or MG composite 
scales) [94–97]. A more systematic way of quan-
tifying severity would be important for research 
studies on OM and may provide another objec-
tive tool to aid management discussions between 
physicians and patients. At the time of writing, a 

a

b

c

Fig. 7.4 A “lid prop” attached to the rim of the glasses 
can be used as a mechanical solution to improve ptosis 
(a). Right eye ptosis (b) is improved by the use of such a 

lid prop, which mechanically elevates the lid but allows 
blinking (c)
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study is ongoing (by SHW) to develop newer 
methods of quantifying severity of OMG for 
research studies.
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 Introduction

Since the last edition of this book, it has become 
clear that myasthenia gravis (MG) comprises a 
more complex and heterogeneous group of auto-
immune diseases than previously thought. MG 
subtypes due to autoantibodies against the nico-
tinic acetylcholine receptor (AChR) and the 
muscle- specific kinase (MuSK) have been com-
plemented by newly detected subtypes that have 
autoantibodies directed against the lipoprotein- 
related protein 4 (LRP4) and to the LRP4 ligand, 
agrin, i.e., an autoantigen that is not even strictly 
a “sessile” constituent of the postsynaptic signal-
ing complex at the neuromuscular junction [1]. 
These MG subsets will hitherto be called 
AChR-MG, MuSK-MG, LRP4-MG, and 
Agrin-MG (Table 8.1).

The diversification of MG subtypes has been 
accompanied by observations that a significant num-
ber of patients (about 10–15%) may have more than 
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Table 8.1 The various types of autoimmune myasthenia 
gravis and associated thymic pathologies

MG type

Thymic 
follicular 
hyperplasia

Thymic 
atrophy/normal 
for age thymic 
anatomy Thymoma

AChR-MG 40%a 50% 10%

MuSK-MG Single 
cases+b

>95% Single 
case+c

LRP4-MG 30% 70% −
Agrin-MG nk nk nk

SN-MG + + Single 
casesd

AChR acetylcholine receptor, MuSK muscle-specific 
kinase, LRP4 lipoprotein-related protein 4, SN seronega-
tive. Thymoma-associated MG is essentially a subtype of 
AChR-MG with autoantibodies that are detectable in con-
ventional immunoprecipitation assays using soluble AChR
a A minority of these cases recognize exclusively clustered 
AChR in cell-based assays and appear “seronegative” on 
conventional testing by immunoprecipitation [3]

b Not different from controls [5]
c Saka E, Topcuoglu MA, Akkaya B, Galati A, Onal MZ, 
Vincent A. Thymus changes in anti-MuSK-positive and 
-negative myasthenia gravis. Neurology. 2005;65(5):782–
3; author reply -3

d Maggi L, Andreetta F, Antozzi C, Baggi F, Bernasconi P, 
Cavalcante P, et al. Thymoma-associated myasthenia gra-
vis: outcome, clinical and pathological correlations in 
197 patients on a 20-year experience. Journal of neuro-
immunology. 2008;201–202:237–44. Their cases were 
negative for anti-AChR and anti-MuSK autoantibodies
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one myasthenogenic autoantibody [2]. The inven-
tion of cell-based autoantibody detection assays and 
the possibility to engineer AChR clustering allowed 
the observation that patients who were previously 
deemed of be “seronegative” indeed have a new 
subtype of AChR-MG that is due to autoantibodies 
that exclusively recognize clustered AChR but not 
solubilized AChR, which is used in conventional 
immunoprecipitation assays [3]. Accordingly, these 
new biological and technical advances have dwarfed 
the group of true seronegative MG (SN-MG) 
patients [4]. Therefore, historic findings reported in 
connection with “seronegative” MG patients must 
be assessed with caution. For example, thymic fol-
licular hyperplasia that was historically observed in 
a subset of AChR(−)MuSK(−) seronegative MG 
patients is now know to be due to AChR-MG with 
autoantibodies to clustered AChR [5].

No comparable breakthroughs have been 
achieved in the understanding of thymoma- 
associated MG (TAMG), except for the fact that 
virtually all TAMG patients show anti-AChR but 
no other myasthenogenic autoantibodies [6]. 
However, answers to several unresolved questions 
concerning the pathogenesis of TAMG (see below) 
are expected to arise from the ongoing The Cancer 
Genome Atlas (TCGA) project in which thymomas 
either with and without  associated MG are sub-
jected to an in depth multi-omics comparative anal-
ysis. Another promising development in the field 
concerns the recent description of a new mouse 
model [7] that may be a tool to study the immuno-
logical function of thymic myoid cells (TMC), i.e., 
cells that play a key role in the pathogenetic models 
of all subtypes of AChR-MG (see below).

With a focus on TAMG and thymic pathology, 
we compare the histological and immunological 
findings and current pathogenetic concepts in the 
AChR-MG subtypes: EOMG, LOMG, and 
TAMG. For epidemiological, clinical, and genetic 
findings, see Table 8.2.

 Histopathology of the Thymus 
in AChR-MG

TFH  (thymic follicular hyperplasia) in EOMG, 
so-called thymic atrophy in LOMG, and thymoma 
in TAMG are the pathological hallmarks of 

MG. Since histological abnormalities in 
AChR-MG patients are closely associated with 
typical clinical, serological, and genetic features, 
thymic pathology serves as a classifier of 
AChR-MG for clinical and scientific purposes 
(see Table 8.2). Of note, TFH and “thymic atro-
phy” are not specific for EOMG and LOMG, 
respectively (see below): thymuses in some 
SN-MG patients show TFH [5], and a single study 
that relied on the diagnoses of local, nonspecial-
ized pathologists reported that LRP4-MG thy-
muses exhibited either TFH, “thymic atrophy,” or 
“normal” anatomy [8]. These observations in 
LRP4-MG need independent confirmation. TFH 
is also common in the remnant thymus of TAMG 
patients. By contrast, thymic alterations appear to 
be absent in MuSK-MG [5], and thymuses from 
patients with pure Agrin-MG have not been stud-
ied. Since the different histological findings in 
AChR-MG have a bearing on pathogenetic mod-
els, they are briefly reviewed here.

 Thymic Follicular Hyperplasia (TFH) 
in AChR-MG

Thymuses in EOMG show TFH, i.e., increased 
numbers of lymphoid follicles in the medulla and 
perivascular spaces. Size and weight of thymuses 
in EOMG are normal or only slightly increased 
for age [9] but may be reduced following cortico-
steroid treatment. TFH is mostly found in EOMG 
patients less than 50 years of age but occurs 
rarely till age 55 in men and 60 in women [10]. 
TFH also occurs in subsets (1) of SN-MG 
patients, (2) of remnant thymuses of TAMG 
patients [11], (3) of LRP4-MG patients [8], and 
(4) in non-myasthenic autoimmune diseases 
(e.g., of the thyroid) [12]. Of note, rare lymphoid 
follicles (typically in less than a third of thymic 
lobules) can also occur in healthy persons [9, 13].

Thymuses from corticosteroid-naïve patients 
show a normal-for-age cortex with TdT+ imma-
ture T cells, while medullary areas are expanded 
through diffuse B-cell infiltrates and lymphoid 
follicles. Follicles contain CD21+, CD23+ follic-
ular dendritic cell (FDC) networks and often 
show reactive, BCL2-negative germinal centers. 
The number of Hassall’s corpuscles is normal. 
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Lymphoid follicles disrupt the normally continu-
ous, epithelial network and basal membrane that 
separate the thymic medulla from the extrathymic 
epithelial-free perivascular spaces, leading to 
fusion and expansion of both compartments in 
which mature CD20+ B cells and CD3+ T cells 
are increased [14]. Rare non-innervated myo-
blasts and myotubes, called thymic myoid cells 
(TMS), occur in the vicinity of Hassall’s corpus-
cles and outside of lymphoid follicles, where they 
are intimately associated with dendritic cells [15]. 
TMC are MHC class II negative cells [16] that 
express fetal and adult-type AChRs [17, 18] and 
the striational autoantigen, titin [19]. Conventional 
corticosteroid treatment elicits a starry sky pattern 
and shrinkage of thymic cortex, and collapse of 
germinal centers, while prolonged, high-dose cor-

ticosteroid and azathioprine treatment can com-
pletely abolish cortical structures and TFH [20], 
inducing shrinkage of the medulla and disappear-
ance of Hassall’s corpuscles. A grading system of 
TFH has been proposed [21].

The triggers initiating TFH are unknown [1]. In 
EOMG, genetic polymorphisms of immune sys-
tem-related genes [22, 23] appear to favor an 
abnormal inflammatory response that leads to ger-
minal center formation and intrathymic autoanti-
body production [24, 25]. Also, functionally 
abnormal effector and regulatory T cells are 
involved [26]. Since production of autoantibodies 
in EOMG is higher inside than outside the inflamed 
thymus, the thymus is believed to be the primary 
site of autoimmunization in EOMG [27], provid-
ing the rational for thymectomy as a therapy [28].

Table 8.2 Subsets of myasthenia gravis (MG) patients with anti-acetylcholine receptor autoantibodies (AChR-MG) 
classified according to thymic pathology and their epidemiologic, genetic, and immunological features

TAMG/thymoma LOMG/atrophy EOMG/TFH

Age at onset of MG (y)a 4–90 (>40) >50 <10–50 (65)

Gender (male: female) 1:1 2:1 1:3

Genetic associations

  HLA association (top risk) Noneb MHC class IIc MHC class Id,e

  PTPN22+ 1858T(+) Increasede Increasede Increasede

  CTLA4 +49A/G genotype +49A/A increasedf +49G increasede Like control

  TNIP1 (rs2233290) Not known Not increased Increasede

  TNFRSF11A (rs4574025) Not known Increased Not increased

  ZBTB10 (rs6998967) Not known Increasede Not increased

Autoantibodies to

  AChR 99%g 100%g 100%h

  Titin >90% <10% 40%

  Ryanodine receptor 50% 20% <5%

  IFNαs, IL12 70%, 50% 40%, 30% <5%, <10%

T-cell export (RTE/TRECs)i Increased Decreased Not known

Histological findings

  Myoid cells Nonej Few Many

  AIRE-expressing TECsk nonej Few Many

TAMG thymoma-associated MG, LOMG late-onset MG, EOMG early-onset MG, TFH thymic follicular hyperplasia, 
TFH is a common finding in the residual thymus of TAMG patients
aGray zone in terms of age between 40 and 60 (or even 65) years concerning in EOMG and LOMG
bNo consistent findings, never any strong association [117]
cHLA-DQA1 [23, 77, 78]
dHLA-B*08 [22, 77]
eControversial (differences between studies)
fIncreased in MG(+) as compared to MG(−) thymomas [125]
gExceedingly rare thymomas have been reported to be seronegative or show anti-MuSK antibodies (see Table 8.1)
hBy definition
iRTE, recent thymic emigrants as measured by “T-cell receptor excision circles” in the blood [10]
j50% of the rare B1 thymomas show such cells in “medullary islands”
kAIRE autoimmune regulator, TEC thymic epithelial cells
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 Thymomas and Their Classification

Thymomas are rare epithelial tumors of the thy-
mus but the most common mediastinal tumors 
among adults. The mean age at diagnosis is 
between 50 and 65 years, without gender bias. 
Thymomas are rare before age 30 but can occur in 
children. Due to their histological similarity to the 
thymus—as reflected by the variable content of 
immature, TdT(+) T cells (thymocytes)—they are 
unique tumors, while thymic carcinomas resemble 
carcinomas in other organs, are devoid of TdT+ 
thymocytes, and are not associated with MG [29].

Thymomas are classified according to the 
World Health Organization (WHO) classification 
[30] with the main types A, AB, B1, B2, and B3 
thymomas. Other subtypes (e.g., metaplastic thy-
moma, pure micronodular thymoma) are disre-
garded here because they are not associated with 
MG. Histological classification criteria are the 
spindle (types A, AB) versus polygonal shape of 
tumor cells (types B1–B3), the normal (type B1) 
versus increased content of neoplastic epithelial 
cells (all others) compared to normal thymus, and 
the low (types A, B3) versus high content of 
immature, TdT+ T cells (AB, B1, B2) (Fig. 8.1). 
Type B1 thymoma is unique, because half of 
cases maintain the thymus-like epithelial expres-
sion of the autoimmune regulator protein, AIRE, 
while the other histotypes (i.e., 95% of all thymo-
mas) lack this immune tolerance-related tran-
scriptional regulator [31].

Local extension and metastasis of thymomas 
have traditionally been described by the 
Masaoka-Koga staging system [32], which 
reflects the propensity of thymomas for pleural 
metastasis (stage IVa) but rarely lymph node or 
distant spread (stage IVb) [33]. Recently, a TNM 
staging system has been introduced [34] that is 
being used in parallel with the Masaoka-Koga 
system to compare their clinical relevance. In 
oncological terms, invasion into adjacent organs 
(stage III) and metastasis (stage IV), type B2 and 
B3 histotypes, incomplete resection, and recur-
rence are unfavorable prognostic parameters, 
while the presence of MG is not [30].

The thymoma histotypes are associated with 
varying risks of MG development (Table 8.3). 

Lymphoid follicles are particularly common 
inside MG-associated thymomas, but which anti-
bodies they produce has not been investigated. 
Nevertheless, it is generally accepted that relevant 
production of autoantibodies against the AChR 
inside thymomas does not occur, while anti-type I 
interferon antibodies are produced inside the 
tumor (see below). Accordingly, there is generally 
no short-term improvement of MG symptoms or 
reduction of anti-AChR autoantibody titers in the 
blood after surgery, while anti- interferon antibody 
titers drop in the postoperative period and rise 
again after thymoma recurrence [35].

 LOMG Thymus

“Thymic atrophy” results from age-related (phys-
iological) thymic involution or pathologically 
accelerated shrinkage of thymic parenchyma due 
to various “stressors” (including drugs). 
Therefore, “thymic atrophy” and “age- related 
normal thymus” are the common terms to describe 
the histological findings in LOMG. Thymic atro-
phy is associated with reduced numbers of the fol-
lowing specialized structures with a role in 
tolerance induction: (1) Hassall’s corpuscles [9, 
36] that instruct dendritic cells to induce regula-
tory T cells [37], (2) medullary epithelial cells 
expressing AIRE [own observation], and (3) thy-
mic myoid cells (TMC) [38]. Reduced numbers 
of TMCs imply a reduction of bona fide skeletal 
muscle antigens in the thymic medulla where tol-
erance induction (e.g., through cross- presenting 
dendritic cells) takes place. However, no compel-
ling evidence exists that thymuses with physio-
logical involution and thymic atrophy encountered 
in (corticosteroid naïve) LOMG patients over 
60 years of age show morphological differences 
[9]. This finding may not  necessarily extend to the 
functional level: many patients with LOMG show 
(1) fewer recent  thymic emigrant CD4+ T cells 
than age-match controls [10] and (2) signs of thy-
mic AIRE deficiency as reflected by autoantibod-
ies against type I interferons [35]. Since atrophic 
thymuses in LOMG are not a relevant source of 
AChR autoantibodies, thymectomy is usually not 
beneficial for LOMG [39].
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 Autoantibody Spectrum and T Cells 
in AChR-MG

AChR-MG is defined by autoantibodies against 
the nicotinic postsynaptic AChR at the neuro-
muscular junction (NMJ) [6]. Rare AChR-MG 
patients have autoantibodies against other targets 

at the NMJ (e.g., to LRP4 or agrin but almost 
never MuSK) [2, 6]. Furthermore, titin, ryano-
dine receptors (RYR), cytokines, and some 
“cross-reacting” proteins will be mentioned here 
as autoantibody targets, because they are diag-
nostically relevant in TAMG and LOMG (anti- 
titin), are related to cardiac complications 

a b

c d e

V

Fig. 8.1 Myasthenia gravis-associated histological thy-
moma subtypes according to the World Health 
Organization (WHO) classification [30]. (a) Type A thy-
moma, lymphocyte-poor throughout; (b) Type AB thy-
moma, focally lymphocyte rich (right lower corner); (c) 
Type B1 thymoma with typical medullary island (MI), 
barely recognizable epithelial cells, and abundant small 
(mainly immature) lymphocytes; (d) Type B2 thymoma 

with conspicuous large epithelial cells surrounded by a 
quantitatively dominant population of small (mainly 
immature) lymphocytes; (e) Type B3 thymoma composed 
of a predominant population of polygonal epithelial cells 
and few interstitial (mostly immature) small lymphocytes 
and conspicuous, optically empty perivascular space 
(PVS) surrounding a central capillary type vessel (v) 
(H&E a, b, d, e ×200, c ×100)
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(anti-RYR), and are thought to contribute to 
abnormal T-cell selection in thymomas (“cross- 
reacting proteins” such as neurofilaments). 
Although there is a strong bias for muscle and 
cytokine autoantibody targets [40], thymomas 
can induce a wide spectrum of clinically impor-
tant other autoimmune diseases (Table 8.4).

 Acetylcholine Receptor 
and Autoantibodies

The nicotinic AChR of skeletal muscle is a pentam-
eric ion channel. Its fetal isoform is composed of 
two α and single β, δ, and γ subunits. At birth, the 

γ-subunit is largely replaced by the ε-subunit to yield 
the adult α2βδε composition [41]. After birth, sig-
nificant amounts of functional fetal AChR are 
expressed only on thymic myoid cells (TMC) [42] 
and the extraocular skeletal muscle NMJ [43]. The 
fetal AChR is reexpressed in adult muscle with 
denervation. The AChR α-subunit is distinguished 
by an extracellular loop that contains the acetylcho-
line binding site and the main immunogenic region 
(MIR) to which most AChR autoantibodies bind 
[44]. In contrast to skeletal muscle and TMC, med-
ullary thymic epithelial cells (mTECs) express non-
functional, unfolded AChR subunits [45, 46] that are 
the source of MHC-bound AChR peptides, which 
are presented by mTECs to developing T cells. This 
process normally induces immunological tolerance 
toward the AChR [46] but goes awry in EOMG [14].

Autoantibodies against solubilized AChR that 
is detectable by radioimmunoprecipitation assays 
occur in 80% in patients with generalized MG 
and virtually all TAMG patients. In about 5% of 
patients, autoantibodies bind only to clustered 
AChRs in cell-based assays [3, 47] and are pri-
marily IgG1 and IgG3 antibodies that impair 
AChR function by complement activation and 
destruction of the NMJ. In addition, they increase 
AChR internalization following AChR cross- 
linking or block the ion channel [6].

 Titin and Ryanodine Receptors 
and Autoantibodies Against Them

Titin is the giant elastic protein that spans half 
of the skeletal and cardiac muscle sarcomere, 

Table 8.3 Epidemiological data of thymoma histological subtypes according to the World Health Organization 
(WHO) classification and proportion of cases with thymoma-associated myasthenia gravis (TAMG) [30]

WHO histological 
thymoma subtype

Mean relative 
frequency (%)

Age (y), range 
(average)

Gender male: 
female

Percentage of TAMG (+) cases, 
range (mean)

Type A 11.5 8–88 (64) 1:1.4 0–33 (17)

Type AB 27.5 11–89 (57) 1:1.4 6–42 (18)

Type B1 17.5 6–83 (50) 1:1.6 7–70 (44)

Type B2 26.0 4–83 (49) 1:1 24–71 (54)

Type B3 16.0 8–87 (55) 1:0.8 25–65 (50)

Others <1.0 28–80 (60) 1:0.8 Very rare (<5%)

Due to the revised definition of type A thymoma as a consistently immature lymphocyte-poor tumor, the diagnosis of 
type A thymoma is now rare (<10%), and the proportion of TAMG(+) type A cases is low (<10%), while the reverse is 
true for type AB thymoma that is a focally or diffusely immature lymphocyte-rich tumor [30]. Thymic carcinoma is not 
associated with paraneoplastic myasthenia gravis

Table 8.4 Paraneoplastic diseases of presumed autoim-
mune pathogenesis reported to be associated with thy-
moma [30]

Addison’s disease
Agranulocytosis
Alopecia areata
Aplastic anemia
Autoimmune colitis 
(GvHD-like)
Autoimmune autonomic 
neuropathy
Autoimmune gastrointestinal 
dysmotility (intestinal 
pseudo-obstruction)
Cushing syndrome
Encephalitis (limbic and/or 
cortical)
Hemolytic anemia
Hypogammaglobulinemiaa

Myasthenia gravis
Myocarditis

Neuromyotonia
Panhypopituitarism
Pernicious anemia
Polymyositis
Pure red cell aplasia
Rheumatoid arthritis
Rippling muscle 
disease
Sarcoidosis
Scleroderma
Sensory motor 
neuropathy
Stiff person 
syndrome
Systemic lupus 
erythematosus
Thyroiditis

aGood syndrome
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connecting Z-disk and M-line. Ryanodine 
receptors (RYR) are calcium channels that 
release Ca2+ after activation of the sarcoplas-
mic reticulum in the skeletal muscle (RYR1 
isoform) and heart (mainly RYR2 isoform) 
and play a key role in excitation-contraction 
coupling. Titin and RYRs are the major targets 
of “striational autoantibodies” that occur in 
90% of TAMG and 70% of LOMG patients 
(anti-RYR in 50–80% of TAMG and 30–50% 
of LOMG) [48–50]. Because titin and RYR 
are intracellular antigens, autoantibodies 
against them are of uncertain pathogenicity 
in vivo [50, 51]. Nevertheless, titin antibody 
assays are a valuable diagnostic tool to recog-
nize thymomas, particularly in patients under 
50, even when not associated with MG, and to 
distinguish EOMG and LOMG, when thymec-
tomy is considered as therapeutic option in 
patients over age 40 [49, 52]. In addition, titin 
and RYR autoantibodies have been associated 
with more severe myasthenic manifestations, 
impairment of excitation-contraction cou-
pling, and potentially fatal cardiac dysfunc-
tion [51, 53]. Of note, striational antibodies, in 
contrast to cytokine antibodies, are not found 
in patients with congenital AIRE deficiency 
[54], and only exceptionally among EOMG 
patients [52], although TMC express AChR 
and titin [19] and are under immune attack in 
EOMG [14].

 Cytokines

Interleukins (e.g., IL12, IL17, IL22), various 
interferons, and tumor necrosis factor α are 
almost unique and common targets of autoanti-
bodies in TAMG and prevalent in 40% of 
LOMG patients. These autoantibodies appear 
not to elicit or aggravate MG but may promote 
immunodeficiencies due to their neutralizing 
capacity [55]. Their pathogenesis is poorly 
understood, but it is clear that most of them 
arise due to congenital germline mutations of 
the tolerogenic AIRE gene (see above) [56] or 
due to lack or paucity of AIRE expression in 
thymic epithelial cells of thymomas and LOMG 
thymuses [31].

 Cross-reacting Autoantigens

Common themes in TAMG are (1) concurrence 
of autoantibodies against the native AChR, titin, 
and muscle ryanodine receptor (RYR1 and 
RYR2) [57–59], (2) lack of detectable protein 
expression of these autoantigens in thymomas 
[60, 61], and (3) overexpression of “cross- 
reacting autoantigens,” i.e., of unrelated proteins 
with AChR, titin, and RYR epitopes in the neo-
plastic epithelial cells [61–64]. One of the “cross- 
reacting autoantigens” was identified as the 
medium-size neurofilament that harbors titin and 
the AChR alpha-subunit epitopes [65, 66]. In the 
absence of expressed bona fide AChR, titin, and 
RYRs, overexpressed “cross-reacting autoanti-
genic proteins” in thymoma epithelial cells are 
thought to bias positive selection of intratumor-
ous maturing T cells prior to their egress from the 
thymoma (see below).

 Autoreactive and Regulatory T Cells 
in AChR-MG

Autoantibody production in AChR-MG depends 
on AChR-reactive, MHCII-dependent CD4+ T 
cells [67] that recognize different epitopes of dif-
ferent AChR subunits in different patients. There 
are marked differences between EOMG and 
TAMG [68]. Immune tolerance toward the AChR 
requires thymic deletion of AChR-reactive T 
cells through expression of AChR peptides in 
mTECs and, likely, in TMCs [69]. Since deletion 
is not perfect even in the physiological setting, 
rare AChR-reactive T cells escape from the thy-
mus to the peripheral T-cell pool of most healthy 
persons [70, 71]. These “natural” potentially 
autoreactive effector T cells are kept in check by 
thymus-derived FOXP3+ CD4+ CD25+ regula-
tory T cells (Tregs).

In EOMG, possibly LOMG, and rarely 
TAMG with thymopoietically inactive thymo-
mas, “natural” autoreactive effector T cells are 
thought to become activated during MG devel-
opment. Despite normal numbers of blood Tregs 
in EOMG, they fail to exert their function. 
Effector T cells in EOMG become abnormally 
resistant to Tregs [26], and the immunosuppres-
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sive capacity of autologous Tregs per cell 
becomes blunted [72]. In LOMG patients, 
decreased FOXP3 expression and STAT5 signal-
ing in Tregs and higher expression of PD1 on 
Tregs and PDL1 on effector T cells are observed 
[73]. Enigmatically, export of naïve CD4+ T 
cells from LOMG thymuses is lower than in con-
trols [10]. Thus, there is a qualitative imbalance 
between effector and regulatory T cells in EOMG 
and LOMG.

In TAMG patients with thymopoietically 
active thymomas, the setting differs. Their 
blood T-cell repertoires contain high number of 
potentially autoreactive, AChR-directed naïve 
CD4+ effector T cells that are generated de 
novo in the thymoma and released to the blood 
[74]. By contrast, most non-myasthenic thy-
momas do not generate mature CD4+ T cells at 
all [75]. FOXP3+ CD4+ Tregs that could keep 
the high number of autoreactive effector T 
cells in check are not produced by thymomas, 
leading to a quantitative imbalance between 
AChR-directed CD4+ effector T cells and reg-
ulatory T cells in TAMG [76]. Although CD4+ 
effector T cells are key to the pathogenesis of 
TAMG [75], a clear MHC association is miss-
ing in TAMG [69].

Genome-wide association studies (GWAS) 
revealed polymorphic MHC class I genes as 
the major genetic risk factors in EOMG [22, 
77]. MHC class I genes are also highly relevant 
although not as critical as MHC II genes for 
LOMG [23, 77, 78]. No consistent MHC class 
I and II risk polymorphisms have been identi-
fied in TAMG (reviewed in [69]). Nevertheless, 
LOMG and TAMG patients show expansion of 
CD8+ T cells in the blood and commonly also 
exhibit prominent CD8+ T cell subsets with 
usage of “patient-specific,” single T-cell recep-
tor Vbeta genes [79, 80]. These findings hint to 
an important but enigmatic role of CD8+ T 
cells in the pathogenesis of MG and have led to 
the hypothesis of a viral etiology of MG [81]. 
The role of EBV in the pathogenesis of EOMG 
is, however, a matter of controversy [82–84].

 Pathogenetic Concepts

The following sections briefly discuss the patho-
genetic models of EOMG and LOMG in order to 
highlight the peculiarities of TAMG 
pathogenesis.

 Pathogenesis of EOMG in Relation 
to Thymic Follicular Hyperplasia

Early-onset MG (EOMG) is the prototypic non- 
thymomatous type of AChR-MG and typically 
shows TFH [69] (see Table 8.1). As to the term 
“early,” there is a biological “gray zone” between 
40 and 65 years of age, when patients with “early 
LOMG” or “late EOMG” [52, 85] can be encoun-
tered. EOMG is primarily a disease of women, 
strongly associated with a distinct genetic risk 
profile [22, 23, 78] and with other autoimmune 
diseases [86] (see Table 8.2). The etiology of 
EOMG is unknown with the exception of the 
d-penicillamine-induced disease [87, 88].

The intrathymic, CD4+ T cell-dependent pro-
duction of autoantibodies that are mainly focused 
on the “main immunogenic region” of the 
α-subunit is characteristic of EOMG [89]. 
Germinal centers (GCs) are found whether auto-
antibodies react against soluble or clustered 
AChRs [3]. GCs drive the hypermutation of 
B-cell receptor genes and intrathymic production 
of AChR antibodies [90]. How GC development 
is triggered is unknown. Due to lack of adequate 
animal models [91–93] and lack of thymectomy 
specimens from the preclinical phase of EOMG, 
primary alterations that initiate GC formation 
cannot be distinguished from secondary changes 
that are elicited by the inflammation. Still, the 
hypothesis of an intrathymic initiation of EOMG 
[94] is supported by the following findings:

• TMCs in the medulla of normal and EOMG 
thymuses express adult and fetal AChR [18] 
and are attacked by autoantibodies and com-
plement in EOMG [14]. Since many EOMG 
patients have antibodies that preferentially 
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recognize the fetal AChR that is virtually 
absent from extrathymic tissues, an intrathy-
mic disease initiation is likely [95].

• Dendritic cells that show abnormally close 
spatial association with TMCs supposedly 
cross-present processed AChR peptides to 
adjacent autoreactive activated T cells [96].

• EOMG thymuses show intrathymic produc-
tion of autoantibodies to the AChR [24], 
increased numbers of B cells [97], plasma 
cells [98, 99], and GCs [15]. GCs disrupt the 
normally continuous epithelial cell layer and 
basal lamina around expanded perivascular 
spaces [14, 100]. This displaces TMCs from 
the tolerance-inducing medulla to the inflam-
matory surroundings of lymphoid follicles 
[38]. Medullary epithelial cells [101] that 
express unfolded AChR subunits [102, 103] 
and MHC class II molecules [104, 105] are 
under attack by complement and may prime T 
cells for AChR peptides [14].

• There are increased numbers of activated lym-
phatic vessels [106, 107], endothelial venules 
[108], and toll-like receptor-bearing macro-
phages [109] that produce pro-inflammatory 
cytokines [103], chemokines [107, 108, 110], 
APRIL, and BAFF [111] and likely help to 
recruit B cells and dendritic cells to the thy-
mus [112].

• Intrathymic regulatory T cells are functionally 
incompetent [72].

 A Pathogenetic Model of EOMG
The original concept of intrathymic EOMG 
pathogenesis assumed MHC class II negative 
TMCs as the initial source of AChR for autoim-
munization [94]. Since MHC class I and II posi-
tive medullary epithelial cells [101, 104] are now 
known to express unfolded AChR subunits [103] 
and are also attacked by autoantibodies [113] and 
complement [14], a two-step model of the intra-
thymic pathogenesis of EOMG [114] is now 
favored [27]. In step 1, CD4+ effector T cells are 
primed by unfolded AChR subunits expressed by 
MHC class I and II positive medullary epithelial 
cells (through whatever initial “trigger(s)”). In 

step 2, “early antibodies” that are elicited by 
primed T cells attack nearby AChR-bearing TMC 
and activate complement, entailing the release of 
AChR/immune complexes that, in turn, activate 
professional antigen-presenting cells to initiate 
germinal center formation. Recent genetic analy-
ses revealed that MHC class I molecules [22, 23, 
77] and TNIP1 [22] are top risk genes in 
EOMG. Therefore, CD8+ T cells might well play 
a role during the initiation of EOMG (step 1) 
[115], while TNIP1, a protein that is involved in 
the activation of toll-like receptor-bearing mac-
rophages and dendritic cells, may play a role in 
step 2.

Why the intrathymic inflammatory process in 
EOMG is self-perpetuating is unclear but may be 
related to the functionally defective Tregs that 
have been described in EOMG thymuses [72] 
and abnormally active antigen-presenting cells 
[109]. Apparently, activated, autoreactive T and 
B cells ultimately egress from the thymus to seed 
the peripheral immune system, where skeletal 
muscle-derived AChR/immune complexes occur 
in regional lymph nodes, and functionally 
impaired Tregs may perpetuate EOMG even after 
thymectomy [69].

 Pathogenesis of Thymoma-Associated 
MG (TAMG)
A pathogenetic model of TAMG has to take the 
following peculiarities of thymomas and of the 
genetic background of TAMG patients into 
account [116, 117]. (1) Autoantibodies in TAMG 
have a strong focus on muscle autoantigens, and 
these autoantibodies are not produced inside the 
thymoma—in sharp contrast to the preferential 
intrathymic AChR autoantibody production in 
EOMG. (2) MG-associated thymomas do not 
express bona fide AChR, titin, and RYRs but 
overexpress “cross-reacting autoantigens” with 
AChR, titin, and RYR epitopes in the absence of 
thymic myoid cells (TMC). (3) The tolerogenic 
autoimmune regulator protein AIRE that pre-
vents the generation of anti-cytokine autoanti-
bodies [118] and is normally involved in the 
intrathymic selection of regulatory T cells [119] 
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is missing in almost all thymomas whether a 
patient has MG or not [76]. (4) TAMG crucially 
depends on the intratumorous generation and 
subsequent export of CD4+ effector T cells from 
the thymoma to the peripheral immune system 
[75, 120]. (5) TAMG does not show a clear 
MHC-related genetic bias (see Table 8.2). 
However, hemizygosity of the MHC locus or low 
expression levels of MHC class II molecules 
have shown a strong trend for association with 
TAMG development in thymomas [121–123]. (6) 
TAMG is uniquely and “paradoxically” associ-
ated with gain-of-function genotypes of immuno-
regulatory genes, particularly the CTLA4high 
genotype (+49A/A) and the PTPN22+1858T(+) 
genotype that are protective against a broad spec-
trum of other autoimmune diseases [124, 125].

Against the background of the above points, 
the following three-step model of TAMG patho-
genesis has been suggested (Fig. 8.2): (1) Within 
thymopoietically active thymomas, there is a 
muscle-specific bias during positive selection of 
CD4+ T cell due to increased expression of 
“cross-reacting autoantigens” with AChR, titin, 
and RYR epitopes in conjunction with hemizy-
gous [126] or reduced [121, 123] MHC class II 
expression. (2) Due to intratumorous lack of 
mature medullary structures, including TMC 
with consecutive defective cross-presentation of 
their muscle antigens by dendritic cells, there is 
impaired negative selection of T cells that are 
specific for muscle autoantigens, allowing for the 
export of non-tolerant, naïve T cells from the thy-
moma; negative selection might be further com-

Periphery
(Remnant thymus,
LNs, spleen,  BM)

T and B cell
activation

(Triggers? Sites?)

AChR
(Muscle)

B / Ab

DC / APC

Thymoma

Step #1 Step #2 Step #3

Biased
positive selection 

Compromised
negative selection 

CD4+ Tregs
(Deficient generation)

CD4i

Blood
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T cell
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“cross-reacting proteins”

(AChR, Titin, RYR epitiopes)
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Fig. 8.2 Unified three-step model of the pathogenesis of 
thymoma-associated MG (TAMG). Key pathogenetic 
mechanisms are highlighted in red. Step #1: biased posi-
tive selection of T-cell precursors to still immature CD4+ 
T cells (CD4i) with specificity for skeletal muscle autoan-
tigens through epithelial overexpression of “cross- reacting 
proteins” with epitopes of the acetylcholine receptor 
(AChR), titin, and the skeletal and cardiac muscle ryano-
dine receptors (RYR). Abnormal “positive selection” is 
supported by hemizygous or reduced MHC class II 
expression. Step #2: failure of negative T cell selection 
due to largely missing medullary structures, absent thy-
mic myoid cells, and lacking expression of the autoim-
mune regulator, AIRE. Also, genetic background, 
particularly a CTLA4high phenotype, and low levels of 
MHC class II molecules on tumor cells may interfere with 
the deletion of potentially autoreactive T cells through 

attenuation of T-cell receptor signaling. On the other 
hand, lack of AIRE and attenuated T-cell receptor signal-
ing due to low MHC class II expression levels may under-
lie the lacking generation of regulatory T cells (Tregs). 
Step #3: export of mature, naïve CD4+ T cells (CD4m/n) 
through the blood to the “periphery” (residual thymus, 
lymph nodes, bone marrow, and eventually inflamed mus-
cle). Following yet unknown triggers, mature naïve T cells 
are activated (Tm/a) by antigen-presenting dendritic cells 
(DC/APC) and provide help to autoantibody (Ab)-
producing B cells. Whether the AChR from skeletal mus-
cle or thymic myoid cells is the primary triggering 
autoantigen or gets secondarily involved is unknown. 
After tumor resection that usually includes thymectomy, 
muscle-derived AChR might fuel the self-perpetuating 
autoimmune process that maintains post-surgery MG 
symptoms
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promised by hemizygous/reduced MHC class II 
expression and gain-of-function CTLA4 and 
PTPN22 genotypes. (3) After activation in the 
periphery by thus far unknown triggers, some of 
their progeny start to react against AChR, titin, 
and RYR and eventually stimulate B cells for 
autoantibody production [69].

The failure of AIRE-deficient thymomas to 
generate Tregs [76] may help to initiate and 
maintain the autoimmune process in the periph-
ery. A scenario that is not mutually exclusive 
assumes that some autoreactive T cells are acti-
vated inside thymomas because of “dangerous” 
local expression of autoantigenic epitopes in the 
context of AIRE deficiency, and after their escape 
from thymomas, such “pre-primed” T cells could 
stimulate B cells in the periphery [55, 123].

Regardless, the high numbers of thymoma- 
derived, potentially autoreactive T cells are 
thought to progressively replace the patient’s 
“historic” thymus-derived, and therefore largely 
tolerant, T-cell repertoire in the periphery [120]. 
This influence of the thymoma on the peripheral 
T-cell repertoire explains two clinical findings: 
first, the rare but well-documented occurrence of 
TAMG after thymoma removal (likely due to 
naïve, autoimmunity prone peripheral T cells that 
have been egressed from the thymoma during the 
months or even years of its growth and become 
activated postoperatively for subsequent cooper-
ation with B cells) [75] and second, the long- 
lasting course of TAMG even after complete 
thymoma removal (likely due to self-sustaining 
T-cell/B-cell interactions that are likely fueled by 
skeletal muscle-derived AChR/autoantibody 
complexes that are processed in regional lymph 
nodes) [69, 115]. In the fewer than 5% of thymo-
poietically inactive type A thymomas with asso-
ciated MG, it has been suggested that mature T 
cells from the “natural” AChR-directed T-cell 
repertoire (see section “Autoreactive and 
Regulatory T Cells in AChR-MG”) could be acti-
vated after recirculation to the thymoma [69].

In contrast to TAMG, various other thymoma- 
associated autoimmune diseases, for example, 
autoimmune thyroiditis, type 1 diabetes, or cyto-
penias, and anti-cytokine autoantibody produc-
tion do not depend on export of substantial 

numbers of CD4+ effector T cells from thymo-
mas, since their prevalence is similar in CD4+ 
T-cell exporting and CD4+ non-exporting thymo-
mas of TAMG(+) and TAMG(−) patients [75].

 Pathogenesis of LOMG

Late-onset MG (LOMG) sensu stricto is a non- 
thymomatous subgroup of AChR-MG. A fixed 
age threshold is problematic, because there is a 
biological “gray zone” between 40 and 60 years 
[52] or even 65 years [85], in which patients with 
“late EOMG” (mainly females) and “early 
LOMG” (mainly males) can be encountered [10, 
77]. A 50-year threshold reveals a gender bias 
with male predominance in LOMG compared to 
female predominance in EOMG [52]. A threshold 
at 60 years is supported by genetic data, a higher 
frequent of anti-striational (e.g., titin) autoanti-
bodies and almost lacking lymphofollicular 
inflammatory thymic changes, particularly in 
males [10, 52, 77, 85].

The etiology of LOMG is unknown but could 
have an environmental facet considering the 
increase in LOMG during the last 40 years in 
many geographic regions [85, 127–130]. LOMG 
and TAMG patients resemble each other 
 immunologically. First, autoantibodies to titin 
and RYR are almost as common in LOMG as in 
TAMG patients, while they are virtually nonexis-
tent in other MG subtypes and other autoimmune 
diseases [49]. Second, cytokine autoantibody 
profiles (comprising IFNα2, α8, ω, and IL12 as 
main targets) are strongly overlapping in LOMG 
and TAMG [35]. Third, the proportion of suppos-
edly naïve, CD45RA+ CD8+ T cells is increased, 
and CD8+ T-cell subsets with usage of individual 
Vbeta T-cell receptor genes are expanded in 
LOMG and TAMG [79, 80, 131]. On the other 
hand, genetic background plays a major role 
mainly in LOMG, while massive export of naïve 
CD4+ T cells from neoplastic thymic tissue to the 
blood is a unique feature of TAMG [10, 120].

 A Pathogenetic Model of LOMG
Despite the differences in terms of genetic back-
ground and T-cell export from thymic tissue [10, 
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23, 78], the immunological similarities between 
LOMG and TAMG are so strong that the hypoth-
esis has been proposed that aberrations in LOMG 
thymuses mimic abnormalities in thymomas and 
lead to export and possibly activation of non- 
tolerant T cells [69, 114]. Although export of 
naïve T cells from thymuses of LOMG patients at 
the time of diagnosis is even lower than in aged- 
matched control persons [10], this finding does 
not exclude that a small population of highly 
potent, AChR and titin reactive T cells generated 
in the near absence of thymic myoid cells (TMC) 
inside a largely AIRE-negative atrophic thymus 
could become activated after export to the periph-
ery and initiate LOMG and that autoreactive T 
cells egressed from an atrophic, TMC-poor and 
almost AIRE-deficient thymus have accumulated 
in the periphery over years before the outbreak of 
LOMG. This is similar to rare thymoma patients 
who develop TAMG after thymoma resection 
[75]. After being triggered in the periphery [10], 
LOMG could become self-perpetuating as in 
TAMG by stimulatory AChR/autoantibody com-
plexes in muscle-draining lymph nodes [115]. 
The model fits the clinical observation that thy-
mectomy has limited impact on LOMG symp-
toms [132].

 Major Unresolved Questions 
in TAMG

The pathogenetic model of TAMG does not com-
pletely resolve several observations. There is cur-
rently no evidence that proteins that contain 
AChR-, titin- and ryanodine receptor (RyR)-like 
epitopes are crucial for the development of anti- 
AChR, anti-titin, or anti-RyR autoimmunity in 
TAMG through abnormal positive selection. The 
Cancer Genome Atlas molecular analysis of thy-
mic cancers may provide clues to this question 
through comparison of TAMG(+) and TAMG(−) 
thymomas. Also, it is not known whether TMCs 
play a physiological immune tolerance inducing 
role through the negative selection of muscle 
specific T cells. Accordingly, it is still a matter of 
speculation that lack of TMC in thymomas favors 
the escape of muscle autoantigen-specific T cells 

from the thymoma to the periphery. The recent 
description of a mouse model with TMC-deficient 
thymus [7] may offer a tool to address these ques-
tions. Another enigma is the occurrence of anti- 
titin autoimmunity in thymoma and LOMG but 
not EOMG patients, although TMC express both 
AChR and titin and are under immune attack in 
EOMG. Why this immune attack fosters anti- 
AChR but not anti-titin autoimmunity in EOMG 
is unclear. The mouse model [7] may help to 
study the different mechanisms of tolerance 
breakdown toward AChR and titin. In addition, 
in the subset of type A thymomas with virtually 
absent intratumorous thymopoiesis, the above 
pathogenetic model (see Fig. 8.2) may not apply 
(absence of step #1). However, thymopoiesis in 
type A thymomas can be very focal [30], and 
such tumors should be sampled completely 
before other pathogenetic models of TAMG are 
invoked for type A thymomas. Finally, it has not 
been elucidated which autoantigens maintain the 
prolonged autoantibody response after thymoma 
resection when the adjacent residual nonneoplas-
tic thymus with its TMC is usually removed as 
well. A candidate is the AChR released from 
skeletal muscle end plates following destruction 
by autoantibodies or cytotoxic T cells, followed 
by presentation of AChR peptides to autoreactive 
T cells and B cells in regional lymph nodes. 
Sampling of lymph nodes in TAMG patients for 
in vitro autoantibody production may answer this 
question.
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Electrodiagnosis 
of Neuromuscular Junction 
Disorders

Christopher David Geiger and Bashar Katirji

 Introduction

The electrodiagnostic (EDX) examination in 
patients with suspected neuromuscular junction 
(NMJ) disorders requires a sound working knowl-
edge of the physiology and pathophysiology of 
neuromuscular transmission. The EDX studies 
that are useful in the evaluation of such patients 
include (1) motor nerve conduction studies 
(NCSs), (2) conventional needle electromyog-
raphy (EMG), (3) repetitive nerve stimulation 
(RNS), and (4) single-fiber EMG. This chapter 
reviews the basics of neuromuscular transmission, 
as it relates to the EDX studies, and discusses in 
detail the EDX studies and findings in various 
NMJ disorders.

 Basic Concepts of Neuromuscular 
Transmission

Performing EDX studies in NMJ disorders 
requires understanding of few important con-
cepts inherent to neuromuscular transmission. 
These physiologic facts dictate the type of RNS 
and single-fiber EMG needed for the accurate 
diagnosis of NMJ disorders. The physiology of 
neuromuscular transmission is discussed in detail 
in Chap. 1 and is addressed briefly here [1–4].

 Quantum

A quantum is the amount on acetylcholine 
(ACh) packaged in a single vesicle, accounting 
for approximately 5000–10,000 ACh molecules. 
Each quantum (vesicle) that is released into the 
synaptic cleft results in a 1-mV change of post-
synaptic membrane potential. This phenomenon 
occurs spontaneously and continuously at rest, 
forming the basis of the miniature end plate 
potential (MEPP).

The number of quanta released as the result of 
a nerve action potential depends on the number 
of quanta in the primary (immediately available) 
store and the release probability of the quanta. 
This can be defined by the equation m = p × n, 
where m is the number of quanta released during 
each stimulation, p is the probability of release 
(effectively proportional to the concentration of 
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calcium and typically about 0.2 or 20%), and 
n is the number of quanta in the immediately 
available store. Under normal conditions, a sin-
gle nerve action potential triggers the release 
of 50–300 quanta (vesicles) with an average of 
about 60 quanta.

In addition to the immediately available store 
of ACh-containing synaptic vesicles located 
beneath the presynaptic nerve terminal mem-
brane, a secondary (or mobilization) store starts 
to replenish the immediately available store after 
1–2 s of sequential nerve action potentials. A 
large tertiary (or reserve) store is also available 
in the axon and cell body.

 End Plate Potential

The end plate potential (EPP) is the potential 
generated at the postsynaptic membrane fol-
lowing a presynaptic nerve action potential and 
neuromuscular transmission. Since each released 
quantum results in a 1 mV change in the postsyn-
aptic membrane potential, the ACh release after 
a nerve action potential results in about a 60 mV 
change in the amplitude of the membrane poten-
tial. The resultant electrical-chemical-electrical 
transmission is fleeting, as ACh is quickly broken 
down by the enzyme acetylcholinesterase at the 
postsynaptic basal lamina.

 Safety Factor

Under normal conditions, the number of quanta 
(vesicles) released at the NMJ by the presynaptic 
terminal (about 60 vesicles) far exceeds the post-
synaptic membrane potential change required to 
reach the threshold needed to generate a post-
synaptic muscle action potential (7–20 mV). 
The safety factor allows for an EPP to always 
reach threshold, results in an all-or-none mus-
cle fiber action potential (MFAP), and prevents 
neuromuscular transmission failure despite the 
depletion of ACh stores with repetitive action 
potentials. In addition to quantal release, several 
other factors contribute to the safety factor and 
EPP including ACh receptor conduction proper-

ties, ACh receptor density, cholinesterase activ-
ity, synaptic architecture, and sodium channel 
density at the NMJ.

 Calcium Influx into the Terminal Axon

Following depolarization of the presynaptic ter-
minal, voltage-gated calcium channels (VGCCs) 
open leading to calcium influx. Through a 
calcium- dependent intracellular cascade, vesicles 
are docked at active release sites (called active 
zones) and release ACh molecules. Calcium then 
diffuses slowly away from the vesicle release site 
in 100–200 ms. The rate at which motor nerves 
are repetitively stimulated in the electrodiagnos-
tic laboratory dictates whether calcium accumu-
lation plays a role in enhancing the release of 
ACh or not, effecting increasing “p” in m = p × n.

 Compound Muscle Action Potential

The compound muscle action potential (CMAP) 
is obtained, during motor NCS, with supramaxi-
mal stimulation of a motor nerve while recording 
via a surface electrode placed over the belly of a 
muscle. The CMAP represents the summation of 
all MFAPs generated in a muscle following stim-
ulation of all motor axons in its supplying nerve. 
This waveform is the culmination of all preced-
ing electrochemical events, and it is the subject 
of interest in the electrodiagnostic evaluation of 
neuromuscular transmission disorders.

 Electrodiagnostic Tests 
in Neuromuscular Junction 
Disorders

 Routine Motor Nerve Conduction 
Studies

Sensory NCSs are always normal in NMJ dis-
orders, unless there is an additional entrapment 
mononeuropathy or peripheral polyneuropa-
thy. Motor NCSs are, however, helpful in the 
 evaluation of all disorders affecting the motor 
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unit, including NMJ disorders. CMAP ampli-
tude is the most useful parameter in NMJ disor-
ders since the motor distal latencies, conduction 
velocities, F waves minimal latencies, and 
H-reflexes are normal.

The CMAP amplitude is usually normal in 
postsynaptic disorders (such as MG), following a 
single supramaximal stimulus of all motor nerves, 
due to the effect of the safety factor. Despite par-
tial ACh receptor blockade, EPPs achieve thresh-
old and generate MFAPs in all muscle fibers, 
resulting in normal CMAP. Occasionally, such as 
during myasthenic crisis, the CMAP amplitudes 
may be borderline or slightly diminished due to 
severe postsynaptic neuromuscular blockade. 
In contrast, the CMAP amplitudes, following a 
single supramaximal stimulus of motor nerves 
during routine NCSs, are often low in presynap-
tic disorders (such as Lambert-Eaton myasthenic 
syndrome—LEMS) since many EPPs do not 
reach threshold and many muscle fibers do not 
depolarize.

 Conventional Needle 
Electromyography

The needle EMG is usually normal in NMJ disor-
ders. However, nonspecific changes, more com-
monly encountered in myopathies or neurogenic 
disorders, may occasionally be associated with 
NMJ disorders, particularly when chronic and 
severe. These relatively rare findings include:

 Moment-to-Moment Variation 
and Instability of Motor Unit  
Action Potentials
In healthy subjects, individual motor unit action 
potential (MUAP) amplitude, duration, and 
phases are stable with little, if any, morphology 
variation. However, individual MUAP amplitude 
and morphology in NMJ disorders may vary sig-
nificantly during activation due to intermittent 
NMJ blockade, slowing, or both. During needle 
EMG recording, moment-to-moment instabil-
ity and variation should be distinguished from 
MUAP overlap. This can be achieved by using 

an amplitude trigger to record from a single 
MUAP at a time.

 Short-Duration, Low-Amplitude, 
and Polyphasic MUAPs
These MUAPs are seen primarily in proximal 
muscles and are similar in morphology to those 
seen in myopathies. In NMJ disorders, “myo-
pathic” MUAPs are caused by physiological 
blocking and slowing of neuromuscular trans-
mission at end plates during voluntary activa-
tion. This leads to exclusion of MFAPs from the 
MUAP (hence the short duration and low ampli-
tude) and asynchrony of neuromuscular trans-
mission of muscle fibers (hence the polyphasia).

 Fibrillation Potentials
Except in botulism, fibrillation potentials are 
rarely encountered in NMJ disorders [5, 6]. They 
are usually inconspicuous and present mostly in 
proximal muscles. The mechanism of fibrilla-
tion potentials in NMJ disorders is not clear but 
may be related to chronic neuromuscular trans-
mission blockade, loss of end plates, or loss of 
presynaptic terminal. This results in “effective” 
denervation of individual muscle fibers, hence 
the fibrillation potentials. In botulism, fibrillation 
potentials are commonly seen in weak muscles 
when needle EMG is performed several weeks 
after exposure [7]. Since fibrillation potentials 
are rare in the rest of the NMJ disorders, their 
presence should always raise the suspicion of an 
alternate diagnosis or associated illness.

 Repetitive Nerve Stimulation

 Principles
Motor nerves may be repetitively stimulated and 
the resultant CMAPs evaluated for evidence of 
amplitude decrement or increment. It is the rate 
at which a motor nerve is stimulated which dic-
tates whether calcium accumulation plays a role 
in enhancing ACh release. Since calcium diffuses 
out of the presynaptic terminal in about 100–
200 ms after a single stimulus, a slow rate of RNS 
(i.e., a stimulus every 200 ms or more or a stimu-
lation rate of <5 Hz) does not effectively increase 
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the concentration of calcium in the terminal 
button. In contrast, rapid RNS (i.e., a stimulus 
every 100 ms or less or stimulation rate > 10 Hz) 
greatly enhances calcium influx and the probabil-
ity of ACh release. This allows for more EEPs 
to reach threshold and is ultimately responsible 
for the CMAP increment which is typically seen 
in presynaptic disorders. However, slow RNS 
results in depletion of primary quantal stores 
of acetylcholine without mobilizing secondary 
stores. This, in turn, results in fewer EPPs reach-
ing the threshold needed to generate an action 
potential and leading to the typical CMAP decre-
ment seen in postsynaptic disorders (see section 
“Findings in Neuromuscular Junction Disorders” 
below, findings in neuromuscular disorders).

 Techniques
In the EMG laboratory, RNSs are often con-
ducted following the performance of motor NCSs. 
Electromyographers and EDX technologists 
should master the various motor NCSs and RNSs 
techniques to avoid technical factors that may 
result in false positive and false negative studies. 
There are certain prerequisites that are essential 
for performing reliable and reproducible RNSs.

• Acetylcholinesterase inhibitors. If medically not 
contraindicated, patients on acetylcholinesterase 
inhibitors, such as pyridostigmine, should with-
hold their medication, preferably for 12–24 h 
before RNS. These agents improve neuromus-
cular transmission and may mask a CMAP dec-
rement resulting in a false negative RNS.

• Limb temperature control. Limb temperature 
should be maintained at approximately 33 °C 
at the recording site. A cool limb enhances 
neuromuscular transmission and may mask a 
CMAP decrement resulting in a false negative 
RNS. The exact reason for this effect is not 
well understood, but it may be due to decreased 
functional effectiveness of the acetylcholines-
terase, resulting in increased amount of ACh 
available at the NMJ.

• Limb immobilization. The limb tested should 
be immobilized as best as possible to prevent 
movement, particularly at the stimulation or 

recording sites. These sites should be well 
secured with tape or to a board using tape or 
Velcro. Movement at either the stimulation or 
recording site may result in a variable wave-
form baseline, giving the appearance of a 
CMAP amplitude decay or increment. This 
type of error could potentially lead to a false 
diagnosis of a NMJ disorder.

• Stimulation intensity. Supramaximal stimula-
tion (i.e., 10–20% above the intensity level 
needed for a maximal response) is needed to 
assure that all nerve fibers are activated and a 
supramaximal CMAP is obtained. 
Unnecessarily high-intensity or long-duration 
stimuli should be avoided to prevent move-
ment artifacts and excessive pain.

• Stimulation frequency and number of stimuli. 
The stimulus rate and number of stimuli 
applied during RNS depend on the clinical 
problem and the working diagnosis.
 (a) Slow RNS is usually done at a rate 

2–3 Hz; this rate is low enough to prevent 
calcium accumulation but high enough to 
deplete the quanta in the immediately 
available stores before the secondary 
(mobilization) stores start to replenish it. 
A total of five stimuli is adequate since 
the maximal decrease in ACh release 
occurs after the first four stimuli. There is 
nothing to be gained in exceeding nine to 
ten stimuli.

 (b) Rapid RNS is done with a frequency of 
20–50 Hz to ensure accumulation of cal-
cium in the presynaptic terminal. Since 
this is extremely painful, a train of 3–5 s is 
sufficient. A brief (10 s) period of maxi-
mal isometric voluntary exercise has the 
same effect as rapid RNS at 20–50 Hz. 
This is much less painful than rapid RNS 
and, given its tolerability, allows examina-
tion of multiple motor nerves. Brief exer-
cise could substitute for rapid RNS in 
most cooperative subjects. However, rapid 
RNS is necessary in patients who cannot 
produce a strong isometric exercise (e.g., 
young children, comatose patients, or 
patients with severe weakness).
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• Nerve selection. The choice of nerve to be 
stimulated and the muscle to be recorded 
depends on the patient’s symptom manifesta-
tions. Useful nerves for RNS are the median 
and ulnar nerves, recording abductor pollicis 
brevis, and abductor digiti minimi, respec-
tively. Since the upper limb is easily immobi-
lized, these RNSs are well tolerated and 
accompanied by minimal movement artifact. 
However, since distal muscles are often spared 
in postsynaptic NMJ disorders (such as MG), 
recording from a proximal muscle is often 
necessary. Slow RNS of the spinal accessory 
nerve, recording the trapezius muscle, is the 
most common study of a proximal nerve. It is 
relatively well tolerated and subject to less 
movement artifact when compared to RNS of 
other proximal nerves such as the musculocu-
taneous or axillary nerves, recording the 
biceps or deltoid muscles, respectively. 
Finally, facial slow RNS, recording nasalis or 
orbicularis oculi muscles, is indicated in 
patients with ocular, bulbar, or facial weak-
ness when MG is suspected and other RNS are 
normal or equivocal. However, the normal 
facial CMAP is often low in amplitude and 
often plagued by large stimulation artifacts. 
This renders measurement of facial CMAP 
decrement more difficult and subject to error.

Measurements.  After establishing a supra-
maximal CMAP, slow RNS is usually performed 

by applying three to five stimuli to a mixed or 
motor nerve at a rate of 2–3 Hz. Calculation of 
the decrement with slow RNS is accomplished by 
comparing the baseline (first) CMAP amplitude 
to the lowest CMAP amplitude. In NMJ disor-
ders, the CMAP decrement is usually maximal at 
the third or fourth CMAP which then plateaus or 
begins to improve by the fifth or sixth response, 
due to the mobilization store resupplying the 
immediately available store (Fig. 9.1). The 
CMAP decrement is expressed as a percentage 
and calculated as follows:

a

b

Fig. 9.1 Slow repetitive nerve stimulation (RNS) at 3 Hz 
of the ulnar nerve (recording hypothenar muscles). (a) 
Normal RNS. (b) CMAP decrement in a patient with gen-
eralized myasthenia gravis. The largest decrement is 
between the first and the second CMAPs, while the maxi-
mal decrement is between the first and fourth CMAPs 
(25%)

% decrement
Amplitude st response Amplitude rd or th respons

=
( ) −1 3 4 ee

Amplitude st response

( )
( ) ×
1

100

Slow RNS at rest should be repeated after an 
interval of 1–2 min to confirm a normal or abnor-
mal response. A reproducible decrement of more 
than 10% is considered abnormal and eliminates 
false positives. Decrement of 5–10% is consid-
ered equivocal and not diagnostic. If there is a 
reproducible decrement at rest (≥10%), slow 

RNS should be repeated after the patient exer-
cises for 10 s to demonstrate repair of the decre-
ment (post-exercise facilitation). If there is no or 
equivocal decrement (<10%) with slow RNS at 
rest, the patient should perform maximal volun-
tary exercise for 1 min (exercise for 30 s, rest for 
5 s, and exercise for another 30 s). Immediately 
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Fig. 9.2 Rapid repetitive nerve stimulation (30 Hz) of the 
median nerve (recording thenar muscles) in an infant with 
botulism. There is a 110% increment of CMAP amplitude 
between the baseline (1st) and last (20th) responses

following the period of exercise, slow RNS is 
repeated during the subsequent 1, 2, 3, 4, and 
5 min. Since the amount of ACh released with 
each stimulus is at its minimum 2–5 min after 
exercise, slow RNS after exercise provides a high 
chance of detecting a defect in NMJ by demon-
strating a worsening CMAP decrement (post- 
exercise exhaustion).

Rapid RNS is most useful in patients with sus-
pected presynaptic NMJ disorders such as LEMS 
or botulism. The optimal frequency is 20–50 Hz 
for 2–10 s (Fig. 9.2). A typical rapid RNS applies 
200 stimuli at a rate of 50 Hz (i.e., 50 Hz for 4 s). 
Calculation of CMAP increment after rapid RNS 
is as follows:

% increment
Amplitude Highest response Amplitude st response

=
( ) − 1(( )

( ) ×
Amplitude st response1

100

A CMAP increment of more than 50–100% 
is considered abnormal. A modest increment 
of 25–40% may occur in normal individuals. 
This is likely caused by increased synchrony 
of MFAPs following tetanic stimulation (physi-
ologic posttetanic facilitation or pseudofacili-
tation) [3, 4]. Brief periods (10 s) of maximal 
voluntary isometric exercise have the same effect 
as rapid RNS is much less painful and a good 

substitute in cooperative subjects [8, 9]. A single 
supramaximal stimulus is applied to generate a 
baseline CMAP, then the patient performs a 10 s 
maximal isometric voluntary contraction which 
is followed by another stimulus that produces 
a post- exercise CMAP. Calculation of CMAP 
increment after brief (10 s) voluntary contraction 
is similar to the calculation of the increment fol-
lowing rapid RNS, as follows:

% increment
Amplitude of postexercise response Amplitude of pree

=
− xxercise response

Amplitude of preexercise response
×100

 Single-Fiber EMG

 Principles
Single-fiber EMG (SFEMG) is the selective 
recording of a small number (usually two or 
three) of MFAPs innervated by a single motor 
unit. The study aim is to analyze the effects of 
the variation in the time it takes the EPPs to 
reach threshold and generate MFAPs. With dis-
orders of the NMJ, there is an increased varia-
tion in the time taken to attain an EPP capable of 
reaching threshold. SFEMG recording requires 
special expertise and understanding of the 

micro- environment of motor unit physiology. 
Although the examination may be applied to 
many neuromuscular disorders, SFEMG jitter 
study is most useful in clinical practice in the 
diagnosis of NMJ disorders, particularly myas-
thenia gravis [10–12].

 Techniques
SFEMG jitter studies have traditionally been per-
formed with a specialized single-fiber concentric 
EMG needle. These needles have a small circular 
recording surface (25 μm) which is located on a 
side port and has a recording volume of approxi-
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mately 300 μm3 (Fig. 9.3). Reference values for 
these electrodes were established (Table 9.1) 
[13]. However, there are several limitations to 
these electrodes. First, the cost is prohibitive with 
a single needle costing upwards of several hun-
dred dollars. Second, while there have been no 
reported incidents, the use of reusable single- fiber 
electrodes also raises concerns regarding the risk 
of infection. Third, with multiple uses, the nee-
dles may become dull, affecting patient comfort.

For these reasons, many laboratories favor the 
use of standard, disposable concentric needles 
which have been shown to have the same sen-
sitivity and specificity as single-fiber electrodes 
when assessing neuromuscular disease [14, 15]. 
It should be appreciated that the smallest com-
mercially available electrode (often referred to as 
“facial” electrode) has an oval recording surface 
of 80 × 300 μm and a larger catchment area of 
roughly 1 cm3 (Fig. 9.4). Given the standard dis-
tance between muscle fibers (200 μm), this cre-
ates the possibility that a captured potential is not 
a true representation of a single muscle fiber but 
possibly a summation of two to three neighbor-
ing fibers.

There are certain other requirements, which 
are essential for the accurate interpretation of jit-
ter studies using a disposable concentric needle 
electrode [4, 12, 16]:

 1. Use of standardized muscles including orbicu-
laris oculi, frontalis, and extensor digitorum.

 2. Filter settings should be set at 1000 Hz for the 
high-pass filter and 10,000 Hz for the low- 
pass filter (filter settings should be set at 
500 Hz for the high-pass filter when using a 
single-fiber electrode).

 3. Selected single MFAPs should have mainly 
one positive and one negative peak, a rise time 
of 300 μs with a constant slope, and, preferably, 
a peak-to-peak amplitude of 200 μV or more.

Fig. 9.3 Cross section of a muscle stained for glycogen 
after stimulating an isolated motor axon to show the muscle 
fiber distribution of one motor unit (the fibers of the motor 
unit become depleted of glycogen and therefore appear 
pale). A single-fiber EMG electrode is superimposed to 
show the uptake area. The strategy of recording jitter is to 
position the electrode (as shown) in order to record from 
two muscle fibers belonging to the same motor unit 
(Reproduced with permission from Stålberg E, Trontelj JV, 
Single Fiber Electromyography, Studies in Healthy and 
Diseased Muscle, 2nd ed., Wolters Kluwer, 1994)

Table 9.1 Reference values for jitter measurements during voluntary muscle activation (μs): 95% confidence limits for 
upper limit of mean jitter/95% confidence limits for jitter values of individual fiber pairsa

Muscle/age 10 years 20 years 30 years 40 years 50 years 60 years 70 years 80 years 90 years

Frontalis 33.6/49.7 33.9/50.1 34.4/51.3 35.5/53.5 37.3/57.5 40.0/63.9 43.8/74.1

Orbicularis oculi 39.8/54.6 39.8/54.7 40.0/54.7 40.4/54.8 40.9/55.0 41.8/55.3 43.0/55.8

Orbicularis oris 34.7/52.5 34.7/52.7 34.9/53.2 35.3/54.1 36.0/55.7 37.0/58.2 38.3/61.8 40.2/67.0 42.5/74.2

Tongue 32.8/48.6 33.0/49.0 33.6/50.2 34.8/52.5 36.8/56.3 39.8/62.0 44.0/70.0

Sternocleidomastoid 29.1/45.4 29.3/45.8 29.8/46.8 30.8/48.8 32.5/52.4 34.9/58.2 38.4/62.3

Deltoid 32.9/44.4 32.9/44.5 32.9/44.5 32.9/44.6 33.0/44.8 33.0/45.1 33.1/45.6 33.2/46.1 33.3/46.9

Biceps 29.5/45.2 29.6/45.2 29.6/45.4 29.8/45.7 30.1/46.2 30.5/46.9 31.0/48.0

Extensor digitorum 
communis

34.9/50.0 34.9/50.1 35.1/50.5 35.4/51.3 35.9/52.5 36.6/54.4 37.7/57.2 39.1/61.1 40.9/66.5

Abductor digiti minimi 44.4/63.5 44.7/64.0 45.2/65.5 46.4/68.6 48.2/73.9 51.0/82.7 54.8/96.6

Quadriceps 35.9/47.9 36.0/48.0 36.5/48.2 37.5/48.5 39.0/49.1 41.3/50.0 44.6/51.2

Tibialis anterior 49.4/80.0 49.3/79.8 49.2/79.3 48.9/78.3 48.5/76.8 47.9/74.5 47.0/71.4 45.8/67.5 44.3/62.9
aAdapted from [18]
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 4. An amplitude threshold triggers and delays 
line to allow recording from a single MFAP 
by triggering on it on a screen with a delay 
line capability.

 5. Computerized equipment assists in calculat-
ing individual and mean interpotential inter-
vals (IPIs) and jitters (see below).

Volitional (recruitment) SFEMG is a com-
mon method for recording MFAPs, in which the 
patient activates and maintains the firing rate of 
the motor unit. This technique is not possible 
if the patient cannot cooperate (e.g., a child or 
a patient with dementia, encephalopathy, coma, 
or severe weakness) and is difficult if the patient 
is unable to maintain a constant and stable vol-
untary muscle contraction (e.g., in patients with 
Parkinsonism, tremor, dystonia, or spasticity). 
An amplitude threshold is used to trigger the 
oscilloscope trace on the closest MFAP (the 
action potential with the sharpest rise time and 
the greatest amplitude), while MFAPs from other 
motor units are excluded from the oscilloscope 

screen. With minimal voluntary activation, the 
needle is positioned until two muscle potentials 
(a pair) from a single motor unit are recognized 
(see Fig. 9.3). When a muscle fiber pair is identi-
fied, one fiber triggers the oscilloscope (trigger-
ing potential), and the second precedes or follows 
the first (slave potential). After recording multi-
ple consecutive firings of these two muscle fibers 
(usually about 50–100 consecutive discharges), 
the electromyographer determines, usually with 
the aid of a computerized system, the consecutive 
interpotential intervals (IPIs) and calculates the 
difference between consecutive IPIs (Fig. 9.5). 
Comparison of IPIs illustrates the slight varia-
tion in transmission time at the NMJ, named the 
neuromuscular jitter. Jitter is most accurately 
determined by calculating a mean consecutive 
difference (MCD) (see measurements). Although 
jitter analysis may be obtained from any skeletal 
muscle, the most common muscles examined by 
voluntary SFEMG are the extensor digitorum, 
frontalis, and orbicularis oculi. These muscles 
are ideal because of their frequent involvement 

Needle

a. SFEMG 25 0.0005

0.019

0.07
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150

b. CNE facial

c. CNE
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a b c

Fig. 9.4 Relative sizes and recording areas of the needle 
EMG electrodes. (a) Traditional single-fiber EMG elec-
trode (SFEMG); (b) Small (facial) concentric electrode 
(CNE facial); (c) Common concentric electrode (CNE). 
The recording area and the number of muscle fibers for 

each needle are approximate and not exactly to scale  
(From Neuromuscular Disorders in Clinical Practice, 2nd 
edition, 2014, Katirji B, Kaminski HJ, Ruff RL (editors). 
With permission of Springer)
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in NMJ disorders and the ability of most patients 
to control and sustain their voluntary activity to a 
minimum as required for the test.

Stimulation (axonal stimulation) SFEMG is an 
alternative method of motor unit activation and 
is performed by inserting an additional monopo-
lar needle electrode near the intramuscular nerve 
twigs and stimulating at a low current and constant 
rate. The recording needle electrode is then moved 
slightly until one or more MFAPs are recorded 
(Fig. 9.6). This technique requires that the elec-
tromyographer manipulates two electrodes, a 
stimulating and recording electrode. Percutaneous 
(surface) stimulation could substitute for the nee-
dle electrode stimulations in anatomic areas where 
the motor branch is superficial and easily acces-
sible, such as stimulating the zygomatic branch 

a

1

1

1

2

2
Q1s
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d

Fig. 9.5 Principle of voluntary single-fiber jitter record-
ing. (a) The single-fiber EMG electrode is positioned by the 
electromyographer until it is possible to record from muscle 
fiber pair (one and two) innervated by the same motor axon. 
(b) Muscle fiber action potentials firing at a low degree of 
voluntary activation. (c) As in (b), but with a faster sweep 
speed, a sweep triggered by the first potential (the trigger-
ing potential) and showing successive discharges of the pair 
in a raster mode. (d) As in (c), but shown in a superimposed 
mode illustrating the variability in the interpotential inter-
vals (IPIs) which reflect the neuromuscular jitter 
(Reproduced with permission from Stålberg E, Trontelj JV, 
Single-Fiber Electromyography, Studies in Healthy and 
Diseased Muscle, 2nd ed., Wolters Kluwer, 1994)

Stimulation

SFEMG Recording

Muscle fibre stimulation

Axonal stimulation

2 ms 0.5 ms

+ –

Fig. 9.6 Principle of stimulation single-fiber jitter record-
ing. A monopolar needle stimulating cathode is inserted 
into the muscle near the motor point, while the anode is a 
surface electrode. Lower tracing discloses normal jitter 
with axonal stimulation, while the upper tracing discloses 
a very low jitter (<4 μs) resulting from direct muscle stim-
ulation (Reproduced with permission from Stålberg E, 
Trontelj JV, Single-Fiber Electromyography, Studies in 
Healthy and Diseased Muscle, 2nd ed., Wolters Kluwer, 
1994)
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of the facial nerve while recording the frontalis 
muscle [17]. Stimulation SFEMG has the advan-
tage of not requiring patient participation and, 
thus, may be performed on the aforementioned 
patient populations whom may not be able to fully 
cooperate with a volitional study. Another advan-
tage of this technique is that the rate of stimulation 
may be adjusted from slow rate (2–3 Hz) to a rapid 
rate (20–50 Hz). This is helpful in differentiating 
presynaptic from postsynaptic disorders since the 
jitter improves significantly with rapid RNS in 
LEMS, while it does not change or worsens in MG 
(see below) [18, 19].

In volitional SFEMG, the jitter is calculated 
as the variation in IPIs between two MFAPs; one 

potential is time-locked by the trigger, and all 
the variation of both end plates is expressed by 
the jitter of the slave potential. In contrast, the 
IPI in stimulation SFEMG is measured as the 
latency between the stimulus artifact and a single 
MFAP, and, thus, only one end plate is involved 
in the analysis. Hence, stimulation SFEMG jit-
ter normal values are smaller than their volitional 
counterparts.

 Measurements
The jitter is best expressed as the mean consecu-
tive difference (MCD) of all interpotential inter-
vals (IPI) recorded of the muscle pair [12, 20]. It 
is calculated as follows:

Table 9.2 Baseline CMAP and repetitive stimulation findings in common neuromuscular junction disorders

NMJ disorder NMJ defect CMAP amplitude Slow RNS
Rapid RNS or post-exercise 
facilitation

Myasthenia gravis Postsynaptic Normal Decrement Normal or decrement

Lambert-Eaton 
myasthenic syndrome

Presynaptic Low in all muscles Decrement Marked increment: >100% in at least 
one muscle and >60% in all muscles

Botulism Presynaptic Low in proximal 
and weak muscles

Decrement Modest increment: In weak muscles 
(50–100%)

NMJ neuromuscular junction, CMAP compound muscle action potential, RNS repetitive nerve stimulation

MCD
IPI IPI IPI IPI IPI IPI

=
−( ) + −( ) + + −( ) −( )

−
1 2 2 3 1

1

 N N

N

where IPI1 is the interpotential interval of the 
first discharge, IPI2 is of the second discharge, 
etc., and N is the number of discharges recorded. 
The mean jitter of the muscle sampled is reported 
after analyzing 20 muscle fiber pairs. Blocking 
is measured as the percentage of discharges of a 
motor unit in which a single-fiber potential does 
not fire. For example, in 100 discharges of the 
pair, if a single potential is missing 30 times, 
the blocking is 30%. In general, blocking occurs 
when the jitter values are significantly abnormal.

Normal values for jitter may be affected by a 
number of different variables including the spe-
cific muscle being examined, type of recording 
electrode used, mode of muscle fiber activation, 
and age of the subject [13, 21]. Reference values 
for jitter measurements with volitional muscle 
activation, utilizing a traditional single-fiber 

EMG needle, were published (see Table 9.1). 
As jitter values obtained by stimulation SFEMG 
are calculated on the basis of one end plate, the 
normal values are lower than those obtained by 
volitional activation. To calculate the normal 
stimulation jitter value, using a single-fiber EMG 
needle, it is recommended that the reference data 
for volitional SFEMG is multiplied by 0.80.

Given the growing use of standard concentric 
EMG needles, for the aforementioned reasons, 
a group recently completed a multicenter study 
to determine reference jitter values in healthy 
control subjects [16]. Normative data was estab-
lished for three commonly studied muscles (e.g., 
orbicularis oculi, frontalis, extensor digitorum) 
using voluntary activation (Table 9.2). In this 
study, age did not appear to significantly affect 
jitter and was therefore omitted as a qualifying 
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factor. In addition, rather than extrapolating data 
for stimulation values, approximately 200 stim-
ulated studies were analyzed to formulate dedi-
cated normative values for this modality as well.

The final results of SFEMG jitter study are 
expressed by (1) the mean jitter of all muscle 
pairs studied, (2) the percentage of pairs with 
impulse blocking, and (3) the percentage of pairs 
with abnormal jitter [4, 12, 22]. The study is con-
sidered abnormal when one or more of the fol-
lowing criteria are met:

 1. Mean consecutive difference (MCD) exceeds 
an upper limit (normal mean + 2 SD for a 
given muscle).

 2. More than 2 (10%) pairs have jitter considered 
to be in an outlier range when 20 individual 
muscle fiber pairs are analyzed. This second 
criterion should be augmented to 20% in 
patients over the age of 60 years, when using a 
traditional single-fiber EMG needle electrode.

 3. Impulse blocking is frequently seen in the 
majority of fiber pairs in a muscle.

 Findings in Neuromuscular Junction 
Disorders

 Myasthenia Gravis

Myasthenia gravis (MG) is the best understood 
and thoroughly studied of all human organ- specific 
autoimmune diseases. MG is caused by an anti-
body-mediated attack on the postsynaptic nicotinic 
ACh receptors of the neuromuscular junction. It is 
characterized by a reduction of skeletal muscle post-
synaptic ACh receptors resulting in a decrease in 
the EPP amplitude. Up to 85% of patients with MG 
have an elevated ACh receptor antibody (seroposi-
tive MG). Antibodies to muscle-specific tyrosine 
kinase (MuSK) are present in sera of 25–50% of 
MG patients who are negative for the ACh receptor 
antibody. Some patients with MG have antibodies 
against low protein LRP4, another end plate protein 
required for AChR clustering, and normal NMJ for-
mation. The term “seronegative MG” should hence 
be reserved to patients who have negative autoanti-
bodies to ACh receptor, MuSK and LRP4.

The EDX study is an essential component of the 
available armament in the diagnosis of MG. The 
EDX studies are most useful in seronegative 
patients with suspected MG, and in patients with a 
negative or equivocal edrophonium tests and few 
objective neurological findings. Individual EDX 
studies of patients with suspected MG should be 
tailored to the patient’s symptomatology.

 Baseline Motor Nerve Conduction 
Studies
Routine motor nerve conduction studies (NCSs), 
including CMAP amplitudes, are normal in 
MG. A single supramaximal stimulus to a 
motor nerve results in ACh release and post-
synaptic EPPs which reach threshold despite 
ACh receptor blockade because of the presence 
of the safety factor. Hence, MFAPs are gener-
ated in all muscle fibers resulting in a normal 
CMAP. Occasionally, such as in the midst of a 
myasthenic crisis with profound muscle weak-
ness, the CMAPs may be borderline or slightly 
diminished due to severe postsynaptic neuro-
muscular blockade (Fig. 9.7). Also, in patients 

2 ms

2.
0 

m
U

Fig. 9.7 Slow repetitive nerve stimulation (3 Hz) of the 
median nerve (recording thenar muscles) in a patient with 
myasthenic crisis. The largest decrement is between the 
first and the second CMAPs (45%), while the maximal 
decrement is between the first and third CMAP (65%). 
Note that the CMAP amplitude plateaus after the third 
response and that the baseline (first) CMAP amplitude is 
slightly diminished during myasthenic crisis (see text)
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taking large quantities of cholinesterase inhibi-
tors, such as pyridostigmine, there may be a ten-
dency to record multiple CMAPs after a single 
stimulus applied to the nerve.

 Slow Repetitive Nerve Stimulation
Slow RNS, usually at a rate of 2–3 Hz, results in 
a decrease in quantal release due to the depletion 
of the immediate (primary) ACh stores. In post-
synaptic disorders such as MG, this stresses the 
NMJ to a point where many EPPs fail to reach the 
threshold needed to generate an action potential 

(Fig. 9.8a). The loss of many MFAPs is reflected 
as a decremental CMAP on slow RNS [23, 24]. 
Although the greatest drop in CMAP amplitude 
and area in MG occurs between the first and the 
second responses, the decrement usually contin-
ues and is usually maximal when comparing the 
first and the third or fourth CMAPs [2–4, 23, 24]. 
Often, after the fifth or sixth stimulus, the sec-
ondary stores are mobilized resulting in stabili-
zation, or sometimes slight improvement of the 
CMAP and giving the characteristic “U-shaped” 
decrement.

EPP

a

b

MFAP

CMAP

EPP

MFAP

CMAP

Normal MG LEMS

Normal MG LEMS

Threshold

Threshold
Fig. 9.8 Effects of slow 
repetitive nerve 
stimulation (a) and rapid 
repetitive nerve 
stimulation (b) on end 
plate potential (EPP), 
muscle fiber action 
potential (MFAP), and 
compound muscle action 
potential (CMAP) in 
normal subjects and in 
patients with MG and 
LEMS (Reproduced 
with permission from 
Oh S, Clinical 
Electromyography, 
Neuromuscular 
Transmission Studies, 
Wolters Kluwer, 1988)
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A reproducible CMAP decrement of >10% is 
abnormal and eliminates false positives; CMAP 
decrement of 5–10% is considered equivocal. 
The diagnostic yield of slow RNS in MG is 
increased by:

 1. Recording from clinically weakened muscles 
such as proximal and facial muscles. This 
often means recording from the trapezius in 
generalized MG and from the orbicularis oris 
or nasalis in ocular or bulbar MG (Fig. 9.9). 
This strategy increases the diagnostic sensitiv-

ity of slow RNS in the diagnosis of MG [25]. 
Compared to recording distal muscles (such as 
the abductor digiti minimi), slow RNS of the 
facial and spinal accessory nerves increases 
the diagnostic sensitivity of the study by about 
5–20% [26]. Though often technically chal-
lenging, a decremental response on slow RNS 
of the facial nerve is highly specific for the 
diagnosis of MG and is common in MuSK-
positive MG patients [27, 28].

 2. Obtaining slow RNS following exercise look-
ing for post-exercise exhaustion. After per-

5 mV/Da

b

c

3 ms/D

5 mV/D 3 ms/D

0.5 mV/D 3 ms/D

Fig. 9.9 Slow repetitive stimulation in a 35-year-old man 
with binocular diplopia and a history of ptosis, revealing 
(a) no decrement simulating median nerve (recording the-
nar muscles), (b) mild and equivocal decrement (10%) 

stimulating spinal accessory nerve (recording upper trape-
zius muscle), and (c) significant decrement (40%) simu-
lating the facial nerve (recording orbicularis oculi 
muscle)
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forming slow RNS at rest, the patient is asked 
to exercise the tested muscle for 1 min. Then, 
slow RNSs are repeated every 30–60 s for 
4–5 min. Post-exercise exhaustion usually 
occurs 4–6 min after exercise and is particu-
larly useful in patients with suspected MG and 
equivocal CMAP decrement at rest. However, 
post-exercise studies only increase the yield 
of RNS by about 5–7% [29].

 Rapid Repetitive Nerve Stimulation 
and Post-exercise Facilitation
Rapid RNS in healthy subjects, usually at 
20–50 Hz, increases EPP amplitude. Ultimately, 
this has no effect on the number of MFAPs or 
the size of CMAP since all EPPs are and remain 
above threshold (see Fig. 9.8b). In patients with 
postsynaptic disorders, the depleted ACh stores 
are usually compensated by increase ACh release 
due to the accumulation of presynaptic calcium 
resulting in no change of CMAP amplitude. For 
this reason, rapid RNS is not useful or necessary 
in the diagnosis of MG. It should only be con-
sidered when a presynaptic NMJ disorder (such 
as LEMS or botulism) is clinically suspected and 
needs to be excluded, or if the baseline CMAPs 
are borderline or low in amplitudes.

 Single-Fiber EMG
Evaluation of neuromuscular transmission in 
patients with suspected MG is the most common 
indication for performing SFEMG. Commonly 
tested muscles in patients with suspected MG 
are the extensor digitorum, orbicularis oculi, and 
frontalis.

In patients with MG, abnormal jitter val-
ues are common (Fig. 9.10). This is frequently 
accompanied by neuromuscular impulse block-
ing, which reflects the failure of a muscle fiber to 
transmit an action potential due to the inability of 
the EPP to reach threshold. SFEMG is extremely 
sensitive in detecting MG; a normal SFEMG 
jitter study in a weak muscle virtually excludes 
the diagnosis of MG. The diagnostic sensitivity 
of SFEMG ranges from 90 to 99% (Fig. 9.11) 
[12, 22, 25, 30]. This makes SFEMG the most 
sensitive diagnostic study in MG [25]. However, 

abnormal jitter is nonspecific since it is often 
seen in a number of neuromuscular conditions 
including various neuropathies, myopathies, and 
anterior horn cell disorders. Thus, a diagnosis of 
a NMJ disorder, such as myasthenia gravis, by 
jitter analysis should always be interpreted only 
in the contest of the patient’s clinical manifesta-
tions, nerve conduction studies, and needle EMG 
findings.

SFEMG sensitivity and specificity is equal 
in seropositive and seronegative MG patients. 
However, SFEMG of limb muscles, such as the 
extensor digitorum, are often normal in MuSK- 
positive MG patients who frequently have promi-
nent facial and bulbar muscle weakness [31]. 
By comparison, SFEMG of facial muscles, such 
as the orbicularis oculi, has a similar sensitiv-
ity in MuSK-positive patients compared to ACh 
receptor- positive patients [31].

In addition to the diagnostic utility of SFEMG, 
SFEMG has a value as prognostication tool in 
MG. Patients with higher mean jitter values, a 
greater percentage of fibers with increased jitter, 
and/or impulse blocking have a higher risk of a 
severe disease exacerbation [32]. These findings 
also appear to correlate with the frequency of 
symptom exacerbation [33]. The degree of jitter 
change in patients with myasthenia gravis also 
predicts clinical course, with a potential use as 
a biomarker of disease control when performed 
longitudinally [34].

 Conventional Needle EMG
The needle EMG examination in evaluation of 
MG serves mostly to exclude other neuromus-
cular causes of weakness, such as motor neuron 
disease, neuropathies, or myopathies. Though the 
needle EMG is usually normal in patients with 
MG, certain findings are occasionally present 
and not inconsistent with the diagnosis. These 
findings usually occur in patients with moderate 
or severe MG and are most evident in proximal 
muscles. Findings on needle EMG that are com-
patible with MG include (1) moment-to-moment 
variation of MUAP morphology (MUAP insta-
bility); (2) short-duration, low-amplitude, and 
polyphasic MUAPs; and (3) fibrillation poten-
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tials and fasciculation potentials. MUAP insta-
bility occurs when individual muscle fibers are 
either blocked or come to action potential at vary-
ing intervals, leading to an MUAP that change 
in configuration (amplitude and/or number of 
phases) from impulse to impulse. Short- duration, 
low-amplitude, and polyphasic MUAPs are seen 
when blocking is severe, resulting in drop out 
of muscle fibers, thereby reducing the number 

of muscles fibers per motor unit. Fibrillation 
potentials, rarely seen in MG, are due to effec-
tive denervation of muscle fibers due to chronic 
neuromuscular blockade or loss of end plates [5]. 
Fasciculation potentials may be encountered in 
patients treated with large doses of cholinester-
ase inhibitors. However, all these findings are not 
specific and more often seen in myopathies or 
denervating disorders.

a

1.0 ms/d

1.0 ms/d

b

Fig. 9.10 Neuromuscular jitter 
recording frontalis muscle with vol-
untary activation in a 22-year- old 
patient with ptosis (shown in a super-
imposed mode). (a) Normal jitter in a 
pair (mean consecutive discharge 
(MCD) = 18.5 μs). (b) Abnormal jit-
ter in another pair (MCD = 65 μs)
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 Lambert-Eaton Myasthenic 
Syndrome

Lambert-Eaton myasthenic syndrome (LEMS) is 
a rare autoimmune disorder of the neuromuscular 
junction, associated with small cell lung cancer 
in approximately 40–50% of patients (Chap. 14) 
[10, 35, 36]. The cancer is commonly detected 
soon after the onset of LEMS symptoms and is 
rarely diagnosed beyond 5 years. Common risk 
factors for paraneoplastic LEMS include smok-
ing history, weight loss, bulbar weakness, and 
fatigue (reduced Karnofsky performance status) 
[37]. LEMS is caused by antibodies against the 
presynaptic P-/Q-type voltage-gated calcium 
channels (VGCC), detected in 3/4 of patients 
with LEMS [38]. The block of VGCCs results 
in a decrease in calcium influx during depolar-
ization of the presynaptic membrane and inter-
feres with the calcium-dependent release of ACh 
from its stores in vesicles into the synaptic cleft. 
The EDX abnormalities encountered in LEMS 
 constitute the mainstay of diagnosis as described 
originally by Lambert and Eaton [10, 35, 36].

 Baseline Motor Nerve  
Conduction Studies
The CMAPs, obtained during routine motor 
NCSs, are usually low in amplitudes in patients 
with LEMS, since many EPPs do not reach 
threshold after a single stimulus due to inad-
equate release of synaptic vesicles. Thus, a low 
number of MFAPs are generated leading to low- 
amplitude CMAPs. These findings are usually 
present in all muscles. Low amplitude CMAPs 
may be the first clue that a patient with weakness 
may have LEMS, and the electromyographer 
may be the first to diagnose LEMS in the EMG 
laboratory by evaluating post-exercise CMAP in 
patients with universally low CMAP amplitude 
referred for a variety of reasons [4].

 Slow Repetitive Nerve Stimulation
Slow RNS (usually 2–3 Hz) results in >10% 
CMAP decrement in all patients with LEMS 
[38]. With slow RNS, ACh release is reduced fur-
ther because of the depletion of the immediately 
available stores, and, at this slow rate of stimula-
tion, calcium does not accumulate in the presyn-
aptic terminal. The end result is further loss of 
many MFAPs and a decrement of CMAP ampli-
tude (see Fig. 9.8a). However, slow RNS is not 
useful in LEMS diagnosis since it cannot distin-
guish it from the decrement seen in postsynaptic 
disorders, such as MG.

 Rapid Repetitive Nerve Stimulation 
and Post-exercise Facilitation
Rapid RNS (usually 20–50 Hz) or brief (10 s) 
isometric exercise results in a CMAP ampli-
tude increment (Fig. 9.12). This rate of stimula-
tion or type of exercise enhance calcium influx 
into the presynaptic terminal, which results in 
larger releases of quanta and larger EPPs. While 
many EPPs do not reach threshold after the first 
stimulus, many muscle fibers achieve threshold 
required for the generation of MFAPs with the 
subsequent stimuli (see Fig. 9.8b). The detected 
posttetanic facilitation exceeds 60% in all mus-
cles and 100% in at least one muscle in 80% of 
LEMS patients [38, 39]. It is also common to 

100%

50%

0%
Ocular

1 = Slow RNS recording distal (hand) muscle
2 = Slow RNS recording distal (shoulder) muscle
3 = Single Fiber EMG of forearm muscle (extensor
      digitorum communis)
4 = Single Fiber EMG of facial muscle (frontalis)

Generalized

1 2 3 4

Fig. 9.11 The diagnostic sensitivity of slow repetitive 
nerve stimulation and single-fiber EMG in the diagnosis 
of myasthenia gravis (Data compiled from OH SJ, Kim 
DE, Kuruoglu R, Bradley RJ, Dwyer D. Diagnostic sensi-
tivity of the laboratory tests in myasthenia gravis. Muscle 
Nerve. 1992;15:720–724 and from Howard, JF, Sanders 
DB, and Massey JM. The electrodiagnosis of myasthenia 
gravis and the Lambert-Eaton syndrome. Neurol Clin 
1994;12:305–330)
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have robust increments exceeding 200% in many 
LEMS patients, [10, 11, 35, 36, 40, 41] particu-
larly those with positive VGCC serology [42].

 Single-Fiber EMG
SFEMG jitter is abnormal in the majority of 
patients with LEMS, with findings similar to 
those seen in MG [4, 12, 18, 22, 43]. However, 
stimulation SFEMG technique may help distin-
guish the disorders. With this method, the jitter 
improves significantly with rapid rate stimu-

lation (20–50 Hz) in LEMS, due to enhance-
ment of  calcium influx which results in larger 
releases of quanta. In contrast, rapid rate of 
axonal stimulation does not change or worsens 
the jitter in MG.

 Conventional Needle EMG
The findings on needle EMG in LEMS are very 
similar to MG, although the abnormalities are 
often more conspicuous and only present in 
severe cases.

 Botulism

Botulism is a rare but serious and potentially 
fatal illness. It is caused by the toxicity of botu-
linum toxin, which is produced by the anaerobic 
bacterium, Clostridium botulinum. The toxin 
has a significant affinity to both muscarinic and 
nicotinic cholinergic nerve terminals result-
ing in autonomic failure and skeletal muscle 
paralysis. Botulinum toxin results in failure of 
ACh release from the presynaptic terminal and 
ultimately leads to the destruction of the pre-
synaptic terminal. Botulinum toxin first attaches 
irreversibly to the axonal terminal and interferes 
with the calcium- dependent intracellular cascade 
by cleaving proteins essential for docking and 
fusion of the presynaptic vesicles at the presyn-
aptic active zones. Depending on the mode of 
entry of the toxin into the bloodstream, botulism 
is classified into four clinically distinct forms: 
food- borne (classical) botulism, infant botulism, 
wound botulism, and iatrogenic (inadvertent) 
botulism.

The EDX studies in botulism are a mainstay in 
diagnosis. The study is a rapid and readily avail-
able method of diagnosis for patients with sus-
pected botulism, while definitive bioassays for 
botulinum toxin or stool cultures for Clostridium 
botulinum are usually delayed and may be nega-
tive. The EDX findings in botulism are compat-
ible with a presynaptic defect of neuromuscular 
transmission and are somewhat similar to the find-
ings in LEMS [6, 7, 44–46]. However, the results 
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Fig. 9.12 Posttetanic compound muscle action potentials 
(CMAP) evaluation in a patient with LEMS stimulating 
the ulnar nerve (recording hypothenar muscles). (a) 
Baseline low-amplitude CMAP at 2.0 mV (waveform 1). 
Following 10 s of voluntary maximal isometric exercise, 
there is a significant CMAP increment (waveform 2) to 
4.8 mV (increment = 140%) (sensitivity 2 mV/division). 
(b) Rapid (50 Hz) stimulation revealing marked incre-
ment of CMAP amplitude (250%)
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of EDX studies are more variable and dependent 
on the amount of toxic exposure, degree and dis-
tribution of muscle weakness, and the timing of 
the study. During the early course of the disease, 
the EDX abnormalities may be limited and often 
change significantly from day to day, particularly 
as the muscle weakness worsens.

 Baseline Motor Nerve  
Conduction Studies
Low CMAP amplitudes, obtained during routine 
motor NCSs, are the most consistent finding, 
present in 85% of patients, particularly when 
recording from weak muscles (usually proxi-
mal) [6, 46]. Diminished CMAP amplitudes are 
the result of the inadequate release of synaptic 
vesicles, which in turn render many EPPs unable 
to reach threshold after a single stimulus. Motor 
distal latencies and conduction velocities are nor-
mal. Rarely, the CMAPs are diffusely absent in 
severe cases of botulism, consistent with total 
blockade of ACh release [47].

 Slow Repetitive Nerve Stimulation
Slow RNS in patients with botulism may cause 
a decrement of CMAP amplitude. However, this 
is infrequent and mild not exceeding 8–10% of 
baseline. It is caused by the progressive deple-
tion of the immediately available ACh stores 
without accumulation of Ca2 in the presynaptic 
terminals.

 Rapid Repetitive Nerve Stimulation 
and Post-exercise Facilitation
Rapid RNS, or CMAP following brief (10 s) 
of isometric exercise, in patients with botulism 
results in CMAP increment. With tetanic stimu-
lation, Ca2 influx is greatly enhanced resulting in 
larger releases of quanta. This leads to increas-
ing number of muscle fibers reaching the thresh-
old required for the generation of muscle action 
potentials. The increment in botulism is modest, 
ranging between 50 and 100% (see Fig. 9.2), 
when compared to the increment in LES, which 
often surpasses 200% (Table 9.3) [6, 7, 46]. The 
increment may occasionally be absent, especially 
in severe cases such as those caused by type A 

toxin, presumably due to the degree of presynap-
tic blockade [47].

 Single-Fiber EMG
Increased jitter with blocking may be observed 
by single-fiber EMG [44, 45]. As is the case in 
LEMS, stimulation jitter usually improves with 
increasing stimulation frequency.

 Conventional Needle EMG
The needle EMG in botulism is variable and 
depends on the amount of toxic exposure and 
timing of the study. The needle EMG may be nor-
mal or sometimes reveals increase in the number 
of short-duration, low-amplitude, and polypha-
sic MUAPs, occasional fibrillation potentials, 
and MUAP instability. In severe cases, rapid 
recruitment of only few MUAP may be appar-
ent, and fibrillation potentials may be abundant. 
Extensive chemodenervation may result in elec-
trically silent muscles, manifesting no spontane-
ous activity, end plate spikes, or noise [47].

Table 9.3 Reference values for jitter measurements dur-
ing volitional and stimulated muscle activation when 
recorded with a disposable, concentric EMG needlea

Orbicularis 
oculi Frontalis

Extensor 
digitorum

Volitional

Mean MCD 
(μs) [mean 
(SD)]

22.9 (3.9) 20.6 
(3.6)

23.4 (3.0)

  Upper limit 31 28 30

18th MCD (μs) 
[mean (SD)]b

29.0 (7.6) 25.8 
(5.6)

30.0 (6.1)

  Upper limit 45 38 43

Stimulated

Mean MCD 
(μs) [mean 
(SD)]

19.1 (3.8) 14.5 
(2.8)

18.2 (2.9)

  Upper limit 27 21 24

27th MCD (μs) 
[mean (SD)]b

25.9 (4.9) 19.3 
(3.9)

18.2 (2.9)

  Upper limit 36 28 35
aAdapted from [16]
b 18th MCD (volitional) and 27th MCD (stimulated) were 
determined to be the cutoff jitter values for any particular 
muscle fiber pair in a given muscle, a reading above 
which is considered an “outlier”
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 Congenital Myasthenic Syndromes

Congenital myasthenic syndromes (CMS) are 
caused by genetic defects of the presynaptic or 
postsynaptic apparatus (Chap. 16). Most cases of 
CMS, regardless of primary etiology, demonstrate 
a degeneration of the postsynaptic region and sim-
plification of junctional folds often with a con-
comitant reduction of ACh receptor density [48].

Given the similar anatomic pathology of CMSs, 
slow RNS often produces a decremental response, 
which may be absent during rest and only elic-
ited after several minutes of exercise. In cholin-
esterase deficiency and slow-channel syndrome, 
a single electrical stimulation leads to repetitive 
CMAPs, similar to the findings in organophos-
phate poisoning and in patients taking large doses 
of cholinesterase inhibitors (Fig. 9.13).

 EDX Strategy in a Patient 
with a Suspected Neuromuscular 
Junction Disorder

The EDX study of a patient with a suspected 
NMJ disorder should start with a detailed history 
and comprehensive neurological examination. 
Sensory and motor NCSs in two limbs (prefer-
ably an upper and a lower extremity) should 
be the initial studies. The clinical situation and 
baseline CMAP amplitudes dictate the next steps 
(Fig. 9.14) [2, 3].

• If the CMAP amplitudes are low, a presynap-
tic defect should be suspected and ruled out.

• If the diagnosis of LEMS is clinically sus-
pected, baseline and post-exercise CMAPs of 
at least two distal motor nerves (such as the 
median and ulnar nerves) are a sufficient 
screening test. In LEMS, CMAP increment is 
usually robust and may surpass 200%. A rapid 
RNS of one distal nerve for 3–5 s, which is 
extremely painful, is sufficient for confirma-
tion if there are definite CMAP increments 
after brief exercise.

• If the diagnosis of botulism is considered, the 
choice of muscle should include clinically 
weak muscles. In botulism, the CMAP incre-
ment is usually 50–100%. Also, the study may 
be repeated in 1–2 days, particularly if the ini-

10 mV/D

Fig. 9.13 Repetitive CMAP after single supramaximal 
stimulation of the ulnar nerve in a 20-year-old patient with 
the slow-channel syndrome. Note the second small second 
CMAP (arrow) that appears after the normal CMAP

Routine motor nerve conduction studies

Low CMAPs

Post-exercise CMAPs
+/- rapid RNS

>50–100%
CMAPs increment

No
CMAPs increment

Needle EMG

Abnormal:
Neurogenic

Suspect
Motor neuron disease

Suspect
myopathy

Abnormal:
Myopathic

Needle EMG

Normal

LEMS or Botulism
confirmed

Slow RNS: Median or ulnar and
spinal accessory +/– facial nerves

No
CMAPs decrement

Needle EMG

Normal

Abnormal

MG confirmed MG excluded

Normal

SFEMG:
EDC and/or facial muscle

MG confirmed

Normal

Needle EMG

>10%
CMAP(s) decrement

Normal CMAPs

Fig. 9.14 Electrodiagnostic strategy in patients with suspected neuromuscular junction disorder
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tial evaluation was done during the early phase 
of the illness.

• If the diagnosis of MG is clinically suspected, 
slow RNS at rest and for 4–5 min following a 
1-min exercise should be performed on at 
least two motor nerves. The selection of 
nerves and muscles is dependent on the clini-
cal manifestations with the goal to record 
from clinically weak muscles. One should 
start by performing slow RNS on a distal hand 
muscle (such as the abductor digiti minimi or 
abductor pollicis brevis) and move on to a 
proximal muscle such as the upper trapezius. 
Facial RNS should be reserved for patients 
with oculobulbar manifestations and normal 
slow RNS recording from distal and proximal 
muscles. SFEMG of one or two muscles (such 
as the frontalis, orbicularis oculi, or extensor 
digitorum communis) should be considered if 
the diagnosis of MG is still considered despite 
normal RNS studies and absent serum ACh 
receptor antibodies.

• If the CMAPs obtained on motor NCSs in a 
patient with suspected MG are low or border-
line, post-exercise CMAP screening should 
always be done to exclude LEMS and botu-
lism. A misdiagnosis of MG is often made if 
post-exercise CMAP evaluation is not done 
and a slow RNS shows a CMAP decrement.

• Post-exercise CMAP screening is recom-
mended for patients with weakness associated 
with a malignancy (particularly a small cell 
lung cancer) or if the clinical situation does 
not clearly differentiate between LEMS and 
MG.

 Electrodiagnostic Findings in Other 
Neuromuscular Disorders

 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a relent-
lessly progressive, fatal disease caused by degen-
eration of both upper and lower motor neurons. 
Slow rates of RNS result in a decrementing 
response in at least 50% of ALS patients, sug-
gesting functional alterations of the neuromuscu-

lar junction that accompany this disease [49, 50]. 
The decrement is usually inversely proportional 
to CMAP amplitude. Although many experts 
favor a presynaptic origin to the neuromuscular 
junction defect in ALS patients, none of these 
patients exhibit any significant post-exercise 
facilitation of the baseline low CMAP ampli-
tude. Single-fiber EMG jitter, which is abnormal 
in the majority of patients with ALS, does not 
differentiate presynaptic from postsynaptic neu-
romuscular junction defects. The neuromuscular 
transmission defect is best explained by rein-
nervation of partial or completely denervated 
motor end plates with reduction of ACh release 
parameters.

 Miller-Fisher Syndrome

The Miller-Fisher syndrome, a variant of 
Guillain-Barré syndrome, consists of a clinical 
triad of ataxia, ophthalmoplegia, and areflexia. 
In more than 90% of patients, serum antibodies 
to GQ1b ganglioside are detected. Single-fiber 
EMG studies in many patients with Miller-Fisher 
syndrome show abnormal neuromuscular trans-
mission in cranial innervated as well as limb 
muscles [51–53]. These changes are more com-
mon in GQ1b-positive patients and are consistent 
with a terminal motor axon dysfunction. Sera 
from GQ1b-positive patients bind to the presyn-
aptic terminal causing an increase in miniature 
end plate potential frequency. In vitro studies 
found both presynaptic and postsynaptic revers-
ible blocking effects to GQ1b-positive sera [54]. 
Other studies found that anti-GQ1b antibodies 
induced irreversible quantal release of ACh from 
nerve terminals, eventually causing neuromuscu-
lar blockade [55].

 Guillain-Barré Syndrome

Early on, it was recognized that increased jitter 
occurs in patients with early Guillain-Barré syn-
drome (GBS). This was felt to be due to unstable 
peripheral nerve conduction during the demy-
elination phase. Reversible blocking at the NMJ 
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was detected in vitro by sera from GBS patients 
who are seropositive or seronegative to anti-GM1 
antibodies [56]. Dysfunction at the NMJ was 
documented by distinctly abnormal jitter values. 
However, intermittent genuine impulse blocking 
without correspondingly increased jitter seen in 
GBS patients is a likely sign of axolemmal dys-
function [57].
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 Introduction

The neuromuscular junction (NMJ), the synapse 
between the motor nerve and the muscle fiber, 
includes the motor nerve terminal, the synaptic 
cleft, and the “endplate” region of the postsynap-
tic muscle fiber. A number of molecules, which 
include ion channels and other proteins at the 
NMJ, may be targeted by the immune system 
resulting in impaired neuromuscular transmis-
sion. Antibodies to acetylcholine receptors 
(AChR), associated with the clinical picture of 
acquired myasthenia gravis (MG), were the first 
to be identified and later shown to be pathogenic. 
Subsequently, additional targets were found for 
neuromuscular transmission disorders, including 
calcium and potassium ion channels in the motor 
nerve terminal and muscle-specific kinase 
(MuSK) on the postsynaptic membrane. Each of 
the antibodies binds to a membrane protein, and 
determination of the antibodies allows for spe-
cific therapies and, in certain situations, may sug-
gest modifications to current treatment. There are 
also antibodies to intracellular proteins which are 

unlikely to be pathogenic but may be useful diag-
nostic biomarkers for subtypes of the disease.

One of the most satisfying aspects of current 
understanding of the role of antibodies in MG and 
other diseases of the NMJ is the ability to measure 
these antibodies effectively in the laboratory. This 
was previously due to the availability of radioac-
tively-labeled neurotoxins that bind specifically 
and with high affinity to the ion channels that are 
the targets for these antibodies; for MuSK, direct 
radiolabeling of purified protein provided a sensi-
tive assay. Alternative approaches, particularly 
new cell-based assays (CBAs), have been devel-
oped for autoantibody detection particularly anti-
bodies to clustered AChRs, muscle- specific 
kinase (MuSK), and low-density lipoprotein 
receptor-related protein 4 (LRP4). Here we start 
by discussing some general principles and then go 
on to describe the clinical syndromes and the 
methods that can be used to investigate the patho-
genic role of autoantibodies.

 Spectrum of Antibodies to Targets 
at the NMJ and Associated 
Molecules

Most of the proteins targeted in autoimmune 
NMJ disorders are located in the cell membrane 
of the motor nerve or muscle endplate with an 
extracellular domain that is accessible to 
 circulating substances. The lack of a functional 
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blood- nerve barrier, composed of endothelial 
cells and gap junctions, exposes the NMJ to the 
circulation. Whereas a pathogenic role for auto-
immunity against NMJ proteins with an extracel-
lular domain is well characterized, it is still 
unclear as to whether an immune attack against 

intracellular components is significant in the 
pathophysiology of these conditions.

The molecules identified to be targets in the 
NMJ are illustrated in Fig. 10.1. These include 
calcium channels and potassium channel com-
plexes in the motor nerve terminal; AChRs, 

RAPsyn

L-type VGCC

Ryanodine receptor

Titin

Voltage-gated potassium channel

P-type voltage-gated calcium channel

Acetylcholine receptor

MuSK

Nerve terminal

LRP4

Main immunogenic regionACh/Bungarotoxin site

α α
α

γ

δ δβ β

α

ε

Adult form Fetal form

a

b

Fig. 10.1 (a) Diagram of the neuromuscular junction 
with proteins that are targeted for autoimmune attack. 
(b) The adult and fetal subtypes of the AChR. The AChR 
exists in two forms differing only in the ε or γ subunits. 
The adult form is normally present at the NMJ. During 
development, and following denervation or in the absence 

of functional adult AchR, e.g., genetic mutations in the ε 
subunit, the fetal form is expressed. Maternal antibodies 
in women with MG, and occasionally without symptoms 
of MG, can be biased toward the fetal AChRs; when they 
cross the placenta, they may impair NMJ function result-
ing in developmental and neonatal disorders
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MuSK, and LRP4 in the postsynaptic muscle 
endplate; and rapsyn, titin, and the ryanodine 
receptor intracellularly in the muscle cell.

 Identifying a Pathogenic Role 
for Antibodies in Antibody- 
Mediated Disorders

The classic studies that demonstrate a role for 
autoantibodies in the disorders discussed in this 
volume are described elsewhere. In MG, five 
observations in the early 1970s were crucial in 
leading to the identification of the autoimmune 
basis of the condition. First, active immunization 
of animals with purified AChR led to the develop-
ment of experimental autoimmune myasthenia 
gravis (EAMG) [1].  Second, there was a reduc-
tion in AChRs at the motor endplates of patients 
[2]. Third, patients with MG had antibodies to 
AChR [3]. Fourth, it was possible to transfer the 
signs of the disease by injecting IgG of MG 
patients into mice [4], and subsequently, plasma-
pheresis was shown to be highly effective as a 
treatment [5]. Many years later similar approaches 
demonstrated the pathogenicity of MuSK anti-
bodies [6].

By contrast, active immunization has still not 
been carried out satisfactorily for the Lambert- 
Eaton myasthenic syndrome (LEMS) and neuro-
myotonia (NMT). However, the combination of 
clinical response to plasma exchange and passive 
transfer of immunoglobulins to mice [7–9], or 
occasionally other species, showed that these 
conditions are due to autoantibodies, and the 
identification of the target antigens (or some of 
them) followed later.

 Disease Phenotypes 
in Autoimmune Myasthenic 
Disorders

In immune-mediated diseases, the clinical syn-
drome is related to the target antigen and its role 
in the function of the NMJ and the muscle fiber. 
At the same time, similar phenotypes can occur 
as a consequence of immune attacks directed at 

distinct molecular targets. For instance, both 
AChR and MuSK antibodies are associated with 
MG, but the antibody subclasses and clinical pre-
sentations are partly different, and the neuromus-
cular transmission defects are caused by distinct 
mechanisms (see below). Conversely, patients 
with the same antibody can have different forms 
of the disease. This is most evident in AChR anti-
body MG (AChR-MG). Generalized acquired 
MG with AChR antibodies is the most common 
myasthenia subtype (80% of all cases), but the 
patients are usually classified into three main dis-
tinct groups according to the age of onset and to 
the associated thymic pathology: early-onset MG 
(EOMG) without thymoma, late-onset MG 
(LOMG) without thymoma, and thymoma- 
associated MG (Table 10.1) [10]. The late-onset 
group is becoming more common and may 
include at least two subpopulations of patients, 
those with and without titin or other muscle anti-
bodies. In addition purely ocular MG is clearly 
part of the spectrum of AChR-MG with positive 
titers in around 50% of the patients, but other 
patients are either persistently negative or show 
binding to LRP4.

MuSK-MG represents an important subgroup, 
counting for up to 10% of all autoimmune myas-
thenic patients, and differs from the more com-
mon AChR-MG in terms of epidemiology, 
muscle involvement, and response to treatment. 
MuSK-MG usually has an early-onset and female 
predominance, while older patients and children 
are less affected [11–14]. Ocular muscles and 
limbs are often mildly involved compared to the 
bulbar muscles that are usually severely impaired 
with high frequency of respiratory crises [11, 15]. 
No association with thymic pathology has been 
reported so far [16].

Antibodies against LRP4 have been detected 
in a variable proportion (2–27%) of patients 
without AChR or MuSK-Abs [17–19]. Patients 
with detectable levels of LRP4-Abs are usually 
young women with ocular symptoms or mild 
generalized involvement, while more severe 
cases often have double positivity with MuSK- 
Abs [17]. Thymic hyperplasia has been reported 
in about 30% of LRP4 patients (see Table 10.1 
[20]).
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 Heterogeneity 
and Pathophysiological Effects 
of Antibodies in the Different Forms 
of Autoimmune Myasthenia Gravis

 AChR-MG

Serum AChR antibodies provide a specific 
marker for MG. When present in humans, they 
mediate AChR loss, simplification of the post-
synaptic membrane, dysfunction of NMJ trans-
mission, and clinical disease. In patients with 
MG, plasma exchange-induced reduction in 
serum AChR antibody levels is generally asso-
ciated with marked clinical improvement [5, 
21, 22]. The duration of benefit, as in other 
antibody- mediated diseases, may last from 1 to 
3 months. Within individual patients there is 
often a good correlation between severity of 
disease and the concentration of serum AChR 
antibodies [21, 23].

In order to understand the effects of antibodies 
on NMJ function, it is necessary to refer to the 
animal model, experimental autoimmune myas-
thenia gravis (EAMG), that results from active 
immunization against purified AChR. The major-
ity of anti-AChR antibodies in EAMG and many 
AChR antibodies in MG bind to a conformational 
determinant, known as the main immunogenic 

region (MIR), on the extracellular aspect of the 
AChR alpha subunit. This region includes the 
alpha subunit 67–76 amino acid sequence [24] 
although other extracellular sequences contribute 
to the conformation of the MIR in the native 
structure. Complement activation, leading to the 
deposition of membrane attack complex, by these 
antibodies is pivotal to the development of AChR 
loss in EAMG. C4-deficient guinea pigs do not 
develop EAMG, and prevention of complement 
activation prevents EAMG [25]. The antibodies 
cross-link the AChRs in the membrane, and their 
Fc regions mediate C1q binding and macrophage 
activation. However, since efficient complement 
activation requires binding of C1q by cross- 
linked adjacent immunoglobulin molecules, this 
may be reduced or prevented by decreased AChR 
density or distortion of the postsynaptic mem-
brane which results from the initial immune 
attack [26].

These findings can be applied to the NMJ in 
the human disease, with the caveat that MG is a 
chronic disease, the antigenic epitopes recog-
nized may be partly different and likely are more 
diverse, the safety factor for neuromuscular 
transmission may be lower than in other species, 
and there are long-term compensatory changes 
that help to offset the chronic antibody-induced 
changes. Thus the effect of different antibodies in 

Table 10.1 Autoantigens in myasthenia gravis subtypes

Antibodies to Thymic 
pathology Age of onset (years)AChR MuSK LRP4 Titin

Early-onset MG +++a − − − Germinal 
centers

<50 years

Thymoma MG + − − ++ Thymoma Any usually 30–60 years

Late-onset MG without titin 
antibodies

+ − − − >50 years

Late-onset MG with titin 
antibodies

+ − − + Atrophy >60 years

CBA clustered AChR 
positive MG

− − − − ± Not clear, usually less severe

MuSK-MG − ++ − − − Mostly <50

LRP4-MG ± − ++ − − Not clear, usually less severe; 
thymic hyperplasia may be present

Seronegative MG—none of 
the above antibodies

+b − − − Some germinal 
centers

Any, usually less severe

a+++, high serum antibody concentration
b+, low serum antibody concentration
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reducing the number of functional AChRs and 
the extent to which this causes weakness is poten-
tially highly variable.

Indeed, although antibodies against the MIR 
are found in the majority of MG patients, many 
have additional antibodies that bind to other con-
formational epitopes on the AChR and some that 
only bind to the fetal isoform of the AChR (Fig of 
AChR isoforms). Nevertheless, in human MG 
the NMJ pathology is similar to that in the rat, 
characterized by postsynaptic membrane simpli-
fication and reduced AChR content, mediated 
largely by complement activation [26]. 
Macrophages can be found at the postsynaptic 
membrane but in relatively few numbers [27]. 
AChR antibodies may have additional effects on 
the target molecules by blocking ion channel 
function [28], but an important additional mecha-
nism is the increased internalization of AChR 
molecules by antibodies binding to the alpha sub-
units which are represented twice in each AChR 
[28, 29]. Passive transfer of these antibodies to 
rats or mice causes AChR loss even in the absence 
of complement, and in humans AChR internal-
ization likely contributes to the NMJ 
dysfunction.

The lack of a precise correlation between 
serum AChR antibody concentrations and clini-
cal weakness in patients with MG, therefore, is 
likely to be dependent on several confounding 
factors. These include variables related to the 
structure and function of the antibodies them-
selves, including the nature of the variable region 
forming the binding site which, consequently, 
determines the AChR site to which it binds. 
Effector functions of the constant regions in the 
different subclasses also likely influence the 
pathophysiological mechanisms. Most AChR 
antibodies in human MG belong to the IgG1 and 
IgG3 subclasses and are strong activators of 
complement. Nevertheless, the polyclonal B cell 
response means that changes in subpopulations 
of pathogenic antibodies may result in changes in 
the clinical manifestations, independent of the 
total level of the antibody. The relationship 
between the serum antibody concentration and 
pathology also involves equilibration between 
serum and tissue concentrations. The density and 

organization of the target epitopes is an addi-
tional factor. Lastly the safety factor for transmis-
sion and the compensatory changes may differ 
between muscles and between individual NMJs.

 MuSK-MG

Muscle-specific kinase (MuSK) is a receptor 
tyrosine kinase expressed on the muscle sarco-
lemma at the NMJ (see Fig. 10.1). MuSK plays a 
fundamental role in the initiation of a phosphory-
lation cascade that leads to the clustering of 
AChRs. Therefore, it is clearly closely associated 
with AChR at the mature as well as the develop-
ing neuromuscular junction [30, 31].

Initial evidence indicating MuSK as a poten-
tial antigen in myasthenia gravis came from 
in vitro experiments where both AChR antibody- 
positive and AChR antibody-negative sera were 
found to bind to TE671 cells, which are derived 
from a rhabdomyosarcoma and express many 
muscle antigens in addition to AChR [32]. This 
suggested that, if not binding to the AChR itself, 
the serum antibodies must be binding to other 
muscle proteins. MuSK was the most attractive 
candidate. Seronegative myasthenia (SNMG) 
IgG was found to bind strongly to COS cells 
expressing recombinant MuSK [33]. To provide 
a screening assay for MuSK antibodies, Hoch 
et al. [33] used the soluble extracellular domain 
of recombinant MuSK in an ELISA. Antibodies 
from SNMG patients with well-established dis-
ease bound specifically to MuSK, and positive 
results were found in about 70% of SNMG; these 
patients were at the more severe end of the 
SNMG spectrum.

As mentioned above, MuSK-MG differs in 
several ways from the more common 
AChR-MG. MuSK-Abs are mainly of the IgG4 
subclass [34], and, unlike IgG1-3 subclass anti-
bodies, they do not activate the complement cas-
cade. This is because IgG4 are polyclonal and 
functionally monovalent as they exchange their 
antigen-binding fragment (Fab) with other IgG4 
antibody Fabs, independent of antigen specificity 
[35]. For these reasons, the main pathogenic 
effect of MuSK-Abs is thought to be interference 
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with the physiological function of MuSK rather 
than complement-mediated damage or internal-
ization of the protein.

Evidence of the pathogenicity of MuSK-Abs 
come from different animal models created by 
both passive and active immunization. All these 
models showed clinical myasthenic features and/
or impaired neuromuscular transmission, with 
reductions in endplate AChR and in EPP ampli-
tudes [6, 36–38]. In vitro experiments on C2C12 
myotubes provided further insights on the effects 
and role of MuSK-Abs showing their ability to 
inhibit MuSK phosphorylation and disperse 
AChR clustering [33, 39]. The first MuSK Ig-like 
domain, located in its extracellular part, is the 
main epitope recognized by the antibodies. This 
particular segment mediates the interaction 
between LRP4 and MuSK, and, therefore, the 
binding of the antibodies prevents agrin-induced 
LRP4-MuSK dimerization [40]. MuSK is not 
activated and, consequently, the whole pathway 
that leads to AChR clustering is inhibited. At the 
NMJ there is a balance between agrin-induced 
AChR clustering and acetylcholine-induced dis-
persal of AChRs. It is thought that, in the absence 
of MuSK activity, the effect of acetylcholine 
dominates with loss of AChRs and impairment of 
neuromuscular signaling.

The role of the relatively small proportion of 
IgG1-3 MuSK antibodies is still controversial. 
Like MuSK IgG4, IgG1-3 antibodies also inhibit 
agrin-induced AChR clustering in in vitro 
experiments on myotubes generated from mouse 
myoblasts, indicating that all four subclasses 
have pathogenic potential [39]. Moreover, a 
mouse model knockout of murine IgG1 (equiva-
lent to human IgG4) developed myasthenic 
symptomatology when immunized against 
MuSK, and the immune response was sustained 
by the murine equivalent of human IgG1-3 sub-
classes [41]. Finally, all MuSK IgG subclasses 
were able to disperse the clusters in Dok7 over-
expressing myotubes that form spontaneous 
AChR clusters independently of agrin [39]. This 
suggests that MuSK-Abs have different mecha-
nisms of action, and their pathogenic effects are 
not confined to inhibition of LRP4-MuSK 
interaction.

It is worth noting that the in vivo models of 
MuSK myasthenia lack the presynaptic adaptive 
increase of ACh release observed in the AChR-Ab 
models [6, 42, 43]. An effective explanation of 
this observation has not been proposed yet, but it 
is likely that MuSK-Abs are able to disrupt retro-
grade signaling that compensates for the loss of 
AChRs in the AChR-Ab disease. The absence of 
this adaptive mechanism could partially explain 
the higher severity and resistance to treatment 
observed in MuSK patients.

 LPR4-MG

LRP4 antibodies are mainly IgG1 and IgG2 and 
showed pathogenic potential by reducing agrin- 
dependent AChR clustering in vitro [18–20]. 
Moreover, a passive immunization model dem-
onstrated clinical and neurophysiological myas-
thenic features [44]. However, passive transfer 
with human LRP4 antibodies has not been dem-
onstrated, and the frequency and pathogenicity of 
LRP4 antibodies is still a matter of debate due to 
the high variability in detection of LRP4 antibod-
ies among seronegative patients. Moreover, cases 
with severe phenotype often have double positiv-
ity with MuSK-Abs [17].

 Other Autoantibodies

Apart from antibodies to molecular targets 
located at the NMJ, patients with MG may pos-
sess other autoimmune antibodies. These include 
antibodies directed against thyroglobulin, thyroid 
microsomes, parietal cells and intrinsic factor, 
and nuclear antigens, and their measurement is 
outside the scope of this chapter.

 Detection of Antibodies 
in Autoimmune Myasthenia Gravis

 Radioimmunoprecipitation Assay

The radioimmunoprecipitation assay (RIA) rep-
resents the most available and specific tests for 
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detection of AChR and MuSK-Abs. This assay is 
used widely in the USA, Europe, and Japan in 
institutions where radioactivity is permitted. A 
commercial preparation is available although in- 
house assays can also be used. In AChR-MG, the 
assay involves human AChR extracted from cell 
lines such as the TE671 line which expresses 
fetal AChR, and the CN21 subline which 
expressed mainly adult AChR. The presence of 
fetal AChR slightly increases the sensitivity, (as 
many patients have antibodies to fetal-specific 
epitopes as well as the shared alpha subunits), 
and makes the assay suitable for detection of low 
levels of antibodies, when adult specific antibod-
ies may have been almost entirely absorbed by 
the NMJs, or in mothers of babies with various 
fetal AChR inactivation syndromes (see below) 
which can be due to a high proportion of fetal-
specific antibodies.

The AChR is labeled with radio-iodinated 
alpha-bungarotoxin (α-BuTx) (Table 10.2). It 
detects AChR antibodies in 85% of patients with 
generalized MG and 50–75% of patients with 
purely ocular MG [45]. The patients with early-
onset MG with generalized weakness tend to have 
the highest concentrations of serum AChR anti-
body levels when compared with other patients 
with MG (see Table 10.1). The AChR antibody- 
positive patients with ocular MG tend to have 
lower serum AChR antibody concentrations than 
patients with generalized disease. This suggests 
that the clinical manifestations may, at least in 
part, be a function of the absolute AChR antibody 

concentration. A particular susceptibility of ocular 
muscle NMJs for clinical manifestations of NMJ 
dysfunction is also suggested by the occurrence of 
ocular muscle involvement early in the course of 
disease in many patients with botulism [46] or 
with other neurotoxins. It is also possible that the 
antigenic targets in the NMJs of extraocular mus-
cles and levator palpebrae provide distinct epit-
opes for the autoimmune process [46]. The patients 
with generalized MG, who are consistently nega-
tive for AChR antibodies, appear to manifest partly 
different disease mechanisms (see below).

A similar assay that uses the same principles 
of AChR RIA is available for the detection of 
MuSK-Abs, where the whole extracellular 
domain of MuSK is labeled with 125I and used as 
radioactive antigen [34, 47] (Fig. 10.2). The 
specificity of MuSK RIA reaches 100%, but its 
sensitivity is hard to estimate as the proportion of 
MuSK patients varies among the different popu-
lations studied, apparently correlating with geo-
graphical latitude. In Northern Europe, for 
instance, MuSK-MG is less common than in 
Southern Europe; genetic predisposition (HLA 
DR4 DW15) may play a role [48].

 Assay to Detect Blocking AChR 
Antibodies

Blocking antibodies that inhibit the binding of 
radiolabeled α-BuTx to the AChR probably 
compete for binding to the ACh binding site 

Table 10.2 Neurotoxins used for labeling proteins to detect antibodiesa

Antigen Source Neurotoxin Source Use

AChR Muscle or muscle cell lines 
(TE671 cells)

α-bungarotoxin Bungarus 
multicinctus

Diagnosis of MG

VGCC Human or rabbit cerebellum or 
neuronal or small-cell lung 
cancer lines

ω-conotoxin 
MVIIC

Conus Magus Diagnosis of LEMS and 
investigation of some CNS 
disorders

VGKC Human or rabbit cortex Dendrotoxins Dendroaspis 
species

Diagnosis of NMT and 
investigation of some CNS 
disorders

a The original diagnostic assays were based on radioimmunoprecipitation assays using 125I-neurotoxins to label the 
antigens extracted from human muscle or muscle cell lines. The VGKC antibodies, however, are mainly directed 
against two proteins that are complexed with the VGKC, and cell-based assays are now used to detect the specific 
antibodies (see Chap. 15)
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[49], although in theory they may be noncom-
petitive and result in allosteric inhibition. While 
α-BuTx blocking antibodies may be detected in 
many patients with MG, they appear to represent 
a minority of the AChR antibodies and usually 
occur in association with AChR binding antibod-
ies, and do not necessarily interfere with AChR 
function [45]. Antibodies that do inhibit function 
can be measured using ion flux through the 
AChR or ACh-induced currents [49, 50]. These 
antibodies are important in maternally mediated 
neuromuscular defects (see below) but may not 
be important in the majority of patient with typi-
cal MG.

 Assays to Detect Modulating AChR 
Antibodies

The application of serum from patients with MG 
to muscle cell lines can interfere not only in func-
tion but also with AChR expression, as a result of 
antibody cross-linking, internalization, and deg-
radation of the AChR as mentioned above. The 
AChR are measured by binding of α-BuTx after 
exposure to the serum for 16 h. It is a relatively 
non-specific test and the results should be com-

pared with suitable control sera [51]. This 
approach is not used by many laboratories, and 
more direct identification of antibodies binding 
to AChR or other NMJ antigens expressed in 
cells by CBAs is now preferred.

 Cell-Based Assay

Although the radioimmunoprecipitation assay 
for AChR antibodies is highly sensitive, it does 
miss some patients who have typical MG. One 
theoretical possibility was that some antibodies 
might not bind to the AChR in detergent extracts, 
where the AChRs are individually dispersed 
among many other proteins, but could bind at the 
NMJ where the density of AChRs is very high. A 
cell-based assay (CBA) for clustered AChR was 
established and demonstrated positive binding in 
a proportion of patients (up to 66%) previously 
negative in the conventional RIA, including 50% 
of the ocular forms; this test has proved particu-
larly useful in differentiating seronegative MG 
from genetic myasthenic syndromes in children 
[52–54]. Patients positive for these clustered 
AChR antibodies usually have less severe gener-
alized, or ocular, MG, but some of them do have 
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Fig. 10.2 Radioimmunoprecipitation assay for MuSK 
antibodies. Results from early studies comparing healthy 
control sera with sera from MG patients without AChR 

antibodies. This assay is available commercially, but cell- 
based assays are also used in specialist centers
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the thymic abnormalities found in typical AChR 
positive MG [52]. Serum from an unusual patient 
whose antibodies bind mainly to fetal AChRs are 
shown in Fig. 10.3.

In the case of MuSK-MG, a CBA has mod-
estly increased the detection of antibodies in a 
further 8% of previously seronegative patients. 
The MuSK patients who were positive only in the 
CBA, presented with a milder phenotype, and 
their antibodies were less effective at inhibiting 
AChR clustering in vitro compared to the patients 
positive in the RIA [55].

CBA and enzyme-linked immunosorbent assay 
(ELISA) are the main tests used for LRP4 anti-
body detection [18–20], but their comparability, 
sensitivity, and specificity have not been deter-
mined yet. A commercial and reliable assay to 
detect LRP4 antibodies is needed in order to better 
understand their real incidence and significance.

 Autoimmune MG in Association 
with Thymoma

Essentially 100% of patients with thymoma and 
MG have detectable serum AChR antibodies 
[56–58]. In addition, patients with thymoma 

without clinically detectable MG may sometimes 
have AChR antibodies suggesting the presence of 
subclinical disease [45]. The initial serum con-
centrations of AChR antibodies in thymoma 
cases tend to be lower than in those with general-
ized disease without thymoma, but they are likely 
to rise following thymectomy if immunothera-
pies are not used. The antibodies and their epit-
opes may differ in their fine specificities with 
those with early-onset autoimmune MG without 
thymoma [57].

Complement-activating, striated muscle anti-
bodies were initially described in 1960 by immu-
nofluorescence in patients with MG. The majority 
of the striational antibodies are directed against the 
large structural protein, titin [59], but the sarcolm-
nal protein ryanodine receptor (RyR) is another 
major antigen [60]. Ninety-five percent of patients 
with thymoma and MG also have titin antibodies, 
whereas 70% of patients with thymoma and MG 
possess anti-RyR antibodies [60]. The clinical pat-
tern of weakness and fatigability of patients with 
MG and thymoma is usually indistinguishable 
from those with MG without thymoma, but some 
patients with thymoma, titin, and RyR antibodies 
have a myocarditis or a focal myositis [56, 60]. In 
addition, myocarditis in MG patients has been 

Adult form Fetal form

Fig. 10.3 Cell-based assay for clustered AChR antibod-
ies. Human embryonic kidney cells are transiently trans-
fected with DNAs encoding the protein(s) of interest, e.g., 
AChR subunits, adult or fetal, with the intracellular pro-
tein rapsyn to cluster the AChRs. Diluted serum is added 
to the live cells at room temperature, followed by washing 
and incubation in a fluorescence-labeled anti-human IgG 

secondary antibody. After washing and fixation, the fluo-
rescence can be detected either by using the FACS on the 
dissociated cells or by visual observation as recorded 
here. The figure shows the results of a maternal serum that 
binds very poorly to adult AChR but strongly to the fetal 
AChR. Similar assays can be used for MuSK and LRP4 
antibody detection
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reported to be associated with antibodies against a 
voltage-gated K+ channel (Kv1.4) [61]. The roles 
of these antibodies are intriguing but there are few 
studies on their pathogenicity.

Patients with thymoma occasionally have 
antibodies to other autoimmune targets. These 
include the Kv1 voltage-gated K+ and voltage- 
gated calcium channels, as well as rapsyn [60–
63] and other proteins including glutamic acid 
decarboxylase [64]. Titin and RyR antibodies, 
and antibodies to the cytokines interferon-alpha 
and interleukin 12, are also present in a high pro-
portion of the subgroup of patients with late- 
onset MG who do not have a thymoma ([65], see 
below). Despite these interesting phenomena, in 
many cases, the presence of titin, ryanodine 
receptor, or other antibodies is not required for 
diagnosis or management.

 Late-Onset MG with or Without 
Associated Thymoma

The mean AChR antibody concentration in these 
patients tends to be lower than the early-onset 
MG group without thymoma, but they represent a 
group of patients who can have severe disease 
and, of course, comorbidities. The use of anti-
body profiles utilizing AChR, titin, and RyR anti-
bodies has characterized two subpopulations of 
patients in this group. Patients who do not have 
detectable anti-striated muscle antibodies may 
resemble the early-onset MG group and usually 
present before 60 years of age [65], whereas the 
patients with titin antibodies present later.

 Detection of Muscle Antibody Assays

Titin and RyR antibodies may be detected by 
enzyme-linked immunosorbent assay (ELISA) or 
immunoblot. A single epitope of titin, MGT30, 
reacts with 90% of titin antibodies. This epitope 
has been employed for the titin assays, and a 
commercial version is available. Striated muscle 
antibody assays detected by immunofluorescence 
are also commercially available and may be used 
in lieu of specific titin and RyR antibody assays. 
Although titin antibodies are often indicative of a 

thymoma, LOMG patients >60 years of old may 
be positive, and using more sensitive assays titin 
antibodies have been reported in some patients 
with otherwise antibody negative MG [66].

 Role of Antibodies in Diagnosis 
and Treatment in Patients with MG

Patients with AChR serum antibodies almost 
always have MG. These antibodies provide a 
valuable diagnostic tool and indicate a mecha-
nism of disease pathogenesis that is more precise 
than can be obtained by electrophysiological 
studies. At this time, the usefulness of following 
serum concentrations of AChR antibodies in 
order to monitor treatment in individual patients 
is questioned. Identification of subsets of patho-
genically important antibodies, including anti-
bodies to additional targets, and measuring their 
concentration, could prove to be useful.

The presence of antibodies to targets other 
than the AChR may also influence treatment 
decisions. Given the observations summarized 
above, the presence of titin antibodies either in 
patients with thymoma or in LOMG without thy-
moma appears to suggest a role for more aggres-
sive management early in the course of the 
disease, but there are not confirmatory studies 
yet. A useful observation is that acetylcholines-
terase inhibitors are usually less effective and tol-
erated in MuSK myasthenia [11, 12]. An 
explanation for this phenomenon could be related 
to dynamics of the factors that influence AChR 
clustering at the NMJ. A mouse model of MuSK 
myasthenia, induced by injection of a highly 
active MuSK antibody, was treated with pyr-
idostigmine. Investigations showed increased 
endplate AChR loss, probably due to the 
increased dispersal of AChRs by the prolonged 
action of acetylcholine mentioned above [67].

 Seronegative (SN) MG

Seronegative myasthenia (SNMG) is a term used 
to define those patients who are not positive with 
the currently available antibody assays; therefore 
it now applies to patients without antibodies to 
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AChR, MuSK, or LRP4. Seronegative cases still 
count for up to 15% of all MG patients and for up 
to 50% of the pure ocular forms [68]. It should be 
appreciated, however, that some MG patients, 
who are seronegative for AChR antibodies at ini-
tial presentation, develop detectable serum anti- 
AChR antibodies over time [45]. It is possible 
that at presentation these patients have serum 
concentrations of AChR antibodies that are below 
the assay sensitivity because of the sequestration 
of the antibodies at the NMJs. They may be of 
lower affinity early in the disease and be only 
present when tested by CBAs for clustered 
AChRs, developing typical radioimmunoassay 
positive AChR antibodies later on.

Subsequent to the definition of AChR, MuSK, 
and LRP4 as relevant antigens, several other pro-
teins of the neuromuscular junction, such as 
agrin, cortactin, or collagen Q, have been pro-
posed as potential targets for antibodies in sero-
negative patients, and low titers of antibodies 
against agrin have been reported, but often coex-
isting with AChR or MuSK-Abs [69–73]. Despite 
the increasing number of reports, the specificities 
of these antibodies are unclear and their potential 
pathogenic effects unexplored.

 Lambert-Eaton Myasthenic 
Syndrome and Cerebellar Ataxia

 Plasma Exchange and Passive 
Transfer

Early studies showed that LEMS was associated 
with certain autoantibodies and other autoim-
mune diseases [74] and that plasma exchange 
was an effective treatment [75]. Particularly 
important was the demonstration that injection of 
patient IgG into mice resulted in a reduction in 
the quantal release of ACh and an altered number 
and distribution of active zone particles. The 
results mirrored the findings in patients [76, 77].

 Functional and Binding Studies

In order to begin to define the nature of the anti-
gen, functional studies on cell lines were used. 

These began by looking for a candidate antigen, 
voltage-gated calcium channel (VGCC), on 
small-cell lung cancer cells, and by showing that 
the LEMS IgG, when applied for several days in 
culture, were able to downregulate the VGCC 
numbers [78]. A number of small-cell lung can-
cer cells have been used subsequently, and in all 
cases VGCCs have been demonstrated and the 
effects of LEMS antibodies confirmed [79, 80]. 
The main target of the LEMS antibodies appears 
to be the P/Q-type VGCC, which contains the 
alpha 1a subunit. These VGCCs are expressed at 
the motor nerve terminal and also on the Purkinje 
cells in the cerebellum [81].

 Radioimmunoprecipitation Assays

The radioimmunoprecipitation assay for VGCC 
antibodies was made possible by the discovery, 
in the late 1980s of the cone snail toxins (see 
Table 10.2) [82]. The various species of cone 
snails live on the seabed and produce a rich vari-
ety of neurotoxins that are specific for both pre- 
and postsynaptic ion channels. The first snail 
toxin to be used to identify VGCCs in LEMS sera 
was from Conus geographus. This neurotoxin 
binds to the N-type VGCC, which are expressed 
widely in the nervous and neuroendocrine sys-
tems. Using VGCCs extracted from human cere-
bellum or cortex labeled by 125I-omega-conotoxin 
GVIA, about 40% of LEMS patients are positive 
[83]. However, using the P/Q-type selective 
omega-conotoxin MVIIC under very similar con-
ditions, up to 90% of LEMS patients are positive 
[84, 85]. These results emphasize the exquisite 
specificity of these toxins. By contrast, the source 
of tissue is probably not so important. Similar 
results are found with rabbit or human cerebel-
lum, indicating that the VGCCs are highly con-
served in evolution and antigenically similar 
between species [86].

The radioimmunoassay has been used exten-
sively as a diagnostic test, and some studies 
report serial estimations during treatment. For 
instance, VGCC antibodies are found to fall by 
30% on average in patients treated with intrave-
nous immunoglobulin [87]. The fall does not 
start until 2 weeks after the treatment, suggesting 
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that it is not a direct result of “blocking” antibod-
ies. The VGCC levels return to pretreatment lev-
els by about 8 weeks, roughly correlating with 
clinical changes.

Although principally in use as a diagnostic 
test for LEMS, there are other applications for 
measuring VGCC antibodies. It has been estab-
lished that a proportion of patients with small- 
cell lung cancer have LEMS and that VGCC 
antibodies are present in such patients even with-
out clear clinical evidence of LEMS [88–90]. 
Moreover, some patients with cerebellar ataxia 
with and without clinical evidence of LEMS 
have VGCC antibodies [90]. Thus serum from 
patients who are at risk of SCLC and who present 
with cerebellar or a myasthenic syndrome should 
be tested for VGCC antibodies.

 Acquired Neuromyotonia

 Plasma Exchange and Passive 
Transfer

Like LEMS, acquired NMT (see Chap. 15) was 
not thought to be autoimmune until clinical stud-
ies showed a response of some patients to plasma 
exchange or intravenous immunoglobulin thera-
pies. In the few reports of passive transfer, an 
enhancement of neuromuscular transmission 
with resistance to the action of curare was 
induced in the mouse nerve-muscle preparations 
after passive transfer of NMT IgG [91].

 Functional and Binding Assays

A functional effect of NMT IgG on neuronal cell 
lines was successfully demonstrated by using 
dorsal root ganglion cells, which developed 
repetitive action potentials, very similar to those 
found in the presence of 4-diamino-pyridine, a 
potassium channel blocker [8]. In the PC-12 and 
NB-1 neuroblastoma cell lines, incubating the 
cells overnight in the NMT IgG led to a reduc-
tion in the voltage-gated potassium channel 
(VGKC) currents without any observable change 
in the current/voltage density. These alterations, 

which were not seen with briefer incubation 
times, suggested that the antibodies are not 
blocking channel function directly but rather 
reducing the number of functional VGKC [92–
94] and causing an increase in the quantal con-
tent of release [8].

 Radioimmunoprecipitation Assays

There are numerous subtypes of VGKC, particu-
larly of the shaker type. A radioimmunoprecipita-
tion assay was established using high-specific 
activity 125I-dendrotoxin to label VGKCs 
extracted from human or rabbit cortex. About 
40% of NMT patients were positive by this 
approach [8, 95], and the antibodies did not 
appear to inhibit binding of dendrotoxin to the 
VGKC. Unexpectedly, VGKC antibodies and a 
clinical response to plasma exchange were found 
in a patient with classical Morvan’s syndrome 
[96], which includes neuromyotonia with sleep 
disorder, limbic manifestations, and autonomic 
dysfunction. A few serial studies of VGKC anti-
bodies were informative and then helped to move 
the field forward. The most striking early report 
was that of a woman with MG and thymoma 
who, following a thymoma recurrence, devel-
oped an episode of “limbic encephalitis”. This 
responded strikingly to plasma exchange, 
strongly implying an antibody-mediated basis for 
the central disease. In a retrospective analysis of 
VGKC antibodies in over 80 sera collected from 
this patient over 13 years, a single peak of VGKC 
antibodies was found, corresponding closely to 
the time of appearance of her limbic manifesta-
tions [97]. Subsequently many patients with 
VGKC antibodies have been recognized. Most 
have either peripheral symptoms or limbic symp-
toms, but a few have a broad combination of 
peripheral hyperexcitability, autonomic dysfunc-
tion, and cognitive and sleep disturbance.

To understand better the relationship between 
antibody specificity and clinical phenotype, 
human embryonic kidney cells were used to 
express the different dendrotoxin binding Kv1 
subtypes (Kv1.1, Kv1.2, and Kv1.6). Antibody 
binding to these cells could not be demonstrated, 
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and VGKC-antibody-positive sera did not affect 
the Kv1 channel currents [98]. Conversely, it 
appeared that the VGKC extracted from brain tis-
sue, and used for the antibody tests, was com-
plexed with other proteins, forming a 
VGKC-complex (see Chap. 15). When leucine- 
rich glioma inactivated protein 1 (LGI1) or 
contactin- associated protein 2 (CASPR2) were 
expressed in the HEK cell line, antibody binding 
could be demonstrated in the majority of patients 
with “VGKC-complex” antibodies [98]. 
Subsequently, these and similar cell-based assays 
have been used extensively for detection of anti-
bodies to LGI1, CASPR2, and a growing number 
of other antigens in the central and peripheral 
nervous systems. In neuromyotonia, the antibod-
ies are most often directed at CASPR2, but LGI1 
and contactin-2 antibodies are also found in some 
patients (Vincent, Kiernan, and Watanabe unpub-
lished data).

 Conclusion

Acquired MG may be considered the proto-
typic autoimmune disorder. Observations per-
taining to MG are also pertinent to other 
autoimmune disorders of the NMJ and related 
disorders. Thus in MG, phenotypic variations 
are at least in part a function of different 
mechanisms of disease. The antibody target, 
the concentration of antibodies, and the frac-
tion of antibodies that are complement acti-
vating are all factors likely to influence the 
clinical presentation and the course. 
Serological testing is of value in the diagnosis 
as well as in the treatment of individual 
patients. AChR is the main autoantigen in 
most patients with acquired MG, but patients 
with MuSK antibodies are often more chal-
lenging to treat. Tests for newer antigens are 
still not commonly available and the signifi-
cance of positive results less clear. While in 
most instances the diseases do not overlap 
with each other, e.g., MG and LEMS or MG 
and neuromyotonia, the antibody syndromes 
occur together as in some MG patients with 
thymoma. These relatively rare cases are often 
of clinical interest and may point the way to 
new recognition of disease.
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Treatment of Myasthenia Gravis

Henry J. Kaminski

 Introduction

Modern therapy for myasthenia gravis (MG) 
begins with the 1934 report of Walker’s observa-
tion that the cholinesterase inhibitor, physostig-
mine, produced a prompt improvement of ptosis 
and facial weakness in a patient with MG [1, 2]. 
Remen had published a report [3] 2 years prior to 
Walker’s work demonstrating the beneficial 
effects of neostigmine in a patient with MG, but 
his discovery was unnoticed by the medical com-
munity [4]. In the late 1800s, it had been appreci-
ated that patients with MG often had pathology 
of the thymus [5]. Blalock encountered a 19-year- 
old woman who had suffered for years with 
relapsing and remitting weakness [6, 7]. A chest 
radiograph demonstrated a mediastinal mass. 
Blalock removed a thymic cyst, and, postopera-
tively, the patient improved significantly. Later, 
he reported observations from six patients who 
improved or stabilized [8, 9]. The efficacy of thy-
mectomy was debated since these original reports 
[10, 11] but has been verified for acetylcholine 
receptor (AChR) antibody-positive patients (see 
Chap. 13) [12].

Therapy advanced in the 1970s. Widespread 
use of prednisone occurred after the earlier unim-
pressive studies of previous decades were dis-
pelled [10], and azathioprine began to be used. In 
1976, plasma exchange was identified as an 
effective acute treatment for severe MG and also 
served to support the existence of circulating fac-
tors as a mediator of MG [13]. Current common 
treatments of intravenous immunoglobulin 
(IVIg), tacrolimus, and mycophenolate mofetil 
came into use in the final two decades of the last 
century. Since the last edition of this book, the 
MG community has made significant strides to 
enhance the rigor of clinical trials [14], several 
treatment guidelines produced by expert panels 
have been developed [15–17], and major thera-
peutic evaluations have been completed.

 Patient Education and Initial 
Consideration

Education is among the most important factors in 
achieving optimal health for patients with 
MG. Care of the patient with MG should begin 
with a thorough discussion of natural history, 
treatment options, and disease pathogenesis. The 
patient, family, and the other interested parties 
should all participate in this discussion and all 
benefit from the appreciation of the chronic 
nature of a sickness with a variable prognosis, 
which often requires treatments with significant 
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complications. Psychological adjustment is diffi-
cult for an illness in which definite predictions of 
outcome cannot be made, and fear exists regard-
ing the development of incapacitating weakness. 
Poor psychological adjustment may limit func-
tional improvement despite significant resolution 
of myasthenic weakness (see Chap. 18). The neu-
rologist should attempt to strike a balance 
between the difficulties in MG treatment and the 
hope of remission. Treatment decisions must be 
made with consideration of cost and insurance 
coverage, which vary by nation across the globe. 
Patient advocacy organizations provide support 
through educational materials, newsletters, and 
support groups. The MG Foundation of America 
maintains an Internet site (www.myasthenia.org), 
which provides excellent resources on various 
aspects of the disease. Patients have turned to 
social media to develop discussion groups. Often 
persons with only treatment-resistant disease 
present their experiences on-line or at support 
group meetings. The role of the physician is to 
work with patients to refine understanding of 
information from non-reviewed sites that is anec-
dotal or, worse, false and potentially dangerous 
and to provide a balanced view of prognosis.

A list of medications, which may exacerbate 
myasthenic weakness, should be given to each 
patient (see Chap. 17). The MG Foundation of 
America (myasthenia.org) maintains a listing on 
their website and supports the MyMG smartphone 
application, which contains the same information. 
Presently, the application is available in English 
and Japanese. A survey of cholinesterase prescrip-
tions suggests a large minority of patients with 
MG are prescribed contraindicated medications, 
supporting the need for education of each patient 
about these contraindications [18]. An emerging 
challenge is the use of the cancer immunothera-
pies that target PD-1 or CTLA- 4. Such agents can 
de novo activate or exacerbate MG by breakdown 
of immune tolerance checkpoints but are also 
potent treatments of several cancers with a poor 
prognosis [19].

Each patient should undergo computed 
tomography (CT) of the chest, which is the stan-
dard imaging procedure to evaluate for thymoma 
[20]. If a tumor is discovered, surgical removal is 

necessary. False positives and negatives occur. 
An investigation of 34 CT scans indicated a neg-
ative predictive value of 91% and positive pre-
dictive value of only 39% [21]. Since nearly all 
patients with thymoma have AChR antibodies, 
they are likely to undergo thymectomy, and non- 
radiologically identified thymomas will be 
removed. MRI has not been found to be superior 
to CT scanning [20]. Although striational anti-
bodies are associated with thymoma, they are not 
of adequate sensitivity or specificity to eliminate 
the need for imaging [22, 23]. Patients with posi-
tive striational antibodies who do not undergo 
thymectomy or are beyond the age typically 
treated with thymectomy may require serial 
imaging for thymoma assessment, in particular if 
they are treatment-resistant. The presence or 
absence of thymic hyperplasia by imaging does 
not assist in determination of whether an indi-
vidual should undergo a thymemctomy.

Because of the high frequency of coexistent 
thyroid disease and MG, thyroid function testing 
is reasonable to perform at presentation and 
intermittently during patient follow-up. At times 
achieving a euthyroid state will lead to signifi-
cant improvement in symptoms ascribed to 
MG. Systemic lupus erythematosus, rheumatoid 
arthritis, and vitamin B12 deficiency are associ-
ated with MG with laboratory evaluation being 
performed, if clinically indicated. In anticipation 
of IVIg treatment, consideration should be given 
for assessment of IgA deficiency [24]. Screening 
for tuberculosis in high-risk populations should 
be considered in anticipation of future corticoste-
roid treatment because of the concern for activa-
tion of dormant tuberculosis.

 Treatments

Figure 11.1 provides a general treatment approach 
used by the author for the newly diagnosed 
patient with generalized MG. I start with pyr-
idostigmine and assess tolerance and efficacy 
over the course of the first month of treatment. Of 
course, if the patient has life-threatening weak-
ness or symptoms that significantly compromise 
activities of daily living, I admit patients for 
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institution of corticosteroids along with adminis-
tration of IVIg. If a patient has severe weakness 
with the likelihood of impending crisis, I prefer 
plasma exchange over IVIg. For patients who are 
younger than 65 and have AChR antibodies, I 
recommend a thymectomy (see Chap. 13) per-
formed by a surgeon who I know performs an 
extensive removal of thymic tissue. Chronic 
management is highly variable. Many patients 
will do well with corticosteroid treatment gradu-
ally tapered to a low level of 10 mg per day [25]. 
However, if a patient develops significant corti-
costeroid complications or remains with signifi-
cant weakness, I start mycophenolate. For 
patients who do not improve with mycophenolate 
after 1 year, I move to tacrolimus. For patients 
with seronegative MG or muscle-specific kinase 
(MuSK) MG and significant general weakness, I 
tend to use rituximab earlier in the course. 
Moderate exacerbations are treated with IVIg. As 
with many rare diseases with a limited evidence 
base, the specifics of treatment approaches differ, 
as one can see comparing my summary to the 
recently published guidelines, which also vary 
among each other [15–17].

Treatment choices should be individualized 
based on the severity of the disease, patient’s life-
style and career, associated medical conditions, 
as well as the patient’s assessment of risk and 
benefit of various therapies. For example, a 
young woman with an active career who is rec-
ommended immunosuppressive treatment needs 
to be aware of reproductive concerns and the 
potential for increased risk of cancer with long- 
term use. An older individual with a sedentary 
lifestyle and mild general weakness may do well 
with cholinesterase inhibitors. Generalized MG 
is no longer the grave disease it once was based 
on observational studies of mortality rates [26], 
with life spans of patients approaching normal 
[27]. An excellently performed study, but now 
dated investigation, indicated that MG patients 
do have a more limited life expectancy compared 
to the general population [28].

Despite improvements in mortality, quality of 
life remains compromised, which is impacted by 
the disease itself and adverse reactions of medi-
cations (Chap. 18). The complications of treat-
ment need thorough explanation, and the patient 
and physician must work together to optimize the 
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care plan. Insurance coverage in the United States 
is a major challenge for some therapies, in par-
ticular mycophenolate mofetil [29], IVIg, and 
rituximab in the experience of the author. Nearly 
all pharmaceutical corporations have established 
programs to provide medications at reduced cost 
for patients that document financial need, which 
can be challenging to do. The website www.
needymeds.com maintains contact information 
for such programs.

 Symptomatic Treatment

 Cholinesterase Inhibitors
Acetylcholinesterase (AChE) inhibitors, which 
retard the hydrolysis of acetylcholine at the neu-
romuscular junction (Chap. 1), are usually the 
initial treatments for MG [30, 31]. For some 
patients cholinesterase inhibitor therapy is all 
that is necessary [30]. Pyridostigmine bromide 
(Mestinon®) is the most commonly used agent. 
Initial therapy begins at doses of 30–60 mg with 
dosing intervals varying from 3 to 6 h depending 
on symptom response and complications related 
to the medication. Individual doses of greater 
than 180 mg rarely are effective. Because of vari-
ability in absorption, patient activity levels, 
severity of disease, and degrees of muscarinic 
effects, strict dosing guidelines are difficult to 
recommend. Once a patient becomes aware of 
the effects of pyridostigmine on their symptoms 
and the adverse reactions to the medication, they 
should be able to modify drug administration 
within limits set by the physician. Timed-release 
180-mg tablets are available but tend to have 
erratic absorption; however, rare patients demon-
strate a preference for these, particularly when 
given at bedtime to limit symptoms on awaken-
ing. Pyridostigmine elixir is available, which 
may be helpful for some patients with difficulty 
swallowing and is easier to administer for 
patients. Pyridostigmine for intramuscular and 
intravenous injection is available. Intravenous 
administration has potential for significant mor-
bidity with rapid onset of action leading to brady-
cardia. Prostigmin and mytelase chloride are 
shorter-acting cholinesterase inhibitors with 

greater adverse effects and are no longer avail-
able in the United States.

Patients and physicians may appreciate a dim-
inution of beneficial effect of cholinesterase inhi-
bition over time especially with effective 
immunosuppressive therapy. AChE inhibitor 
treatment may be tapered when clinical benefit is 
lost, and patients may restart the medication, if 
symptoms develop during the taper. Some 
patients perceive a benefit from AChE inhibitors 
and prefer to maintain some level of treatment. In 
experimental MG produced in animals and with 
cholinesterase inhibition, a splice variant of the 
AChE is produced, which is soluble and more 
effectively eliminates acetylcholine from the 
synapse [32, 33]. This may contribute the reduc-
tion of efficacy of AChE inhibitors over time.

AChE inhibitor treatment is generally safe, 
but complications may occur. If a patient has 
prominent bulbar muscle weakness, administra-
tion of AChE inhibitors will often not reverse 
weakness to an extent that a patient will be safe to 
swallow. Swallowing difficulties may be further 
worsened by excess and thickened saliva, espe-
cially if concomitant treatment with anti- 
muscarinic medications is used. Such apparent 
paradoxical responses should be appreciated, and 
a reduction of AChE inhibitors may improve 
symptoms. In addition, MuSK antibody patients 
often have a poor response to AChE inhibitors 
[34]. AChE inhibitors do not reverse respiratory 
muscle weakness reliably. Respiratory secretions 
may be increased, which complicates treatment 
of patients with pulmonary diseases and may 
actually worsen breathing. Reductions or discon-
tinuation of AChE inhibitors may improve respi-
ratory symptoms [35]. Rare patients develop 
significant bradycardia [36, 37].

Gastrointestinal complaints of nausea, vomit-
ing, diarrhea, and abdominal cramps are common 
but may be improved with administration of atro-
pine or glycopyrrolate. Muscle twitching, fascic-
ulation, and cramps may be particularly 
bothersome to patients. Stretching exercises help 
cramps, while reassurance may limit concerns 
regarding abnormal muscle movements. Rarely, 
patients may develop confusion from AChE 
inhibitor therapy.
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AChE inhibitor-induced weakness (“choliner-
gic crisis”) is frequently discussed but is rarely 
encountered. The use of intravenous edropho-
nium to determine if muscle weakness is second-
ary to MG or AChE treatment is unreliable [10, 
38, 39]. If cholinergic weakness is seriously con-
sidered, then AChE therapy should be temporar-
ily discontinued and the patient monitored for 
improvement. In patients with myasthenic crisis, 
discontinuation of AChE inhibitors is recom-
mended to limit secretions while on artificial 
ventilation [40].

 Other Neuromuscular Transmission 
Enhancers
Ephedrine was first used for MG in the 1930s 
[41, 42] and variably used since with “n of 1” 
studies supporting efficacy [43]. Ephedrine does 
enhance neuromuscular transmission and has 
been shown to be beneficial agent for some con-
genital myasthenias, but the author does not think 
the agent adds a significant treatment option for 
autoimmune MG. 3,4-Diaminopyridine, com-
monly used for Lambert-Eaton myasthenic syn-
drome, may be considered for MuSK-related 
MG, although extensive experience has not been 
reported [44].

 Immune System Targeted 
Therapeutics for Chronic Use

 Corticosteroids
Corticosteroids are the least expensive, most reli-
able, and rapid acting of therapies for MG, and 
this statement is based on overwhelming clinical 
experience rather than controlled clinical trials 
[45, 46]. Their use is complicated by a myriad of 
adverse effects (Table 11.1). Corticosteroids are 
recommended for patients who are compromised 
by generalized weakness that limits their ability 
to function and cannot be adequately improved 
by AChE inhibitors and moderation of activity 
[47, 48]. Patients need to be made aware of 
expected complications and agree to treatment. 
Some patients may not accept steroid therapy or 
have significant contraindications, and treatment 
with the slower-acting agents (see below) often 

coupled with IVIg or plasma exchange may be 
considered as alternatives.

The optimal dosing of corticosteroids is not 
known; expert opinion varies considerably and 
ultimately subject to prescriber personal prefer-
ence [49]. Individuals vary in treatment response 
with possibly up to 30% being poorly responsive 
based on lack of improvement in weakness or 
intolerance of adverse effects [50–52]. With ini-
tiation of 60–80 mg per day, up to 50% of 
patients develop a worsening of strength in the 
first month, usually within the first few days, of 
treatment [10, 53–57]. Hospitalization may be 
considered for patients initiating corticosteroid 
treatment. Sustained improvement usually 
begins within 2 weeks and in the majority, within 
a month, but rare patients have a delay of 
2 months. Gradual initiation of corticosteroids 
beginning with 20 mg and increasing 5 mg every 
3 days until a dose of 60–80 mg is reached 
decreases the frequency of exacerbation but 
delays the onset of improvement [56, 58, 59]. 
Such a regimen may be considered in patients 

Table 11.1 Immunomodulating drugs for myasthenia 
gravis and common adverse effects

Treatment Major adverse effects

Prednisone Osteoporosis, weight gain with 
central obesity, glaucoma, 
cataracts, hypertension, peripheral 
edema, psychiatric changes 
(depression, mania, personality 
alterations), sleep disturbance, 
easy bruising, glucose intolerance

Azathioprine Idiosyncratic flu-like reaction, 
leukopenia, hepatotoxicity, 
alopecia, teratogen, possible risk 
of neoplasia

Cyclosporine Renal insufficiency, hypertension, 
gingival hyperplasia, drug 
interactions

Methotrexate Diarrhea, anemia, abdominal pain, 
hepatotoxicity, hair loss

Mycophenolate Anemia, leukopenia, 
gastrointestinal discomfort, 
diarrhea

Tacrolimus Tremor, headache, diarrhea, 
hypertension, nausea, renal 
insufficiency, hyperkalemia, 
hypomagnesemia, drug 
interactions
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with moderate weakness and allows outpatient 
therapy. Regardless of treatment initiation, ulti-
mately converting to an every-other-day dosing 
schedule is desired to limit steroid complications 
[54]. A trial of thymectomy plus prednisone used 
every-other-day dosing as a consensus decision 
of investigators for safety [60, 61]. Regardless of 
regimen, the corticosteroid should be given as a 
single morning dose in an attempt to mimic the 
morning peak of cortisol production. Some 
patients with mild to moderate weakness respond 
well to low doses (prednisone 20 mg) [62]. 
High-dose solumedrol treatments are under 
investigation and recommended by Japanese 
treatment guideline [17].

Monitoring for the broad spectrum of compli-
cations is necessary [63]. Calcium, vitamin D 
supplement, and bisphosphonates are indicated 
for most patients [64]. Ophthalmological evalua-
tion for cataracts and glaucoma should be per-
formed on a yearly basis. Treatments for gastric 
ulcer prophylaxis need not be instituted unless 
patients have a previous history ulcer disease or 
develop symptoms of gastric irritation [65]. The 
emotional effects of corticosteroids are common 
and for some patients often the most immediate 
and deleterious [66, 67]. Laboratory monitoring 
for development of hyperglycemia and hypokale-
mia is necessary for certain patients. In some 
patients prolonged treatment leads to permanent 
adrenal insufficiency, which will require lifelong 
corticosteroid replacement. The symptoms of 
adrenal insufficiency may be a point of confusion 
with the fatigue of MG.

Mechanism of Action. Corticosteroids have 
numerous effects on the immune system leading 
to general immunosuppression [68]. The immu-
nosuppressive actions of glucocorticoids appear 
to be mediated primarily by interference with 
signaling by the key inflammatory transcriptional 
regulators: NF-κB and AP-1 leading to reduc-
tions of lymphocyte differentiation and prolifera-
tion, redistribution of lymphocytes from the 
circulation into tissues that remove them from 
sites of immunoreactivity, alterations of cytokine 
activity, and alteration of antigen processing and 
presentation. Treatment resistance of patients is 
likely to be more a function of individual differ-

ences in corticosteroid responsiveness than sever-
ity of disease per se [51, 52, 69].

 Azathioprine
Azathioprine is used alone or in combination 
with corticosteroids, and its efficacy has been 
confirmed in randomized trials [70, 71]. Although 
azathioprine is often utilized for its 
“corticosteroid- sparing” effect, there are sugges-
tions that it may be used effectively alone [72–
74]. Both the physician and patient need to be 
cognizant that improvement requires at least 
1 year at a dose based on total body weight 
(1–3 mg/kg/day in divided doses). Limited 
improvement in less than 1 year should not pro-
vide a false impression of a lack of efficacy. 
Clinical benefit appears to correlate with eleva-
tions of mean red blood cell volume [75] and 
reduction of white blood cell count. If either of 
these is not observed, then the dose may be 
increased to its maximum.

Azathioprine has the potential for significant 
hepatotoxicity and myelosuppression [76]. If 
white blood cell counts fall below 3–3500 white 
blood cells/mm3, the dose needs to be reduced 
and adjusted to maintain counts above 3500. 
Levels below 1000 white blood cells/mm3 require 
discontinuation of the drug [40, 77]. Mild hepa-
toxicity is likely underestimated and may only 
manifest with elevations of serum transaminase, 
but without clinically evident liver disease. 
Azathioprine needs to be discontinued if trans-
aminase levels double [76]. Monitoring of liver 
function tests and complete blood counts is nec-
essary throughout the treatment course. 
Pancreatitis rarely occurs with azathioprine treat-
ment. Allopurinol reduces metabolism of azathi-
oprine necessitating reduction of dose by 
one-third to avoid complications. There is an 
increased risk of neoplasm, primarily lymphoma, 
among patients taking azathioprine [78, 79]. The 
agent also has small teratogenic potential. For 
women and men planning a pregnancy [80], con-
sideration needs to be given to discontinue its use 
depending on the specific clinic situation. 
Azathioprine is a substrate for thiopurine 
S-methyltransferase. Deficiency in enzyme 
 activity may lead to severe idiosyncratic drug 
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reaction and myelosuppression when exposed to 
 azathioprine. Assessment for thiopurine 
S-methyltransferase enzyme activity prior to ini-
tiation of azathioprine therapy is advisable [81].

Mechanism of Action. Azathioprine is a purine 
analogue, which inhibits synthesis of nucleic 
acids. The drug is converted to 6-mercaptopurine 
and metabolized to 6-thioguanine nucleotides, 
which are the cytotoxic [82]. The primary effect 
on the immune system is interference with T- and 
B-cell proliferation and has been presumed to be 
related to its direct effect on nucleic acid synthe-
sis. Thioguanosine triphosphate is an azathio-
prine metabolite, which interacts with Rac1 and 
blocks interaction with Bcl-x1, which ultimately 
leads to apoptosis of T cells [83]. Each of these 
actions would lead to suppression of cellular 
responses driving the autoimmune pathology of 
MG.

 Mycophenolate Mofetil
Mycophenolate mofetil has become an increas-
ingly popular agent for treatment of MG in the 
United States. Small, retrospective studies sug-
gest that mycophenolate reduces corticosteroid 
dose, improves strength, and lowers AChR anti-
body levels [84–86] for generalized MG and 
improved purely ocular myasthenia [87]. 
However, two randomized, placebo-controlled 
studies did not demonstrate efficacy [62, 88], but 
each was compromised by their short duration 
given the expected slow onset of biological 
action of mycophenolate [89]. Despite these neg-
ative studies, mycophenolate continues to be 
used and recommended by many neurologists 
[15, 29]. A three-institution, retrospective study 
of almost one hundred patients found that myco-
phenolate may be tapered safely for those patients 
with long periods of remission and recommended 
a slow taper of 500 mg per year [90].

Mycophenolate is given at a standard dose of 
1 g twice daily, but no data exist regarding 
whether higher doses are more effective. The 
author typically raises the dose to 3 g per day, if 
improvement has not occurred within 9 months, 
and in particular among patients over 90 kg. 
Mycophenolate is well tolerated, and most 
patients have limited complaints when initiating 

treatment, other than gastrointestinal upset, 
which rarely is so severe as to require 
 discontinuation. Leukopenia may occur, and 
monitoring complete blood counts is indicated. 
Mycophenolate has teratogenic potential, and 
women of childbearing age should be educated 
about this and appropriate counseling provided 
[91]. Experience from studies of transplant 
patients indicates that there may be an increased 
risk of cancer with mycophenolate [92, 93], and 
case reports have appeared of mycophenolate 
treatment associated with lymphoma [94] and 
severe infection, including progressive multifo-
cal leukoencephalopathy [95].

Mechanism of Action. Mycophenolate is 
hydrolyzed to mycophenolic acid, which inhibits 
inosine monophosphate dehydrogenase, a key 
enzyme in the de novo pathway of purine synthe-
sis [96]. Lymphocytes exclusively use the de 
novo pathway, and thereby mycophenolate selec-
tively inhibits proliferation of T and B lympho-
cytes. Additional mechanisms of 
immunosuppression include (1) apoptosis of acti-
vated T lymphocytes, (2) alterations in cell adhe-
sion molecule expression decreasing recruitment 
of lymphocytes to sites of inflammation, and (3) 
reduction of inducible nitric oxide synthase 
activity.

 Tacrolimus
Tacrolimus is the primary immunosuppressive 
agent used in Japan and has been used throughout 
the world based on retrospective or open-label 
investigations [17, 97–99]. A randomized, con-
trolled trial evaluated whether addition of tacroli-
mus over 28 weeks to low-dose prednisolone 
treatment among patients with stable symptoms 
would lead to a reduction of prednisolone dose 
[100]. Although the mean prednisolone dose was 
diverging between groups at the time of the pri-
mary endpoint, there was no statistical differ-
ence. Several methodological criticisms were 
raised regarding the study, which could have led 
to an inability to identify efficacy [101]. A retro-
spective study supports use of tacrolimus for 
ocular myasthenia [102]. The recommended dos-
age of tacrolimus is 0.035 mg/kg twice daily with 
adjustments made to achieve a trough level of 
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6–9 ng/mL [103]. Common side effects are gas-
trointestinal discomfort, diarrhea, tremor, and 
paresthesias. Tacrolimus is nephrotoxic and may 
worsen hypertension and diabetes. Several drugs 
raise or lower tacrolimus levels.

Mechanism of Action. Tacrolimus is a calci-
neurin inhibitor and thereby modulates the activ-
ity of T cells, which support antibody-producing 
B cells [104, 105]. It may also enhance T regula-
tory cells [106]. Tacrolimus enhances muscle 
contraction by modulation of intracellular 
calcium- release channels, which would enhance 
muscle contraction rapidly. The direct effect on 
muscle may provide an explanation for the 
impression of a rapid onset of improvement in 
some patients, which would not be explained by 
the immunosuppressive effect [107].

 Methotrexate
Efficacy of methotrexate was suggested by 
uncontrolled trials, but a randomized, controlled 
trial did not find a steroid-sparing effect after 
1 year of treatment [108]. A single-blind com-
parison study against azathioprine of 24 subjects 
found both drugs to have similar steroid-sparing 
effects [109]. A motivation by both these groups 
to evaluate methotrexate for MG was its rela-
tively inexpensive generic preparation compared 
to other immunosuppressives. Therefore, for 
some regions of the world, methotrexate may still 
be an option for treatment. Typical dosing is a 
gradual increase to a maximum of 20 mg of 
methotrexate weekly with the provision of folate 
or leucovorin. Methotrexate has significant 
adverse effects of hepatoxicity and anemia. Most 
patients develop hair loss, which is reversible.

Mechanism of Action. The mechanism of 
action on the immune response by methotrexate 
is not fully elucidated. Methotrexate does inhibit 
de novo pyrimidine and purine syntheses neces-
sary for DNA and RNA syntheses, which would 
inhibit cellular proliferation of lymphocytes sup-
porting MG [110].

 Cyclosporine
Cyclosporine has been used as a steroid-sparing 
agent since the 1980s for patients with treatment- 
resistant disease [111–114] but has generally 

fallen out of favor because of renal toxicity. Five 
milligram per kilogram per day in two divided 
doses are recommended. In a retrospective review, 
55 of 57 patients who took cyclosporine for an 
average of 3.5 years, clinical improvement usu-
ally occurred in less than 7 months. Corticosteroids 
were discontinued or decreased in nearly all the 
patients taking them [112]. Five percent of indi-
viduals could not afford or tolerate the drug [112]. 
Cyclosporine may be used alone and this approach 
does have the advantage of avoiding corticoste-
roid complications [48], although it should be 
appreciated that cyclosporine does promote osteo-
porosis [115]. Monitoring trough levels is impor-
tant to limit toxicity and supports compliance. 
The primary adverse effects of cyclosporine are 
renal insufficiency and hypertension. Creatinine 
measures need to be monitored throughout treat-
ment with cyclosporine. In a small study, nearly a 
third of patients needed to stop treatment because 
of renal toxicity, which in some occurred several 
years after treatment initiation [112]. Cyclosporine 
has many drug interactions, and it is critical to 
check updated drug databases for interactions that 
may lower or elevate cyclosporine levels or lead 
to specific toxicities.

Mechanism of Action. Cyclosporine forms a 
complex with cyclophilin, which inhibits the 
phosphatase activity of calcineurin, and thereby 
modulates nuclear translocation and subsequent 
activation of nuclear factor of activated T cell 
transcription factor. Cyclosporin also blocks the 
activation of JNK and p38 signaling pathways, 
which are triggered by antigen recognition. These 
mechanisms make cyclosporin a highly specific 
inhibitor of T cell activation [104, 116].

 Cyclophosphamide
Intravenous and oral cyclophosphamide has been 
used for treatment-resistant patients, and one 
study found half of patients were asymptomatic 
after 1 year [114, 117]. Additional complications 
include diarrhea, nausea, vomiting, and hemor-
rhagic cystitis, which may be severe. The drug 
has carcinogenic and teratogenic potential as 
well as a likelihood of producing infertility. 
Rarely, interstitial pneumonitis and hepatic injury 
occur. Nearly, all patients develop alopecia.

H. J. Kaminski



177

High-dose cyclophosphamide alone is not 
myeloablative, which allows a patient’s endoge-
nous stem cells to repopulate the hematopoietic/
immune systems. Such an approach has been 
applied to patients with treatment-resistant auto-
immune diseases, including MG [118]. 
Autologous hematopoietic stem cell transplanta-
tion has been used in combination with cyclo-
phosphamide for treatment-resistant patients 
[119]. Despite the hope that such therapy would 
place patients in permanent remission, there have 
been recurrences.

Mechanism of Action. Through the cyto-
chrome P-450 oxidase system of the liver, cyclo-
phosphamide is converted into phosphoramide 
mustard, which introduces alkyl radicals into 
DNA and compromise cell replication. This 
activity is likely cytotoxic to lymphocytes. 
However, cyclophosphamide is being appreci-
ated to have more widespread immunomodula-
tory effects, which include modulation of Th2/
Th1 ratios, altered cytokine production, and 
enhanced proliferation and survival of certain 
lymphocyte populations and modulation of den-
dritic cell activity [120]. Therefore, the effects of 
cyclophosphamide on MG are likely to be more 
complex than previously considered.

 Rituximab
Rituximab is a monoclonal antibody directed 
against CD20 cells. Retrospective evaluations 
have led to great enthusiasm for application of 
the agent for treatment-resistant MG [121–124]. 
A blinded, prospective review for MuSK MG 
supports rituximab improves disease severity and 
limits use of other MG treatments [125]. A phase 
II trial for ACHR and MuSK-positive MG is 
ongoing at the time of this writing. Dosing of 
rituxan is typically a once a week regimen for 
4 weeks at a dose of 375 mg/m2 of body surface. 
Pretreatment with acetaminophen, diphenhydr-
amine, corticosteroid, or a combination is given 
by some investigators. Repeat dosing may be 
given in 6 months as is being performed in the 
phase II trial, or patients have been monitored for 
recurrent weakness and then repeat treatment 
given. Infusion reactions of varying severity con-
sisting of fever, nausea, headache, pruritus, head-

ache, and angioedema occur during infusion and 
may improve with pretreatment and slowing the 
infusion rate. Severe infections, including pro-
gressive multifocal leukoencephalopathy, may 
occur. Activation of latent hepatitis B infection 
may occur.

Mechanism of Action. Rituxan removes 
CD20-expressing cells, which include activated 
B cells and pre-B cells. These cells serve to pro-
duce pro-inflammatory cytokines, present anti-
gen, and provide T cell support. The reduction of 
CD20 cells impacts these properties, and the 
reduction of antibody-producing cells is likely a 
mechanism that reduces MG severity [126, 127].

 Eculizumab
The complement system has been speculated to 
be a potential therapeutic target for MG for 
decades; however, only recently has an agent 
been evaluated for human use [128]. Eculizumab, 
an antibody directed against the C5 component 
of complement, in phase 2 testing of treatment- 
resistant MG, demonstrated an efficacy signal 
[129]. A phase 3 trial has confirmed efficacy for 
AChR antibody-positive patients who had failed 
immunosuppressive treatment [130], and the 
Food and Drug Administration of the United 
States has approved its use for generalized 
MG. The author expects eculizumab will be used 
for treatment-resistant patients and possibly as 
acute management of severe disease. Despite the 
potential risk of Neisseria infections, eculizumab 
thus far has good safety and tolerability [131, 
132]. A deficiency of eculizumab is its inactivity 
among patients with a genetic variant of the C5 
epitope to which it binds [133, 134] and its gen-
eral complement inhibition in an immunosup-
pressed population. Also, eculizumab is among 
the most expensive drugs in use at cost of approx-
imately $400,000 per year.

 Acute Immunotherapies

 Plasma Exchange
Plasma exchange (plasmapheresis) produces 
rapid improvement in weakness [34, 135–137]. 
It is used in myasthenic crisis as well as to opti-
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mize muscle function prior to surgery, includ-
ing thymectomy. Typically, exchanges are done 
to remove one to two plasma volumes three 
times per week for up to six exchanges. In my 
experience, more than 6 exchanges during a 
single course are not beneficial, but others 
describe benefits after 14 exchanges [77]. 
Patients may show improvement within 48 h of 
the first or second exchange and continue to 
improve during the course of exchanges. 
Treatment reduces immunoglobulin levels rap-
idly; however, rebound will occur in weeks, 
leading to clinical worsening if concomitant 
immunosuppressive treatment is not used. In 
rare patients, plasma exchange is used as a 
chronic therapy, but this has not been formally 
studied [138]. The exchange is usually per-
formed with resins that remove proteins at cer-
tain molecular weights, and studies of 
immunoabsorbent resins do not demonstrate 
any superiority to standard resins thus far [139, 
140]. Plasma exchange may be more beneficial 
for MuSK MG then IVIg.

The usefulness of plasma exchange is limited 
by its restriction to major medical centers and the 
frequent need for large-bore intravenous cathe-
ters [135]. During the infusion patients may com-
plain of paresthesias from citrate-induced 
hypocalcemia, and hypotension may occur at ini-
tiation of the exchange [141]. Some patients have 
nausea and vomiting related to fluid shifts and 
electrolyte alterations during the exchange. 
Infectious and thrombotic complications related 
to venous access occur. The exchange process 
reduces coagulation factors, and concomitant use 
of heparin in the care of venous catheters may 
reduce platelet levels leading to bleeding tenden-
cies. Thrombotic complications may occur [141]. 
Whenever possible peripheral venous catheters 
should be used for exchanges [135].

Mechanism of Action. Removal of circulating 
pathogenic antibody, and in all likelihood other 
factors, such as complement proteins, produces 
the clinical benefits of plasma exchange [142]. 
The removal of antibodies that block AChR func-
tion may be primary in mediating the improve-
ment that is sometimes observed within hours of 
plasma exchange.

 Intravenous Immunoglobulin
IVIg is used in similar circumstances as plasma 
exchange, and a comparative study to plasma 
exchange indicated similar clinical efficacy 
[143]. A comparative effectiveness study of a 
large hospital database also indicated equivalent 
efficacy, but IVIg was found to be a less costly 
treatment regimen [144]. A randomized study 
demonstrated that IVIg is superior to placebo in 
treatment of MG exacerbation [145]. The stan-
dard treatment regimen is a 4- to 6-h infusion of 
400 mg/kg/day dose for 5 days, but some advo-
cate a 1 g/kg/day dose for 2 days [24]. The latter 
can be administered without a higher rate of com-
plications; however, in older patients with car-
diac disease, the lower dose regimen may be 
prudent. IVIg therapy improves strength rapidly, 
often within 5 days of initiation but on average 
3 weeks [145], but the response is short-lived and 
not uniformly observed. A retrospective study 
comparing IVIg and plasma exchange for treat-
ment of myasthenic crisis showed patients had a 
better respiratory and functional outcome with 
plasma exchange, but IVIg had fewer complica-
tions [146]. A randomized trial compared three 
exchanges to either 3 or 5 days of IVIg (400 mg/
kg/day) and showed a similar efficacy with again 
IVIg having less adverse effects [147]. IVIg may 
also be used as a maintenance therapy to limit 
corticosteroid dosage, while other agents, such as 
mycophenolate or azathioprine, are taking effect.

Adverse effects with IVIg occur commonly 
but usually are relatively minor [24, 148]. 
Headache occurs frequently during infusion, 
which if mild, headaches may be treated with 
acetaminophen or nonsteroidal anti- inflammatory 
drugs (since MG patients are frequently receiv-
ing corticosteroids, nonsteroidals should be used 
with caution to limit gastrointestinal irritation). 
More severe migraine headaches occur, particu-
larly in patients with a history of migraine. In 
appropriate individuals, triptan agents are effec-
tive. Aseptic meningitis may occur and recur 
with subsequent treatments. Chills, myalgia, or 
chest discomfort may occur early during the infu-
sion and usually resolves with stopping the infu-
sion for 30 min and resuming at a slower rate. 
Flu-like symptoms may develop in the days 
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 following treatment. Urticaria, lichenoid cutane-
ous lesions, pruritus of the palms, and petechiae 
may occur within days or weeks of treatment, 
which resolve over weeks to months. Pretreatment 
with diphenhydramine or acetaminophen may 
limit adverse effects.

Rarely, significant complications occur with 
IVIg therapy. Anaphylactic reactions occur in 
patients with immunoglobulin A deficiency, 
which may be present in 1 in a 1000 people [24]. 
This deficiency should be screened for prior to 
infusion and consideration given to provide an 
IVIg preparation depleted of immunoglobulin A 
[149]. Acute renal tubular necrosis, which is usu-
ally reversible, occurs in patients who have renal 
insufficiency. Age over 65, diabetes, and dehy-
dration increase the risk of renal injury. Renal 
failure is associated with the high concentration 
of sucrose in one proprietary IVIg product but 
occurs with other preparations [148]. Monitoring 
of creatinine and blood urea nitrogen is essential, 
if the agent needs to be given to patients with 
renal insufficiency. Deep vein thrombosis, pul-
monary embolism, cerebral infarction, and myo-
cardial infarction rarely occur [150, 151]. For 
the immobilized MG patient, physicians should 
be vigilant for the signs of deep vein thrombosis 
and appropriate prophylactic treatments 
administered.

Mechanism of Action. IVIg impacts on the 
autoimmune process by several mechanisms 
including inhibition of cytokines, competition 
with autoantibodies, inhibition of complement 
deposition, interference with Fc receptor binding 
on macrophages or the immunoglobulins on B 
cells, and interference with antigen recognition 
by sensitized T cells [152]. Some reports suggest 
anti-idiotype mechanism appear to be the most 
critical in clinical efficacy in MG [153, 154].

 Specific Clinical Situations

 Myasthenia Gravis and Pregnancy

MG preferentially affects women of childbearing 
years leading to particular therapeutic issues 
[155]. The effect of pregnancy on the clinical 

course of MG is highly variable among women, 
and each pregnancy may affect an individual 
woman differently [156]. A patient appears to 
have an equal probability of worsening, staying 
the same, or improving during the pregnancy and 
the postpartum period [156–158], despite the 
consideration that the state of pregnancy is a nat-
urally “immunosuppressed” state and would 
moderate disease severity. Labor is an exhausting 
event and should be expected to weaken the 
symptomatic MG patient; however, the majority 
of women are able to deliver vaginally without 
complications [156, 159, 160]. If preeclampsia or 
eclampsia is present, then the obstetrician should 
be made aware that intravenous magnesium sul-
fate may lead to worsening weakness [161]. MG 
is not a contraindication to pregnancy [162].

MG treatments may affect the fetus [159]. The 
potential for birth defects with immunosuppres-
sants, in particular mycophenolate and metho-
trexate, requires discussion, and every attempt 
should be made to discontinue the medications 
prior to conception [155]. Mestinon and predni-
sone are safe. There are no large studies of the 
effect of plasma exchange or IVIg in pregnant 
women but they appear to be safe. Thymectomy 
should be delayed until after delivery, since there 
is no reason to believe the delay would be delete-
rious compared to the potential complications of 
performing a major surgery during pregnancy.

Approximately a third of infants of MG 
patients have neonatal myasthenia [156, 159] 
which may occur with MuSK and seronegative 
MG [163–165]. This is a transient disorder mani-
fest by general weakness, difficulty feeding, and 
respiratory insufficiency in some. Such infants 
require supportive care and cholinesterase treat-
ment. Weakness resolves over weeks without any 
permanent weakness or risk of development of 
MG later in life. Development of neonatal MG is 
independent of the clinical status of the mother, 
and the mother may not be known to have 
MG. AChR antibody levels of the mother also do 
not predict occurrence of MG. An increased ratio 
of antibodies against the fetal AChR compared to 
the antibodies directed against the adult AChR 
isoform correlates with the development of neo-
natal myasthenia [166]. Arthrogryposis multiplex 
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and myopathy may occur due to passage of anti-
bodies against the fetal AChR, which severely 
compromise fetal muscle development [167–
169]. If a woman with MG has a history of chil-
dren with arthrogryposis multiplex or recurrent 
fetal loss, consideration should be given to more 
intensive therapy of MG during pregnancy 
[170–172].

 Thymoma-Associated Myasthenia 
Gravis

A significant minority of patients with MG have 
a thymoma (see Chap. 8). Thymoma is more 
likely to occur among men over the age of 40, but 
certainly occurs in women and rarely among 
children [173]. The treatment of patients with 
thymoma does not differ from those patients 
without thymoma but is complicated by the 
necessity to treat the neoplasm. Most, but not all, 
studies suggest that thymoma-associated MG has 
a more severe clinical picture [174–176]. Once a 
thymoma is detected, it should be removed along 
with removal of the remaining thymus, although 
the patient should be aware that the surgery is not 
a cure for MG. If the tumor has broken through 
its capsule to involve adjacent tissue, local irra-
diation is necessary. Some thymomas are aggres-
sive and produce widespread metastases. Patients 
require lifelong monitoring for recurrence of 
tumor [177]. In the elderly patient with a contra-
indication to surgery, consideration may be given 
to monitor tumor growth by computed tomogra-
phy, since many tumors are slow growing. 
Clinical trials have eliminated patients with thy-
moma from investigation leading to questions on 
whether there is a differential susceptibility of 
patients to certain treatments.

 Pediatric Myasthenia Gravis

The pathophysiology of children presenting with 
MG younger than 18 years is not known to differ 
from the adult-onset disorder [178–180]. 
Differential diagnosis and diagnostic methods 
are identical to adults, although congenital myas-

thenic syndromes are more likely. MuSK MG 
occurs in children [181]. Treatment consider-
ations are more difficult [180]. Prepubertal 
patients appear to have higher rates of spontane-
ous remission, which prompts some to consider a 
delay in thymectomy. Corticosteroids retard 
growth and increase the severity of osteoporosis 
later in life. Treatment with nonsteroidal immu-
nosuppressive drugs has the potential total dose- 
dependent risk of neoplasia. As in adults, 
treatment must be individualized, and the parents 
and patient need to appreciate the complications 
of therapy.

 The Treatment-Resistant Patient

Patients referred to the author for a poor treat-
ment response come in four varieties, those who 
(1) never had MG, (2) have complications related 
to treatment, (3) have developed a new disorder, 
and (4) have severe MG not responding to 
treatment.

When faced with a patient who continues to 
complain of weakness, it is imperative to confirm 
that the diagnosis of MG is based on unequivocal 
clinical manifestations and supported by sero-
logical or electrophysiological studies. Care is 
further complicated, if the patients have been 
treated for MG with immunosuppressive treat-
ments and developed complications, which pro-
duce weakness or fatigue. If on review of 
previous evaluations, the physician concludes 
MG is not present, then the patient must be 
informed of the determination using the utmost 
sensitivity. Medications for MG will need to be 
tapered. Even if an alternate medical diagnosis is 
identified as a cause of symptoms, patients will 
have been traumatized and require expert psy-
chological counseling to assist them in recover-
ing from misdiagnosis.

Corticosteroids produce a legion of adverse 
effects, which may lead patients to complaints of 
“fatigue,” “tiredness,” and “weakness,” which 
they often do not distinguish from their present-
ing complaints of MG. A detailed history and 
examination is required to clearly distinguish 
what is, and is not, MG related. I have seen 
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 several patients with MG who have developed 
steroid myopathy after several months of daily, 
high-dose therapy, who were also treated aggres-
sively with plasma exchange and other immuno-
suppressive treatments. These patients have 
proximal muscle weakness and obvious systemic 
complications of steroids without MG manifesta-
tions [182]. Taper of steroids, in particular to an 
every-other-day regimen, in concert with physi-
cal therapy, leads to functional improvement 
after several months.

The most common disorders that I see compli-
cating treatment of MG are sleep and thyroid dis-
orders as well as deconditioning. Sleep apnea 
may complicate MG and be exacerbated by 
weight gain related to steroid therapy producing 
excessive somnolence, misinterpreted as muscle 
fatigue [183–185]. Thyroid disorders occur in 
10% of patients, and the slow development of 
hypothyroidism during the course of MG treat-
ment may be difficult to appreciate clinically. 
Therefore, there should be a low threshold for 
obtaining thyroid function tests for patients com-
plaining of fatigue. The combination of hospital-
ization, corticosteroid treatment, and inactivity 
forced upon a patient from MG makes general 
deconditioning likely. Despite decades of consid-
ering energy budgeting strategies for MG 
patients, it is clear that exercise programs have 
greater benefits than risks [186, 187].

Upward of 30% of MG patients may be 
treatment- resistant with persistent weakness 
despite prolonged therapy (usually this means 
thymectomy, corticosteroids, and failure of at 
least one additional therapy). In these situations it 
is critical that immunosuppressants have been 
used at the appropriate dose and for expected time 
to take an effect, which is at least a year for all of 
the immunosuppressives. If these are true, then a 
switch to another immunosuppressive should 
occur. If a patient has moderate to severe weak-
ness, then use of chronic IVIg or plasma exchange 
needs to be considered. Rituximab also should be 
an option for individuals who have failed other 
immunosuppressives and high-dose corticoste-
roids. New immunotherapeutics are in early phase 
testing and preclinical evaluation (Chap. 21) with 
the hope of improving treatment for patients.
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Neurocritical Care of Myasthenic 
Crisis

Jose Americo M. Fernandes and Jose I. Suarez

 Introduction

Myasthenic crisis (MC) is defined as an exacer-
bation of myasthenia gravis (MG) weakness pro-
voking an acute episode of respiratory failure 
that leads to institution of mechanical ventilation 
(MV). Weakness may involve respiratory, alter-
ing respiratory mechanics, or bulbar muscles, 
which compromise airway protection and 
patency. MC is the most dangerous complication 
of MG and is a life-threatening condition that 
requires immediate recognition and patient care 
in an intensive care unit setting for its optimal 
management [1, 2].

MC usually occurs within the first 2 years 
after disease onset (74% of patients) [3], and 
15–20% of patients with MG will experience at 
least one episode of crisis. Its mortality has 
declined from 40% in the early 1960s to 5% in 
the 1970s, which most likely reflects improve-
ment of ventilatory and general medical manage-

ment of these patients in intensive care units. 
However, despite the decrease in mortality, the 
duration of MC has not changed significantly and 
continues to average 2 weeks [3]. This chapter 
reviews the most important aspects of MC includ-
ing its pathophysiology, etiology, and 
management.

 Pathophysiology

 Precipitants

MC is most commonly precipitated by infections 
(30–40% of cases) [4, 5]. The most frequent are 
respiratory tract infections caused by viral or 
bacterial agents. Aspiration pneumonia occurs in 
about 10% of MC patients [4, 5] and may be 
more prevalent in patients with oropharyngeal 
weakness as manifested by difficulty in swallow-
ing and chewing, altered facial expression, and 
dysarthria [6]. Certain medications exacerbate 
MG and lead to MC (Table 12.1) [7, 8]. It is cru-
cial to obtain a reliable history of current medica-
tion use including specific inquiry of the patient, 
family, and friends of nonprescription drugs, 
including so-called alternative medicines. 
Telithromycin, an antibiotic of the ketolide class, 
has recently been reported to cause myasthenia 
exacerbation or crisis or unmasking of MG 
shortly after initial intake (minutes to a few days) 
which may be confused with an anaphylactic 
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reaction. Extreme caution should be used when 
prescribing this medication to myasthenic 
patients [9, 10]. When treatment of MG was lim-
ited to anticholinesterase medications, overdose 
could lead to MC, but now is rare, and its impor-
tance previously may have been overstated [4, 
11]. Other factors, which may lead to MC, 
include botulinum toxin injection [12], recent 
surgical procedures (including thymectomy), and 
trauma. In 30–40% of the patients, no trigger can 
be identified [5]. The presence of thymoma seems 
to be a risk factor for MC. MG patients with thy-
moma may have a more severe disease course 
(see Chap. 8), and thymoma patients are identi-
fied twice as often among patients in crisis com-
pared to patients without thymoma (30% vs. 
15%) [4]. Two relevant issues that have been 
highlighted recently are the presence of hypoal-
buminemia upon hospital admission and that of 
post-thymectomy MC [13, 14]. Hypoalbuminemia 
upon hospital admission has been associated with 
more severe MG and MC [13]. It is likely that 
hypoalbuminemia is just a marker of overall bur-
den of illness. However, until further evidence 
becomes available, it seems prudent to monitor 
serum albumin levels in all hospitalized MG 
patients, and if hypoalbuminemia is confirmed, 
closer monitoring is warranted. The most signifi-
cant challenge in the management of MG patients 
undergoing thymectomy is the development of 

postoperative MC [14]. Several risk factors have 
been described for postoperative MC including 
the following: alcohol consumption prior to the 
surgical procedure, more severe MG symptoms, 
and postoperative complications such as atrial 
fibrillation, pneumothorax, and acute respiratory 
distress syndrome (ARDS). We would recom-
mend screening for these factors and either 
avoiding or treating them aggressively to avoid 
MC or decrease hospital stay.

 Respiratory Abnormalities

As weakness of respiratory and oropharyngeal 
muscles progresses, there is a decrease in lung 
expansion along with the efficiency of cough 
reflex to clear the airway. Patients’ forced vital 
capacity (FVC) progressively decreases, making 
them prone to developing atelectasis and, eventu-
ally, to respiratory failure [4]. It is proposed that 
patients follow a stereotyped sequence of events 
leading to MC directly related to FVC [15]:

 1. Normal respiratory function is present with 
FVC of 65 mL/kg.

 2. Poor cough is evident with accumulation of 
secretions with FVC of 30 mL/kg.

 3. With FVC of 20 mL/kg, the sigh mechanism 
is impaired with development of atelectasis 
and hypoxia.

 4. Sigh is lost with FVC of 15 mL/kg and atelec-
tasis and shunting appear.

 5. Hypoventilation starts with FVC of 10 mL/kg.
 6. Hypercapnia develops with FVC between 5 

and 10 mL/kg.

 Oropharyngeal Dysfunction

The oropharyngeal muscles maintain the patency 
of the upper airway by regulation of its cross- 
sectional area, and their dysfunction increases 
resistance to airflow [16]. Weakness of laryngeal 
muscles causes the vocal cords to remain 
adducted during inspiration, instead of the nor-
mal abduction [16, 17]. This creates the so-called 

Table 12.1 Drugs that exacerbate myasthenia gravis

Definite 
association Corticosteroids

Probable 
association

Antibiotics: Aminoglycosides, 
ciprofloxacin, clindamycin, 
telithromycin
Antiarrhythmics: Procainamide, 
propranolol, timolol
Neuropsychiatric: Phenytoin, 
trimethadione, lithium

Possible 
association

Antibiotics: Ampicillin, imipenem/
cilastatin, erythromycin
Antiarrhythmics: Propafenone, 
verapamil, quinidine,
Miscellaneous: Trihexyphenidyl, 
chloroquine, neuromuscular-blocking 
drugs, carbamazepine, oral 
contraceptives, transdermal nicotine
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sail phenomenon. Paralyzed vocal cords, because 
of its position and curvature, catch the airflow 
during inspiration being pulled inward to midline 
like the sail of a boat [16]. Weakness of the 
tongue obstructs the oropharyngeal cavity. In 
addition to the mechanical obstruction of the air-
way, oropharyngeal dysfunction leads to an 
inability to protect from aspiration [6, 16].

 Clinical Presentation and Evaluation

MC may occur in patients previously diagnosed 
but also may be the presenting event of 
MG. Patients with the definite diagnosis of MG 
that complain of worsening weakness or short-
ness of breath need to be assessed for dysphagia, 
stridor, and adequacy of ventilation. During the 
examination, the respiratory pattern requires 
assessment. Rapid, shallow breathing indicates 
respiratory muscle fatigue, which should not be 
confused with psychogenic hyperventilation [4]. 
Diaphragmatic function is assessed by observa-
tion of abdominal movements during the respira-
tory cycle. With severe weakness, a paradoxical 
respiratory pattern develops with inward move-
ment of the abdomen during inspiration. The 
strength of neck muscles correlates with dia-
phragm strength, and weakness of these muscles 
should alert the clinician to possible respiratory 
compromise. A simple way to evaluate ventila-
tory reserve is by asking the patient to count from 
1 to 25 in a single breath [4]. Patients with sig-
nificant limitation should undergo measures of 
respiratory parameters.

Assessment of oropharyngeal muscles begins 
with inquiries of difficulty swallowing, episodes 
of choking, or coughing while eating. A wet, gur-
gling voice or stridor may indicate the need for 
intubation for airway protection [4]. Swallowing 
may be tested at bedside by observing the patient 
swallow three ounces of water and monitoring 
for coughing or choking [18]. However, caution 
should be taken in performing this assessment, 
and it need not be done in patients with clear 
signs of oropharyngeal weakness.

Patients may present with worsening of respi-
ratory status because of vocal cord paralysis. In 
these patients, flexible laryngoscopy or flow vol-
ume loops should be performed [16, 17]. The 
finding of vocal cords in the adducted position 
should alert the physician for the possible need of 
a cricothomy in the case that conventional endo-
tracheal intubation is not feasible [17].

In one series of 63 MC, initial manifestations 
were generalized weakness in 76% of patients, 
focal bulbar weakness in 19%, and isolated 
weakness of respiratory muscles in 5%. The 
majority of the patients (68%) required MV 
between 1 and 3 days after initial myasthenic 
exacerbation [1]. Some patients may present with 
respiratory failure without any evidence of gen-
eralized weakness [3, 16].

The respiratory status of patients at risk for 
MC should be monitored closely. Bedside mea-
surements of forced vital capacity (FVC, normal 
≥60 mL/kg), negative inspiratory force (NIF, 
normal >70 cm H2O), and positive expiratory 
force (PEF, normal >100 cm H2O) should be 
done serially. Arterial blood gases are also impor-
tant, and pulse oximetry is not a substitute for this 
measurement. Blood gas assessments are abnor-
mal (showing hypoxia and hypercarbia) with 
advanced respiratory dysfunction, but patients 
may have normal oxygenation by pulse oximetry, 
while arterial blood gases show developing 
hypercarbia, a sign of impending respiratory 
arrest.

Values of FVC ≤1.0 L (less than 15 mL/kg 
body weight), NIF < 20 cm H2O, and PEF 
<40 cm H2O are indications for institution of 
MV [4, 5, 19]. However, each patient should be 
considered individually, with assessment of 
comfort level, heart rate, respiratory rate, arterial 
blood gas values, and the ability to protect and 
maintain their airway. Respiratory dysfunction 
may progress rapidly and should be promptly 
recognized. Some independent predictors identi-
fied for the need to institute MV include abnor-
mal chest roentgenogram on hospital admission 
(pneumonia or atelectasis, Fig. 12.1) and com-
plications during hospitalization such as atelec-
tasis, cardiac arrhythmia, and anemia requiring 
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transfusion [20]. Early MV is preferable to pre-
vent worsening atelectasis. Patients with low 
FVC but not to the level to warrant prompt intu-
bation and those with independent predictors of 
MV should be admitted to an intensive care unit 
for serial measurements of the spirometry 
parameters. Cardiac arrhythmias are common 
among patients with MC (14–17% of patients) 
and are an additional reason for intensive care 
monitoring of patients with MC and evidence of 
impending MC [1, 21].

 Differential Diagnosis

In any patient who is difficult to wean from a 
ventilator, MG should be considered; other pos-
sible disorders are Lambert-Eaton myasthenic 
syndrome, botulism, Guillain-Barré syndrome, 
polymyositis, motor neuron disease, critical ill-
ness myopathy/polyneuropathy, and organo-
phosphate poisoning, among others (Table 12.2) 
[22–26]. Electrodiagnostic studies (Chap. 9) 
are instrumental in differentiating among these 
conditions and may guide additional specific 
evaluation as well as provide prognostic infor-
mation [22].

Fig. 12.1 Anteroposterior chest x-ray of a 33-year-old 
man with known MG for 1 year, who presented with 
worsening of generalized weakness, and dysphagia, fol-
lowed by tachypnea and fever. The x-ray on admission 
revealed right lower lung pneumonia and left lower lobe 
atelectasis. The patient required mechanical ventilation 
within 12 h of admission

Table 12.2 Neuromuscular disorders in critical care 
patients

Condition Key presenting features

Acute intermittent 
porphyria

Asymmetric limb weakness 
progressing to quadriplegia 
after several attacks

Botulism Nausea and vomiting 
preceding muscle weakness. 
Blurred vision, dysphagia, 
dysarthria, descending muscle 
paralysis, dilated pupils, dry 
mouth, constipation, and 
urinary retention

ICU-acquired 
weakness: Critical 
illness myopathy 
type

Patient with COPD or asthma 
requiring mechanical 
ventilation and use of 
neuromuscular blockers and 
corticosteroids; patients with 
sepsis, “critical” systemic 
illness, transplant patients

ICU-acquired 
weakness:  
Critical illness 
polyneuropathy type

Patient with sepsis and 
difficulty weaning from the 
ventilator, diminished or 
absent reflexes

Electrolyte 
imbalance

Generalized muscle weakness, 
cardiac arrhythmias with or 
without rhabdomyolysis

Guillain-Barré 
syndrome

Preceded by upper respiratory 
or gastrointestinal infection; 
ascending paralysis, areflexia

Lambert-Eaton 
myasthenic 
syndrome

Symmetric proximal muscle 
weakness, hypoactive or 
absent deep tendon reflexes, 
dry mouth, blurred vision, 
orthostatic hypotension

Lead poisoning Pure motor weakness, initially 
of extensors muscles, 
fasciculations, abdominal pain, 
constipation, anemia, renal 
failure

Motor neuron 
disease

Weakness, wasting, 
fasciculations

Organophosphate 
poisoning

Exposure to insecticides, 
petroleum additives, and 
modifiers of plastics followed 
by acute cholinergic crisis 
(muscle weakness, myosis, 
abdominal cramping)

Polymyositis Proximal, symmetrical muscle 
weakness, elevated creatine 
kinase

Prolonged 
neuromuscular 
blocking

Patient with impaired renal or 
hepatic failure who had been 
on continuous neuromuscular- 
blocking agents

Abbreviations: COPD Chronic obstructive pulmonary 
disease, ICU Intensive care unit
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 Management

 General

To assure recovery of patients from MC, their 
overall medical condition must be optimized. 
Identified triggers should be removed or cor-
rected. All patients should undergo extensive 
evaluation for infection including cultures of 
sputum, urine, and blood as well as other sites 
as clinically indicated. Empiric use of antibiot-
ics needs to be carefully tailored to the clinical 
situation because of the potential for some 
antibiotics to further impair neuromuscular 
transmission further as well as the develop-
ment of bacterial resistance. Avoidance of the 
unnecessary use of antibiotics is further 
emphasized by the observation that Clostridium 
difficile colitis complicates prolonged crisis [3, 
4]. Nutritional assessment needs to be made 
early in the course of MC. A determination is 
made for the necessity of short- term nasogas-
tric tube feeding, peripheral hyperalimenta-
tion, or a gastrostomy tube with the expectation 
that weakness may not resolve quickly. 
Electrolyte imbalance will compromise neuro-
muscular function, and close monitoring with 
appropriate correction required. Intermittent 
positive pressure breathing may be useful in 
preventing development of atelectasis, and if 
the patient is already intubated or with respira-
tory tract infection, aggressive pulmonary toi-
let is necessary. Deep venous thrombosis 
prophylaxis measures should be undertaken 
with the use of compression stockings, sequen-
tial compression devices, and subcutaneous 
heparin. Coagulation status may be deranged 
from heparin use when plasma exchange is 
performed, and intravenous immunoglobulin 
therapy may predispose to hypercoagulation. 
Gastrointestinal prophylaxis is given either 
with histamine receptor blockers or proton 
pump inhibitors to prevent stress ulcers and 
gastrointestinal bleeding. Psychological sup-
port for the patient and family is also important 
with emphasis on the ultimate ability to return 
most patients to an excellent functional level.

 Ventilatory Management

Noninvasive bilevel positive pressure ventilation 
(BiPAP) is used for patients with chronic ventila-
tory insufficiency caused by neuromuscular dis-
orders like muscular dystrophies, amyotrophic 
lateral sclerosis, and spinal muscular atrophy. It 
has also been shown to be useful in patients with 
acute respiratory insufficiency caused by disor-
ders like MG. In one series, endotracheal intuba-
tion during episode of myasthenia crisis was 
successfully avoided in 70% of trials. In this 
series, the presence of hypercapnia 
(PaCO2 > 50 mmHg) predicted BiPAP failure and 
need for intubation. The Emergency Neurological 
Life Support (ENLS) module for acute non- 
traumatic weakness recommends a trial of nonin-
vasive positive ventilation as a temporizing 
measure in patients with MG exacerbation who 
are expected to recover quickly and in whom 
immunotherapy (see below) can be instituted 
promptly [27]. However, patients with severe 
ventilatory impairment and bulbar dysfunction 
should be excluded from a trial of noninvasive 
ventilation [28, 29].

Once the decision for MV is made, rapid 
sequence intubation should be performed [19, 
27]. This entails bag-masking the patient to 
obtain arterial oxygen saturation of greater than 
97%, administration of free running intravenous 
normal saline, continuous blood pressure moni-
toring, and bolus infusion of sedative medica-
tions (usually etomidate at 0.2–0.3 mg/kg). If 
short-acting muscle relaxants are needed (prefer-
ably they are to be avoided), non-depolarizing 
agents like vecuronium should be used. Oral 
intubation should be undertaken whenever 
possible.

Once the patient is intubated, a mode of venti-
lation needs to be chosen, but there is no perfect 
selection. The assist-control (AC) and synchro-
nized intermittent mandatory ventilation (SIMV) 
are commonly used, each one with its advantages 
and disadvantages. Muscle fatigability with 
weakness and poor lung expansibility are the 
main determinants in the development of 
MC. Thus, the initial objectives of mechanical 
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ventilation should be to promote rest and expand 
the lungs. It was thought that, as long as the 
patient does not have primary lung disease com-
promising lung compliance, large tidal volumes 
(15 mL/kg) combined with lower rates to main-
tain a normal minute ventilation, with positive 
end-expiratory pressure at levels of 5–15, could 
be used, provided that peak airway pressures are 
maintained within acceptable limits (<40 cm 
H2O) (3). However, the literature available in the 
past 10 years suggests that smaller tidal volumes 
(6–8 mL/kg of ideal body weight) with faster 
respiratory rates (12–16 breaths/min) should be 
used to avoid lung injury adding intermittent 
sighs (1.5 × tidal volume, three to four times 
every hour) to avoid atelectasis [30]. Such strat-
egy has been called lung-protective ventilation 
which should achieve lung plateau pressures less 
than 30 cm H2O allowing some permissive 
hypercarbia. Patients require continuous moni-
toring of end-tidal CO2 to adjust respiratory rates 
to levels as close to normal as possible to avoid 
significant acid-base derangements.

 Ventilator Weaning

Several parameters may be helpful in when to ini-
tiate weaning from MV: FVC >15 mL/kg, 
NIF < −30, PEF ≥40 cm H2O, and minute venti-
lation <15 L/min [4, 19, 31]. However, these 
parameters have limited predictive power, and 
other general conditions should be satisfied 
before weaning is attempted [19]: (1) The patient 
needs to be adequately oxygenating with a 
PO2 > 60 mmHg with FiO2 40% and PEEP <5 cm 
H2O. (2) The patient also needs to have intact 
respiratory drive (in patients with MG, respira-
tory drive is found not to be impaired [32]), to be 
able to protect their airway, and have an adequate 
cough reflex. (3) The hemodynamic status should 
be stable, electrolyte levels normal, and nutri-
tional status adequate. (4) The patient should be 
free of infection or other significant medical 
complications. (5) The need for respiratory suc-
tioning should be less than every 2–3 h.

For MG patients, one major and initial indica-
tor of timing for MV weaning is the improvement 

of general muscle strength by objective physical 
examination. The rapid shallow breathing index 
is thought to be the best predictor of successful 
weaning [19] and is calculated by division of the 
tidal volume by the respiratory rate of the patient 
while temporarily off the ventilator. Patients with 
index values greater than 105 have a 95% likeli-
hood of failing a weaning trial [31].

Once patients meet criteria for extubation, the 
method chosen for a weaning trial varies accord-
ing to an individual physician’s clinical experi-
ence. One method is a daily trial of continuous 
positive airway pressure (CPAP) and pressure 
support levels of 5–15 cm H2O. If the patient 
remains comfortable after 1–4 h, the level of 
pressure support can be decreased by 1–3 cm 
H2O each day. Patients should be returned to the 
original ventilatory mode overnight or when 
signs of fatigue appear [4].

The SIMV mode is another method of wean-
ing. It is accomplished by decreasing the ventila-
tory rate by 2–3 breaths once or more times a day 
based on patient comfort level [19]. An increase 
in respiratory rate, fall in tidal volumes, agitation, 
and tachycardia may all be indicators of fatigue 
[4]. Once a patient has demonstrated good endur-
ance (the number of hours a patient tolerates the 
weaning mode with minimal support, usually 
more than 2 h), and general conditions are ade-
quate, the patient may be extubated.

Extubation should be performed early in the 
day. Stridor may occur immediately to 1 h after 
extubation, and aerosolized racemic epinephrine 
may reverse the condition, but reintubation might 
be necessary. Laryngospasm is less common but 
is a life-threatening condition.

 Treatment of Neuromuscular 
Dysfunction

Therapies may be divided into those that improve 
strength rapidly with a short duration of action 
and those that improve strength slowly with a 
more permanent response. In the first category, 
there are acetylcholinesterase inhibitors (AchI), 
plasmapheresis (PLEX), and intravenous immu-
noglobulin (IVIg) (Chap. 11). The second cate-
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gory comprises immunosuppressive agents such 
as corticosteroids, azathioprine, cyclophospha-
mide, cyclosporine, mycophenolate, and tacroli-
mus [30]. The latter are not used in rescuing 
patients from MC but in the long-term manage-
ment. Corticosteroid treatment during MC is 
debated. Some advocate their use during crisis in 
patients only with refractory weakness, and oth-
ers suggest that they be started while the patient 
is treated with IVIg or PLEX [4, 5, 33–38]. The 
Myasthenia Gravis Foundation of America 
appointed a Task Force to develop treatment 
guidance for MG, including MC, and a panel of 
15 international experts was convened [39]. 
These published guidelines should help stream-
line management of MC patients.

Cholinesterase inhibitors provide symptom-
atic improvement by means of decreasing the 
degradation of acetylcholine at the neuromuscu-
lar junction. The continuous intravenous infusion 
of pyridostigmine is reported as an effective 
treatment in MC compared to plasmapheresis as 
measured by mortality, duration of ventilation, 
and outcome. Its use has been defended espe-
cially when MC is triggered by an infection [1]. 
However, it is common practice to discontinue 
these agents in mechanically ventilated patients 
due to the propensity for promoting excess respi-
ratory secretions and mucous plugging [4]. 
Another concern is the reported occurrence of 
cardiac arrhythmias in MC patients, including 
those receiving intravenous pyridostigmine [1, 
21]. Cholinesterase inhibitors could increase 
cholinergic activity at cardiac muscarinic syn-
apses leading to arrhythmias.

PLEX has traditionally been the preferred 
treatment in managing MC, with a reported effi-
cacy of 75% [4]. Its mechanism of action is 
related to the removal of circulating factors, in 
addition to acetylcholine receptor (AChR) anti-
bodies. Even though AChR antibody titers do not 
correlate well with MG severity, the decrease of 
AChR antibodies titers correlates with clinical 
improvement. There is no standard protocol for 
PLEX. The usual regimen is exchange of 1–1.5 
plasma volumes every day or every other day for 
five to six treatments. Clinical improvement may 
be seen as early as 24 h, but in most patients, the 

first effect appears after two to three sessions of 
PLEX. Some patients may have an initial wors-
ening thought to be due to reduction in plasma 
concentration of cholinesterase. The duration of 
effect is usually less than 10 weeks if the other 
immunosuppressive treatment is not instituted 
[35–38].

The most frequent complications of PLEX are 
hypotension, electrolyte imbalance (reduction of 
calcium, potassium, and magnesium), depletion 
of clotting factors, and thrombocytopenia. 
Obtaining vascular access may at times be diffi-
cult and may be complicated pneumothorax, 
thrombosis, and infection [4, 35–39]. When a 
large volume of plasma is removed, intravascular 
volume should be replaced with albumin in saline 
solution. Any electrolyte imbalance should be 
corrected to prevent exacerbating weakness. The 
coagulopathy is usually mild but should be kept 
in mind when utilizing subcutaneous heparin for 
deep venous thrombosis prophylaxis. Reducing 
anti-hypertensive drug dosages and administer-
ing intravenous fluids before the procedure may 
avoid hypotension.

Another option for specific treatment of MC is 
IVIg. A standard course consists of 400 mg/kg/
day of IVIg for 5 days [33, 38]. Response to IVIg 
usually is observed 5 days after treatment initia-
tion. There is a general consensus that IVIg may 
be as effective as PLEX. However, IVIg may be 
a better choice in patients with hemodynamic 
instability, vascular access problems, or with a 
poor response to PLEX. Adverse effects occur in 
fewer than 10% of patients and most commonly 
include headache, chills and fever, fluid over-
load, and rarely renal failure. Anaphylaxis may 
occur to IgA components in patients with IgA 
deficiency. IgA levels and baseline renal function 
should be obtained before treatment is initiated.

The Myasthenia Gravis Foundation Task 
Force agreed that although clinical trials suggest 
that IVIg and PLEX are equally effective in the 
treatment of impending or manifest MC, the 
panel of expert’s consensus was that PLEX is 
more effective and works more quickly. They 
also indicated that the choice between the two 
therapies depends on patient comorbidities (e.g., 
PLEX cannot be used in sepsis and IVIg is con-
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traindicated in hypercoagulable states, renal fail-
ure, or hypersensitivity to immunoglobulin) and 
other factors, including availability [39].

The use of preoperative PLEX is advocated in 
patients with generalized MG and preoperative 
symptoms of oropharyngeal or respiratory weak-
ness, or in patients with symptoms controlled by 
use of cholinesterase inhibitors, in order to pre-
vent delayed extubation and reintubation. IVIg 
has also been used preoperatively, but the vari-
ability in reaching maximal response (3–19 days) 
should be kept in mind [2].

 Outcome of Myasthenic Crisis

One study identified three main independent pre-
dictors of prolonged MV: age > 50, pre- intubation 
serum bicarbonate ≥30, and peak vital capacity 
<25 mL/kg at day 1–6 post-intubation. The pro-
portion of patients intubated for more than 
2 weeks was 88% in patients with three risk fac-
tors, 46% with two, 21% with one, and zero for 
patients with no risk factors. The same study also 
revealed that atelectasis, anemia requiring trans-
fusion, Clostridium difficile infection, and con-
gestive heart failure were complications 
associated with prolonged intubation [3]. 
Tracheostomy is usually performed after 2 weeks 
of intubation, but early tracheostomy is recom-
mended for patients expected to require pro-
longed MV. Tracheostomy is more comfortable 
for the patient, reduces the risk of tracheolaryn-
geal stenosis, permits more effective suctioning 
of tracheal secretions, and facilitates weaning 
from MV due to reduction in dead space and in 
resistance to airflow from endotracheal tube [4]. 
In general, 25% of patients will be extubated by 
1 week, 50% by 2 weeks, and 75% by 1 month. 
Intubation and MV for more than 2 weeks is 
associated with a threefold increase in hospital 
stay (median 63 days) and a twofold increase in 
likelihood of functional dependency at discharge 
[3]. One-third of patients who survive the first 
crisis will have a second episode [4].

Although crisis is potentially a lethal event, 
and is always devastating for patient and loved 
ones, optimizing critical care and long-term treat-

ment of MG has prevented the event from being 
“grave,” as it once was.
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Thymectomy for Non- thymomatous 
Myasthenia Gravis

Joshua R. Sonett, Bianca Bromberger, 
and Alfred Jaretzki III

 Introduction

Despite having been employed for over 75 years 
in the treatment of myasthenia gravis (MG), evi-
dence for the effectiveness of thymectomy has 
until only recently been limited to observational 
data. The publication of the first randomized pro-
spective study of thymectomy in non- 
thymomatous myasthenia gravis unequivocally 
demonstrates the benefit of surgical removal of 
thymic tissue in the treatment of this disease [1]. 
However, many critical issues remain, including 
patient selection, timing of surgery, perioperative 
management, appropriate surgical approach, and 
role of thymectomy in the various subtypes of 
MG. While many studies that address such issues 
exist in the current literature, current practice rec-
ommendations are drawn from retrospective data 
rather than controlled prospective studies.

In addition to reviewing the surgical anatomy 
of the thymus, various thymectomy techniques, 
and their outcomes, this chapter will attempt to 
summarize remaining controversies as well as 
make recommendations based on available evi-
dence regarding surgical management of non- 
thymomatous MG.

 Total Thymectomy Is Indicated

Even before the role of the thymus in MG was 
understood, “total” thymectomy was considered 
the goal of surgery. In 1941 Blalock wrote “com-
plete removal of all thymic tissue offers the best 
chance of altering the course of the disease” [2], 
and this has been reiterated by most leaders in the 
field [3–16]. Pathologic and immunologic studies 
have since clearly demonstrated that the thymus 
plays a central role in the autoimmune pathogen-
esis of MG [17–19]. However, its pathologic 
function may vary between the different antibody 
subtypes (anti-AChR, anti-MuSK, or seronega-
tive) [20, 21], with important clinical implica-
tions regarding which patients with MG benefit 
from thymectomy.

When thymectomy is undertaken in the treat-
ment of non-thymomatous MG, the concept that 
the entire thymus should be removed is sup-
ported by animal models and by clinical experi-
ence. In an animal model of myasthenia gravis, 
complete neonatal thymectomy in rabbits 
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 prevents  experimental autoimmune myasthenia 
gravis, whereas incomplete removal does not 
[22]. In humans, both incomplete transcervical 
and incomplete transsternal resections have 
been followed by persistent symptoms that were 
later relieved by a more extensive reoperation 
with the finding of residual thymus [23–29]. 
And removal of as little as 2 g of residual thy-
mus has been therapeutic [27]. In addition, sev-
eral studies comparing aggressive thymic 
resections with limited resections support the 
premise that the entire thymus should be 
removed [30, 31].

 Surgical Anatomy of the Thymus

Since complete removal of the thymus appears 
indicated when a thymectomy is performed in the 
treatment of non-thymomatous MG, its anatomy 
should be understood by all those involved in the 
treatment of these patients and in the analysis of 
the results of the surgery. Importantly, the thymus 
is not “two well-defined lobes that appear almost 
as distinct as do the two lobes of the thyroid” as 
described by Blalock [2].

Detailed surgical-anatomical studies 
(Fig. 13.1) have demonstrated that the thymus 

Retrothyroid
(6%)

Accessory cervical lobes
(8%)

A-P window
(24%)

Cervical mediastinal
lobes (98%)

Lateral to Phrenic
nerves (72%)

Thymus in mediastinal fat
(32%)

= Thymus

Extracapsular
mediastinal lobes
(90%)

Behind
Innominate vein
(3%)

Thymus in cervical fat
(22%)

Attached by cord
(20%)

= Fat

Fig. 13.1 Composite 
anatomy of the thymus. 
This illustration 
represents what is now 
accepted as the surgical 
anatomy of the thymus. 
The frequencies 
(percentages of 
occurrence) of the 
variations are noted. 
Thymus was found 
outside the confines of 
the two classical 
cervical-mediastinal 
lobes (A and B) in the 
neck in 32% of the 
specimens, in the 
mediastinum in 98% 
(black, thymus; gray, fat, 
which may contain 
islands of thymus and 
microscopic thymus) 
[37]. Reprinted with 
permission from Jaretzki 
A, Thymectomy for 
myasthenia gravis: 
Analysis of the 
controversies regarding 
technique and results, 
Neurology, 48, Suppl 5, 
S52–S63, http://www.
neurology.org/
content/48/Suppl_5/52S.
extract
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frequently consists of multiple lobes in the neck 
and mediastinum, often separately encapsu-
lated, and these lobes may not be contiguous. In 
addition, unencapsulated lobules of thymus and 
microscopic foci of thymus may be widely and 
invisibly distributed in the pretracheal and 
anterior mediastinal fat from the level of the 
thyroid, and occasionally above, to the dia-
phragm and bilaterally from beyond each 
phrenic nerve [32, 33]. Occasionally, micro-
scopic foci of thymic tissue have been found in 
the subcarinal fat [34].

 Surgical Techniques and Their 
Resectional Potential

The use of a standardized thymectomy classifica-
tion system is necessary in order to compare out-
comes between different techniques. Accordingly, 
we rely on the system developed by the 
Myasthenia Gravis Foundation of America 
(MGFA), with the understanding that the classifi-
cation system will require continual modification 
as new more minimally invasive techniques are 
introduced, including novel approaches that are in 
essence a combination of those previously 
described (Table 13.1) [35, 36]. These hybrid 
operations, utilizing a combination of cervical, 
thoracoscopic, and infrasternal approaches with 
or without the use of robotic technology, are 
beginning to defy easy categorization as set out 
by the MGFA guidelines. Rather than becoming 
mired in the semantics of classification, the focus 
should remain on studies clearly describing oper-
ative techniques, so that as long-term, high- 
quality outcomes data become available, the 
various approaches can be accurately compared 
and the benefit of additional exposure or technol-
ogy evaluated.

If total thymectomy should remain the goal in 
the surgical treatment of MG, an understanding 
of how much gross and microscopic thymus each 
resectional technique is capable of removing is 
necessary. The following presents a basic descrip-
tion of the resection technique and estimates of 
what each type of resection can accomplish. 
These estimates are based on published reports, 

drawings, photographs of resected specimens, 
videos of the procedures when available, and our 
personal experience. The videos taken at opera-
tion and photographs of the resected specimens 
are frequently the most revealing. A review of 
what appears to be the potential of each thymec-
tomy technique strongly suggests that all resec-
tions are not equal in extent [37].

Regardless of the selected technique, how-
ever, when complete removal of all thymic tis-
sue is the goal of the thymectomy technique 
employed, the actual extent of each individual 
resection is determined in part by the operating 
surgeon’s conviction that as much thymus that 
can be removed safely should be removed, the 
surgeon’s commitment to take the time to do so 
meticulously, and the surgeon’s experience 
with the technique employed. In that respect, 
while a classification system is necessary in 
order to compare outcomes, the ultimate ques-
tion is not which resectional technique is best, 
but whether or not a particular approach allows 
for total thymectomy when properly 
performed.

Table 13.1 MGFA thymectomy classification (italics 
signifying modification from the original classification 
[35])

T-1 transcervical thymectomy

  (a) Basic

  (b) Extended

  (c) Extended with partial sternal split

  (d) Extended with videoscopic technology

T-2 videoscopic thymectomy

  (a) Classic VATS (unilateral)

  (b) VATET (bilateral with cervical incision)

  (c) Bilateral VATS (no cervical incision)

  (d)  Videoscopic with Robotic Technology 
(unilateral or bilateral)

T-3 transsternal thymectomy

  (a) Standard

  (b) Extended

T-4 Transcervical and transsternal thymectomy

T-5 Infrasternal thymectomy

  (a) Combined transcervical-subxiphoid

  (b) Videoscopic subxiphoid (uni- or multiportal)

  (c)  Videoscopic subxiphoid with robotic 
technology
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 Combined Transcervical 
and Transsternal Thymectomy (T-4)

Combined transcervical–transsternal maximal 
thymectomy [33], also known as extended 
cervico- mediastinal thymectomy [38] or “maxi-
mal” thymectomy, is considered the benchmark 
operation against which other resectional proce-
dures should be measured [11]. Its design is 
based on the surgical anatomy of the thymus and 
employs both a complete median sternotomy and 
a cervical incision to achieve wide exposure in 
the neck [39]. An en bloc resection is used, 
removing in a single specimen all gross thymus, 
suspected cervical-mediastinal thymus, and ante-
rior cervical-mediastinal fat. Sharp dissection is 
utilized in the removal of the specimen with both 
sheets of mediastinal pleura and on the pericar-
dium, as blunt dissection may leave microscopic 
foci of the thymus on these structures [40]. 
Extreme care is taken to protect the recurrent 
laryngeal, left vagus, and phrenic nerves.

These resections are exenteration in extent 
and are “performed as if it were an en bloc dis-
section for a malignant tumor” so as ensure that 
islands of thymus are not left behind and to guard 
against the potential of seeding of thymus in the 
wound [41]. It predictably removes all surgically 
available thymus in the neck and mediastinum, 
including the unencapsulated lobes and the lob-
ules of the thymus and microscopic thymus in the 
pre-cervical and anterior mediastinal fat (an esti-
mated 98–100% of thymic tissue).

 Transsternal Thymectomies (T-3)

 Standard Transsternal Thymectomy 
(T-3a)
The standard transsternal thymectomy used by 
the pioneers Blalock, Keynes, and Clagett [2, 3, 
42, 43] was originally limited to removal of the 
well-defined cervical-mediastinal lobes that were 
thought to be the entire gland [44]. Currently, 
although a complete or partial [45–48] sternot-
omy may be performed, the resection is more 
extensive than originally described and includes 
removal of all visible mediastinal thymic lobes. 
Mediastinal fat, varying in extent, may or may 

not be removed. The cervical extensions of the 
thymus are removed from below, with or without 
some adjacent cervical fat.

This technique appears to fall short of total 
thymectomy as the residual thymus has been 
found in the neck and in the mediastinum at reop-
eration following a standard transsternal thymec-
tomy [26–28]. Accordingly, many consider the 
standard transsternal thymectomy incomplete and 
no longer use it for the treatment of MG [49, 50].

 Extended Transsternal Thymectomy 
(T-3b)
The extended transsternal thymectomy [51, 52] is 
also known as aggressive transsternal thymec-
tomy [53] or transsternal radical thymectomy 
[54]. The extent of these resections varies in the 
mediastinum, but is more extensive than the stan-
dard transsternal thymectomy. Ideally, the 
extended technique is identical to the mediastinal 
dissection of the “maximal” T-4 procedure [51]. 
However, similar to the standard transsternal 
technique, cervical thymic extensions are 
removed from below, with or without some addi-
tional cervical tissue, but without a formal neck 
dissection.

While the extended transsternal technique 
may approximate the mediastinal resection 
achieved with a “maximal” T-4 approach, they 
remove less tissue in the neck (where a small 
amount of thymic tissue is present in approxi-
mately 30% of specimens) [33]. Mulder has 
expressed the view, however, that the risk to 
the recurrent laryngeal nerves in performing 
the extensive neck dissection of the combined 
transcervical–transsternal maximal thymec-
tomy is not “justified by the small potential 
gain” [55].

 Transcervical Thymectomies (T-1)

 Basic Transcervical Thymectomy (T-1a)
The basic transcervical thymectomy employs an 
intracapsular extraction of the mediastinal thy-
mus via a small cervical incision and is limited to 
the removal of the intracapsular portion of the 
central cervical-mediastinal lobes. No other tis-
sue is removed in the neck or mediastinum [5, 56, 
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57]. Although originally considered to be a “total 
thymectomy” [5], the basic transcervical thymec-
tomy is unequivocally an incomplete resection in 
both the neck and the mediastinum as evidenced 
by the findings of residual thymus during reop-
erations [23–29].

 Extended Transcervical Thymectomy 
(T-1b)
The extended transcervical thymectomy [58–
60] employs a special manubrial retractor for 
improved exposure of the mediastinum via a 
cervical incision. The mediastinal dissection is 
extracapsular and includes resection of the vis-
ible mediastinal thymus and mediastinal fat. 
Sharp dissection may or may not be performed 
on the pericardium. The mediastinal pleural 
sheets may be included in the resection but 
usually are not. The neck exploration and dis-
sections vary in extent and may or may not be 
limited to exploration and removal of the 
cervical- mediastinal extensions of the thymus.

The extended transcervical thymectomy 
resection, as warned by Cooper [58], when per-
formed by others may be less extensive than the 
procedure described by him.

 Extended Transcervical Thymectomy 
Variations (T-1c-d)
The extended transcervical thymectomy has 
been modified to include a partial median ster-
notomy (T-1c) [61] and use of videoscopic tech-
nology (T-1d) to aid in visualization and 
dissection of the mediastinum. Video-assisted 
variations include addition of transcervical tho-
racoscopy [62, 63] or a subxiphoid videoscopic 
inferior approach (described below in Infrasternal 
Thymectomies) [64].

 Videoscopic-Assisted Thymectomies 
(T-2)

 Classic VATS (Unilateral) (T-2a)
The video-assisted thoracic surgery (VATS) thy-
mectomy employs unilateral videoscopic expo-
sure of the mediastinum (right or left) with 
removal of the grossly identifiable thymus and 
variable amounts of anterior mediastinal fat. 

Sharp dissection may or may not be used on the 
pericardium, and the mediastinal pleural sheets 
are not routinely removed with the specimen. 
Complete removal of the mediastinal and dia-
phragmatic fat on the operative side is routinely 
performed. The cervical extensions of the thy-
mus are usually removed from below [16, 
64–69].

The VATS resections, based on the published 
reports, vary in extent in the mediastinum. They 
appear to be more extensive than the standard 
transsternal resections. Since it is unilateral, left 
or right, the contralateral side of the mediastinum 
does not appear to be as well visualized as the 
operative side.

 Video-Assisted Thoracoscopic 
Extended Thymectomy (Bilateral 
with Cervical Incision) (T-2b)
The video-assisted thoracoscopic extended thy-
mectomy (VATET) uses bilateral thoracoscopic 
exposure for improved visualization of both 
sides of the mediastinum as well as a possible 
cervical incision for exposure of the recurrent 
laryngeal nerves and removal of the cervical 
thymic lobes and pretracheal fat under direct 
vision [70, 71]. Extensive removal of the medi-
astinal thymus and peri- thymic fat is described, 
the thymus and fat being removed separately. 
Sharp dissection may or may not be used on the 
pericardium. The mediastinal pleural sheets are 
usually not removed. Modifications to VATET 
include addition of an anterior chest wall-lifting 
method [72]. The VATET operation is conceptu-
ally more complete than the unilateral VATS 
since it offers excellent visualization of both 
sides of the mediastinum and includes a neck 
dissection as well.

 Bilateral VATS (No Cervical Incision) 
(T-2c)
Bilateral VATS thymectomy without a cervical 
incision has also been described [73, 74], with 
reportedly similar resection capability to 
extended transsternal thymectomies (T-3b) [73]. 
Notably, bilateral VATS thymectomy without a 
cervical incision is occasionally referred to as 
VATET in the literature, though the two proce-
dures may differ in their resectional extent. 
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A study designed to evaluate bilateral VATS thy-
mectomy with and without transcervical neck 
dissection observed that between 2 and 3% of 
thymic tissue may be left in the absence of addi-
tional cervical approach [75]. As such, we believe 
bilateral VATS without cervical incision should 
be treated as a separate entity from VATET when 
comparing outcomes and deserves a distinct 
classification.

 Videoscopic with Robotic Technology 
(Unilateral or Bilateral) (T-2d)
Robotic-aided video-assisted thoracoscopic thy-
mectomy, unilateral or bilateral, is becoming 
increasingly common since its introduction in the 
early 2000s [76–80, 163]. The instrumentation 
offers enhanced optics with three-dimensional 
visualization and ×12 magnification; the surgical 
arms allow precise tissue dissection. Therefore 
the technique has the potential for extensive, yet 
safe, resection of the thymus and anterior medi-
astinal fat as well as exploration of the neck. 
However, robotic technology certainly adds sig-
nificant cost and time to the procedure.

 Infrasternal Thymectomies (T-5)

The infrasternal thymectomies make use of a 
subxiphoid incision that reportedly allows 
improved visualization and dissection of bilateral 
mediastinal spaces that would otherwise be diffi-
cult from a unilateral thoracoscopic approach 
[81]. The operation may be performed solely 
through a subxiphoid incision [82, 83] or supple-
mented with bilateral thoracoscopic ports [84] 
and may include a cervical incision to facilitate 
neck dissection [82]. A combined transcervical- 
subxiphoid thymectomy (T-5a) utilizes both an 
open cervical dissection and subxiphoid video- 
assisted inferior approach and has been reported 
to achieve comparable resection to the “maxi-
mal” T-4 approach [64]. While the single incision 
subxiphoid approaches may result in aestheti-
cally more appealing results, decreased maneu-
verability may increase operative time or hamper 
adequate dissection needed to achieve total 
thymectomy.

Robotic technology has also been employed in 
subxiphoid thymectomy, through single or mul-
tiple ports [85, 86]. While robotic technology has 
the aforementioned benefits and may overcome 
the limitations in dexterity encountered in single 
port operations, such procedures are still in their 
infancy, and the benefits in terms of long- term 
clinical outcomes versus cost and time remain to 
be demonstrated.

 The Results of Thymectomy

 Introduction

The publication of the first randomized prospec-
tive trial investigating thymectomy versus medical 
management marks a great step forward in the evi-
dence supporting the benefit of thymectomy in 
non-thymomatous MG [1]. The following review 
summarizes the evidence supporting thymectomy 
as a treatment modality in non- thymomatous MG, 
the problems in the analysis of thymectomy for 
MG, as well as best available information on the 
outcomes of different thymectomy techniques, 
relying on studies employing uniform definitions 
and reliable statistical methods of analysis and 
acknowledging when no such information exists.

We firmly support the clinical research stan-
dards set out by the MGFA in 2000 and revised in 
2012, which have added much needed consis-
tency and clarity to the design, implementation, 
and interpretation of MG clinical research [35, 
87]. Adherence to a unified system of classifica-
tion of MG clinical subtypes, disease severity, 
therapy status, morbidity and mortality informa-
tion, and measure of response is essential for 
accurate assessment of treatment impact. Despite 
wide adoption, not all data included in this review 
adhere to this classification system (due in part to 
its relatively recent introduction).

 Problems in the Analysis 
of Thymectomy for MG

Inappropriate statistical analysis, including the 
comparison of unrelated statistical techniques, 
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has led in many instances to incorrect conclu-
sions concerning the relative merits of the thy-
mectomy techniques. The following is a brief 
review of material previously reviewed and ana-
lyzed in detail [37, 88].

Remission has been considered the measure-
ment of choice in defining results following thy-
mectomy and the most desirable outcome from 
the patient standpoint [89–91]. However, not all 
studies adhere to its strictest definition as delin-
eated in the MGFA guidelines, arguing that it rep-
resents a relatively rare outcome. Additionally, 
other studies argue that outcomes such as mini-
mal manifestation status (MMS) or pharmaco-
logic remission are more attainable and equally 
acceptable post-intervention statuses compared 
to complete stable remission.

Life table analysis, using the Kaplan–Meier 
method, is considered the preferred statistical 
technique for the analysis of remissions follow-
ing thymectomy [92]. It provides a comparative 
analysis using all follow-up information accumu-
lated to the date of assessment, including infor-
mation on patients subsequently lost to follow-up 
and on those who have not yet reached the date of 
assessment [93, 94]. This analysis should be sup-
plemented by multivariable analysis to identify 
and correct for significant variables. Hazard rates 
(remissions per 1000 patient-months) correct for 
length of follow-up and censor patients lost to 
follow-up. However, these rates depend on the 
risk (remissions per unit of time) being constant 
[95], which may not be the case in MG.

Uncorrected crude rates, the number of remis-
sions divided by the number of patients operated 
upon or sometimes divided by only the number 
of patients followed (potentially a very different 
denominator), have been the primary form of 
analysis in the comparative evaluation of remis-
sions and improvement following thymectomy. 
This is unfortunate since this form of analysis 
does not include in the evaluation all the follow-
 up information accumulated to the date of assess-
ment. In addition, patients evaluated many years 
after surgery may appear to do as well or better 
than patients with a shorter follow-up. And even 
the differing denominators in the two subsets 
(patients operated upon versus patients followed) 

are not comparable but have frequently been 
compared without comment. Accordingly, uncor-
rected crude data should have no place in the 
comparative analysis of results of thymectomy 
and for this reason has been omitted from this 
review. Although correcting crude data for mean 
length of follow-up enables a rough comparison 
of the uncorrected crude data remission rates and 
confirms the fallacy of comparing uncorrected 
crude data, it should not be used as a substitute 
for life table analysis and therefore is also not 
included in this presentation.

In comparing results of different thymectomy 
techniques, other confounding factors are also 
frequently ignored and may conceal the disad-
vantages of the procedure being touted [37]. 
These include (1) failure to assess or define the 
length of illness preoperatively, (2) failure to 
account for the length of postoperative follow-
 up, (3) inclusion of multiple surgical techniques 
and combining two or more series with differing 
definitions and standards, (4) combining patients 
with and without thymoma in a composite analy-
sis, (5) including reoperations in the primary 
analysis when most patients at the time of the 
reoperation had severe symptoms of long dura-
tion and may have failed earlier thymectomy for 
undetermined reasons, (6) use of meta-analysis 
based on mixed and uncontrolled data, (7) failure 
to report relapses, and (8) failure to consider the 
rate of spontaneous remissions.

Additionally, when immunosuppression is 
included in the preoperative or postoperative thy-
mectomy regimen, the patients are not always 
compared to a control group and do not follow a 
predefined schedule of medications and dose 
reduction that is required in assessing the  additive 
benefit from thymectomy and immunosuppres-
sion. Thus, under these circumstances, it is not 
possible to infer retrospectively the effects of 
thymectomy itself [96].

 Thymectomy Versus Medical 
Management

The results of the Thymectomy Trial in Non- 
thymomatous Myasthenia Gravis Patients 
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Receiving Prednisone Therapy (MGTX) provide 
the first class I evidence in support of thymec-
tomy for non-thymomatous MG [1]. The study, 
published in 2016, was a multicenter, prospec-
tive, randomized, and rater-blinded trial designed 
to evaluate the effect of thymectomy plus predni-
sone versus treatment with prednisone alone on 
improvement of MG symptoms, MG exacerba-
tions, total prednisone and alternative immuno-
suppression requirements, and treatment-related 
complications.

The trial enrolled 126 patients between the 
ages of 16 and 65 with acetylcholine receptor 
antibody-positive MG, not associated with a 
thymoma, with disease duration of less than 5 
years. Patients with ocular symptoms only or 
severe disease requiring intubation (class I and 
class V, respectively) were excluded, as were 
those who had undergone immunotherapy with 
anything other than prednisone. MGFA classifi-
cation guidelines were utilized with regard to 
disease severity (Quantitative Myasthenia 
Gravis score, QMG) and post-intervention sta-
tus. Participants were randomized to either 
undergo extended transsternal thymectomy 
(T-3b) in addition to a standardized prednisone 
protocol or the prednisone protocol alone and 
were followed for three years. Surgeons were 
required to adhere to a prescribed approach and 
underwent mandatory training to eliminate 
potential variability introduced by different 
thymectomy techniques.

Participants undergoing thymectomy in com-
parison to those treated with prednisone alone 
were observed to have significantly lower QMG 
scores (6.15 vs. 8.99, p < 0.001) indicating a clin-
ically significant reduction in disease severity. 
Additionally, patients undergoing thymectomy 
required lower doses of prednisone to achieve 
minimal manifestation status (MMS) (44 mg vs. 
60 mg, p < 0.001). Alternative immunosuppres-
sion requirements and MG exacerbations were 
significantly lower in the thymectomy group. 
Patients who underwent thymectomy were hospi-
talized with MG exacerbations less frequently 
(9% vs. 37%, p < 0.001) than those treated with 

prednisone alone. Treatment-related complica-
tions were equivalent.

While the MGTX trial demonstrates the 
benefit of thymectomy for patients with non- 
thymomatous MG, it is limited to patients with 
generalized MG associated with AChR anti-
bodies and of relatively recent disease onset. 
Additionally, subgroup analysis of the trial 
failed to demonstrate the benefit of thymec-
tomy for patients who had not previously been 
taking prednisone on QMG score or predni-
sone requirement, or for men with regard to 
QMG score, though this may be related to a 
relative small number of patients in such 
groups. Additionally, the primary outcome 
studied was MMS, rather than remission. The 
authors stated that remission, when strictly 
defined, is a relatively rare occurrence and that 
MMS is considered a desirable and achievable 
outcome [97].

Additional data that lend support for thymec-
tomy in the treatment of non-thymomatous MG 
is limited to nonrandomized observational stud-
ies. A 2014 best-practice review that included 
papers evaluating thymectomy in non- 
thymomatous MG summarized that patients 
undergoing thymectomy are “more likely to 
achieve medication-free remission, become 
asymptomatic and clinically improve, particu-
larly [those] with severe and generalized symp-
toms” compared to those undergoing medical 
management only [98]. A 2016 review of such 
studies demonstrated an odds ratio of 2.44 for 
remission in patients undergoing thymectomy to 
those treated nonoperatively [99]. However, such 
systematic reviews are limited by high heteroge-
neity among studies with regard to how patients 
are selected to undergo surgical versus nonsurgi-
cal treatment, operative approaches, and defini-
tion of remission.

Of note, the benefit of thymectomy is not 
immediate; remission rates more than 30% are 
rarely reported at 2 to 3 years post-thymectomy, 
though they typically continue to increase over 
time, and benefit may be seen as late as 15 years 
after surgery (Table 13.2).
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 Indications for Thymectomy

In light of the MGTX trial, thymectomy appears 
indicated for adults less than 65 years with gener-
alized, AChR antibody-positive non-thymomatous 
MG [1]. Expert consensus guidelines recommend 
thymectomy for non- thymomatous MG patients 
in order to improve symptoms, increase the 
chance of remission, and decrease need for immu-
nosuppressants, though with caveats regarding (1) 
MG subtype, (2) patient age, (3) timing during 
disease course, and 4) disease severity [100].

Thymectomy is recommended for patients 
with AChR antibodies and generalized MG [1, 
100, 101]. However, the benefit of thymectomy 
for patients with ocular MG is controversial; 
though some studies have shown that ocular MG 
patients undergoing thymectomy were more 
likely to achieve remission and less likely to 
progress to generalized MG [102, 103], others 
argue against it and believe that the data in favor 
of it is still lacking [104]. Expert guidelines do 
not recommend thymectomy as a first line treat-
ment for ocular MG, but it may be considered if 
medical management fails [105].

The role for thymectomy is again unclear in 
patients with generalized MG but who are AChR 
antibody negative. Some argue that a percentage 
of seronegative MG patients (no detectable 
AChR and MuSK antibodies) may represent 
“false negatives”: patients with undetectable but 
present anti-AChR antibody, as studies have 
shown similar benefit to thymectomy compared 
to AChR-antibody-positive patients [106, 107]. 
As such, thymectomy is generally recommended 
in seronegative patients [100, 101]. However, 
patients who are MuSK or LRP4 antibody posi-
tive have not consistently been demonstrated to 
benefit from thymectomy [108, 109]; consensus 
guidelines recommend against its use in these 
cases [100, 101].

It is suggested that thymectomy provides greater 
benefit when performed early during the course of 
the disease and should be performed within 3 to 5 
years of onset [110, 111], the rationale being that 
early surgery provides the highest chance at achiev-
ing remission while minimizing the total exposure 

to immunosuppressives. Additionally, as the thy-
mus naturally involutes over time, older patients 
with atrophic thymuses may derive less benefit 
from thymectomy [112, 113].

Furthermore, surgical risk increases with age. 
Given limited data in this age group, thymectomy 
is not routinely recommended in patients over 60 
[113]. However, age has not been demonstrated to 
be an absolute contraindication to thymectomy 
(as evidenced by the inclusion of patients up to 65 
years of age in the MGTX trial) and the decision 
to proceed with thymectomy in elderly patient 
should be decided on an individualized basis. The 
indication for thymectomy in children is a sepa-
rate issue addressed by others [114–117].

Given that the benefits of thymectomy are not 
immediate and the increased risk of perioperative 
complications with poorly controlled symptoms, 
thymectomy should be performed on an elective 
basis when patients are as symptom-free as possi-
ble [118, 119]. While evidence indicates that 
patients with less severe illness who are operated 
upon early in their course do better, a thymectomy 
should be considered for most adult patients with 
more than very mild generalized non-thymomatous 
MG, regardless of the duration of symptoms or age 
of the patient, unless a specific contraindication 
exists.

 Comparative Results Following 
Thymectomy

The available evidence continues to suggest that 
the less thymus left behind, including extra-lobar 
lobules of the thymus and microscopic thymus in 
the peri-thymic fat, the better the long-term 
results. However, while there are no  well- designed 
prospective studies that conclusively indicate 
which resectional technique is the thymectomy of 
choice, as previously mentioned, there may be 
multiple approaches that allow for total thymec-
tomy. The question then becomes which tech-
niques allow for as total a resection as achieved by 
the T-4 “maximal” thymectomy. While certainly 
the size and weight of specimens may on average 
vary between the techniques, the most meaningful 
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measure is clinical outcome or, more specifically, 
rates of complete sustained remission.

We believe that the most reliable data for a 
comparative analysis of thymectomy techniques 
are reports that employ Kaplan–Meier life table 
analysis to report rates of remission. Table 13.2 
represents a summary of such reports. We have 
omitted a presentation of crude data and adjusted 
crude data because, as previously discussed, the 
use of this form of analysis is not a valid statisti-
cal method to compare the results of the various 
thymectomy techniques. We recognize, however, 
that even though these studies have employed 
Kaplan–Meier analysis, they are not truly compa-
rable because of significant variations in the 
severity and duration of the preoperative illness, 
variable use of pre- and postoperative corticoste-
roids and other immunosuppressive therapies, 
and various definitions of remission. However, 
this represents what we consider to be the best 
available evidence at this time.

Upon review of the table, it is immediately 
apparent that the patient populations widely vary 
between studies with regard to disease severity 
and preoperative duration, two factors with 
important implications for post-intervention out-
comes. Additionally, while the MGFA defines 
complete stable remission as “no symptoms or 
signs of MG for at least 1 year and has received 
no therapy for MG during that time,” a number of 
studies have defined remission as patients asymp-
tomatic for at least 6 months off all medication or 
while only taking low-dose non-cholinesterase 
inhibitors [120, 121]. With this in mind, in addi-
tion to the variability in definitions of remission 
between studies, it is tempting to dismiss any 
attempt at comparison as futile.

However, a number of interesting observa-
tions can be made, the first being that the benefit 
of thymectomy is indeed not immediate and the 
superiority of one technique versus another may 
not be apparent until 5 or more years after sur-
gery. Additionally, additional outcome data 
reported since our initial review continue to rein-
force that all resections are not equal.

The transcervical resections appear to plateau 
at approximately 40% remission rate, with the 

exception of 91% remission rate at 10 years for 
the T-1d approach [62], which certainly deserves 
further consideration as a minimally invasive 
means to achieve good long-term results.

Of the videoscopic-assisted (T-2) tech-
niques, the majority of data is limited to results 
within 6 years of operation. The most data exist 
on the unilateral VATS thymectomy (T-2a), 
with marked variability in rates of remission at 
5 years between the studies, ranging from 13 to 
60%. The 75% and 88% remission rates of the 
T-2a technique reported by Manulu et al. (2005) 
and Tomelescu et al. (2011) at 10 years are cer-
tainly intriguing and cannot be explained by 
more favorable patient populations or generous 
interpretations of “remission” [122, 123]. 
Long-term follow-up of the other videoscopic 
approaches is much needed.

Of the transsternal resections, while relatively 
few studies of short follow-up duration exist, the 
limited T-3 standard approach does not appear to 
achieve acceptably comparable results to other 
techniques. Notably, the T-3b extended transster-
nal thymectomy while demonstrating 30–49% 
remission rates at 5 years that are comparable to 
those of other approaches that demonstrate con-
tinued benefit at 10–15 years is lacking long-term 
data that it does similarly [124, 125].

The results of the two maximal T-4 thymec-
tomy studies demonstrate its ability to achieve a 
relatively high rate of remission, but notably at a 
time point relatively remote from surgery. Of the 
one paper reporting life table analysis of an infra-
sternal–transcervical approach, while it appears 
to have relatively good 5-year remission rates, as 
with many of the other approaches, long-term 
prospective data is needed [126].

 Selecting the Thymectomy 
Technique

While numerous studies utilizing MGFA research 
standards aimed at investigating both established 
and novel thymectomy techniques have been 
added to the literature since our initial review, in 
the absence of controlled prospective studies, it is 

13 Thymectomy for Non-thymomatous Myasthenia Gravis



210

still not possible to state with certainty which 
technique should be the procedure of choice. 
Accordingly, it is necessary for the referring neu-
rologist to have an understanding of the debate 
herein presented in determining what procedure 
to recommend. However, regardless of the surgi-
cal approach, surgical expertise and experience 
are required. The surgeon should be convinced of 
the importance of complete removal of the thy-
mus and be willing to commit the necessary time 
and care to achieve this goal safely. Since the 
need for complete removal of all gross and 
microscopic thymus has not been definitively 
confirmed, it is generally considered preferable 
to leave behind small amounts of suspected thy-
mus, or even likely thymus, than injure the recur-
rent laryngeal, the left vagus, or the phrenic 
nerves. Injury to these nerves can be devastating 
to a patient with MG.

Based on an analysis of the available data, it 
appears that the more thorough the removal of 
all tissue that may contain the thymus, the bet-
ter the long-term results. Therefore, historically 
and conceptually, the combined transcervical–
transsternal thymectomy best fulfills these cri-
teria. However it is now clear that varying 
minimally invasive thechniqes and approaches 
can encompass and replicate the resectional 
specimens that had been performed in open 
procedures.

We continue to support the extended transste-
rnal thymectomy since in the hands of experi-
enced surgeons, it predictably removes all but a 
possible small amount of the thymic variations 
in the neck, has less risk of injuring the recurrent 
laryngeal nerves, and has produced good 5-year 
results. However, it is now clear that minimally 
invasive approaches, again in experienced hands, 
can reliably remove the same tissue as a properly 
performed extended transsternal thymectomy. 
The most data exists for T-2a unilateral VATS 
thymectomy, and the two studies reporting out-
comes at 10 years suggested it may provide an 
acceptable “minimally invasive” alternative to 
the T-4 approach. The VATET thymectomy 
(T-2b) is conceptually appealing based on the 

surgical anatomy and the 51% 6-year remission 
rate reported in the one available study is prom-
ising, though longer-term results are needed 
[124]. Bilateral approach overall appears to best 
afford maximal dissection with protection of the 
phrenic nerves, although the unilateral robotic 
technique described by Ruckert has been 
uniquely able to use the robotic approach to 
remove bilateral disease that others have not 
been able to achieve unilaterally [127]. The vari-
ability of 5-year remission rates of the video-
assisted thymectomies underscores the need for 
well-designed, prospective trials comparing sur-
gical techniques.

Increasing expertise and facility with mini-
mally invasive techniques in combination with 
the conviction that total thymectomy is necessary 
may yield a number of surgical approaches to 
thymectomy that achieve comparable results to 
the “maximal” T-4 method. Thus, the debate is 
shifted from which thymectomy technique is best 
to whether a not a particular technique can allow 
for adequate exposure for safe removal of all thy-
mic tissue. Based on the handful of studies that 
exist with long-term outcomes data, it appears 
likely that a number of approaches, including 
those relying solely on thoracoscopic or video-
scopic techniques, may achieve outcomes com-
parable to the “maximal” thymectomy. If one of 
the minimally invasive techniques can consis-
tently be demonstrated to be as effective in the 
treatment of MG as the procedures that employ a 
median sternotomy, it would be our choice for 
most patients.

 Reoperation

A repeat thymectomy may be appropriate and 
highly desirable for patients who have had an 
unsatisfactory result after one of the more limited 
thymic resections [128]. This recommendation 
appears to be straightforward when applied to a 
patient who still has, or progresses to, an inca-
pacitating and poorly controlled illness, espe-
cially if repeated hospitalizations and ICU stays 
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have been required 3–5 or more years following 
a basic transcervical (T-1a) or a standard trans-
sternal thymectomy (T-3a).

It is more difficult to recommend reoperation 
for less severe symptoms or after more extensive 
original operations, but it probably is appropriate 
in selected instances. Unfortunately at this time, it 
is not possible to determine the location, or even 
presence, of even moderate amounts of residual 
thymus prior to surgery or even by gross inspec-
tion at the time of surgery. Negative CT scans or 
MRI examinations do not exclude the presence of 
the residual thymus, and antibody studies are usu-
ally not helpful [29]. However, a review of the 
operative note and pathological report of the orig-
inal surgery, which is mandatory in any case, usu-
ally makes it clear that an incomplete resection 
had been performed. Hopefully the day will come 
when techniques are developed that can deter-
mine the location of even small amounts of thy-
mic tissue. The timing of reoperations is also a 
difficult decision. Although a 3- to 5-year wait 
frequently seems prudent, earlier reoperation may 
be more appropriate and many years later should 
not disqualify a patient from reoperation.

If reoperation is undertaken for persistent or 
recurrent symptoms, it should be as extensive as 
the combined transcervical–transsternal T-4 
resections in both the neck and mediastinum, 
regardless of the thymectomy technique employed 
in the initial operation. This recommendation is 
supported by the findings following reoperations 
using the “maximal” technique [27]. Obviously, 
however, a reoperation is more difficult and time 
consuming than a primary resection, and the risk 
to the nerves and the thoracic duct is greater. 
Therefore, wide exposure in the neck and medias-
tinum, with the use of a “T” incision rather than 
separate neck and sternal incisions, appears highly 
desirable [33]. If the surgeon is not experienced in 
neck surgery, the assistance of a surgeon experi-
enced in this area is suggested.

Reoperation thymectomies via extended trans-
sternal [23, 28] and VATS [129] approaches have 
been described with reported improvement in the 
majority of patients, though studies are limited to 

retrospective examinations of relatively small, 
heterogeneous patient groups [130]. Incomplete 
resection and failure to remove residual thymus 
must account for at least some of those who fail 
to benefit from reoperation; we therefore cannot 
recommend any approach less extensive than the 
maximal T-4 approach without high-quality data 
that suggests otherwise.

 Perioperative Patient Management

Patients undergoing thymectomy in the treatment of 
MG require the care of a team of neurologists, pul-
monologists, respiratory therapists, intensive care 
specialists, anesthesiologists, and surgeons who 
have had experience in the care of these patients. 
Such teamwork has been demonstrated to improve 
outcome following thymectomy for MG [131], as 
has operative volume in other cardiothoracic opera-
tions [132–134]. And regardless of the surgical 
technique employed, the surgeons should be totally 
conversant with the special problems of patients 
with MG and committed to the frequently difficult 
postoperative care. To accomplish these goals, these 
operations should be performed at centers where 
such teams exist. It is, of course, important that the 
diagnosis of MG be unequivocally established prior 
to thymectomy and, as emphasized by Kaminski 
[135], the patient and the patient’s family should 
have a thorough understanding of the illness, non-
surgical and surgical treatment options, anticipated 
postoperative course and morbidity, and, of course, 
the potential results, or lack thereof, of the surgery.

The special problems associated with the peri-
operative care of these patients are directly 
related to the severity of the MG manifestations 
at the time of surgery. The major risk is the pres-
ence of oropharyngeal and respiratory muscle 
weakness with the potential for aspiration of oral 
secretions, inability to cough effectively postop-
eratively, and respiratory failure. A number of 
variables are associated with increased risk of 
postoperative myasthenic crisis and respiratory 
failure, including a history of myasthenic crisis 
and longer duration of disease; some, however, 
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such as preoperative bulbar symptoms and lower 
vital capacity, are potentially modifiable [136, 
137].

Accordingly, the preoperative preparation of 
these patients is central to the success of surgery 
[138]. The patient should be as symptom-free as 
possible at the time of surgery, especially free of 
signs and symptoms of oropharyngeal and respi-
ratory weakness. Cholinesterase inhibitors are 
the mainstay of symptomatic treatment of MG, 
though their use in the perioperative period is 
complicated by interactions with neuromuscular 
blocking agents (NMBAs), medications often 
essential in anesthesia and critical care (see 
below). Most recommend continuing anticholin-
esterase medications up to the day of surgery to 
prevent worsening of respiratory symptoms pre-
operatively [138, 139]. However, anticholines-
terase medications should not be the sole means 
used to achieve adequate control of symptoms as 
these inhibitors only temporarily mask 
MG-related weakness, which may then flare up 
in the early postoperative period and result in a 
high rate of postoperative respiratory complica-
tions [140, 141]. Steroids are essential in the peri-
operative management of MG symptoms [142]. 
The concern about wound healing and infection 
associated with steroids is likely overemphasized 
and much less of a concern than performing an 
operation on an inadequately prepared patient 
[143]; clinicians should be cognizant of the 
potential for need for stress-dose steroids periop-
eratively. Plasmapheresis and/or IVIG adminis-
tration is routinely used to improve the 
preoperative status of patients with history of 
severe respiratory compromise due to their MG 
[144–146].

The preoperative evaluation should include a 
detailed evaluation of the pulmonary function 
status. Vital capacity (VC) and respiratory mus-
cle force measurements are recommended, both 
before and after cholinergic inhibitors, if the 
patient is receiving this medication and can toler-
ate its withdrawal for the 6–8 h interval necessary 
for this type of testing. The dual before and after 
measurements gives an indication of the deficits 
that may be masked by the cholinesterase inhibi-
tors and the potential need for preoperative plas-

mapheresis or immunosuppression. Some studies 
suggest that vital capacity <2.0–2.9 L is predic-
tive of increased risk of postoperative respiratory 
failure [147, 148]. The measurement of maxi-
mum expiratory force (MEF) is easy to perform, 
is an excellent measure of cough effectiveness 
(an important determination), and is more sensi-
tive and reliable than the VC in the evaluation of 
these patients, both preoperatively and in the 
early postoperative period [149]. An MEF of less 
than 40–50 cm H2O indicates a potential for post-
operative respiratory complications and respira-
tory failure. These determinations are also helpful 
in assessing the timing of extubation in those 
patients that require postoperative ventilatory 
support [138, 149].

Due to the effects of antibodies directed 
toward acetylcholine receptors, patients with 
MG have a variable response to NMBAs. They 
may be resistant to depolarizing NMBAs while 
demonstrating acute sensitive to the effects of 
nondepolarizing NMBAs. The concomitant use 
of anticholinesterase medications (often used to 
reverse such medications during anesthesia) 
may exacerbate this effect and place the patient 
at risk for a cholinergic crisis [150]. Therefore, 
many believe that NMBAs should be avoided if 
possible. However, it is preferable to face the 
potential need for prolonged postoperative ven-
tilation than have the patient suffer the conse-
quences of hypoxia. Accordingly, should 
intubation be difficult, whether during anesthe-
sia induction or at anytime intubation is 
required, immediate muscle paralysis may be 
mandatory to achieve intubation rapidly and 
successfully.

If the patient is well-prepared preoperatively 
and the preoperative MEF off cholinergic 
 medication is satisfactory, regardless of the surgi-
cal technique employed and including transster-
nal incisions, extubation may be acceptable 
immediately postoperatively. However, emer-
gency reintubation and respiratory support should 
be instituted immediately at any time for early 
signs of fatigue, progressive weakness, or 
impending respiratory failure. The use of cholin-
ergic medication at such a time is usually ineffec-
tive and may delay needed intubation.
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Postoperatively, these patients should be 
closely monitored in an intensive care setting by 
experienced personnel [151, 152]. The use of epi-
dural anesthesia for control of pain following a 
median sternotomy is extremely helpful. An 
institutional protocol for the management of the 
postoperative MG patient is helpful and can 
include details of the ventilatory support man-
agement, defining the role of MEF measurements 
in deciding when to extubate, the role of physical 
therapy and bronchoscopy in maintaining a clear 
airway, pain control techniques, immunosuppres-
sion if indicated, the role of cholinergic medica-
tion, and timing and technique of a tracheostomy 
if necessary.

 Surgical Management of Thymoma

Because approximately 10% of patients with 
MG will have a thymoma [153], a chest CT scan 
is indicated prior to thymectomy in all these 
patients. It should identify thymomas in most 
instances [154]. The presence of antibodies to 
striated muscle antigens also predicts the exis-
tence of a thymoma [15]. However, small thy-
momas may first be discovered at surgery. To 
avoid tumor seeding and late recurrences, the 
well- encapsulated and invasive tumors require 
wide local resection with as good tumor margins 
as practical, including the removal of adherent 
pericardium or wedges of adherent lung if neces-
sary. Although a phrenic nerve may also appear 
to be involved, although always a difficult and 
individual decision, in most instances it can and 
perhaps should be preserved in patients with 
MG. In addition, a total thymectomy should be 
performed unless a specific contraindication 
exists.

Median sternotomy is the current standard of 
care approach [155]. While more minimally 
invasive techniques are becoming increasingly 
common in the resection of smaller tumors [156], 
they are not currently recommended by expert 
consensus guidelines [155] and should only be 
considered at centers with significant 
experience.

 Outcomes Research

Well-designed and well-controlled prospective 
studies are required to begin to resolve the many 
conflicting statements and unanswered questions 
that exist concerning thymectomy in the treat-
ment of MG. This goal must be achieved if 
patient protocols and operative techniques are to 
be properly evaluated. In this era of evidenced- 
based therapy, these steps are not only desirable 
but mandatory.

The ideal method of such evaluation is to 
undertake a prospective randomized clinical trial, 
class I evidence in the American Academy of 
Neurology (AAN) nomenclature [157]. However, 
since the development of such a study comparing 
thymectomy techniques is not only unlikely but 
probably unnecessary, a prospective risk-adjusted 
outcome analysis of nonrandomly assigned treat-
ment [158], class II evidence in the AAN nomen-
clature, is an acceptable and achievable method 
of study that if properly controlled and carefully 
monitored should resolve many of the unresolved 
issues. To eliminate bias, the use of two or more 
surgical centers, comparing their respective pref-
erences, is preferable to a single team performing 
and comparing two types of thymectomies. We 
strongly recommended that one or more such 
class II studies be undertaken.

In addition to a prospective study, the use of 
clinical research standards, which include defini-
tions of clinical classification, quantitative 
assessment of disease severity, grading systems 
of post-intervention status, and approved meth-
ods of analysis are required. The “data bank” 
concept, appropriately developed and rigorously 
monitored [35], should be particularly useful and 
practical for multiple institutions to compare the 
relative value of the various thymectomy tech-
niques. The primary focus of comparative analy-
sis of thymectomy for MG should remain 
complete stable remission. Complete stable 
remission, while rare, is not only the most reli-
able measure of success but the most desirable 
result from the patient standpoint. “Survival” 
instruments, which are used in the analysis of 
remissions, are the most reliable determinant. 
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The Kaplan–Meier life table analysis is the tech-
nique of choice. The use of uncorrected crude 
data has no place in these analyses. Quality of life 
instruments, such as the Myasthenia Gravis 
Composite (MGC) score, should also be 
employed because therapy for MG is usually not 
innocuous and frequently does not produce a 
completely stable remission [87, 159]. They 
should not, however, replace “survival” instru-
ment evaluation. Experts in the field of biostatis-
tics and outcomes analysis should be included in 
the design of all studies, in the collection of the 
information, and in the evaluation of the data.

 Conclusions

The results of the MGTX trial provide the first 
class I evidence validating the use of thymec-
tomy in the treatment of non-thymomatous 
MG. But rather than marking the end of a 
decade- long debate, it should herald the 
beginning of a new era of high-quality 
research, utilizing standardized definitions, 
appropriate statistical methods, and prospec-
tive studies to address lingering questions.

Although arguments can undoubtedly be 
submitted to refute some of the statements 
herein, we hope that this presentation will lead to 
a better understanding of the thymectomy con-
troversies and improved results following thy-
mic resection for MG. We also hope, and expect, 
the day will come when some form of targeted 
immunosuppression or other nonsurgical ther-
apy, with no significant side effects, produces 
long-term remissions in patients with autoim-
mune non- thymomatous myasthenia gravis. At 
that time, thymectomy in any form, especially 
the transsternal procedures, will be considered 
barbaric. Until such time, however, a thymec-
tomy, properly performed, should be considered 
an integral part of the therapy of MG.
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Lambert-Eaton Syndrome

C. Michel Harper and Vanda A. Lennon

 Historical Background

The first reported association of a myasthenic 
syndrome with lung cancer is commonly attrib-
uted to Anderson, Churchill-Davidson, and 
Richardson who, in 1953, described a patient 
with bronchial carcinoma who presented with 
generalized proximally predominant weakness, 
diplopia, and dysphagia [1]. No electrophysio-
logical abnormality was found. A neurological 
diagnosis of myasthenia was based on a positive 
edrophonium test and therapeutic benefit of neo-
stigmine. The patient may indeed have had para-
neoplastic myasthenia gravis, which does occur, 
albeit rarely, with lung carcinomas of small-cell 
and non-small-cell types [2]. Lambert was the 
first to describe the presynaptic myasthenic syn-

drome that later bore his name. Beginning in 
1956, he and colleagues at the Mayo Clinic in 
Minnesota described in a series of papers the 
clinical and electrodiagnostic features of a unique 
“myasthenic syndrome associated with malig-
nant tumors” [3–8]. Characteristic findings were 
facilitation of both muscle strength and the com-
pound muscle action potential (CMAP) ampli-
tude after exercise or high-frequency electrical 
stimulation. Elmqvist and Lambert demonstrated 
the presynaptic origin of LES by using micro-
electrodes to study biopsied intercostal nerve- 
muscle preparations [8, 9]. They documented a 
severe reduction in endplate potential (EPP) 
amplitude and quantal content, with preserved 
miniature endplate potential (MEPP) amplitude.

Progress in understanding the pathogenesis and 
improvement in treatment of LES has continued 
over the six decades since its discovery. Studies 
linking LES with autoimmune disorders and auto-
antibodies were first published in the 1970s and 
early 1980s [10, 11]. In 1982, the Mayo Clinic 
team of Fukunaga, Engel, Osame, and Lambert 
demonstrated ultrastructural disorganization of the 
active zones for vesicle release in LES patients’ 
presynaptic nerve terminals [12]. This observation 
coincided with recognition that those transmem-
brane particles were voltage-gated calcium chan-
nels, critical for nerve-stimulated release of ACh 
[13]. The autoimmune nature of LES was rein-
forced by Lang, Newsom-Davis, and colleagues at 
Oxford University, who documented for the first 
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time that IgG from serum of LES patients could 
transfer the microelectrode findings of LES to mice 
[14]. This observation was confirmed by Kim [15] 
and extended by the Oxford and Mayo groups who 
demonstrated loss of presynaptic membrane active 
zones [16] and development of muscle weakness 
and EMG findings characteristic of LES [17] in 
mice injected with LES-IgG. By demonstrating 
that LES serum antibodies interfered with depolar-
ization-dependent influx of Ca2+ into cultured lung 
cancer cells, the Oxford group was able to link 
SCLC pathogenically to LES [18]. Development of 
Cav channel subtype- specific ligands and sensitive 
radioimmunoassays advanced understanding of the 
basic pathophysiology of LES and enabled its sero-
logical diagnosis [19–23]. Treatment of LES was 
improved by (1) advances in imaging and treat-
ment of small-cell lung carcinoma [24], (2) immu-
nomodulatory therapy [25–28], and (3) drugs that 
promote the quantal release of ACh [29–31].

 Pathogenesis

 Physiology of Neuromuscular 
Transmission

Normal neuromuscular transmission ensures the 
generation of a single muscle fiber action potential 
in response to each motor nerve action potential fir-
ing at rates of up to 50 Hz or greater. The safety 
margin of neuromuscular transmission is the 
“excess” voltage of the EPP above the level 
required to reach the threshold for muscle action 
potential activation. Postsynaptic factors that affect 
the size of the EPP (and therefore the size of the 
safety margin) are the number of functioning nico-
tinic acetylcholine receptors (AChRs) located on 
the crests of the folds of the muscle’s postsynaptic 
membrane, the presence of acetylcholinesterase in 
the overlying basal lamina, and the three-dimen-
sional configuration of the synapse [32]. 
Presynaptic factors that affect the EPP size are the 
number of ACh-containing vesicles in the active 
zones of the nerve terminal and the number of 
functional Cav2.1 channels in the nerve terminal 
membrane. In normal as well as diseased endplates, 

the EPP amplitude falls with slow rates of repeti-
tive nerve stimulation (2–5 Hz) due to depletion of 
immediately available stores of ACh [33]. When 
the EPP amplitude drops below threshold, the mus-
cle fiber action potential is blocked. The safety 
margin of neuromuscular transmission is large 
enough to prevent blocking at normal endplates 
[33–35]. The characteristic abnormality observed 
in neuromuscular junction disease of either presyn-
aptic or postsynaptic origin is blocking of neuro-
transmission at multiple endplates. This produces 
fatigable weakness and correlates with increased 
jitter and blocking on single-fiber EMG studies, 
motor unit potential (MUP) amplitude variation on 
standard concentric needle EMG, and a decrement 
of the CMAP observed at slow rates of repetitive 
stimulation on nerve conduction studies [36–38].

During exercise or rapid rates of repetitive 
nerve stimulation, mobilization of ACh stores 
and influx of Ca2+ into the nerve terminal through 
the Cav2.1 channel temporarily improve the 
safety margin of neuromuscular transmission 
(post-activation facilitation). This is followed by 
several minutes of reduced safety margin below 
baseline levels (post-activation exhaustion). A 
decrement of the EPP or CMAP observed at slow 
rates of repetitive nerve stimulation is often 
repaired by brief exercise or by increasing the 
rate of repetitive stimulation above 10 Hz, but 
depending on severity of the underlying disorder, 
the decrement invariably returns and increases 
for several minutes. In patients with a severe dis-
order of neuromuscular transmission, the EPP 
fails to reach threshold in a majority of fibers 
even at rest or after a single nerve stimulus. This 
results in objective weakness and a reduction of 
the CMAP amplitude below the lower limit of 
normal at rest. In these cases brief exercise or 
repetitive stimulation at a rapid rate produces a 
transient increase in the EPP above threshold and 
temporary facilitation of the CMAP.

The mechanism by which Ca2+ facilitates the 
release of ACh from the motor nerve terminal has 
been partially elucidated [35, 37, 39–42]. The 
Cav2.1 channels are arranged within the terminal 
membrane in double parallel rows that lie above 
the crests of the postsynaptic folds. This brings the 
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ACh vesicle release point in close proximity to the 
area of postsynaptic membrane where AChR con-
centration is greatest. Entry of Ca2+ through the 
Cav2.1 channel is triggered by nerve terminal 
depolarization. Prolongation of the time constant 
of depolarization (e.g., by blocking voltage- 
dependent potassium channels using 3,4-diamino-
pyridine) increases the amount of Ca2+ influx. The 
abrupt local rise in Ca2+ concentration in the nerve 
terminal is “sensed” by active zone proteins exem-
plified by synaptotagmin, a vesicular membrane 
soluble N-ethylmaleimide- sensitive factor attach-
ment protein receptor (vSNARE). The binding of 
synaptotagmin to the “synaptic core complex” 
(formed by association of vesicular synaptobrevin 
and nerve terminal proteins syntaxin-1 and SNAP-
25) destabilizes the vesicular and nerve terminal 
membranes creating a “fusion pore” leading to 
exocytosis of ACh. The Cav2.1 channel itself, a 
nerve terminal target membrane (tSNARE) pro-
tein, interacts noncovalently with the “synaptic 
core complex” and with soluble cytoplasmic fac-
tors, including NSF and α-SNAP. Following exo-
cytosis, vesicle membranes are retrieved from the 

plasma membrane by clathrin-dependent and 
clathrin- independent processes. Synaptotagmin 
plays a role in the former, which involves sequen-
tial interaction of dynamin and amphiphysin with 
other highly conserved cytoplasmic proteins 
[39–42].

Neuronal Cav2.1 channels consist of five sub-
units [39, 43–45]. The largest subunit, α1, con-
tains the voltage sensor and cation pore. It has 
four nearly identical domains, each with six 
transmembrane segments. The M4 segment con-
tains the voltage sensor, loops between M5 and 
M6 segments in each domain, forms the ion 
channel, and determines Ca2+-selective permea-
bility. The α1 subunit also bears high-affinity 
binding sites for channel antagonists (including ω 
conopeptides) and for regulatory G-proteins and 
SNARE proteins. Its sequence determines the 
family and subfamily of the Cav channel complex 
(Table 14.1). In high voltage-activated channels, 
the auxiliary subunits, β and α2-δ (and perhaps 
γ), influence the insertion and stability of α1 in 
the plasma membrane and modify the conduc-
tance and kinetics of the channel.

Table 14.1 Classification of voltage-gated calcium (Cav) channelsa

Class Type
α1 
subunit Antagonists Effector function Predominant cell expression

Cav1.1 L S Dihydropyridines Contraction Skeletal muscle

Cav1.2 C Phenylalkylamines Contraction Heart

Cav1.3 D Benzothiazepines Secretion; gene 
transcription

Neuron soma; pancreatic islet; 
kidney; ovary; cochlea

Cav1.4 F Gene transcription Retina

Cav2.1 P/Q A ω-Conotoxin MVIIC, 
ω-agatoxin IIIA and IVA

Neurotransmitter 
release

Central, autonomic, and 
peripheral motor neurons

Cav2.2 N B ω-Conotoxin GVIA and MVIIA Neurotransmitter 
release

Central sensory and motor and 
autonomic neurons

Cav2.3 R E SNX-482, ω-agatoxin IIIA Neurotransmitter 
release

Central neurons, cochlea, retina, 
heart, pituitary

Cav3.1 T G ω-Agatoxin IIIA Pacemaker activity Central and peripheral neuron 
soma

Cav3.2 H Succinimides Neurotransmitter 
release

Central neurons, heart, kidney, 
liver

Cav3.3 I Neurotransmitter 
release

Central neurons

aChannels of Cav1 and Cav2 classes are activated by high voltage (HVA); class Cav3 (T-type) channels are activated by 
low voltage (LVA). The α1 subunit by which the channels are genomically classified is complemented by α2/δ and γ 
subunits in HVA channels (Cav1 and Cav2) [139]
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 Pathophysiology of Neuromuscular 
Transmission in LES

LES was initially recognized as a neuromuscular 
transmission disorder because of its clinical simi-
larities to myasthenia gravis, including weakness 
that is fatigable and is improved with cholinester-
ase inhibitors. The characteristic electrophysiolog-
ical findings described by Lambert and colleagues 
were established by standard electrodiagnostic 
studies and by microelectrode studies [4, 9, 38, 
46]. The microelectrode findings are miniature 
endplate potential (MEPP) of normal amplitude 
and frequency, with reduced EPP amplitude sec-
ondary to a low quantal content of the nerve action 
potential. The quantal content and the size of the 
EPP increase during high- frequency nerve stimu-
lation and with addition of extracellular Ca2+. 
Biochemical studies of nerve- muscle preparations 
from LES patients have revealed a reduction in the 
amount of ACh released and normal function of 
acetylcholinesterase [33, 44, 46].

The fully developed defect of neuromuscular 
transmission in LES is typically severe, reducing 
the EPP amplitude in resting muscle below 
threshold in the majority of fibers. The patient is 
weak at rest, and CMAP responses to initial 
supramaximal nerve stimuli are low in amplitude 
(Fig. 14.1). Brief exercise produces transient 
clinical improvements in strength and tendon 
reflex responses and facilitation of the CMAP 
amplitude. If exercise is impractical for the 

patient, repetitive stimulation at 20–50 Hz can be 
used to elicit facilitation of the CMAP amplitude. 
At this stage, standard concentric needle EMG 
shows normal insertional activity and low- 
amplitude MUPs. MUPs are unstable with ampli-
tude variation, and stimulated single-fiber EMG 
shows increased jitter and blocking. The severity 
of abnormal jitter and blocking improves at 
higher rates of stimulation [46].

The patient with early LES may have a rela-
tively mild defect of neuromuscular transmission, 
in which the safety margin is not reduced suffi-
ciently to drop the EPP below threshold at rest 
[47]. This ensures relatively preserved strength at 
rest and a normal CMAP amplitude (Fig. 14.2). 
During repetitive stimulation at slow rates 
(2–5 Hz), there is decrement of the CMAP, which 
repairs with exercise or higher rates of repetitive 
stimulation. Thus, when LES is mild, the results 
of electrophysiological tests of neuromuscular 
transmission are very similar to those of myasthe-
nia gravis or other postsynaptic disorders of neu-
romuscular transmission [46]. The abnormalities 
revealed by standard clinical electrophysiological 
testing (nerve conduction studies, repetitive stim-
ulation, and needle EMG) reflect the severity 
more than the synaptic element responsible for 
the defect of neuromuscular transmission.

2 mV

5 ms

2 Hz repetitive stimulation
ulnar/ADM

2 sec after
10 sec exercise

facilitation 210%

baseline

Fig. 14.1 Repetitive stimulation study in a patient with 
moderate-severe weakness caused by LES. x axis = time 
(milliseconds); y axis = CMAP amplitude (millivolts); 
ADM abductor digiti minimi; sec seconds

1mV 2 Hz repetitive stimulation
peroneal/EDB

baseline

2 sec after
10 sec exercise

facilitation 135%

2ms

Fig. 14.2 Repetitive stimulation study in a patient with 
mild weakness caused by LES. x axis = time (millisec-
onds); y axis = CMAP amplitude (millivolts); EDB exten-
sor digitorum brevis; sec seconds
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 Immunopathophysiology of LES

LES may occur as a paraneoplastic syndrome or 
as an idiopathic organ-specific autoimmune dis-
ease [11, 14, 48]. One or more of a thyrogastric 
cluster of autoimmune diseases, which includes 
thyroiditis, pernicious anemia, and type 1 diabetes 
mellitus, and their serological markers, frequently 
coexists with LES, particularly in patients who 
lack evidence of lung cancer [11, 28, 47, 49]. The 
P-/Q-type (Cav2.1) calcium channel in the termi-
nal axonal membrane at the neuromuscular junc-
tion is strongly implicated as the target of 
pathogenic autoantibodies and also is implicated 
in some dysautonomias [50] and in some autoim-
mune cerebellar ataxias [51]. The finding of P-/Q-
type calcium channel antibody in the serum of 
more than 90% of non-immunosuppressed LES 
patients [23] is compelling albeit circumstantial 
evidence for its being the effector of neuromuscu-
lar transmission impairment, as is the capacity of 
polyclonal IgG from serum of LES patients to 
transfer to mice clinical, electrophysiological, and 
ultrastructural nerve terminal lesions characteris-
tic of LES [16, 17, 52]. There have been no reports 
of a monoclonal or affinity-purified antibody of 
P-/Q-type calcium channel specificity transferring 
the neuromuscular or autonomic transmission 
defect of LES to laboratory animals. This long-
awaited evidence will definitively prove the 
pathogenicity of P-/Q-type calcium channel anti-
bodies. A single report of electrophysiological 
abnormalities consistent with LES being induced 
in rats immunized with a peptide corresponding to 
an extracellular segment of the α1A subunit of the 
Cav2.1 channel complex awaits confirmation [53]. 
Small-cell lung carcinoma (SCLC) is the most 
common neoplasm associated with paraneoplas-
tic LES and is usually occult when neurological 
manifestations appear. The Cav2.1 channel at the 
neuromuscular junction is related antigenically 
and molecularly to the Cav channels in SCLC and 
other neuroendocrine cells [18–20, 54, 55]. 
Reports that prognosis for SCLC is better when 
associated with LES [54] and that successful 
treatment of SCLC leads to remission of LES in 
70% of patients [24, 48, 56] support the hypothe-
sis that paraneoplastic LES represents an immune 

response initiated by antigens expressed in the 
patient’s neoplasm. The immunogen that initiates 
and perpetuates Cav channel autoimmunity in the 
idiopathic form of LES has not been identified.

The pathophysiology of LES is reproduced in 
mice injected with IgG isolated from LES patient 
serum. As we reviewed above, LES IgG confers 
electrophysiological and morphological charac-
teristics of LES at the motor nerve terminal [15–
17]. Mice receiving IgG from selected individual 
patients become profoundly weak, exhibit charac-
teristic EMG findings of LES, and die from respi-
ratory failure [17]. Patients whose IgG is 
exceptionally potent when transferred to mice 
presumably were producing IgG with extremely 
high affinity for Cav2.1 channel ectodomain epit-
opes common to human and mouse. Impairment 
of Cav2.1 channel function is independent of com-
plement and is attributed to antigenic modulation, 
which is an IgG-mediated internalization of Cav 
channel through bivalent cross-linking of adjacent 
channels, resulting in accelerated degradation 
[17, 55–58]. LES-IgG is thought to bind directly 
to Cav2.1 channels [59], reducing Ca2+ influx 
through multiple Cav channel subtypes in cultured 
SCLC cells and motor neurons [55, 59–62] and 
reducing neurotransmitter release at the mouse 
neuromuscular junction [17, 63]. The benefit of 
immunotherapy in LES patients is explained most 
plausibly by clearance of circulating antibodies, 
effected by plasmapheresis or intravenous 
immune globulin therapy [64] or by reduced pro-
duction of Cav2.1 channel autoantibodies (immu-
nosuppressive medications). Effector T 
lymphocytes have not been implicated in the 
pathophysiology of LES, but the production of 
antigen-specific IgG by plasma cell progeny of 
activated B lymphocytes requires continuing 
helper T lymphocyte activity [65]. P-/Q-type cal-
cium channel antibodies are detectable in approx-
imately 90% of patients who have LES. The 10% 
of LES cases who appear to be seronegative for 
Cav2.1 channel autoantibodies do not differ clini-
cally or electrophysiologically from seropositive 
patients [66, 67]. Negative assays for P-/Q-type 
calcium channel antibodies could result from very 
low antibody titers, immunosuppressive drugs, or 
alternative antigenic targets [68].
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 Epidemiology

The annual incidence of LES is approximately 
0.5 per million with an estimated prevalence of 
2.5 per million [69]. This makes LES signifi-
cantly less common than myasthenia gravis, 
which itself is a rare disorder. Shorter life expec-
tancy related to the associated cancer in paraneo-
plastic LES contributes to the low prevalence of 
LES. Idiopathic autoimmune LES exhibits a 
female sex bias (approximating 60%; 
V.A. Lennon, unpublished serological observa-
tions in Mayo Clinic’s Neuroimmunology 
Laboratory since 1987), but life expectancy does 
not appear to be shortened. Its onset age ranges 
from the first decade to old age [48, 69]. Patients 
with idiopathic LES are frequently nonsmokers 
and often have a personal or family history or 
serological markers of organ-specific autoim-
mune diseases and a different profile of certain 
genetic markers than patients with paraneoplastic 
LES [70, 71].

The frequency of LES in patients with newly 
diagnosed SCLC is estimated to be 2–3% [72, 
73]. In the earliest descriptions of the disease, 
paraneoplastic LES predominantly affected men. 
This sex bias was attributed to cigarette smoking 
habits. Despite the frequency of female tobacco 
smoking approximating if not exceeding that of 
males in the past three decades and there being a 
corresponding increase in the frequency of 
female small-cell lung cancer cases (now declin-
ing in both sexes due to societal smoking cessa-
tion [74]), paraneoplastic LES does not occur 
more frequently in women. This differs from 
cytotoxic T-cell-mediated autoimmune neuro-
logical disorders associated with small-cell lung 
cancer, such as encephalomyeloradiculoneuropa-
thies related to ANNA-1 IgG (“anti-Hu”) [75] or 
CRMP5 IgG [76], in which female sex predomi-
nates 58–67%. Unlike LES, neurological disor-
ders associated with ANNA-1 autoantibody are 
characterized by inflammatory lesions affecting 
the peripheral and central nervous system. The 
cytokine milieu at the time of initial helper T 
lymphocyte activation determines whether or not 
the immunological outcome of an immune 
response is inflammatory. It is conceivable that 

the outcome is influenced both by sex hormones 
and by onconeural antigen dominance among 
proteins released to lymph nodes by necrosing 
tumor cells. A pro-inflammatory response would 
yield cytotoxic T-cell effectors, for which nuclear 
and cytoplasmic-directed neural autoantibodies 
serve as a surrogate marker [75–77]; perhaps a 
non-inflammatory response favors production of 
plasma membrane ion channel antibodies.

Cancer is diagnosed in about 45% of contem-
porary LES cases [72], and SCLC accounts for 
90% of paraneoplastic cases [67, 69]. An 18% 
seropositivity rate for P-/Q-type calcium channel 
antibodies has been reported for Mayo Clinic 
patients who have SCLC without clinical evi-
dence of LES or other overt paraneoplastic auto-
immune neurological disorders [23], but only 
4.2% in a UK study that examined patients neu-
rologically [78]. The diagnosis of LES may be 
overlooked when multiple paraneoplastic disor-
ders coexist, particularly in the setting of severe 
peripheral neuropathy or subacute cerebellar 
ataxia [79]. Other cancers have been reported 
with LES [48, 80–85], but in the setting of LES 
and significant smoking history or other lung 
cancer risk factors, the presence of a coexisting 
occult SCLC should be considered and extended 
serological and imaging studies performed [77, 
86]. Anticipation of SCLC in these cases is sup-
ported by observations that LES diagnosis can 
antedate the detection of SCLC by 5–8 years [48, 
68, 72]. Primary small-cell carcinoma in an 
extrapulmonary site, such as the skin (Merkel 
cell carcinoma), tongue, larynx, pancreas, breast, 
cervix, or prostate [87], also should be  considered 
in patients presenting with LES, particularly in 
the absence of recognized lung cancer risk 
factors.

 Clinical Presentation

 Symptoms and Signs

Subacute progressive fatigue, weakness, and 
injurious falls are the most common presenting 
manifestations of LES. The weakness increases 
with exertion and improves transiently with rest. 
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Sometimes a history of transient clinical facilita-
tion of strength following brief exercise is elic-
ited, but complaints of weakness exacerbated by 
exercise are more common. Aching pain in the 
hip and posterior thigh region is a common com-
plaint with paraneoplastic LES, but other sensory 
symptoms are rare unless LES is accompanied by 
paraneoplastic manifestations of sensory neurop-
athy or radiculoplexopathy. Muscle atrophy is 
rare, and fasciculations and cramps are not 
observed. The distribution of weakness is charac-
teristic, with symptoms usually beginning in hip 
flexors and other proximal lower limb muscles. 
Patients commonly complain of difficulty arising 
from low chairs or a squatted position or trouble 
climbing stairs and inclines. In one series of 50 
LES patients, weakness began in the lower limbs 
in 65% and was generalized in 12% of patients 
[48]. Even after weakness generalizes, most 
patients have disproportionate involvement of 
hip girdle muscles. Proximal muscles of the 
upper limb and neck, and interossei muscles of 
the hand, also are preferentially affected in 
LES. Cranial muscles are involved at some point 
in up to 25% of patients [88]. Ptosis, facial weak-
ness, dysphagia, dysarthria, and difficulty chew-
ing are milder than in myasthenia gravis and 
usually follow the onset of limb weakness [48, 
89]. Respiratory involvement is usually mild and 
of restrictive functional pattern, but when com-
plicated by emphysema related to smoking, 
respiratory failure can occur terminally. In rare 
cases respiratory failure is the presenting mani-
festation of LES [90]. Deep tendon reflexes are 
characteristically reduced or absent in LES, but it 
is important to note that reflexes may be pre-
served early in the course of the illness. 
Facilitation of the reflex after brief exercise is an 
important sign supporting the diagnosis of LES 
and is easier to demonstrate at the bedside than 
facilitation of muscle strength.

Symptoms of autonomic dysfunction occur in 
approximately 80% of LES patients, and in 6% 
of patients the presenting symptom is autonomic 
[50]. Male impotence and xerostomia (both 
sexes) are common symptoms. Other common 
dysautonomic findings are hypohidrosis, 
impaired cardiovagal reflexes, and reduced lacri-

mation [50]. Slow pupillary reflexes, gastrointes-
tinal dysmotility, orthostatic hypotension, and 
urinary retention are sometimes noted, but these 
manifestations usually indicate a coexisting para-
neoplastic autonomic neuropathy in the setting of 
SCLC and are often accompanied by one or more 
marker autoantibodies specific for neuronal 
nuclear or cytoplasmic antigens, particularly 
CRMP5, ANNA-1, ANNA-2, ANNA-3, PCA-2/
MAP 1B, SOX1, or amphiphysin autoantibody 
[50, 75–78, 91–93].

The sensory system is spared in LES, but sen-
sory manifestations may be present if there is an 
associated paraneoplastic sensory neuronopathy, 
peripheral neuropathy, myelopathy, or encepha-
lopathy. Constitutional symptoms of anorexia 
and weight loss are usually attributed to an under-
lying malignancy. These symptoms may repre-
sent autoimmune gastroparesis for which 
autoantibodies of ANNA-1, CRMP5, voltage- 
gated N-type calcium channel, Kv1 potassium 
channel complex, and ganglionic AChR speci-
ficities are valuable serological markers [94–97]. 
Symptoms of lung cancer itself, such as hemop-
tysis and chest pain, are very uncommon. On the 
other hand, patients with idiopathic LES com-
monly have manifestations of coexisting organ- 
specific autoimmune disorders (e.g., pernicious 
anemia, type 1 diabetes, hyperthyroidism, or 
hypothyroidism).

 Natural History

The course of LES is more variable among 
patients with lung cancer or at high risk for it than 
among those without lung cancer risk. Symptoms 
of LES frequently antecede the diagnosis of can-
cer by months or years. If chest x-ray and CT 
are negative in LES patients at risk for SCLC, 
the diagnostic yield is increased by performing 
MRI or CT/PET imaging with appropriate biopsy 
of areas suspicious for a neoplasm. A search for 
extrapulmonary small-cell carcinoma is war-
ranted when chest studies are negative. These 
have been recorded in the skin, tongue, larynx, 
pancreas, cervix, prostate, breast, and ovary [87]. 
The clinical course of LES, with and without 
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cancer, is generally progressive in the first year, 
with less fluctuation and a lower spontaneous 
remission rate than autoimmune myasthenia gra-
vis. Strength often improves following effective 
treatment of the underlying malignancy. It has 
been reported that SCLC in the context of LES 
may have a less aggressive natural history and a 
better response to therapy [56, 98]. The results 
of a prospective serological study of 238 newly 
diagnosed SCLC patients who lacked any neu-
rological symptoms or signs at cancer diagno-
sis revealed that survival time was significantly 
longer for those who were seropositive for anti- 
neuronal nuclear autoantibodies (ANNA-1 or 
unclassified) than for seronegative patients or 
patients positive for nonneuronal antinuclear 
antibody or VGCC antibodies without ANNA-1 
[99]. It seems likely therefore that the humoral 
immune response that causes LES (namely, 
P-/Q- type VGCC autoantibody) does not per 
se confer a protective immune response against 
SCLC. These findings accord with the conclu-
sion drawn from a smaller Mayo Clinic sero-
logical study [100]. Weakness and fatigue can 
cause long-term disability in LES in the absence 
of cancer [28, 101]. Most patients benefit from 
continued therapy with an oral cholinesterase 
inhibitor and agents that increase the quantal 
release of ACh such as 3,4-diaminopyridine [29, 
102–104], amifampridine phosphate [105], or 
low-dose guanidine [31]. Immunosuppressive 
therapy also is beneficial [26–28, 49, 66, 98, 
106], but symptomatic response to immunosup-
pressive therapy tends to be less in LES than in 
myasthenia gravis.

 Diagnosis

 Clinical Manifestations

LES should be suspected in a patient who pres-
ents with generalized fatigue or weakness wors-
ened by exertion, with a waddling gait, or 
symptoms of autonomic dysfunction (i.e., impo-
tence or xerostomia). LES, like myasthenia gra-
vis, should be considered in the differential 
diagnosis of prolonged postoperative apnea 
involving a neuromuscular blocking drug [107]. 

Factors favoring LES diagnosis rather than myas-
thenia gravis include early and prominent 
involvement of hip flexor muscles, xerostomia, 
impotence, reduced or absent reflexes (in lower 
limbs initially and more diffuse in the established 
disease), facilitation of tendon reflexes or strength 
on clinical examination, a personal history of 
smoking, asbestos, secondary tobacco smoke 
exposure or lung cancer, or a family history of 
lung cancer [49]. A personal or family history of 
autoimmunity is common in both idiopathic and 
paraneoplastic LES.

The diagnosis of LES should also be sus-
pected when a patient presents with paraneo-
plastic sensorimotor or sensory neuropathy 
related to lung cancer and has prominent weak-
ness, sicca symptoms, recent onset erectile dys-
function, respiratory failure of undetermined 
cause, P-/Q- type calcium channel antibody 
seropositivity, or a provisional diagnosis of 
seronegative myasthenia gravis. Note, however, 
that 10% of LES patients (both idiopathic and 
paraneoplastic) have muscle AChR antibodies 
and or striational autoantibody, without evi-
dence of a postsynaptic neuromuscular trans-
mission defect [23].

 Electrodiagnostic Studies

Unambiguous electrodiagnosis of LES requires 
that the patient be well rested and warm, that 
medications affecting the neuromuscular junc-
tion be withheld for several hours before testing, 
and that clinically weak muscles be tested. When 
weakness is moderate to severe, electrodiagnos-
tic studies reveal a pathognomonic pattern 
(Table 14.2) [46, 68, 108, 109]. The baseline 
amplitude of the CMAP is reduced. A decrement 
is observed with slow rates of repetitive nerve 
stimulation, and facilitation of more than 200% 
(doubling of the baseline amplitude) is observed 
following brief exercise or high-frequency repet-
itive nerve stimulation. As with myasthenia gra-
vis, post-exercise exhaustion is typical and 
observed as worsening of the decrement 1–3 min 
following exercise [46, 110]. With longer trains 
of repetitive stimulation at low rates, the decre-
ment worsens in LES, whereas it generally 
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improves in myasthenia gravis [110, 111]. Needle 
examination shows low-amplitude varying 
MUP. Fibrillation potentials are usually absent 
but may occur in severe cases. Single-fiber EMG 
shows increased jitter and blocking that tran-
siently improve at higher firing rates. The elec-
trodiagnostic findings are usually demonstrated 
most readily in small intrinsic hand muscles.

When weakness is mild, as in the early 
course of LES, the CMAP amplitude may be 
reduced only slightly or may be in the lower 
range of normal. In this setting the CMAP dec-
rement is usually modest, and facilitation is 
often less than 200%. Needle EMG is normal or 
shows only mild MUP amplitude variation. 
Mild cases of LES are difficult to differentiate 
from myasthenia gravis [46]. The distribution 
of symptoms, the profile of serum autoantibod-
ies, and the result of stimulated single-fiber 
EMG testing can help, but in some cases the 
correct diagnosis requires continued observa-
tion and retesting at a later date after the disease 
progresses (Table 14.3).

 Serological Tests

P-/Q-type (Cav2.1) calcium channel antibodies 
are detectable in at least 90% of non- 
immunosuppressed patients with LES with or 
without cancer of any type [23]. It remains to be 
determined whether or not other motor nerve ter-
minal antibodies may be defined as causative of 
LES. It has been reported that when IgG from 

“seronegative” LES patients was transferred to 
mice, microelectrophysiological findings consis-
tent with LES were observed within 48 h of 
intravenous injection [15]. However, as reported 
for myasthenia gravis [112], we have encoun-
tered apparent seronegativity at disease onset 
with seroconversion when reevaluated at 
12 months. N-type (Cav2.2) calcium channel 
antibodies are detectable in 75% of LES patients 
with lung cancer, and in 40% without cancer risk 
[23], but generally not in LES patients who have 
other types of cancer [19, 20]. Eighteen percent 
of SCLC patients without clinical evidence of 
LES have P-/Q-type calcium channel antibodies, 
and 22% have N-type calcium channel antibod-
ies [23]. Antibodies against SOX1 strongly sug-
gest SCLC because SOX1-IgG is detectable in 
65% of SCLC-associated LES but in only 5% of 
 idiopathic autoimmune LES [49, 92]. When 
used in conjunction with demographic and clini-
cal variables as part of the Dutch-English LEMS 
Tumor Association Prediction (DELTA-P) score, 
the coexistence of SOX1 and P-/Q-type voltage- 
gated calcium channel antibodies predicted the 
presence of small-cell lung cancer with a high 
degree of accuracy early in the course of LES 
[113]. Nicotinic AChR antibodies (muscle-type 
or ganglionic-type) or striational antibodies are 
found in ~13% of patients with LES, with and 
without cancer [23, 114]. Calcium channel anti-
bodies of N-type and P-/Q-type also serve as 
serological markers of paraneoplastic neurologi-
cal disorders affecting the central and peripheral 
nervous system (i.e., other than LES) in the 

Table 14.2 Electrodiagnostic characteristics of Lambert- Eaton syndrome

Severity of weakness
Nerve conduction studies
CMAPa amplitude Needle examination

Moderate- severe 1 Baseline (initial stimulus): low
2. During RSb at 2–3 Hz: decrement
3.  After brief exercise or after RS at 

2050 Hz: facilitation >200%

1. Insertional activity: normal
2.  Motor unit potentials: small with amplitude 

variation
3.  Single-fiber EMG: increased jitter and 

blocking

Mild 1. Baseline (initial stimulus): normal
2. During RS at 2–3 Hz: decrement
3.  After brief exercise or after RS at 

2050 Hz: facilitation <200%

1. Insertional activity: normal
2.  Motor unit potentials: normal to small with 

amplitude variation
3.  Single-fiber EMG: increased jitter and 

blocking
aCMAP = compound muscle action potential elicited by supramaximal stimulation of nerve in clinically weak muscle, 
with patient well rested and warm and with neuromuscular- active medication withheld
bRS = repetitive stimulation
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 context of small-cell lung carcinoma, ovarian car-
cinoma, and breast carcinoma [23, 115]. Calcium 
channel antibody values in those patients tend to 
be lower than in untreated LES patients. IgG auto-
antibody markers of small-cell lung carcinoma 
that are specific for neuronal nuclear and cyto-
plasmic antigens (e.g., ANNA-1, CRMP5, amphi-
physin, PCA-2/MAP1B and ANNA-3, SOX1) 
[75–79, 91–93] are rarely found in patients with 
paraneoplastic LES in the absence of a coexisting 
encephalomyelopathy or neuropathy.

 Differential Diagnosis

The differential diagnosis of LES includes autoim-
mune myasthenia gravis, congenital myasthenic 
syndromes, and defects of neuromuscular transmis-
sion induced by drugs or toxins. A congenital myas-
thenic syndrome that resembles LES is severe at 
birth [116, 117]. Autoimmune myasthenia gravis 
can usually be distinguished from LES by differ-
ences in clinical manifestations as well as electrodi-
agnostic tests and autoimmune serological tests [23, 
46]. Cases of mild LES or severe myasthenia gravis 

can yield quite similar electrophysiological findings 
with baseline CMAP amplitudes in the low normal 
range, a decrement at low rates of repetitive nerve 
stimulation, and facilitation of less than 200% fol-
lowing exercise or high rates of repetitive stimula-
tion [46]. The distribution of weakness and the 
autoantibody profile usually differentiate the 
 disorders [23]. Sometimes additional time for obser-
vation and retesting is needed, as LES typically pro-
gresses in severity if not treated. If a patient 
complains of severe weakness, negative electromyo-
graphic findings are generally more common when 
the cause is myasthenia gravis than when it is 
LES. Although cases of an overlap or combination 
of LES and myasthenia gravis have been reported, 
no instance of a dual syndrome has been docu-
mented by in vitro microelectrode studies performed 
on biopsied intercostal or anconeus nerve-muscle 
preparations. Those reports may reflect misinterpre-
tation of autoantibody profiles [118].

Botulism usually presents as an acute and severe 
weakness of cranial, axial, and limb muscles, 
requiring respiratory insufficiency and emergent 
hospitalization. LES usually presents more gradu-
ally and rarely presents with respiratory failure. 

Table 14.3 Serum profiles of organ-specific autoantibodies in non-immunosuppressed adult patients with Lambert- 
Eaton myasthenic syndrome and generalized myasthenia gravis and controlsa

Autoantibody

Frequency (% seropositive)

LES without 
cancer

LES with 
lung cancer

MG without 
thymoma

MG with 
thymoma

Non-autoimmune 
neurological diseases

Calcium channel, P/Q 91 99 <2 <2 <2

Calcium channel, N 40 75 <2 <2 <5

Muscle AChR 7 7 90 100 <5

Striational 5 5 30 80 <2

Thyrogastricb 55 20 50c 30 20

Ganglionic AChR 10 10 <2 8 <2

CRMP5 <2 0d <5e 18 <2

Anti-glial nuclear (SOX-1 
transcription factor)f

<5 65 <2 <2 <2

One or more of above 96 100 95 100 20
aBased on refs. 22, 23, 49, 66, 77, 92 and authors’ unpublished data
bThyroperoxidase, thyroglobulin, gastric parietal cell, intrinsic factor blocking, or glutamic acid decarboxylase 
(GAD65) antibody
cPrevalence highest in ocular myasthenia
dPositive only if coexisting paraneoplastic neurological accompaniments
ePositive only with thymoma-predictive autoantibody profile [23]; negative chest imaging (usually elder-onset MG) 
does not exclude thymoma
fSOX-2 autoantibody has similar prevalence in patients with paraneoplastic neurological autoimmunity related to small- 
cell lung cancer [78]
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Electrodiagnostic studies in botulism reveal CMAPs 
of low amplitude with less prominent decrement 
and facilitation than LES. On needle EMG, fibrilla-
tion potentials are typically widespread in botulism 
but are rare in LES. The diagnosis of botulism is 
usually made on clinical grounds and confirmed by 
electrodiagnostic studies and demonstration of the 
toxin in the stool. Toxins delivered through the bite 
of venomous snakes and spiders may produce find-
ings similar to botulism. These as well as acute 
intoxication with magnesium, neuromuscular 
blocking drugs, and organophosphates are unlikely 
to be mistaken for the diagnosis of LES.

 Treatment

 Symptomatic Treatment

 Cholinesterase Inhibitors
Because the quantal content is usually severely 
reduced in LES, the beneficial effect of AChE 
inhibition is usually modest unless it is combined 
with medications that simultaneously increase 
the release of ACh (e.g., 3,4-diaminopyridine, 
amifampridine phosphate, or guanidine).

 Guanidine
The beneficial effect of guanidine was initially 
described by Lambert and colleagues [6, 8]. 
Guanidine increases intracellular calcium within 
the nerve terminal by inhibiting calcium uptake 
by organelles [119]. Its clinical utility is limited 
by significant hemopoietic and renal toxicity 
[120, 121], but guanidine is reported to be effec-
tive with less risk of toxicity when the dose is 
strictly limited and the drug is used in combina-
tion with pyridostigmine [31, 122].

 3,4-Diaminopyridine 
and Amifampridine Phosphate
The effectiveness of 3,4-diaminopyridine in LES 
has been documented in placebo-controlled pro-
spective trials and in long-term follow-up studies 
[30, 101–104, 123–126]. This agent blocks Kv 
channels in the nerve terminal, thus prolonging 
the action potential and enhancing Ca2+ entry. 
3,4-Diaminopyridine may also have a direct 

effect on the voltage-gated calcium channel 
[127]. Objective measures of strength are 
improved, including respiratory muscle function. 
Electromyographically there is an increase in 
amplitude of the CMAP and decreased CMAP 
decrement, and SFEMG reveals less jitter and 
blocking [123–125, 128]. The peak beneficial 
effect of a single oral dose of 3,4- diaminopyridine 
occurs in about 1 h and lasts for 25 h [123, 128]. 
The usual effective dose is 10–20 mg four to five 
times daily [123–128]. Adverse effects include 
perioral and acral paresthesia, lightheadedness, 
headache, insomnia, and seizures [129]. Seizures 
are rare if the baseline EEG is normal and the 
daily dose does not exceed 100 mg. Cardiac 
arrhythmia was described in a patient given an 
intentional overdose of 3,4-diaminopyridine 
[130]. There is a theoretical risk of cardiac 
arrhythmia in patients with the prolonged QT 
syndrome, but 3,4-diaminopyridine toxicity has 
not been reported in that setting. Because 
3,4-diaminopyridine is not approved for routine 
use in the United States of America, its use 
requires application as an investigational drug on 
a compassionate use basis. The drug is contrain-
dicated if preliminary screening by electrocardio-
gram and electroencephalogram reveals a 
prolonged QT interval or epileptiform discharges. 
It is Mayo Clinic practice to monitor complete 
blood count, liver function, and serum creatinine 
three times per year, but the authors have not yet 
encountered bone marrow, liver, or kidney toxic-
ity, attributable to 3,4-diaminopyridine therapy.

Amifampridine, the phosphate salt of 3,4-diami-
nopyridine, has been licensed in Europe as an 
orphan drug for the treatment of LES, based on 
existing evidence of efficacy from unlicensed prep-
arations. A recently completed multicenter phase 3 
clinical trial demonstrated class I evidence for effi-
cacy of amifampridine phosphate with a side effect 
profile similar to that of 3,4-diaminopyridine [105].

A modified form of (R)-roscovitine, GV-58, 
selectively activates P-/Q-type and N-type 
voltage- gated calcium channels and increases 
calcium-mediated quantal release of ACh in a 
mouse passive transfer model of LES [131]. 
When combined with 3,4-diaminopyridine, quan-
tal release was returned to normal levels [132].
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 Treatment of the Associated 
Neoplasm

When cancer is found, its effective treatment may 
be followed by amelioration of LES manifesta-
tions or even remission [24, 56]. This has been 
documented particularly for SCLC treated by 
chemotherapy and radiation. Because neurologi-
cal improvement is not universal, patients should 
be cautioned that their neuromuscular disorder 
may need continued symptomatic treatment or 
immunotherapy even if the underlying cancer is 
cured.

 Immunotherapy

The general approach for LES is as for myasthe-
nia gravis and other autoimmune neurological 
disorders. Immunotherapy is reserved for patients 
who fail to respond adequately to symptomatic 
therapy or, in the case of paraneoplastic LES, 
when tumor therapy is not accompanied by neu-
rological improvement. Alleviation of symptoms 
in LES is generally less dramatic than in myas-
thenia gravis [28, 48, 66, 68, 69, 98, 101]. 
Nevertheless, benefit has been documented with 
plasmapheresis [133], intravenous immune glob-
ulin (IVIG) [134–136], and corticosteroids alone 
or in combination with azathioprine [26–28, 68] 
and rituximab [106, 137]. In patients who are 
considered at high risk for cancer, immunother-
apy is customarily reserved for those who are 
severely disabled by weakness and failing to 
respond to symptomatic therapy. Reluctance to 
treat stems from fear of compromising the 
patient’s survival by promoting evasion of the 
suspected tumor from an effective immune 
response. Parenthetically, however, we do not 
recall having observed noteworthy emergence of 
metastatic cancer in three decades of using pred-
nisone and azathioprine to treat numerous LES 
patients at risk for lung cancer. This anecdotal 
observation implies that an inherently effective 
cancer immune response is not impaired by the 
standard immunosuppressant protocols used to 
treat neurological autoimmune disorders.

The type of immunotherapy chosen is tailored 
to the individual patient’s need, depending on the 
magnitude and duration of benefit. Plasmapheresis 
is beneficial in LES, but because the duration of 
benefit is limited to several weeks, it is generally 
reserved for severely weak patients, particularly 
in the setting of respiratory insufficiency. 
Occasionally plasmapheresis is used as mainte-
nance therapy at a frequency of 12 exchanges 
every 34 months. This usually requires place-
ment of a central line or arteriovenous shunt, 
which increases the risk of complications from 
infection, coagulation disorders, and fluid/elec-
trolyte imbalance.

Evidence for the benefit of IVIG therapy is 
less convincing than for plasmapheresis. A small 
controlled trial did show statistically significant 
improvement in muscle strength and a lowering 
of calcium channel antibodies in IVIG-treated 
LES patients [138]. The beneficial effects peaked 
at 2–4 weeks and disappeared by 8 weeks. The 
high cost of IVIG and relatively short duration of 
action have limited its use as a maintenance ther-
apy in LES. Treatment protocols have utilized 
400–500 mg/kg daily for 25 consecutive days or 
intermittent infusions at a frequency of 12 every 
28 weeks.

Oral corticosteroid therapy benefits most LES 
patients, but improvement of strength is less dra-
matic than observed in myasthenia gravis, and 
weakness may be worsened if steroid myopathy 
ensues. In one reported study, long-term treat-
ment with prednisolone at 20–30 mg daily or on 
alternate days produced modest symptomatic 
benefit in most patients [28]. Azathioprine also is 
effective either as a steroid-sparing agent or as a 
standalone immunosuppressant. Insufficient data 
are available concerning the efficacy of cyclo-
sporine, cyclophosphamide, mycophenolate, or 
rituximab as alternative immunosuppressants in 
LES. In principle, experimental treatment strate-
gies that are being investigated for myasthenia 
gravis should be applicable to the treatment of 
LES, including the deletion of antigen-specific B 
cells or T cells and interference with costimula-
tory molecules that perpetuate the autoimmuni-
zation process.
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Acquired Neuromyotonia

Hakan Cetin and Angela Vincent

 Introduction

Neuromyotonia (NMT; Isaacs’ syndrome) is a 
syndrome of nerve hyperexcitability that usually 
presents with clinical and electrodiagnostic fea-
tures of continuous skeletal muscle hyperactivity. 
Although the syndrome can be caused by several 
different pathogenic mechanisms, this chapter 
will concentrate on the acquired autoimmune 
form. The clinical features, including autonomic 
and CNS symptoms, immune and tumor associa-
tions, and the role of antibodies to proteins that 
form part of a voltage-gated potassium channel 
(VGKC) complex will be reviewed.

 Clinical and Electrophysiological 
Features of NMT and Related 
Syndromes

 Clinical Manifestations

The typical presenting features are fascicula-
tions, myokymia (i.e., irregularly undulating 
movements of the skin), and cramps [1–5], which 
can be associated with muscle stiffness, pseudo-
myotonia (i.e., delayed muscle relaxation after 
voluntary contraction), pseudotetany (e.g., 
Chvostek’s and Trousseau’s signs), and weak-
ness. The limb and trunk muscles are most com-
monly affected, although facial, bulbar, and 
respiratory muscles can also be involved. Muscle 
contraction often provokes or exacerbates the 
symptoms. Reflexes are usually normal but can 
be reduced or absent when there is an accompa-
nying neuropathy. Chronic cases may develop 
muscle hypertrophy.

Pain is often present and was reported to be 
the predominant symptom in an Indian NMT 
cohort [6]. Indeed, some patients with NMT have 
sensory symptoms such as paresthesia and numb-
ness without evidence of peripheral neuropathy, 
suggesting that sensory as well as motor nerves 
may be hyperexcitable [7]. Moreover, autonomic 
symptoms such as constipation, tachycardia, and 
increased and sometimes patchy hyperhidrosis 
are often associated. Perhaps more interestingly, 
in view of the antibody-mediated pathology, cen-
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tral nervous system (CNS) symptoms ranging 
from personality change and insomnia to a psy-
chotic-like state with delusions and hallucina-
tions can occur. This association is often called 
chorée fibrillaire or Morvan’s syndrome [8, 9], 
which often includes autonomic dysfunction [10, 
11]. Although the full-blown Morvan’s syndrome 
is apparently rare, there is an emerging spectrum 
of related CNS disorders with mild or even absent 
peripheral features (see below).

Neuromyotonia can occur at any age, and 
since the severity of the clinical features ranges 
from the inconvenient to the incapacitating, it is 
not at all clear how common the disorder is. The 
course is variably progressive, although sponta-
neous remissions can occur and some forms may 
be monophasic. These have been related to estab-
lished infections in a few cases [12, 13] or to a 
preceding anaphylactic shock [14].

A review of the clinical features of NMT 
showed that very similar features were found in 
patients with cramp-fasciculation syndrome 
(CFS, see [15]), a proportion of whom also had 
VGKC antibodies (Table 15.1 [15, 16]). This, 
together with other evidence for autoimmunity in 
some CFS patients [15], strongly indicates that 
CFS and NMT should be considered as parts of a 
spectrum of autoimmune peripheral nerve hyper-
excitability (PNH), and some prefer to use this 
term exclusively. This may also apply to 
myokymia- cramp syndrome [17] and other con-
ditions associated with muscle hyperexcitability 
and hyperhidrosis [18, 19]. Gutmann et al. [20] 

discussed the relationship between electrical neu-
romyotonic and myokymic discharges and the 
clinical disorder and came to a similar conclu-
sion. Here we will mainly discuss NMT because 
most of the clinical and experimental studies 
have been performed in patients who fulfill this 
diagnosis.

 Electrophysiological Features

The classical electrophysiological feature of 
NMT is the spontaneous firing of single motor 
units as doublet, triplet, or multiplet discharges 
(Fig. 15.1, taken from [21]). They occur at 
irregular intervals of 1–30 s and have an intra-
burst frequency of 40–400 Hz. They may be 
present in the absence of visible muscle twitch-
ing. By contrast, myokymic discharges are char-
acterized by undulating contractions of muscle 
fibers associated with wormlike movements of 
the skin. They are composed of 2–10 motor unit 
action potentials (MUAPs) spontaneously firing 
in a regular or semirhythmic pattern at intervals 
of 0.1–10 s. The intraburst frequency is typi-
cally 40–60 Hz [22].

Neuromyotonic discharges consist of bursts of 
MUAPs firing at very high frequencies ranging 
from 100 to 300 Hz. The duration can last from 
hundreds of milliseconds to seconds. Typically, 
the burst amplitude decreases due to the inability 
of muscle fibers to maintain high firing rates above 
100 Hz [22]. In addition, voluntary or electrical 

Table 15.1 Similarities between neuromyotonia and the cramp-fasciculation syndromea

Feature Neuromyotonia (42 patients)% Cramp-fasciculation syndrome (18 patients)%

Cramps 88 100

Muscle twitching 100 94

Pseudomyotonia 36 22

Sensory symptoms 33 39

CNS symptoms 29 22

Other autoimmune diseases 59 28

Thymoma 19 11

Lung tumor 10 1

Other autoantibodies 50 17

VGKC antibodies 38 28
aData from [15]
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activation may trigger prolonged  afterdischarges 
at similar frequencies. Fasciculation and fibrilla-
tion potentials can also occur. All electrophysi-
ological phenomena in NMT are more prevalent 
in distal hand and foot muscles compared to 
proximal muscles, and there is a significant cor-
relation of discharge frequency with the length 

of the nerve innervating a muscle being exam-
ined [22]. The presence of electrophysiological 
phenomena in NMT is summarized in Table 15.2 
and [22, 23].

The spontaneous and repetitive muscle activity 
arises in the peripheral motor nerve, rather than in 
the muscle itself [4, 24]. Isaacs [24] showed that 

Doublet discharge

Triplet
discharges

Positive
sharp
waves

Simple
fasciculations

Multiplet
discharge

Sweep time 60ms

50
  V

Fig. 15.1 A raster display of doublet and triplet discharges 
along with fasciculations in a representative patient with 
acquired neuromyotonia. Reproduced with permission 
of the authors from Vucic S, Cheah BC, Yiannikas C, 

Vincent A, and Kiernan MC. Corticomotoneuronal func-
tion and hyperexcitability in acquired neuromyotonia. 
Brain 2010; 133: 2727–2733
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the discharges were abolished when curare was 
used to block neuromuscular transmission but 
persisted after either proximal or distal nerve 
block. A macro EMG study also suggested that 
spontaneous discharges are generated distally 
[25]. These observations, and studies using botu-
linum toxin, suggested that the activity was gen-
erated in the terminal arborization of the motor 
axons [25, 26]. However, other studies indicated a 
more proximal initiation of the hyperactivity with 
reduction by proximal nerve block [27–29] or by 
epidural anesthesia [30]. The simplest explana-
tion for these data is that the activity can originate 
at different sites including the lower motor neuron 
cell body in some cases.

Although it seems likely that NMT is usually 
a disorder of the motor nerve, rather than a sec-
ondary phenomenon caused by structural nerve 
or myelin damage, about 5–10% of patients have, 
in addition to NMT, electrical evidence of a sub-
clinical idiopathic axonal or demyelinating 
polyneuropathy.

 Serum and Cerebrospinal Fluid Tests

Although most patients with NMT reported so far 
do not have marked CNS features, it is common 
to find a raised total IgG and oligoclonal bands in 
the CSF [1]. Curiously, VGKC-complex (see 
below) antibodies are often not found in CSF, 
perhaps because the serum levels are relatively 

low and the corresponding CSF level is 
undetectable.

 Physiological Basis of Excitability 
of Motor Axons in NMT Patients

It is possible to measure the response of sub-
threshold stimuli and the stimulus intensity 
(threshold) that is required to excite the motor 
nerve [31, 32]. One of these measures is the 
strength-duration time constant (SDTC), which 
is a property of the nodal membrane determined 
by the passive membrane time constant and the 
ion conductances acting at the nerve threshold. 
The SDTC was prolonged in the motor but not in 
the sensory axons in some NMT patients in one 
study [33]. However, a subsequent study, using 
more sensitive measures of both motor and sen-
sory axonal excitability in the median nerve, 
found that all excitability indices were normal in 
all eight NMT patients examined [34]. Thus, a 
general alteration of axonal membrane permea-
bility is probably not present in these patients, as 
predicted by the previous studies, which indi-
cated a distal pathology in most patients (see 
above).

 Clinical and Experimental Evidence 
for an Autoimmune Basis

 Associated Autoimmune Syndromes
As in disorders of the other neuromuscular 
junction, one of the first indications that NMT 
had an autoimmune basis was the recognition 
of associated autoimmune diseases. These 
conditions include myasthenia gravis (MG) 
with or without thymoma, rheumatoid arthri-
tis, systemic lupus erythematosus, and diabe-
tes (see Table 15.1). Individual patients with 
NMT and systemic sclerosis or idiopathic 
thrombocytopenia or NMT occurring after 
bone marrow transplantation are also reported 
[35–43]. Some patients may have an inflam-
matory neuropathy, although in these cases 
one might argue that the neuropathy is the pri-
mary event [44].

Table 15.2 Frequency of different electrophysiological 
findings in NMTa

Electrophysiological finding
Frequency (%) in 11 
patients

Spontaneous neuromyotonia 11 (100)

Stimulus-induced 
neuromyotonia

7 (65)

Fibrillation potentials 2 (18)

Fasciculations 11 (100)

Neuromyotonic discharges

  Doublets 11 (100)

  Triplets 10 (90)

  Multiplets 8 (73)

Maximum intraburst 
frequency (Hz)

50–220

aData from [23]
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The strongest tumor association is with thy-
moma. This occurs in patients with or without 
associated MG and particularly in the former can 
precede the neuromyotonia by several years. Small 
cell lung cancers are also described in a few patients 
(see Table 15.1 [29]), but in these cases the neuro-
myotonia usually precedes the cancer with laten-
cies between onset of NMT and diagnosis of SCLC 
of up to 4 years [1]. There are isolated reports of 
neuromyotonia with Hodgkin’s lymphoma [45] or 
with a plasmacytoma and paraproteinemia [46].

 Response to Immunotherapies
The first clinical experiment that suggested an 
autoimmune etiology for NMT was in a patient in 
whom plasma exchange resulted in marked 
reduction in the frequency of spontaneous 
MUAPs [47]. Although there have been no for-
mal trials of immunotherapies, there are many 
anecdotal reports of improvement following 
plasma exchange, intravenous immunoglobulins, 
or corticosteroids [1]. In most patients, clinical 
improvement begins within 2–8 days of plasma 
exchange and lasts for about 1 month.

 Passive Transfer of Immunoglobulins 
to Mice
Passive transfer of NMT IgG to mice provided 
further evidence for the autoimmune basis of the 
disorder. After injection of purified IgG intraperi-
toneally for 10–12 days, there was an enhance-
ment of neuromuscular transmission in mouse 
hemidiaphragm preparations, as demonstrated by 
a resistance to bath-applied curare [47]. Mice 
injected with NMT IgG released significantly 
more packets of acetylcholine from their motor 
nerve endings, consistent with the increased effi-
ciency of neuromuscular transmission. However, 
there were no spontaneous MUAPs or double 
responses to single stimuli, as observed in the 
human disease [48]. Dorsal root ganglion cell 
cultures incubated with NMT IgG, however, 
showed repetitive action potentials [48]. Together 
these studies suggested that an IgG autoantibody 
is responsible for at least some of the features of 
neuromyotonia. Moreover, the striking similarity 
between the changes seen in the mouse prepara-
tions and those found after small doses of the 

VGKC antagonists, 3,4-diaminopyridine or 
4-aminopyridine, made it likely that the target of 
the antibodies was a VGKC [48]. The main func-
tion of neuronal VGKC is to restore the mem-
brane potential after each action potential, 
preventing the reopening of voltage-gated cal-
cium channels. Thus, a reduction in VGKC num-
bers or function would lead to prolonged 
depolarization of the motor nerve with enhanced 
transmitter release. Indeed dendrotoxins from 
species of Dendroaspis mambas [49] that block 
the function of some of the VGKCs of the Kv1 
family produce repetitive or spontaneous activity 
in the motor nerve terminal not dissimilar from 
that in NMT.

VGKCs function as delayed rectifiers or type 
A rapid inactivators and are involved in nerve 
repolarization [49]. A variety of studies suggest 
that they are mainly restricted to juxtaparanodal 
regions and nerve terminals of the peripheral 
motor nerves [50, 51]. In addition, they are also 
widely expressed in the central nervous system 
and peripheral sensory nerves. In the nodes, both 
Kv1.1 and 1.2 are expressed and co-localize with 
binding of NMT IgG [52]. The identity of the 
VGKCs at the motor nerve terminal is not so 
clear, but both Kv1.2 and 1.6 may be present as 
well as other types of potassium channels (K 
Kleopa, personal communication).

 Antibodies to VGKC-Complex 
Proteins

The associated autoimmunity, response to plasma 
exchange, and partially successful passive trans-
fer studies strongly suggested that acquired NMT 
had an autoantibody-mediated pathogenesis. 
In order to look for antibodies to VGKCs, the 
same approach was used as in MG (Chap. 8). 
VGKCs were extracted from human or mamma-
lian brain and allowed to bind 125I-α-dendrotoxin 
[48, 53]. The soluble labeled complex was then 
used in radioimmunoprecipitation assays; around 
40% of NMT sera immunoprecipitated 125I-α- 
dendrotoxin-labeled VGKCs (Fig. 15.2).

Patch clamp studies of cultured PC12 and 
NB-1 cell lines demonstrated that NMT IgG sup-
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presses voltage-dependent potassium currents 
[54–56]. This effect did not occur within a few 
hours but was found after overnight incubation. 
Moreover, the effects were dependent on divalent 
antibodies or F(ab′)2 and not found with monova-
lent Fabs or Fc [56]. A direct block of function 
should be seen within 1 or 2 h, but when NMT 
IgG was applied to dorsal root ganglion cells, 
repetitive firing was observed after 24 h but not 
in the initial 2 h [48]. Similarly, in the patch 
clamp studies of PC12 cells, application of the 
NMT IgG for short periods did not have any 
effect, and positive results were only found after 
3 or more days [54–56].

Functional VGKCs consist of four α subunits, 
each of which has six transmembrane regions (S1 
to 6) [51]. Together, the S5 and S6 regions of the 
α subunits form the central ion pore. VGKC 
Kv1s are expressed as gene products that need to 
combine as homomultimeric or heteromultimeric 
tetramers and to associate with intracellular β 
subunits [57]. In the immunoprecipitation assay, 
only those complexes that include subtypes that 
bind dendrotoxin (Kv1.1, 1.2, and 1.6) are 
labeled, limiting detection of antibodies to those 
against these channels—or other proteins with 
which the channels are complexed. Indeed 
attempts to demonstrate that the antibodies were 

binding directly to the Kv1 channels themselves 
were mainly unsuccessful, and further studies 
demonstrated clearly that most of the VGKC- 
complex antibodies bound to other proteins [58].

The studies that were required to define more 
accurately the target(s) of the VGKC-complex 
antibodies were performed mainly in patients 
with high levels of antibodies that immunopre-
cipitated VGKC-complexes, and those tended to 
have CNS features (see further below). The main 
targets of the antibodies were identified as 
leucine- rich, glioma-inactivated 1 (LGI1) and 
contactin-associated protein-2 (CASPR2). Of the 
11 patients with only NMT who were included in 
the study, seven had CASPR2 antibodies, and 
only one had LGI1 antibodies [58]. This con-
trasted with the much higher proportion of LGI1 
antibodies in patients with purely CNS disease 
but is consistent with further studies of NMT (A 
Vincent, M Kiernan, and O Watanabe, in prepara-
tion). Whereas LGI1 is a CNS protein predomi-
nantly, CASPR2 is found at the juxtaparanodes 
of the nodes of Ranvier, both in the CNS and 
PNS, where it is closely associated with VGKCs 
and with another protein, contactin-2. Antibodies 
to contactin-2 can also be found in some patients 
with NMT or CNS disorder although they are 
uncommon [58, 59]. A diagram of the VGKC- 
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Fig. 15.2 VGKC-complex antibodies measured by 
radioimmunoprecipitation in neuromyotonia and cramp- 
fasciculation syndrome patients with and without a thy-
moma. Data taken from Hart et al. (2002). It is now clear 

that in many of the thymoma samples and around 40% of 
the non-thymoma samples, the VGKC-complex antibod-
ies are actually binding to CASPR2, LGI1, or contactin-2 
(see Fig. 15.3)
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complex is shown in Fig. 15.3. Most VGKC- 
complex antibodies appear to be of both IgG1 
and IgG4 subclasses [59]. IgG4 antibodies can, 
under certain circumstances, dissociate into two 
half molecules which can reassociate randomly 
with other IgG4 half molecules. This limits the 
immunopathological mechanisms as the result-
ing monovalent antibodies would not activate 
complement or be likely to lead to internalization 
of the VGKC-complex which requires divalent 
antibody binding. It is possible that the remaining 
IgG1 antibodies seen in CASPR2 antibodies, and 
much less so in LGI1 antibodies, are responsible 
for some loss of VGKC function in NMT and 
other disorders, but this has not yet been 
demonstrated.

 VGKC-Complex Antibodies in Other 
Muscle Diseases

A study of 42 patients with NMT and 18 patients 
with cramp-fasciculation syndrome (CFS) sug-
gests considerable overlap between the two syn-

dromes [15], as summarized in Table 15.1. 
VGKC-complex antibodies were found in a 
patient with “neuromuscular hyperexcitability”, 
very similar to a previous case of rippling muscle 
disease [60]. Both these patients had coexisting 
MG and are therefore assumed to have an auto-
immune disease.

NMT can occur in patients with GBS [44], an 
acute inflammatory demyelinating polyneuropa-
thy, and at least one patient had VGKC antibod-
ies (G Ebers and A Vincent, unpublished 
observations). Defects in myelination by them-
selves can induce nerve hyperexcitability, pre-
sumably by secondary effects on the regional 
expression of ion channels along the length of the 
axon.

 Central Nervous System 
Abnormalities in NMT

 Morvan’s Syndrome

The clinical association of neuromyotonia with 
hallucinations, delusions, insomnia, and person-
ality change was first recognized by Auguste 
Morvan, who called it chorée fibrillaire [8, 9]. 
Although he described the case fully, the central 
symptoms were only recorded in one of the ten 
patients who otherwise had symptoms and signs 
of NMT. If they are sought specifically, the inci-
dence of central nervous system manifestations 
in NMT is probably around 20% (see Table 15.1 
[15]; and A Vincent, M Kiernan, and O Watanabe 
in preparation).

A detailed description of a patient with classi-
cal Morvan’s syndrome was published in 2001 
[11]. His onset was at 76 years of age, and no 
neoplasm was identified antemortem, although a 
small adenocarcinoma of the lung was found 
postmortem. He had developed severe insomnia, 
memory loss, confusion, and hallucinations over 
a few months, associated with extreme sweating, 
salivation, and severe constipation. An electroen-
cephalogram showed complete lack of non-REM 
sleep and a tendency to oscillate between a state 
of sub-wakefulness and REM sleep. 
Polysomnographic studies showed florid neuro-
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myotonic discharges and cardiac arrhythmias. He 
had very high levels of VGKC-complex antibod-
ies, subsequently identified as directed against 
CASPR2 [11]. Strikingly, the peripheral, auto-
nomic, and central features improved substan-
tially after plasma exchange.

There have been a number of reports of 
Morvan’s syndrome since with variable presenta-
tions including peripheral, autonomic, and cen-
tral manifestations. VGKC-complex antibodies 
are present in the majority, and CASPR2 antibod-
ies are the most frequent, although CASPR2 and 
LGI1 antibodies, or even in a few cases CASPR2, 
LGI1, and contactin-2 antibodies, can also be 
found [59]. Different antibodies can be found in 
rare patients with a similar sleep disorder of 
agrypnia [61]. Around 30% of the patients have a 
thymoma. In a few cases, the disease appears to 
associate with chemical treatment of scrotal 
hydrocele [62].

 CNS Symptoms Without Overt 
Neuromyotonia

Two patients with VGKC-complex antibodies 
were reported who contrasted with Morvan’s 
syndrome [63]. Both were diagnosed as having a 
limbic encephalitis on the basis of memory loss, 
confusion, and anxiety with abnormalities of the 
hippocampus on MRI before the antibody test 
was available. Neither was reported to have neu-
romyotonia or sleep disorders at the time or 
 subsequently, but both had excessive secre-
tions—sweating in one and salivation in the 
other. In a retrospective study, both patients had 
high levels of VGKC- complex antibodies at the 
time of their limbic manifestations, and both 
improved when VGKC- complex antibody levels 
fell—in one case after plasma exchange and in 
the other spontaneously. Interestingly, one of 
these patients was a woman with a long history 
of MG with thymoma. The limbic manifesta-
tions arose following a recurrence of the thy-
moma, 13 years after the tumor had been 
removed. At the time, the MG was poorly con-
trolled, but there was a striking dissociation 
between acetylcholine receptor autoantibody 

levels that fluctuated quite widely and the single 
peak of VGKC-complex antibodies that coin-
cided with the limbic abnormalities. Plasma 
exchange was effective in reducing the CNS 
signs [63].

Subsequently, VGKC-complex antibodies 
have been identified in a variety of patients with 
cognitive, psychiatric, or sleep disorders, similar 
to those previously associated with paraneoplas-
tic limbic encephalitis but almost always non- 
paraneoplastic and with an excellent response to 
immunosuppressive treatment regimes [64, 65]. 
The VGKC-complex/LGI1-specific antibody 
levels in these patients are typically high (often 
>1000 pM) and fall dramatically following ade-
quate immunosuppression. In many cases, the 
antibodies do not recur even when immunothera-
pies are stopped. This condition and the growing 
number of other “autoimmune encephalopathies” 
are reviewed in more detail elsewhere [66]. Here 
it is relevant that the presence of NMT in patients 
with CNS symptoms can be a clue to an 
immunotherapy- responsive condition.

 Differential Diagnosis

The differential diagnosis of NMT comprises 
various disorders associated with peripheral 
nerve hyperexcitability and needs consideration 
especially in cases without detectable VGKC- 
complex antibodies.

 Diseases Associated 
with Fasciculations

Fasciculations are commonly observed in motor 
neuron diseases including amyotrophic lateral 
sclerosis (ALS), spinal muscular atrophy, and 
Kennedy’s syndrome. As progressive neurode-
generative disorders, they are usually associated 
with weakness and muscle atrophy, both of which 
do not predominate in NMT patients. In contrast 
to ALS, corticomotoneuronal pathways appear 
not to be involved in NMT, which might also be 
helpful in differential diagnostic evaluations 
[21]. Multifocal motor neuropathy (MMN) is 
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another immune-mediated disorder associated 
with fasciculations. However, muscle atrophy, 
the presence of antiganglioside (GM1)  antibodies, 
and conduction block in electrodiagnostic studies 
are other typical MMN features guiding its dif-
ferentiation from NMT.

 Myopathies Associated 
with Spontaneous Activity 
in Electrodiagnostic Studies

Spontaneous activity in electrodiagnostic studies 
can be found in a variety of myopathies [22, 67], 
where it is of postsynaptic origin generated in the 
muscle itself. In NMT, however, spontaneous 
activity is of presynaptic origin associated with 
specific electrophysiological features that can 
help to distinguish it from postsynaptically gen-
erated spontaneous activity using needle electro-
myography. Presynaptically generated discharges 
are independent of needle insertions. The indi-
vidual potentials derive from the activation of 
entire motor units and appear as normal motor 
unit action potentials [22]. Postsynaptically gen-
erated discharges, by contrast, are often associ-
ated with increased insertional activity. The 
potentials derive from individual muscle fibers 
rather than from the entire motor unit and are 
often shorter and smaller in amplitude.

 Myopathies Associated with Muscle 
Contractions or Stiffness

Some patients with stiff person syndrome present 
with muscle hyperactivity and cramps. 
Electromyography recordings are characterized 
by the continuous firing of motor unit action 
potentials of normal morphology. Neuromyotonic 
and myokymic discharges are not seen. 
Recordings from antagonist muscle pairs often 
reveal the failure of reciprocal inhibition [68], 
which usually correlates with the clinical failure 
to relax affected muscles. Sleep or general anes-
thesia abolishes muscle activity in stiff person 
syndrome but not in NMT, and this is a clinically 
important distinction between the two condi-

tions. Autoantibodies against glutamate decar-
boxylase (GAD) can often be found. Rippling 
muscle disease presents with muscle contractions 
provoked by percussion or stretching. They are 
electrically silent which can help to differentiate 
rippling muscle disease from NMT. The disease 
is caused by mutations in the gene encoding 
caveolin-3 although rare cases associated with 
myasthenia and AChR antibodies have been 
reported [69], that responded to immunothera-
pies. Brody disease is another rare myopathy 
associated with delayed muscle relaxation after 
phasic exercise and silent cramps (i.e., electrical 
silence during muscle stiffness on electromyog-
raphy). The disease is caused by mutations in 
ATP2A1 encoding for SERCA1, a sarcoplasmic 
reticulum Ca2+ ATPase. A reduced SERCA1 
activity results in a prolonged increase of intra-
cellular calcium concentrations following muscle 
activation. Myotonias are a heterogeneous group 
of chloride or sodium channelopathies presenting 
with prolonged muscle contraction/delayed mus-
cle relaxation after muscle activation and typi-
cally associated with percussion myotonia, which 
usually is not present in NMT. Electromyography 
often reveals extensive myotonic discharges.

 Treatment of NMT

Antiepileptic drugs, such as carbamazepine and 
phenytoin, probably act by reducing sodium con-
ductance and thus stabilize the nerve membrane 
making it less excitable. Many patients require a 
symptomatic treatment with these drugs only, 
either separately or together. In general, baclofen, 
benzodiazepines, carbonic anhydrase inhibitors, 
and quinine are unhelpful.

Plasma exchange often produces short-term 
relief [1], and a trial of plasma exchange can help 
establish the diagnosis in the difficult situation of 
a patient with suspected autoimmune NMT but 
with no VGKC antibodies. There is no evidence 
for a differential response to plasma exchange 
among patients with and without detectable 
VGKC antibodies. Nevertheless, a positive 
response to plasma exchange may be helpful in 
predicting those patients who are likely to benefit 
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from long-term immunosuppression. Intravenous 
immunoglobulin has also been used, although 
reports suggest that some patients do not do well 
[70] or do better with plasma exchange [71]. 
Combinations of prednisolone with azathioprine 
or methotrexate have helped some patients [1]. A 
recent review from Europe summarizes the main 
approaches to treatment of NMT [72], but ran-
domized controlled trials are needed to evaluate 
these therapies more fully.

The potential association of NMT with tumors 
in paraneoplastic cases makes it necessary to 
search for and treat malignancies. This can have 
a beneficial effect on the NMT disease course but 
has been discussed controversially in literature 
[72, 73].
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Congenital Myasthenic Syndromes

David Beeson

 Introduction

The congenital myasthenic syndromes (CMS) 
are rare inherited disorders of neuromuscular 
transmission characterized by fatiguable muscle 
weakness [1, 2]. Their overall prevalence is 
uncertain but is thought to be in the order of 1 in 
100,000 of the population in the UK [3]. They are 
genetically determined (usually autosomal reces-
sive, so a history of consanguinity is common), 
non-autoimmune disorders. Major clinical fea-
tures include onset in infancy, fatiguable weak-
ness, a decremental response to repetitive nerve 
stimulation, and absence of autoantibodies to the 
muscle acetylcholine receptor (AChR) or mus-
cle-specific tyrosine kinase (MuSK) or low-den-
sity lipoprotein receptor-related protein 4 (LRP4), 
although a clear pathogenic role for LRP4 anti-
bodies in myasthenia gravis patients has not yet 
been demonstrated. Remarkable differences in 
severity occur even within families harboring the 
same mutation. Although impairment of neuro-
muscular transmission may often give rise to 
similar clinical presentation, detailed analysis of 

intact biopsied muscle fibers from patients using 
electrophysiology, microscopy, and biochemical 
techniques demonstrates distinct molecular and 
cellular mechanisms. The syndromes may be 
classified on the basis of the site of the defect of 
neuromuscular transmission, but the ability to 
determine this may only be available at a few 
centers and is not always certain. Diagnosis 
depends upon electrophysiological tests, mor-
phological studies of the endplate region in mus-
cle biopsy specimens, and, increasingly, 
identification of the specific genetic defect 
(Table 16.1). Next-generation sequencing (NGS) 
is now helping to identify new CMS causative 
genes which are ubiquitously expressed, proving 
that protein defects not specifically confined to 
the neuromuscular junction (NMJ) can cause 
myasthenia [4–7]. Moreover, in many of the more 
recently identified CMS-associated genes, aber-
rant neuromuscular transmission is only one 
component of a more complex phenotype in 
which muscle, the central nervous system, and 
other organs may also be affected [8–12].

 Molecular Genetic Classification

For ease of classification, the CMS can be broadly 
grouped according to the location of the defective 
neuromuscular junction protein and thus are 
often classed as presynaptic, synaptic, and post-
synaptic disorders [13]. Within these headings 
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different genes may be defective. A diagram-
matic representation of CMS-associated genes/
proteins at the neuromuscular junction is shown 
in Fig. 16.1 and a list of proteins and their genetic 
loci in Table 16.1.

CMS with episodic apnea was the first neuro-
muscular junction presynaptic disorder in which 
the genetic origin was defined and is due to muta-
tions in the enzyme choline acetyltransferase 
(CHAT) [14, 15]. Other presynaptic disorders 
have been identified that have a paucity of synaptic 
vesicles, reduced quantal release, or resemble the 
autoimmune Lambert-Eaton myasthenic syn-
drome, and now, with the advent of NGS, the 
underlying genetics for these disorders are being 
uncovered [9, 16]. Acetylcholinesterase (AChE) 
deficiency is the most common CMS directly 
affecting proteins in the synaptic space and results 
from mutations in COLQ, which encodes an 
AChE-associated collagen tail that both anchors 
and concentrates AChE in the synaptic cleft [17, 
18]. However, other proteins located in the basal 
lamina that are involved in interactions between 
the nerve terminal and the muscle membrane are 
being uncovered. Agrin initiates a signaling path-
way that underlies the maintenance of pre- and 
postsynaptic structures, and other proteins in the 
synaptic cleft such as laminins or COL13A1 
although not directly participating in the agrin 
pathway are thought also to be important for main-
taining synaptic structure. Impaired function of 
these proteins has been found to result in a CMS. A 
series of other genes have been found to cause 
postsynaptic disorders, and these form the most 
common causes for CMS. Mutations in the genes 
encoding the AChR subunits were the first to be 
identified. These may give rise to kinetic abnor-
malities of AChR function or AChR deficiency or 
a combination of altered AChR kinetics and AChR 

Table 16.1 Classification of congenital myasthenic syn-
dromes (CMS) and their genetic locia

Presynaptic CMS Gene

CMS with episodic apnea CHAT

Unconventional myosin 9 MYO9

Munc13-1 MUNC13

Synaptosome-associated protein 
25

SNAP25B

High-affinity choline transporter 1 
(CHT)

SLC5A7

Vesicular ACh transporter 
(VAChT)

SLC18A

Synaptobrevin 1 deficiency VAMP1

Prolyl-endopeptidase-like gene PREPL

Synaptic CMS

Congenital endplate 
acetylcholinesterase deficiency

COLQ

Agrin AGRN

Collagen type XIII alpha 1 chain COL13A1

Laminin α5 deficiency LAMA5

Laminin ß2 deficiency LAMB2

Postsynaptic CMS

AChR deficiency syndromes CHRNA, 
CHRNB, 
CHRND, 
CHRNE

Multiple pterygium syndromes 
due to AChR γ-subunit mutations

CHRNG

AChR deficiency syndromes due 
to mutations in rapsyn

RAPSN

Slow-channel CMS CHRNA, 
CHRNB, 
CHRND, 
CHRNE

Fast-channel CMS CHRNA, 
CHRND, 
CHRNE

Low conductance syndrome CHRNA, CHRNE

CMS due to voltage-gated sodium 
channel mutations

SCN4A

CMS due to mutations in MuSK MUSK

CMS due to mutations in DOK7 DOK7

CMS due to mutations in LRP4 LRP4

Plectin deficiency PLEC1

Ubiquitously expressed proteins (glycosylation)

Glutamine-fructose-6-phosphate 
transaminase-1

GFPT1

Dolichyl-phosphate-N- 
acetylglucosamine-
phosphotransferase- 1

DPAGT1

N-linked glycosylation protein 2 ALG2

N-linked glycosylation protein 13 ALG13

Table 16.1 (continued)

Presynaptic CMS Gene

GDP-mannose pyrophosphorylase 
B

GMPPB

AChR muscle acetylcholine receptor, MuSK muscle- 
specific tyrosine kinase, DOK7 downstream of kinase 7, 
LRP4 low-density lipoprotein receptor-related protein 4
aThe genetic origin of further CMS cases is yet to be 
defined or not yet reported
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deficiency [19–22]. However, mutations of many 
other proteins located on the postsynaptic side of 
the NMJ that are involved in synaptic function, in 
AChR clustering, or in the maturation of the syn-
aptic structure can commonly underlie CMS 
(Fig. 16.2). Mutations in MUSK [23, 24], AGRN 
[25, 26], LRP4 [27], and SCN4A [28] have proved 
to be rare, but mutations of RAPSN [29] or DOK7 
[30] are common causes of CMS.

More recently, a series of genes encoding 
enzymes involved in the asparagine-linked 
(N-linked) glycosylation pathway have also been 
found to harbor CMS-causing mutations [4–7] 
(Fig. 16.3). The phenotype for these subtypes 
often varies from the archetypal picture of myas-
thenia in that eye and facial muscles are often 
spared. As a result, many of these patients may 
go undiagnosed [2].

N-glycosylation pathway

Golgi apparatus

VGNa+C
(SCN4A)

DOK7

MuSKRAPSN
Muscle

LAMB2
PLEC1
    COLQ

AChR
AChE

Nerve
terminal ChAT

PREPL

Agrin

LRP4

Vesicles

Ch

Ch

AcCoA AcCoA

ACh

H+

H+

Endoplasmic reticulum

ALG2 ALG14 DPAGT1 GFPT1 

GMPPB

High-affinity choline 
transporter (ChT)

MYO9A

VAChT

SNAP25B
SYT2

MUNC13
VAMP1

LAMA5
COL13A1Ch

ChCh
Ch

Fig. 16.1 Diagrammatic representation of the neuromuscular junction and the proteins in which mutations underlying 
congenital myasthenic syndromes have been found. Recently identified CMS genes are shown in red
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 Diagnostic Methods

CMS should be considered in any person present-
ing with fatiguable muscle weakness during 
infancy or early childhood. Clinical features may 

help to pinpoint which of the diverse range of 
genetic loci is involved and provide clues about 
the underlying molecular pathogenesis. 
Electromyography (EMG), the clinical pheno-
type, and, in some cases, muscle biopsies may all 
provide important diagnostic pointers.

Standard EMG can often detect impaired neu-
romuscular transmission, especially if the mus-
cle under test is weak. Decrement in the 
compound muscle action potential (CMAP) elic-
ited by repetitive nerve stimulation at low fre-
quency (2–3 Hz) is suggestive of impaired 
neuromuscular transmission but is generally 
considered less sensitive than single-fiber elec-
tromyography (SFEMG). SFEMG revealing 
abnormal jitter and block can be operator-depen-
dent and can occur in other disorders but is more 
sensitive than CMAP recording and will usually 
give an indication of defective neuromuscular 
transmission.

NERVE

AGRN

LRP4
Clustered AChR

MUSCLE
RAPSN MUSK

DOK7
Kinase cascade

Fig. 16.2 Illustrative diagram highlighting the classical 
pathway believed to be responsible for formation and 
maintenance of the neuromuscular junction
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UDPUDP
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Glu-6-P

Glucose Mannose

Fru-6-PGlcN-6-P

ALG2 ALG14,13 DPAGT1

GFPT1

GMPPB

N-acetylglucosamine
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Fig. 16.3 Illustrative representation of the asparagine- 
linked (N-linked) glycosylation pathway in which glycan 
residues are stepwise added to dolichol phospholipid prior 

to transfer to a respective protein. CMS-associated genes 
are shown in red
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Phenotypic clues may be gleaned for many of 
the CMS and greatly facilitate targeted genetic 
screens, although now in nonspecialized services 
whole exome or whole genome sequencing may 
provide the quickest route to a genetic diagnosis. 
More detailed descriptions will be given later in 
this chapter, but illustrative examples are that a 
repetitive CMAP in response to a single nerve 
stimulus is frequently seen in syndromes involv-
ing over-excitation such as the slow-channel con-
genital myasthenic syndromes or that AChE 
deficiency syndromes and mild arthrogryposis 
multiplex congenita are a strong pointer to AChR 
deficiency due to RAPSN mutations [31, 32], 
although it can also occur rarely with mutations 
in other genes, such as some of the presynaptic 
disorders.

In specialist centers, muscle biopsy is essential 
for characterizing disorders where the underlying 
genetic cause remains unknown. Electrophysiology 
of endplates can determine quantal content and the 
amplitude of miniature endplate potentials and 
currents (MEPPs and MEPCs) and endplate poten-
tials and currents (EPPs and EPCs). Their size and 
decay times may suggest abnormalities in the 
number and kinetic properties of the endplate 
AChR. Electron microscopy can define the ultra-
structure of the pre- and postsynaptic apparatus of 
the neuromuscular junction, providing clues to 
whether the defect is pre- or postsynaptic. Binding 
of iodinated or fluorescence-labeled α-neurotoxins, 
such as α-bungarotoxin (α-BuTX), can be used to 
determine the localization and number of the 
AChR. Similarly, histochemistry may be used to 
establish the presence or absence of AChE at the 
endplate [1].

Response to treatments may provide addi-
tional clues about the disorder, although the ten-
silon test, where the short-term response to 
intravenous edrophonium is measured, may give 
misleading results. In all CMS, autoimmune 
myasthenia gravis should be excluded through 
testing for antibodies to AChR or to MuSK. 
Parental consanguinity and a positive family his-
tory are both suggestive of hereditary rather than 
autoimmune myasthenia, and the onset of myas-
thenia gravis at less than 1 year is very rare. 
Although most CMS first present in infancy or 

early childhood and show recessive inheritance, 
an exception to this generalization is the slow-
channel myasthenic syndrome, which may pres-
ent in infancy or adult life and is usually inherited 
as an autosomal dominant trait, and late-onset 
CMS associated with mutations in COLQ, 
RAPSN, and DOK7 have been reported [32–34]. 
Mutations affecting the N-linked glycosylation 
pathway tend to have a later onset in childhood or 
early adulthood.

 Presynaptic Congenital Myasthenic 
Syndromes

These are the least well characterized of the myas-
thenic disorders. Electrophysiology and ultrastruc-
ture studies of the endplate regions in muscle 
biopsies identified apparent defects in the presyn-
aptic apparatus in various CMS [1], and it is only 
with the advent of next-generation sequencing that 
identification of the genetic abnormalities has 
become apparent. These include disorders where 
the electrophysiology shows similarities to those 
seen for the Lambert-Eaton syndrome and others 
where there is a paucity of synaptic vesicles in the 
presynaptic bouton and reduced quantal release. 
Indeed a series of disorder have been identified that 
involve the process of neurotransmitter release into 
the synaptic cleft from the presynaptic vesicles. 
However, as might be expected, if there is a prob-
lem in the neurotransmitter release mechanism, 
then patients are likely to have problems at many 
sites other than at the neuromuscular junction; as a 
result, these patients will often suffer from a severe 
and often fatal multisystem disorder in which the 
myasthenic component only forms one small part. 
Thus, it is debatable as to whether they should truly 
be termed as a myasthenic syndrome.

 Presynaptic CMS Associated 
with the Synthesis or Recycling 
of Acetylcholine

 Clinical Features
The presynaptic CMS are autosomal recessive dis-
orders that have previously been called familial 
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infantile myasthenia and CMS with episodic apnea 
[1]. However, this terminology is not ideal since 
similar severe episodic apneic attacks are now 
known to occur both in presynaptic and other post-
synaptic forms of CMS. The presynaptic disorders 
share common clinical symptoms that typically 
manifest at birth and consist of hypotonia, bulbar 
and respiratory muscle weakness, ptosis, and vary-
ing degrees of extraocular muscle weakness. 
Respiratory insufficiency with recurrent apnea is a 
hallmark of these disorders. The episodic crises, 
which may be life-threatening in early life, are fre-
quently induced by infections and fever, stress, or 
overexertion but become less frequent with age. 
Patients usually respond well to anticholinesterase 
medication, which may be taken prophylactically 
in anticipation of a crisis. The majority of these 
presynaptic disorders are due to mutations in cho-
line acetyltransferase (CHAT), though recently 
mutations in the high-affinity choline transporter 
(SLC5A7) [9] responsible for choline uptake into 
the nerve terminal and the vesicular acetylcholine 
transporter (VAChT encoded by gene SLC18A3) 
[10] have been identified. Mutations in SLC5A7 
and SLC18A3 tend to result in more severe pheno-
types that are often associated with arthrogryposis 
and neonatal death.

Diagnosis of patients with CHAT mutations 
may be helped by the characteristic EMG profile. 
In rested muscle, the CMAP elicited by repetitive 
nerve stimulation at 3 Hz and SFEMG may be 
normal. However, after exercise or repeated nerve 
stimulation at 10 Hz for up to 5 min, a decremen-
tal response and abnormal jitter can be seen. In 
vitro studies similarly show normal EPP and 
MEPP amplitudes in rested muscle that decrease 
after continuous 10-Hz stimulation [14]. Endplate 
AChR shows normal number and distribution. 
Patients with mutations in SLC5A7 or 
SLC18A3 may show a similar EMG profile but 
may also show significant decrement at a stan-
dard repetitive 3-Hz stimulation. They both can 
result in fatal disorders with death in utero or as 
neonates.

 Molecular Basis
CHAT catalyzes the reversible synthesis of ACh 
from acetyl coenzyme A and choline at the syn-

apse. It has also long been hypothesized that 
mutations in both the choline uptake transporter 
(CHT) and the vesicular acetylcholine trans-
porter (VAChT) might also result in myasthenic 
syndromes. Impairment in the ability to resynthe-
size ACh sufficiently fast, and thus reduction of 
ACh within the presynaptic vesicles, is responsi-
ble for the activity-dependent weakness, evident 
as decrement and reduced MEPP amplitude fol-
lowing continuous stimulation at 10 Hz. Similarly 
either the reduced ability of the motor terminal to 
take up choline (CHT) or to transport synthesized 
choline into synaptic vesicles (VACHT) will 
affect neurotransmitter release and lead to myas-
thenic weakness. Frameshift mutations are likely 
to be lethal, and so most of mutations identified 
are mostly missense and cause either a reduction 
in enzyme/transporter expression or in activity or 
a combination of the two [14, 35, 36].

 Congenital Myasthenic Syndromes 
Associated with Impaired ACh 
Release

The mutations in the ACh recycling pathway 
clearly cause reduced ACh quantal release, but a 
second category of presynaptic disorders is 
formed by proteins involved in the actual dock-
ing of the synaptic vesicles and release of the 
neurotransmitter from the nerve terminals. This 
exocytosis is controlled by the soluble 
N-ethylmaleimide-sensitive factor attachment 
protein receptor (SNARE) complex. With the 
advent of next-generation sequencing, human 
mutations have been identified in synaptotagmin 
[37], SNAP25B [8], synaptobrevin [12], and 
Munc13-1 [11], which all feature in the docking 
and Ca2+-triggered fusion of synaptic vesicles 
with the presynaptic membrane at both central 
and neuromuscular synapses.

 Clinical Features
To date these can be classified as very rare disor-
ders, and so it is difficult to generalize about the 
clinical features other than to state that they are 
often severe or fatal and are likely to involve devel-
opmental and central abnormality. Comorbidities 
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may involve cortical hyperexcitability, cerebellar 
ataxia, developmental delay, dysmorphic features, 
arthrogryposis, and intellectual disability. Unusual 
for CMS, the mutations identified in synaptotag-
min 2 (SYT2) and SNAP25B are dominant. 
Mutations in SYT2 result in both a motor neuropa-
thy and a Lambert-Eaton myasthenia-like syn-
drome, with small CMAPs and post exercise 
facilitation. The patients respond to 3,4-DAP. For 
SNAP25B, neurophysiological studies show 
reduced MEPP frequencies and quantal content. 
Recessive mutations for VAMP1 (synaptobrevin) 
led to hypotonia, feeding difficulties, and ophthal-
moparesis presenting at birth and again show a 
reduction of CMAP amplitude with facilitation at 
high-frequency stimulation, and patients were 
reported to respond to pyridostigmine medication.

 Molecular Basis
The SNARE complex forms the principal compo-
nent that controls the docking, priming, and then 
fusion of synaptic vesicles with the presynaptic 
plasma membrane. Synaptotagmin acts as a sen-
sor of the synaptic vesicles for the calcium influx 
that results from the activation of the presynaptic 
voltage-gated calcium channels, and Munc13 
interacts with syntaxin-1 in the SNARE complex. 
This complex for exocytosis is common to release 
mechanisms at many different synapses and in 
endocrine tissues, and thus it is not surprising that 
mutations in these proteins can cause multiple 
neurological problems and are often fatal, particu-
larly if frameshift mutations are present. Further 
reports describe a presynaptic syndrome due to 
mutations in MYO9A, which encodes an atypical 
myosin, but it is not yet clear how this protein is 
involved in presynaptic neurotransmitter release.

 Synaptic Congenital 
MyasthenicSyndrome

 Endplate Acetylcholinesterase 
Deficiency

 Clinical Features
Endplate acetylcholinesterase deficiency (EAD) 
is an autosomal recessive disorder with onset at 

birth or in early childhood. Weakness is often 
severe affecting facial, cervical axial, and limb 
muscles that may result in lordosis and kypho-
scoliosis. Difficulty feeding, respiratory distress, 
and delayed motor milestones are common. In 
some patients delayed papillary light reflexes are 
evident and may be used to distinguish EAD 
from other CMS. Weakness is refractory to anti-
cholinesterase medication, and patients do not 
respond well to AChR open-channel blockers, 
such as quinidine sulfate or fluoxetine, that have 
been used for slow-channel syndrome. Ephedrine 
and salbutamol have been reported to be benefi-
cial [1, 38, 39].

EMG shows features associated with defec-
tive neuromuscular transmission, with CMAP 
decrement on repetitive stimulation, and jitter 
and block evident with SFEMG. Single nerve 
stimulation elicits a repetitive CMAP, which is 
another diagnostic hallmark and is only seen 
in EAD or the slow-channel syndrome. On 
muscle biopsy microelectrode studies show 
prolonged decay of the MEPPs and EPPs indi-
cating prolonged activation of the AChR ion 
channels owing to the absence of AChE, and 
histochemical staining of the neuromuscular 
junctions shows this absence or severe reduc-
tion of AChE at the endplates. Further analysis 
of the endplate region often demonstrates a 
compensatory reduction in nerve terminal size 
and extension of Schwann cells into the synap-
tic cleft.

 Molecular Basis
The COLQ gene encodes the collagen-like tail 
(ColQ) that attaches the asymmetric form of 
AChE to the basal lamina at the neuromuscular 
junction. Mutations in ColQ rather than AChE 
itself have been found to cause endplate 
EAD. The ColQ protein contains an N-terminal 
proline-rich domain (PRAD) that binds AChE 
tetramers, a collagen domain with 63 Gxy 
repeats, and a C-terminal domain responsible 
for anchoring in the basal lamina and for initiat-
ing the collagen triple-helix structure. Many 
mutations have been identified in COLQ [1, 
40]. They occur in all the putative functional 
domains, although there is some evidence that 
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mutations in the C-terminal domain that effect 
the anchoring to the basal lamina are less severe 
[41]. The result of the mutations is the loss of 
the asymmetric form of AChE from the synap-
tic cleft and consequently the increase in the 
time that ACh is available to bind the 
AChR. Prolonged exposure to ACh will cause 
desensitization of AChR, and the persistent 
depolarization of the endplate will inactivate 
the voltage-gated sodium channels in the depths 
of the postsynaptic folds and thus block signal 
transmission. In addition, the prolonged stimu-
lation of the endplates may lead to overload of 
calcium ions at the endplate and an endplate 
myopathy.

 Rare Synaptic Forms of CMS

The formation and maintenance of the synapse 
involves cross talk between the pre- and postsyn-
aptic sides. Basal lamina proteins help form scaf-
fold structures that ensure the correct alignment 
of the functional components, but several may 
also play a role in anterograde or retrograde sig-
nals important for synaptic structure.

 COL13A1 CMS Clinical Features
Patients identified to date with mutations in 
COL13A1 [42] have all had onset of weakness at 
birth including respiratory and feeding difficul-
ties, slight dysmorphic facial features, ptosis but 
normal eye movements, and marked weakness of 
neck flexion. All have shown a decrement of 
compound muscle action potentials (CMAP) on 
repetitive nerve stimulation. A common feature 
for COL13A1 patients that might help distin-
guish them from other forms of CMS is the pres-
ence of pectus carinatum, which may suggest 
that the mutant COL13A1 is affecting a separate 
developmental respiratory pathway and would be 
in keeping with high levels of COL13A1 
expressed in the lung, and with age the fatigabil-
ity of the ptosis becomes limited and it may 
appear as a fixed ptosis. There also appears to be 
a natural improvement of the overall myasthenic 
weakness over time through childhood. It is also 
notable that there is a lack of a beneficial response 

to anticholinesterase medication, but beneficial 
effect for 3,4-DAP and salbutamol has been 
reported.

 Molecular Basis
COL13A1 has three extracellular collagenous 
domains but is anchored by a transmembrane 
domain in the N-terminal region. It has a propro-
tease recognition site just outside of the trans-
membrane domain and exists as an anchored 
form and a cleaved ectodomain form [43]. Next-
generation sequencing of individuals with sus-
pected CMS revealed three patients in two 
independent kinships with mutations in 
COL13A1 [42]. A woman, without known con-
sanguinity in the family, is homozygous for 
c.1171delG (p.Leu392Serfs*711), and two sib-
lings from a consanguineous family were found 
to be homozygous for c.5231delG (p.
Gly175Valfs*20). Much of our knowledge of the 
role of COL13A1 at the neuromuscular junction 
comes from animal models. Mice lacking 
col13a1 (col13a1−/−) show abnormal endplates 
which remained small, immature, and frag-
mented when compared to wild-type animals 
[44]. It is thought that it is the membrane-bound 
form that plays the major role in neuromuscular 
junction development. The COL13A1 ectodo-
main is thought to interact with fibronectin, hep-
arin, and basal membrane proteins nidogen-2 
and perlican, and col13a1−/− mice also show 
abnormalities in the presynaptic motor terminal 
with aberrant localization of vesicles and ACh 
release, as well as showing differences in the 
positioning and form of the terminal Schwann 
cells. There is also the suggestion that COL13A1 
might interact with COLQ and that it therefore 
may have a role in the precise localization of the 
asymmetric form of acetylcholinesterase (AChE) 
in the synaptic cleft [45].

 LAMB2 and LAMA5 CMS
Single patients have been reported with myas-
thenic syndromes caused by mutations in laminin 
β2 (LAMB2) [46] and laminin α5 (LAMA5) 
[47]. Laminins are large heterotrimeric extracel-
lular proteins that self-assemble into a cruciform 
structure but also interact with cell surface recep-
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tors. The patient with LAMB2 mutations suffered 
from congenital nephrosis, and the myasthenia 
became truly apparent following kidney trans-
plants. The LAMA5 CMS patient had myopia 
and facial tics and showed neurophysiological 
features in keeping with a LEMS-like presynap-
tic disorder. Overall these studies emphasize the 
role of extracellular matrix proteins, distinct from 
those of the AGRN-LRP4-MUSK-DOK7 path-
way, in the formation and maintenance of the 
neuromuscular synapse and further emphasize 
the importance of retrograde signaling across the 
synapse, although this process still remains 
poorly understood.

 Postsynaptic Congenital 
Myasthenic Syndromes

The majority of CMS are caused by mutations 
in genes that encode postsynaptic proteins. 
Initial studies identified mutations in the genes 
encoding the AChR subunits that impair ion 
channel gating or reduce the number of end-
plate receptors or a combination of the two, 
giving rise to “slow-channel,” “fast-channel,” 
“reduced conductance,” or AChR deficiency 
syndromes [19–22, 48–50]. However, CMS 
also arise from mutations in proteins involved 
in the formation and maintenance of the neu-
romuscular junction such as RAPSN [29, 31, 
32], AGRN [25], LRP4 [27], MUSK [23], or 
DOK7 [30].

 Genetic Disorders of the AChR

Muscle AChRs are glycosylated transmembrane 
molecules that mediate synaptic transmission. 
They are allosteric (existing in several different 
conformations), and the binding of two ACh to 
each receptor is thought to favor a conforma-
tional change that results in a brief activation of 
the channel and the influx of cations. Each AChR 
is made up of five subunits arranged in a pentam-
eric structure around the central ion pore. In 
mammalian muscle there are two types of AChR: 
a form found in fetal muscle that consists of 

α2βγδ and in adult muscle that consists of α2βδε. 
The subunits are homologous, vary in size from 
437 to 495 amino acids, and are encoded by sepa-
rate genes of between 10 and 12 exons. In embry-
onic muscle, before innervation, fetal AChRs are 
distributed along the length of the muscle fibers. 
During innervation the AChRs are clustered on 
the postsynaptic membrane and are lost from 
extrasynaptic sites. At the same time, expression 
of the γ-subunit (fetal) mRNA is repressed, and 
it is replaced by ε-subunit (adult) mRNA tran-
scribed from subsynaptic nuclei [50]. In 
humans the γ-subunit is readily detectable in 
neuromuscular junctions of fetal muscle up to 
around 31 weeks of gestation [51] and contin-
ues to be expressed at extremely low levels in 
adult muscle [52].

 AChR Deficiency Due to Mutations 
in the AChR Subunits

 Clinical Features
Hereditary AChR deficiency is the most common 
CMS [1, 2]. It is as an autosomal recessive disorder 
in which mutations in the AChR subunit genes 
cause a primary deficiency of AChR at the endplate. 
The phenotype may vary from mild to severe. 
Weakness is usually evident at birth or within the 
first year of life and is characterized by feeding dif-
ficulties, ptosis, impaired eye movements, and 
delayed motor milestones. Patients sometimes 
show improvement in adolescence, and in general 
the disease course is not progressive. In general, 
patients improve with anticholinesterase medication 
or 3,4-diaminopyridine. Electromyography typi-
cally shows decrement of CMAPs at 3-Hz stimula-
tion, and single-fiber EMG shows increased jitter 
and block. Intracellular microelectrode recordings 
from the endplate region of biopsied muscle show 
that MEPPs and MEPCs may be decreased to 
around 8–26% and 20–42% of normal values. 
Consistent with MEPP and MEPC findings, stain-
ing with 125I-α-BuTx or Alexa Fluor-conjugated 
α-BuTx shows reduced numbers of AChR that are 
often distributed abnormally along the muscle fiber 
[53]. In addition, electron microscopy shows a 
severe reduction of the postsynaptic folds.
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 Molecular Basis
Mutations in each of the AChR subunits, 
CHRNA, CHRNB, CHRND, and CHRNE, may 
underlie AChR deficiency syndromes [1]. 
However, the overwhelming majority are in 
CHRNE. At least 100 different mutations, located 
along the length of the ε-subunit gene, have been 
identified and may cause premature termination 
of translation, affect the promoter [54–56] or the 
signal peptide, or affect the assembly of the 
AChR pentamer. Many are null mutations [57, 
58]. It is thought that in these patients residual 
expression of the γ or fetal subunit is incorpo-
rated into the endplate receptors, which accumu-
late at low levels at the endplate, are able to 
mediate synaptic transmission, and partially 
compensate for the loss of adult AChR. Evidence 
to support this hypothesis includes recordings 
from endplates that demonstrate the receptors 
have functional properties of fetal AChR and that 
animal models in which the adult AChR is 
replaced by fetal AChR mimic the human condi-
tion [57]. The partial compensation through 
γ-subunit expression explains why the majority 
of AChR mutations are located in the ε-subunit 
gene. Most CHRNE mutations are limited to a 
few families although some evidence for founder 
effects is evident within European populations. 
In particular, the mutation ε1267delG [59, 60], 
which tends to manifest a relatively mild pheno-
type, is common in Southeastern Europe, particu-
larly in the Romany gypsies [61]. Mutations 
CHRNA, CHRNB, and CHRND underlying 
AChR deficiency tend to cause a severe pheno-
type probably because they cannot be compen-
sated by expression of an alternative subunit. In 
these cases the mutations usually affect assembly 
of the AChR pentamer [62].

 Kinetic Abnormalities of the AChR

Mutations that underlie AChR deficiency may 
often also change the kinetics or functional 
properties of the AChR. In these cases the pri-
mary pathogenic defect is loss of endplate 
AChR, and the altered channel kinetics has a 

secondary effect. However, if the numbers of 
endplate AChR are not severely reduced, the 
phenotype is determined by the altered ion 
channel gating.

 Slow-Channel Congenital Myasthenic 
Syndrome

 Clinical Features
This syndrome was first described by Andrew 
Engel and colleagues [63]. It is an autosomal 
dominant disorder, with an age of onset of weak-
ness that may occur neonatally or may not arise 
until adolescence and adulthood or during preg-
nancy. There is also a wide range of severity and 
in some patients variable penetrance [64]. 
Weakness and associated wasting of cervical and 
scapular muscles and of finger extensors are 
often early features. Frequently, there is only 
mild ptosis and extraocular muscle involvement. 
Unlike other CMS, this disorder is commonly 
slowly progressive, involving the respiratory, 
limb, and bulbar muscles.

On EMG decrement of CMAPs in response 
to 3-Hz stimulation may only be seen in affected 
muscles. However, as for endplate AChE defi-
ciency, a characteristic repetitive CMAP 
response to a single nerve stimulus is often, but 
not always, present. In vitro microelectrode 
studies show prolongation of the EPPs and 
EPCs and of the MEPPs. Single-channel record-
ings directly from endplate regions show AChR 
with abnormally prolonged activations that 
account for the abnormally long decay of the 
EPPs and EPCs. Ultrastructural studies show an 
“endplate myopathy,” in which there is a widen-
ing of the postsynaptic cleft, areas of degenerat-
ing junctional folds, degenerating and swollen 

A + R A + AR A2R
K-1 K-2 α

βK+1 K+2
A2R*

 Basic kinetic framework for analysis of the activation
of the AChR. A, ACh; R, AChR; A2R* indicates the ion
channel in the open state 
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mitochondria, apoptotic subsynaptic nuclei, cal-
cium deposits, and vacuole formation [65].

 Molecular Basis
At least 32 different mutations have been identi-
fied that give rise to slow-channel congenital 
myasthenic syndromes [1]. They occur not only 
in each of the AChR subunits [66, 67] but also in 
different functional domains within each subunit 
[68], although mutations within the M2 channel 
pore region are most common [69]. They are sin-
gle amino acid changes that result in a pathogenic 
gain of function for the AChR, explaining the 
dominant inheritance, although a single amino 
acid deletion may also cause a slow-channel syn-
drome [70].

The AChR is thought to adopt multiple con-
formations, and at least three interconvertible 
functional states have been recognized: a resting 
state in the absence of ACh in which the proba-
bility of opening is small, an active state in the 
presence of ACh in which the probability of 
opening is high, and a closed state that results 
from prolonged exposure to high ACh concentra-
tions in which the AChR is “desensitized.” A 
simplistic but illustrative mechanism for the acti-
vation of the AChR (derived from recordings of 
single-channel currents) is given in Fig. 16.4.

This scheme does not take into account chan-
nel openings of unliganded or monoliganded 
AChRs or various desensitized states and 
assumes the binding of the two ACh to a single 
receptor is equivalent. In neuromuscular trans-
mission there is a transient saturating concentra-
tion of ACh, leading to rapid binding of two ACh 
(A2R, where the receptor is bound but closed), 
and the rapid open rate β ensures fast opening of 
the channel (A2R*). The hydrolysis of ACh by 
AChE rapidly clears ACh from the synaptic cleft, 
lowering the ACh concentration so that there is 
no rebinding once ACh dissociates from the 
receptor. Because the opening rate β and the dis-
sociation rate k−2 are roughly similar, the receptor 
will oscillate between an open and a closed state 
before the ACh finally dissociates from the recep-
tor. The activation of wild channels depends 
largely upon β (the opening rate), α (the closing 

rate), and k−2 (the dissociation rate). Mutations of 
the AChR that affect channel kinetics are likely 
to alter one or more of these rates [67].

Single-channel recordings of AChR harboring 
slow-channel mutations show prolonged ion 
channel activations, both from mutant AChR 
expressed in HEK 293 cells or Xenopus oocytes 
and recordings direct from muscle biopsies. For 
mutation αG153S [19, 68] that is located close to 
the predicted ACh binding site, kinetic analysis 
shows that prolonged activations arise primarily 
through a reduction in the rate of dissociation of 
ACh from the AChR (k−2), thereby increasing the 
number of channel openings during ACh occu-
pancy. Thus, the primary effect of the αG153S 
mutation is to alter the affinity of AChR for ACh. 
However, the majority of slow-channel syndrome 
mutations are in the M2 transmembrane domains. 
Mutations in the M2 domain, such as εL264P 
[48], primarily slow the rate of channel closure 
(α), so that within activations the duration of 
individual openings is increased. Although sever-
ity of disease is variable, in general patients with 
mutations in the M2 region tend to be more 
severely affected. The prolonged ion channel 
activations explain the extended decay phase for 
the EPPs and MEPPs observed in slow-channel 
syndrome patients.

The evidence supports the theory that pro-
longed channel activations lead to excess entry of 
calcium or calcium overload which in turn acti-
vates a variety of enzymatic pathways leading to 
the degenerative changes on the postsynaptic 
side of the synapse. The endplate myopathy can 
lead to defective neuromuscular transmission 
through reducing the number of endplate AChR 
and reducing efficiency of transmission through 
widening of the synaptic cleft and decay of the 
postsynaptic folds. Neuromuscular transmission 
may also be compromised by an increased pro-
pensity of the mutant channels to desensitize and 
depolarization block of the voltage-gated sodium 
channels due to summation of the endplate poten-
tials at physiological rates of stimulation [1].

Both quinidine and fluoxetine that, among 
other actions, block the AChR channel when it is 
open have been partially successful in treating 
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patients and have improved symptoms [70–73]. 
However, both of these drugs can have poten-
tially serious adverse effects, and so patients 
should be carefully monitored.

 Fast-Channel Congenital Myasthenic 
Syndrome

 Clinical Features
The phenotypes of fast-channel congenital myas-
thenic syndromes, reduced conductance syn-
dromes, and AChR deficiency syndromes share 
many features. Fast-channel syndromes show 
recessive inheritance, except in one reported case 
[74], with the fast-channel mutation usually 
found in combination with a low expressor or 
null allele. Weakness is usually evident at birth or 
in the first months and is characterized by feeding 
difficulties, ptosis, impaired eye movements, and 
delayed motor milestones [75]. Patients with 
fast-channel syndromes tend to be more severely 
affected than AChR deficiency syndromes due to 
ε-subunit mutations, and in one patient joint con-
tractures at birth were reported [76]. EMG typi-
cally shows decrement at 3-Hz stimulation, and 
single-fiber EMG reveals an increase in jitter and 
block. Intracellular microelectrode recordings 
from the endplate of biopsied muscles show 
small MEPPs and MEPCs. However, biochemi-
cal and morphological analysis helps to differen-
tiate the syndromes; endplates do not show a 
severe loss of receptors, postsynaptic folds, or 
other morphological changes associated with 
AChR deficiency. Fast-channel patients show a 
beneficial response to cholinesterase inhibitors to 
3,4-diaminopyridine or to a combination of the 
two [75].

 Molecular Basis
A series of mutations have been identified that 
alter the AChR channel properties causing 
abnormally brief channel activations, in direct 
contrast to the slow-channel mutations. The 
mutations have been identified in genes encod-
ing each of the AChR subunits [20, 74, 76, 77]. 
They cause a loss of response to ACh and thus 
show recessive inheritance. When a fast-channel 

mutation segregates with a null mutation or a 
second fast-channel mutation, the fast-channel 
phenotypic footprint is uncovered. Mutations 
have been identified that reduce AChR affinity 
for ACh or alternatively effect the channel gat-
ing properties. For instance, εP121L has been 
identified in combination with εS143L, εG-8R, 
or Y15H. In each case the low-expressor second 
allele unmasks the phenotypic effects of εP121L 
that are generated by channel activations that are 
fewer and shorter than normal. εP121L slows the 
rate of channel opening (β) but has little effect 
on dissociation (k−2). Since channel opening 
depends upon β/k−2, εP121L will result in 
reduced channel reopening when ACh is bound 
and consequently shorter activations, resulting 
in a reduction in signal transmission. As perhaps 
might be expected, a third channel disease mech-
anism that causes a myasthenic syndrome is 
through reduced channel conductance. Like the 
fast-channel syndromes, these are recessive con-
ditions in which the mutation causing reduced 
conductance is inherited alongside a null muta-
tion, with the phenotype found to be similar to 
fast-channel syndrome [49].

 Mutations Affecting AChR 
Clustering and Synaptic Structure

Efficient synaptic transmission depends upon the 
apposition of nerve terminal and postsynaptic 
apparatus and the correct localization of all the 
key functional components [78]. Just as studies 
of mutations underlying the fast- and slow-chan-
nel syndromes provide insights into AChR func-
tion, so studies of recently identified CMS are 
providing novel insights into synaptogenesis and 
the maintenance of the neuromuscular synapse. 
Rapsyn (RAPSN) is the crucial molecule that is 
thought to actually anchor AChR in the postsyn-
aptic membrane, but the synaptic structure and 
AChR-rapsyn interaction are controlled by a 
pathway initiated from the nerve terminal by neu-
ral agrin and comprising of low-density lipopro-
tein receptor-related protein 4 (LRP4), MUSK, 
and DOK7 located at the postsynaptic membrane 
(see Fig. 16.2).
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 AChR Deficiency Due to RAPSN 
Mutations

 Clinical Features
Mutations in the AChR-clustering protein rapsyn 
also cause endplate AChR deficiency [29]. Onset 
of manifestations is usually at birth, “early onset,” 
although occasional “late-onset” patients present-
ing from early adulthood through to middle age 
have been reported [31]. Early-onset cases are fre-
quently associated with hypotonia and marked 
bulbar dysfunction often necessitating nasogastric 
feeding and may require assisted ventilation. Joint 
contractures (arthrogryposis multiplex congenita) 
of hands and ankles are common. In childhood the 
course of disease is associated with severe exacer-
bations often presenting with life-threatening 
respiratory failure. Patients tend to improve over 
time, severe apneic episodes are rarer over the age 
of 6, and in many cases in adulthood disability is 
minimal. “Late-onset” patients may be mistaken 
for “seronegative” immune-mediated myasthenia 
gravis. Bulbar, speech, and respiratory problems 
were not observed. Weakness of ankle dorsiflex-
ion, which is uncommon in myasthenia gravis, 
may provide a clue that RAPSN mutations under-
lie the condition [32]. Both early- and late-onset 
cases show abnormal decrement on EMG and jit-
ter on single-fiber EMG, although it is not always 
easy to detect. Patients with RAPSN mutations 
respond well to anticholinesterase medication, 
although some may gain further benefit from the 
addition of 3,4-diaminopyridine.

On muscle biopsy endplates from patients with 
AChR deficiency due to ε-subunit mutations or 
AChR deficiency from rapsyn mutations appear 
similar; however, the two conditions differ in dis-
tinctive clinical features that may enable a targeted 
genetic screen [32]. The underlying cause of these 
differential features is unclear. However, whereas 
patients with ε-subunit null mutations most likely 
survive through maintained low-level expression 
of the fetal (γ) subunit, patients with rapsyn muta-
tions express low levels of the ε-subunit. Thus, one 
clear difference between the rapsyn group and the 
ε-subunit group is the type of AChR that mediated 
synaptic transmission (Table 16.2).

 Molecular Basis
In about a third of AChR deficiency patients, 
mutations are not detected in the AChR sub-
units. Many of these cases are due to the reces-
sive inheritance of mutations with the 
AChR-clustering protein rapsyn [79–81]. 
Various functional domains have been pro-
posed for rapsyn, including an N-terminal 
myristoylation signal involved in membrane 
association, a string of tetratricopeptide repeats 
involved in rapsyn self-association, a zinc fin-
ger/coiled-coil domain implicated in the inter-
action of rapsyn with the AChR, and a 
RING-H2 domain thought to be involved in 
binding to scaffold proteins. Mutations are 
observed along the length of the rapsyn pro-
tein. To date more than 30 mutations have been 
identified, but there are no clear phenotypic 
associations with their positions within rapsyn. 
However, the overwhelming majority of 
patients harbor the missense mutation N88K 
on at least one allele, suggesting an original 
founder mutation [82]. The observations sug-
gest rapsyn-N88K retains at least partially 
function, whereas many of the others are null 
mutations. This is supported by cell culture 
experiments, in which several mutations were 
found to drastically inhibit rapsyn function and 
AChR-rapsyn association, whereas rapsyn-
N88K was able to mediate agrin-induced AChR 
clusters but these clusters were found to be less 
stable than clusters formed with wild-type 
rapsyn [83]. Thus, it may be that in patients 
with the N88K mutation AChR deficiency is 

Table 16.2 Distinguishing clinical characteristics of 
AChR deficiency due to mutations in CHRNE and 
RAPSN

Clinical feature
Early-onset 
rapsyn mutations

AChR 
deficiency
ε-subunit 
mutations

Arthrogryposis Common Absent

Episodic crises Common Rare

Ophthalmoplegia Absent Common

Spontaneous 
improvement

Common Rare
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due to instability of the endplate rapsyn-N88K/
AChR clusters.

Not all patients with AChR deficiency harbor 
N88K. Rarely, patients have other mutations in the 
coding region that result in partially functional 
rapsyn. In addition, a number of patients have been 
identified with mutations in the promoter region of 
the RAPSN gene. Some of these promoter muta-
tions severely reduce rapsyn mRNA transcription, 
but one, −38A > G, has a less drastic effect on tran-
scription and has been found homozygous in 
patients of Iranian-Jewish origin that commonly 
show facial malformation [84]. The facial malfor-
mation, high-arched palate, and joint contractures 
observed in patients with rapsyn mutations are all 
thought to result from akinesia in the womb pre-
sumably due to failed neuromuscular transmission 
at critical stages in fetal development. Thus, the 
rapsyn mutations must affect clustering of both the 
adult and the fetal AChR subtypes.

A mutation identified in the AChR δ-subunit 
gene, δΕ381Κ, does not affect AChR function 
but rather impairs rapsyn induced AChR cluster-
ing, presumably through impaired interaction 
with rapsyn [85]. The patient phenotype bears all 
the hallmarks of a “rapsyn deficiency” rather 
than an AChR ε-subunit deficiency. This muta-
tion may shed light on the molecular basis for 
AChR-rapsyn interaction which has remained 
unresolved despite many years of study.

 Congenital Myasthenic Syndromes 
Due to Mutations in the AGRN-LRP4-
MUSK-DOK7 AChR-Clustering 
Pathway DOK7-CMS

 Clinical Features
Muscle groups can be differentially affected by 
the CMS. A group of patients have been identi-
fied in which proximal muscles are more affected 
than distal muscle groups. These have been 
termed “limb-girdle” congenital myasthenia 
[86]. However, this term may lead to confusion 
with other non-myasthenic “limb-girdle” muscle 
disorders, and they may be better classified as 
CMS with proximal muscle weakness. Mutations 
in the AGRN-LRPR-MUSK-DOK7 AChR-

clustering pathway give rise to hereditary “limb-
girdle” myasthenic weakness, although mutations 
in DOK7 are by far the most common [30].

Clinical onset of disease is generally charac-
terized by difficulty in walking after initial 
achievement of walking milestones. Patients 
occasionally have earlier signs of ptosis, floppy 
tone, and bulbar and respiratory problems, but 
even among these, walking difficulty is not 
appreciated. The walking and running impair-
ment tends to worsen in childhood and is often 
accompanied by upper limb weakness and loss of 
ambulation in some patients. A waddling and lor-
dotic gait is often seen associated with proximal 
lower limb and truncal weakness.

Ptosis is often present from an early age, 
though it may develop and progress in childhood. 
Eye movements are usually normal, while facial, 
jaw, and neck weakness is common and tongue 
wasting has been observed in around 50% of 
cases. Bulbar problems typically develop later in 
the clinical course than limb weakness. Features 
seen in patients with rapsyn mutations such as 
congenital joint deformity and weakness of ankle 
dorsiflexion, which are associated with reduced 
fetal movement in the womb, have not been 
observed. However, fluctuations in symptoms 
were common. In many cases studied diagnosis 
as a myasthenic disorder was delayed, and disor-
ders such as muscular dystrophy and congenital 
myopathy were suggested [34, 87]. There is a 
remarkable improvement following treatment 
with the β2-adrenergic receptor agonists, ephed-
rine and salbutamol [88]. However, contrasting 
with the characteristic myasthenic response to 
pyridostigmine or 3,4-DAP which usually is felt 
within an hour, the response to β2-adrenergic 
receptor agonists occurs gradually over weeks 
and months, and it can take up to 2 years before 
the full benefit is achieved.

 Molecular Basis
The classic view of the development of the neu-
romuscular synapse derives from a series of 
experiments in which components of the neuro-
muscular junction were “knocked out” [89–92]. 
They highlighted a pathway in which agrin, 
released from the motor nerve terminal, binds to 
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LRP4 which in turn interacts with and activates 
MuSK, a receptor tyrosine kinase, which in turn 
activates a kinase pathway in which the AChR 
β-subunit is phosphorylated, and rapsyn clusters 
and stabilizes the AChR on the postsynaptic 
membrane [93] (Fig. 16.3). The MuSK signaling 
is amplified by intracellular interaction with 
DOK7. DOK7 is found to bind specifically to 
MuSK and when expressed in cultured C2C12 
cell-line myotubes is able to induce large AChR 
clusters in the absence of neural agrin. When the 
DOK7 gene was “knocked out” in mice, neuro-
muscular junctions failed to form, and offspring 
failed to survive past birth [94].

Splice site, missense, and frameshift mutations 
have been identified in DOK7, and recessive 
inheritance of these results in a myasthenic syn-
drome with the characteristic proximal or “limb-
girdle”-type weakness described above. The 
majority of the mutations are located in the large 
3′ exon of the gene that encodes the C-terminal 
region of DOK7. Mutation 1124_1127dupTGCC 
is common, occurring in at least one allele in 
20/24 kinships reported in a recent study. It is 
thought that DOK7 activates MuSK through the 
DOK7 phosphotyrosine-binding domain interact-
ing with the juxtamembrane phosphotyrosine-
binding motif of MuSK. The binding can occur 
even when the C-terminal region is truncated 
[30]. Studies of the motor endplates from patients 
harboring DOK7 mutations found that compo-
nents of the neuromuscular junction were present 
at normal density and showed normal function but 
that the size of the pre- and postsynaptic struc-
tures was reduced [95]. These observations, in 
combination with functional studies of the action 
of mutant DOK7 on the AChR-clustering path-
way, show that mutations of DOK7 result in 
impaired maturation and maintenance of neuro-
muscular junction structure [30].

 AGRN, LRP4, and MUSK CMS

 Clinical Features
Mutations in AGRN, LRP4, and MUSK, which 
are the other key components of the AChR-
clustering pathway, are rare, but they are large 

genes, and NGS is beginning to uncover more 
cases. There is considerable variation of disease 
severity, but early respiratory failure and feeding 
difficulties accompanied by mild ptosis, very 
mild ophthalmoparesis, and moderate to severe 
proximal weakness appear to be common. Agrin 
has several isoforms, and it is only the neural iso-
form that is critical for control of the synaptic 
structure of the neuromuscular junction. CMS 
due to AGRN mutations often have an accompa-
nying mild distal myopathy [26], and it may be 
that this is due to effects of the mutations on 
AGRN on non-neural isoforms that are known to 
be expressed by muscle. Post-exercise increment 
on repetitive nerve stimulation has been noted in 
some but not all AGRN-CMS. Similarly muta-
tions in LRP4 are commonly the cause of Cenani-
Lenz syndactyly syndrome [96] and only very 
rarely cause a myasthenic syndrome [27]. In 
keeping with the findings from DOK7, patients 
with CMS-causing mutations in these genes do 
not improve and often worsen with anticholines-
terase medication, but show a good response to 
β2-adrenergic receptor agonists [88], though 
patients with AGRN mutations tend to respond 
less well than LRP4-, MUSK-, or DOK7-CMS 
patients.

 Molecular Basis
AGRN mutations occasionally occur in the 
N-terminal region of the protein [26] but are 
mostly found nearer to the C-terminus in the 
regions that give rise to the splice variants for the 
neuronal AGRN form. Typical mutants are p.
Gly1675Ser, p.Gly1709Arg, and p.Val1727Phe 
[25, 26, 97]. This suggests that the CMS muta-
tions are likely affecting the protein in the region 
where AGRN interacts with LRP4, and thus there 
is impaired activation of MUSK and severe 
reduction of the signal for AChR clustering.

LRP4 encodes low-density lipoprotein recep-
tor-related protein 4. As stated above, most LRP4 
mutations give rise to Cenani-Lenz syndactyly 
syndrome and have no effect on neuromuscular 
transmission. However, a few mutations have 
been identified in the third β-propeller domain 
that cause CMS, such as p.Glu1233Lys and p.
Arg1277His [27]. The implication from these 
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studies is that this domain is critical for the inter-
action between LRP4 and MUSK and that the 
mutations affect the interaction. MUSK is con-
sidered the major organizer of neuromuscular 
junction synaptic development, maintenance, 
and stability. MuSK mutations are extremely 
rare, and this may be because any severe loss-of-
function mutations are not compatible with life. 
For the mutations that have been identified 
(p.Met605Ile, p.Ala727Val, p.Asp38Glu, and 
p.Pro344Arg), it has often been difficult to dem-
onstrate a clear disease mechanism, although 
studies suggest that they affect processes that 
control the level of MUSK phosphorylation or 
may affect the interaction with DOK7 [98].

 Prenatal Hereditary Myasthenia 
Due to Mutations in CHRNG

Neuromuscular transmission at nearly all normal 
adult muscle endplates is mediated by AChR 
consisting of α2βδε subunits. However, for cru-
cial periods of fetal development, in utero trans-
mission is mediated through the fetal form 
(α2βδγ) of the AChR [99]. Loss of fetal move-
ment during these periods can lead to a series of 
developmental abnormalities.

 Clinical Features
Multiple pterygia syndromes or Escobar’s syn-
drome is an autosomal recessive condition that 
manifests with orthopedic and cranial abnormali-
ties. Characteristically, there is short stature, 
arthrogryposis multiplex congenita, pterygia of 
the neck, and anomalies of the head including 
low-set ears, ptosis, a pointed and receding chin, 
and high-arched palate [100]. Intrauterine death 
and stillbirths are common.

 Molecular Basis
Mutations of the AChR γ-subunit gene CHRNG 
have been found to underlie many cases of 
Escobar’s syndrome [101, 102]. Mutations may 
be splice site, short duplication, missense, or 
nonsense mutations that result in either trunca-
tion or low expression levels of the γ-subunit. 
The loss of fetal AChR function associated with 

CHRNG mutations is thought to result in fetal 
akinesia, which in turn causes the associated 
multiple developmental abnormalities. 
Surprisingly, some patients that harbor γ-subunit 
null alleles can survive, suggesting early expres-
sion of the ε-subunit that partially compensates 
for loss of the γ-subunit. Similarly, the severity of 
the condition varies in patients with the same 
mutations. Following birth, neuromuscular trans-
mission is mediated by the adult AChR, and 
patients show little or no progression of their 
condition. Since the disorder results from lack of 
neuromuscular transmission at crucial develop-
mental phases, it might be expected that reces-
sive inheritance of loss-of-function mutations in 
other essential components of the neuromuscular 
junction, such as RAPSN, MUSK, DOK7, or 
AChR subunits, would also result in fetal akine-
sia. This is indeed the case, but the resultant con-
dition is not compatible with life.

 CMS Due to Mutations 
in Glycosylation Pathways

The asparagine-linked (N-linked) glycosylation 
pathway is a ubiquitous process in eukaryotic 
cells involving to sequential addition of sugar 
moieties that are transferred to a protein at an 
asparagine residue at consensus sequence Asn-
X-Ser or Asn-X-Thr [103]. Membrane-bound 
and exported proteins are modified in the endo-
plasmic reticulum in a process crucial for protein 
folding and multisubunit assembly. The glycans 
are often further processed during their intracel-
lular transport through the Golgi to the plasma 
membrane. Mutations in components of this 
pathway produce a spectrum of severe multisys-
tem disorders known as congenital disorders of 
glycosylation (CDGs) [104]. The neuromuscular 
junction is known to be highly glycosylated, and 
therefore it is perhaps not surprising that muta-
tions affecting glycosylation can impair neuro-
muscular transmission [105]. What is surprising 
is that there are a considerable number of cases in 
which a defective neuromuscular transmission is 
the only presenting manifestation for mutations 
within the N-linked glycosylation pathway. Also 
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surprising is that it is mutations in genes encod-
ing the enzymes/subunits for the initial steps of 
the pathway or providing substrates that feed into 
the early stages of N-linked glycosylation that 
manifest as a myasthenia. Mutations in proteins 
involved in later steps of the pathway causing 
myasthenia have so far not been identified.

 GFPT1, DPAGT1, ALG2, and ALG14 CMS 
Clinical Features
CMS due to “glycosylation mutations” share 
many similar phenotypic features [4–7]. Onset of 
symptoms tends to be in childhood rather than at 
birth. Proximal muscles are affected more than 
distal with a typical limb-girdle pattern of weak-
ness. Whereas fatiguable ptosis may or may not 
be present, eye and facial muscles are usually 
unaffected. Indeed, a characteristic of these 
patients is the lack of cranial and bulbar muscle 
involvement, and ptosis may be completely 
absent. Biopsies in many but not all of the patients 
show the presence of tubular aggregates, and this 
is a useful pointer to the underlying genetics 
although they can be seen rarely in some other 
forms of CMS. In some cases, modestly elevated 
serum creatine kinase (CK) levels and additional 
myopathic changes on needle EMG suggest a 
concomitant myopathy. Cognitive manifestations 
can vary from none to mild learning disabilities 
or major intellectual disability [106]. Mutations 
in these genes, in particular in DPAGT1, can also 
cause a severe congenital disorder of glycosyl-
ation type Ij characterized by severe hypotonia, 
intractable seizures, mental retardation, and 
microcephaly [107].

 GFPT1, DPAGT1, ALG2, and ALG14 CMS 
Molecular Basis
GFPT1 encodes glutamine-fructose-6-phosphate 
transaminase-1, which catalyzes the first step in 
the biosynthesis of UDP-N-acetylglucosamine, 
an essential substrate for N- and O-glycosylation 
of protein [108]. Thus, it provides the rate-limit-
ing step for feeding substrate into the first step of 
the N-glycosylation pathway. As with the major-
ity of CMS forms, GFPT1-CMS is a recessive 
condition. Mutations are located through the 
length of the gene, are mostly missense, and are 

likely to affect either enzyme levels or catalytic 
activity. Knockdown of GFPT1 using siRNAs 
causes reduced surface expression of AChR sug-
gesting that this may be at least one mechanism 
through which neurotransmission is affected 
[109]. DPAGT1 encodes the enzyme dolichyl-
phosphate-N-acetylglucosamine-phosphotrans-
ferase-1, a transmembrane ER protein essential 
for N-linked glycosylation that catalyzes the first 
step in the dolichol oligosaccharide pathway for 
glycoprotein biosynthesis [110]. ALG14 encodes 
a membrane protein that together with DPAGT1 
and ALG13 forms a functional multienzyme 
complex involved in the initial steps of 
N-glycosylation [111]. ALG2 encodes an alpha-
1,3-mannosyltransferase that catalyzes the sec-
ond and third mannosylation steps for the 
elongation of the carbohydrate chain linked to 
dolichol [112].

Studies with tunicamycin (an inhibitor of 
DPAGT1) show the clear role of DPAGT1 in gly-
cosylation of the AChR, in particular of the 
AChR δ-subunit [5]. Moreover, as with GFPT1, 
siRNA knockdown of DPAGT1, ALG14, or 
ALG2 all reduces cell surface expression of the 
AChR [5, 6]. Thus, it appears that impaired func-
tion of the early steps of the N-linked pathway 
affect the surface expression of the AChR. Muscle 
biopsies from a patient with DPAGT1 mutations 
show loss of postsynaptic junctional folds char-
acteristic of AChR deficiency syndromes, and the 
patients respond to anticholinesterase medica-
tion, both of which argue for loss of endplate 
AChR as a key mechanism of disease [5, 6]. 
However, it might also be expected that other 
glycosylated proteins at the neuromuscular junc-
tion are affected, and there is evidence that syn-
aptic structure and the presynaptic terminal are 
also affected [106].

 GMPPB CMS Clinical Features
GMPPB CMS provides a useful illustration of the 
forms of CMS that are now being uncovered by 
NGS. Mutations in this ubiquitously expressed 
gene disturb both downstream O- and 
N-glycosylation that may manifest as a dystrogly-
canopathy [113] or a combination of myasthenia 
and a dystroglycanopathy [7]. The myasthenic 
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component responds to anticholinesterase medica-
tion with some additional improvement with the 
addition of β2-adrenergic receptor agonists, but this 
does not help the disease component due to the dys-
troglycanopathy, and therefore there is likely to be 
long-term progression of the disorder. Nevertheless, 
recognition is important since appropriate medica-
tion can significantly improve quality of life.

Patients with reduced α-dystroglycan 
O-mannosylation showed a wide range of dis-
ease severity varying from congenital muscular 
dystrophy with structural brain involvement, to a 
milder, later-onset limb-girdle muscular dystrophy 
[113]. Thus, mutations in GMPPB produce a wide 
phenotypic spectrum that includes CMS. CMS 
patients with GMPPB mutations usually pres-
ent in adolescence or early adulthood; although 
some symptoms may be present at an earlier age, 
they have a predominantly limb-girdle pattern of 
weakness, more severe in lower than upper limbs, 
with associated waddling gait. As with the other 
“glycosylation CMS” subtypes, eye, facial, and 
bulbar muscles are frequently spared. Patients are 
defined as having CMS through the presence of 
fatiguable muscle weakness on examination and 
decrement of compound muscle action potentials. 
Surprisingly, many of the very severe congenital 
muscular dystrophy cases do not have decrement 
of CMAP, which appears largely restricted to the 
milder CMS presentations [114]. In addition, fre-
quently no neurophysiological characteristics of 
CMS were identified when testing eye or facial 
muscles but were apparent when testing affected 
limb-girdle muscles. Thus, these cases reinforce 
the notion that for confirmation of a suspected 
myasthenia diagnosis, it is important to perform 
neurophysiological tests on muscles that show 
fatiguable weakness. In accordance with the 
dystroglycanopathy component, serum creatine 
kinase (CK) levels are markedly raised in GMPPB 
CMS (which is unusual in other forms of CMS) 
and therefore provide a pointer for genetic screen-
ing [114].

 GMPPB CMS Molecular Basis
GMPPB encodes GDP-mannose pyrophosphory-
lase B that catalyzes the conversion of mannose-
1-phosphate and GTP- to GDP-mannose. GMPPB 

contributes to both the N-glycosylation and the 
O-mannosylation pathways since mannose is a 
key glycan added in both. Mutations within the 
O-mannosylation pathway were originally iden-
tified in patients with a form of muscular dystro-
phy within the spectrum of dystroglycanopathies 
[113, 115]. These disorders are characterized by 
reduction in α-dystroglycan glycosylation, which 
is the most well characterized and functionally 
relevant O-mannosylated protein. Mutations 
are found throughout the gene, and there are no 
obvious genotype-phenotype correlations as yet. 
Indeed in some patients, the same mutations are 
present in severe dystroglycanopathies as are 
seen in mild CMS cases. Pathogenicity of genetic 
variants correlates well with a marked increase 
in the presence of protein aggregates following 
expression of mutant GMPPB in the TE671 mus-
cle cell line [114].

 Rare Congenital Myasthenic 
Syndromes

Patients have been reported of heteroallelic muta-
tions in the postsynaptic voltage-gated sodium 
channel, SCN4A [28]. In a severely affected 
patient with mutations in SCN4A, endplate 
potentials of normal amplitude failed to activate 
the postsynaptic voltage-gated sodium channels. 
This is due to the rapid inactivation of the of 
Nav1.4 channels resulting from the presence of 
mutation Val1442Glu. This mutation may show 
dominant inheritance although it was identified 
in a patient who also harbored a clinically silent 
mutation S246L that causes small but detectable 
biophysical changes [28]. More recently a further 
case homozygous for Arg1457His has been 
reported [116].

The prolyl-endopeptidase-like gene (PREPL) 
encodes a protein that belongs to the prolyl-oli-
gopeptidase subfamily of serine peptidases: pro-
teolytic enzymes that cleave peptides, in which 
serine serves as the nucleophilic acid at the active 
site. PREPL is ubiquitously expressed, with high-
est levels in the brain, kidney, and muscle [117]. 
One report to date has identified a patient with 
CMS due to an isolated PREPL deficiency and no 
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cystinuria [118]. A known function of PREPL at 
the NMJ is to act as an effector of the clathrin-
associated adaptor protein 1 in the trafficking of 
the vesicular ACh transporter [119].

MYO9 encodes the protein myosin-IXA 
belonging to the superfamily of unconventional 
myosins. These are actin-based molecular motors 
implicated in diverse cellular processes [120]. 
The unconventional myosins are defined by myosin- 
like head (motor) domains attached to class-
specific tail domains that differ greatly from 
myosin-II. In addition, they do not form bipolar 
thick filaments when binding to actin filaments 
[120]. There is increasing evidence that atypical 
myosins are expressed in peripheral neurons 
and might play an important role in axonal trans-
port [121].

Three patients from two unrelated families 
with missense biallelic mutations in MYO9 have 
been reported [122]. All patients had severe neo-
natal onset with ptosis, hypotonia, respiratory, and 
bulbar involvement. Additional features included 
developmental delay, nystagmus, and oculomo-
tor apraxia. There was a positive response to pyr-
idostigmine and 3,4-diaminopyridine.

 Treatment

Response to pharmacological treatment depends 
on the CMS subtype. Classic treatments include 
acetylcholinesterase inhibitors to inhibit the 
acetylcholinesterase from breaking down ace-
tylcholine [123]; 3,4-diaminopyridine that 
works by blocking presynaptic potassium chan-
nels and thus increases the action potential dura-
tion and acetylcholine release [124]; and 
fluoxetine and quinidine that work as open-
channel blockers to restore synaptic currents in 
slow-channel syndrome [71, 72]. More recently, 
a number of studies have reported great benefit 
of therapy with β2-adrenergic agonists such as 
salbutamol and ephedrine in DOK7-CMS [88, 
125, 126]. The use of these drugs is increasing 
in other CMS subtypes such as acetylcholines-
terase deficiency [127, 128] and CMS due to 
abnormal glycosylation [106, 129]. The molec-
ular mechanism for salbutamol and ephedrine at 

the NMJ is unknown, although for patients with 
mutations in the AGRN-MUSK-DOK7 path-
way, there is a slow but progressive response 
starting within weeks and increasing in effect 
before stabilizing at between 6 and 24 months. 
Additionally, patients with severe AChR defi-
ciency syndrome on long-term anticholinester-
ase medication may also show remarkable 
improvement when β2-agonists are added [130]. 
Indeed β2-agonists are likely to be helpful to 
anyone on long-term anticholinesterase medica-
tion. Chronic anticholinesterase medication is 
known to be detrimental to synaptic structure, as 
is impaired signaling through the AGRN-LRP4-
MUSK-DOK7 pathway, and therefore an attrac-
tive hypothesis is that β2-agonists act to rebuild 
and stabilize the neuromuscular junction synap-
tic structure [2].
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Toxic Neuromuscular Transmission 
Disorders

James F. Howard Jr.

 Introduction

The neuromuscular junction (NMJ) is uniquely 
sensitive to the effects of neurotoxins. There are 
no barriers to protect the NMJ from the deleteri-
ous effects of these agents unlike the blood-brain 
barrier, which protects the brain and spinal cord, 
and the blood-nerve barrier, which protects 
peripheral nerve. Several types of neurotoxins are 
directed against the NMJ. Many occur as natural 
substances of animals or plants, others result 
from the actions of widely prescribed pharma-
ceutical compounds, and still others are environ-
mental hazards. In nearly all instances of NMJ 
neurotoxicity, there is a reduction in the safety 
factor of neuromuscular transmission by one of 
several mechanisms. These neurotoxins may 
affect either the presynaptic or the postsynaptic 
elements of the NMJ and rarely both. The clinical 
features of these neurotoxins are quite varied, as 
many have associated toxicity to other parts of 
the central, peripheral, or autonomic nervous sys-
tems. Many will have other systemic effects as 
well. While feared as the purveyor of morbidity 
and mortality, many of these neurotoxins have 
led to significant advances in our understanding 

of the molecular mechanisms of pharmacology 
and physiology and their associated diseases. For 
example, were it not for the recognition that 
α-bungarotoxin binds to the acetylcholine recep-
tor (AChR), and omega-conotoxin binds to the 
voltage-gated calcium channel (VGCC), 
advances in the diagnosis and treatment of myas-
thenia gravis (MG) and the Lambert-Eaton syn-
drome (LES) would have been delayed [1, 2]. 
Worldwide, the most common neurotoxicity of 
the neuromuscular junction results from enven-
omation. Of more concern to the clinician are 
those situations that result from the direct effects 
of various pharmaceuticals routinely used in the 
practice of medicine that produce significant 
aberrations of neuromuscular transmission in 
susceptible individuals. The potential for envi-
ronmental intoxication has been limited by the 
stringent regulation of federal and international 
regulatory agencies in most countries.

The neurotoxins of interest may be broadly 
classified into three major categories: pharmaco-
logical, biological, and environmental. This 
chapter focuses on the effects of neurotoxins 
affecting neuromuscular transmission in man 
and, of recent concern, those drugs that dysregu-
late the immune system and induce an autoim-
mune attack against synaptic elements of the 
NMJ. It is not meant to be a treatise on the broad 
topic of neuromuscular neurotoxicology. It is not 
possible to elaborate on all of the pharmacologi-
cal and physiological effects of particular toxins 
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beyond the scope of the NMJ, nor will it discuss 
in detail the neuromuscular blocking effects of 
these neurotoxins in animals or experimental 
preparations.

All forms of NMJ neurotoxicity are character-
ized by progressive, typically symmetrical, mus-
cle weakness. Muscles of eye movement or the 
eyelid are most often involved as well as the 
muscles of neck flexion and the pectoral and pel-
vic girdles. There may be involvement of bulbar 
and respiratory musculature depending upon the 
toxin involved, the dose acquired, and the dura-
tion of toxin exposure. Cognition and sensation 
are spared, unless other elements of the central 
nervous system are simultaneously involved. 
Muscle stretch reflexes are often preserved or 
only minimally diminished, particularly during 
the early phases of the illness but may be lost if 
the weakness is severe.

 Pharmacological Neurotoxicity

The adverse reaction of drugs on synaptic trans-
mission may be classified broadly either as acting 
presynaptically, with a reduction in acetylcholine 
(ACh) release due to local anesthetic-like activity 
on the nerve terminal, alteration or impairment of 
calcium flux into the nerve terminal, or a hemi-
cholinium effect; postsynaptically, with antibody 
blockade of ACh receptors, curare-like effects, or 
potentiation of depolarizing or nondepolarizing 
neuromuscular blocking agents; or, in varying 
degrees, both. Each of these pharmacological 
interactions may result in any of the clinical situ-
ations described above. Since the publication of 
the summaries of Barrons, Howard, and Kaeser, 
describing disorders of neuromuscular transmis-
sion occurring as the result of adverse drug reac-
tions, many more reports have surfaced adding to 
the list of potentially dangerous drugs [3, 4]. An 
up-to-date list of these potential drug-disorder 
interactions is maintained on the web site of the 
Myasthenia Gravis Foundation of America 
(http://www.myasthenia.org/LinkClick.aspx?file
ticket=JuFvZPPq2vg%3D). Unfortunately, much 
of the literature is anecdotal, and there are only a 
few comprehensive in vitro studies of drug 

effects on neuromuscular transmission in animal 
or human nerve-muscle preparations. The poten-
tial adverse effects of these medications must be 
taken into consideration when deciding which 
drugs to use in treating patients who have disor-
ders of synaptic transmission.

With the exception of telithromycin (no lon-
ger available in the United States) and the possi-
ble exceptions of d-penicillamine, α-interferon, 
and botulinum toxin, there are no drugs that are 
absolutely contraindicated in patients with MG 
and LES. Numerous drugs, however, will inter-
fere with neuromuscular transmission and will 
make the weakness of these patients worse or 
prolong the duration of neuromuscular block in 
patients receiving muscle relaxants. Drug- 
induced disturbances of synaptic transmission 
resemble MG with varying degrees of ptosis and 
ocular, facial, bulbar, respiratory, and generalized 
muscle weakness. Treatment includes discontin-
uation of the offending drug and, when neces-
sary, reversing the neuromuscular block with 
intravenous infusions of calcium, potassium, or 
cholinesterase inhibitors. In rare instances, these 
drugs may induce an autoimmune form of MG 
(d-penicillamine, interferon alpha, and check-
point inhibitors). The latter is only a recently rec-
ognized phenomenon. In these situations, the 
treating physician must utilize therapies that are 
typically used for other forms of autoimmune 
MG.

While it is most desirable to avoid drugs that 
may adversely affect neuromuscular transmis-
sion, in certain instances they must be used for 
the management of another illness. In such situa-
tions, a thorough knowledge of the deleterious 
side effects can minimize their potential danger. 
If at all possible, it is wise to use the drug within 
a class of drugs that has been shown to have the 
least effect on neuromuscular transmission. 
Unfortunately, studies that allow such compari-
sons are quite few.

The most frequently encountered problems 
are the effects of antibiotics (macrolides, fluoro-
quinolones, and aminoglycosides) and 
β-adrenergic blocking agents acutely worsening 
the strength of patients with MG. Less commonly 
encountered is prolonged muscle weakness and 
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respiratory embarrassment postoperatively in 
patients with disorders of neuromuscular 
transmission.

 Antibiotics

Two classes of antibiotics carry the FDA black 
box warning designation. The ketolide, telithro-
mycin, and the fluoroquinolone class of antibiot-
ics received this designation due to repeated 
reports of myasthenic exacerbation and death fol-
lowing their use [5–7]. The aminoglycoside anti-
biotics may produce neuromuscular weakness 
irrespective of their route of administration [8]. 
The weakness is related to serum levels of the 
drug and is reversible in part by cholinesterase 
inhibitors, calcium infusion, and the aminopyri-
dines [9]. These drugs have pre- and postsynaptic 
actions; many have elements of both. 
Neuromuscular toxicity data exist for several of 
the antibiotics including amikacin, gentamicin, 
kanamycin, neomycin, netilmicin, streptomycin, 
and tobramycin [10]. Of the group neomycin is 
the most toxic; tobramycin the least. Clinically, 
gentamicin, kanamycin, neomycin, tobramycin, 
and streptomycin have been implicated in pro-
ducing muscle weakness in non-myasthenic 
patients [11]. Neuromuscular blockade is not 
limited to the aminoglycoside antibiotics. 
Myasthenic patients given the macrolides, eryth-
romycin, or azithromycin will often report a mild 
to moderate exacerbation of their weakness as 
well as myasthenic crisis; the latter has been 
reversed with calcium gluconate. The ketolide, 
telithromycin, has produced abrupt and severe 
worsening in MG or unmasked previously undi-
agnosed MG (Howard, JF, personal observation) 
[6, 12]. The polypeptide and monobasic amino 
acid antibiotics, penicillins, sulfonamides, tetra-
cyclines, and fluoroquinolones cause transient 
worsening of myasthenic weakness, potentiate 
the weakness of neuromuscular blocking agents, 
or have theoretical reasons for blocking synaptic 
transmission [13]. Lincomycin and clindamycin 
can cause neuromuscular blocking which is not 
readily reversible with cholinesterase inhibitors 
[14, 15]. Polymyxin B, colistimethate, and colis-

tin are also reported to produce neuromuscular 
weakness, particularly in patients with renal dis-
ease or when used in combination with other 
antibiotics or neuromuscular blocking agents [8, 
16]. These drugs, ampicillin, the tetracycline ana-
logs, oxytetracycline, and rolitetracycline, may 
exacerbate MG, although the mechanism for 
each medication is not fully understood [17, 18].

The fluoroquinolones, particularly levofloxa-
cin and ciprofloxacin, are reported to acutely 
exacerbate myasthenic weakness [7]. By virtue 
of their quinolone ring, they are structurally simi-
lar to quinine, quinidine, and chloroquine which 
have significant neuromuscular blocking capa-
bilities [19, 20]. The severity of these exacerba-
tions is typically severe, and for that reason this 
drug class carries a black box warning regarding 
their use in MG.

 Cardiovascular Drugs

Many cardiovascular drugs are implicated in 
adversely affecting the strength of patients with 
MG and LES, and they (along with the antibiot-
ics) account for the majority of adverse drug 
reactions in patients with neuromuscular disor-
ders. Beta-adrenergic blockers may cause exacer-
bation of MG, or their use may coincide with the 
onset of myasthenic manifestations [21]. Even 
those drugs instilled topically on the cornea are 
capable of producing such weakness [22, 23]. 
Atenolol, labetalol, metoprolol, nadolol, pro-
pranolol, and timolol cause a dose-dependent 
reduction in the efficacy of neuromuscular trans-
mission in normal rat skeletal muscle and human 
myasthenic intercostal muscle biopsies [24]. 
Different ß-blockers have reproducibly different 
pre- and postsynaptic effects on neuromuscular 
transmission. Of the group, propranolol is most 
effective in blocking neuromuscular transmis-
sion, and atenolol the least.

The effects of calcium channel blockers on 
skeletal muscle are not understood fully, and 
studies have provided conflicting information. 
Some demonstrated neuromuscular blockade 
with postsynaptic curare-like effects, presynaptic 
inhibition of ACh release, and both pre- and 
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 postsynaptic effects [25–28]. The oral adminis-
tration of calcium channel blockers to cardiac 
patients without neuromuscular disease does not 
produce altered neuromuscular transmission by 
single- fiber electromyography (SFEMG) mea-
sures [25]. Acute respiratory failure was tempo-
rally associated with administration of oral dose 
of verapamil in a patient with LES and small cell 
carcinoma of the lung [29]. One patient with 
moderately severe, generalized MG developed 
acute respiratory failure following verapamil ini-
tiation (author’s observations). Low doses of 
verapamil and its timed-release preparation have 
been used successfully for the treatment of hyper-
tension in patients with MG receiving cyclospo-
rine (author’s observations).

Procainamide may produce acute worsening 
of strength in patients with MG [30]. The rapid 
onset of neuromuscular block and the rapid reso-
lution of symptoms following discontinuation of 
the drug suggest the drug has a direct toxic effect 
on synaptic transmission, rather than the induc-
tion of an autoimmune response against the neu-
romuscular junction. The postulated mechanism 
of action is primarily at the presynaptic mem-
brane with impaired formation of ACh or its 
release, although it is known to have postsynaptic 
blocking effects as well. Two case reports sug-
gest that the anti-arrhythmic P-glycoprotein 
inhibitor, propafenone, may cause acute exacer-
bations of myasthenic weakness [31, 32]. Like 
the effects of procainamide, the rapid onset of 
worsening and resolution following the discon-
tinuation of the drug implicates a direct toxic 
effect on neuromuscular transmission.

The earliest report of quinidine (the stereoiso-
mer of quinine) administration aggravating MG 
was by Weisman [33]. There are several reports 
of the unmasking of previously unrecognized 
MG following treatment with quinidine [34, 35]. 
The neuromuscular block is both presynaptic; 
impairing either the formation or release of ACh 
or, in larger doses, postsynaptic with a curare- 
like action [36]. It has been claimed the ingestion 
of small amounts of quinine, for example, in a 
gin and tonic, may acutely worsen weakness in a 
myasthenic patient, although this cannot be sub-
stantiated with objective reports. Despite the 

potential for these drugs to acutely exacerbate 
weakness in acquired autoimmune MG, their use 
in congenital myasthenic syndromes as a thera-
peutic agent is well recognized [37].

 Cholesterol-Lowering Agents

Several works suggest that the statin cholesterol- 
lowering agents may be causal in the exacerba-
tion of myasthenic weakness although this 
remains controversial [38–45]. The mechanism(s) 
for this worsening is not clear but several postu-
lates have been proposed. It is well recognized 
that HMG-CoA reductase therapy may produce a 
myopathy [46, 47]. Is it possible the myasthenic 
worsening could be due to a coexisting disorder 
of the muscle membrane? Statins have immuno-
modulatory properties, with the ability to induce 
production of the Th2 cytokines interleukin (IL)-
4, IL-5, and IL-10 [48]. Animal and human stud-
ies suggest that these Th2 cytokines may 
influence the development of MG [49] and, 
therefore, that upregulation of Th2 cytokine pro-
duction could lead to worsening MG. Statins 
have been postulated to cause mitochondrial dys-
function by depleting endogenous coenzyme 
Q10 [50]. Statin-induced mitochondrial failure in 
the nerve terminal has been proposed as a mecha-
nism to impair neuromuscular transmission given 
the high content of mitochondria in the nerve ter-
minal [39]. There is no evidence to suggest that 
HMG-CoA reductase is known to directly inter-
fere with neuromuscular transmission [51].

 Magnesium

Hypermagnesemia is an uncommon clinical 
complication from the use of magnesium- 
containing drugs [52]. Renal failure predisposes 
to hypermagnesemia and is a reason to avoid 
magnesium-containing antacids and laxatives 
[53, 54]. Excessive use of enemas containing 
Mg2+ may produce hypermagnesemia, but this is 
usually in patients with underlying gastrointesti-
nal (GI) tract disease [55, 56]. Hypermagnesemia 
commonly results from administration of high 
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doses of parenteral MgSO4 for treatment of low 
serum magnesium level or eclampsia, at times 
resulting in myasthenic crisis or serious side 
effects to the mother or the newborn [57–60]. 
The clinical manifestations of hypermagnesemia 
correlate with serum Mg2+ levels [56, 61]. 
Muscle stretch reflexes become reduced when 
the serum Mg2+ level exceeds 5 mEq/L; levels of 
9–10 mEq/L are associated with absent reflexes 
and muscle weakness. During treatment of pre-
eclampsia, muscle stretch reflexes are moni-
tored, and Mg2+ administration is discontinued if 
the reflexes disappear [59]. Fatal respiratory fail-
ure can occur at levels greater than 10 mEq/L 
[57, 59]. Serum levels greater than 14 mEq/L 
can induce acute cardiac arrhythmia, including 
heart block and arrest. Symptoms of autonomic 
dysfunction in hypermagnesemia include dry 
mouth, dilated pupils, urinary retention, hypo-
tension, and flushing and are thought to result 
from presynaptic blockade at autonomic ganglia 
[62]. The muscles of ocular motility tend to be 
spared, and the clinical findings of hypermagne-
semia resemble those of LES rather than MG 
[63]. Magnesium inhibits release of ACh by 
competitively blocking calcium entry at the 
motor nerve terminal [64]. There may also be a 
milder postsynaptic affect. Magnesium also 
potentiates the action of neuromuscular blocking 
agents, and this must be considered in women 
undergoing cesarean section after receiving 
Mg2+ for preeclampsia [65, 66]. Patients with 
underlying junctional disorders are more sensi-
tive to Mg2+-induced weakness. Patients with 
MG and LES may become weaker after receiv-
ing Mg2+ even when serum Mg2+ levels are nor-
mal or only slightly elevated [67–70]. Reports 
exist of the uncovering of previously unrecog-
nized MG following treatment of preeclampsia 
with magnesium salts (Howard JF, unpublished 
observation) [71]. Increased MG symptoms 
most often occur when Mg2+ is administered par-
enterally, but on occasion is seen with oral use 
[70]. Therefore, parenteral Mg2+ administration 
should be avoided, and oral Mg2+ preparations 
should be used with caution in patients with 
known disorders of synaptic transmission, such 
as MG, LES, and botulism. Patients with MG or 

LES respond poorly to calcium and may respond 
better to cholinesterase inhibitors [67].

 Recreational Drugs

Several patients with MG exacerbation following 
recreational use of cocaine have been reported 
[72–75]. These attacks frequently include respi-
ratory insufficiency requiring ventilatory support 
and improve with therapeutic apheresis or high- 
dose intravenous immunoglobulin [74, 75]. 
Cocaine reduces the skeletal muscle response to 
repetitive nerve stimulation in mice by decreas-
ing the muscle and nerve excitability, but without 
apparent effect on NMT. Cocaine inhibits nico-
tinic AChR in cultured muscle cells [76].

 Rheumatologic Drugs

d-Penicillamine (D-P) is used in the treatment of 
rheumatoid arthritis (RA), Wilson’s disease, and 
cystinuria. A number of autoimmune diseases 
occur in patients receiving D-P of which MG is 
most frequent [77–79]. The MG induced by D-P 
is usually mild and may be restricted to the ocular 
muscles. In many patients the manifestations are 
not recognized, and it may be difficult to demon-
strate mild weakness of the limbs in the presence 
of severe arthritis. Both AChR+ and MuSK 
(muscle-specific kinase antibodies) have been 
reported in a single patient with D-P-induced 
MG [80]. It is unlikely that D-P has a direct effect 
on neuromuscular transmission as MG begins 
after prolonged D-P therapy in most patients and 
has a relatively low incidence in patients receiv-
ing D-P for Wilson’s disease compared with 
those receiving it for RA [81]. It is more likely 
that D-P induces MG by stimulating or enhanc-
ing an immunological reaction against the neuro-
muscular junction. When MG begins while the 
patient is receiving D-P, it remits in 70% of 
patients within 1 year after the discontinuation of 
the drug [82]. In a few patients, the MG persists 
after D-P is discontinued, implying that a sub-
clinical myasthenic state existed prior to the ini-
tiation of the D-P (author’s observations).
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Chloroquine is used as an antimalarial drug, 
but in higher doses it is also provided for treat-
ment of several collagen vascular disorders 
including RA, discoid lupus erythematosus, and 
porphyria cutanea. It may produce a number of 
neurological adverse effects among which are 
disorders of neuromuscular transmission [83]. 
Reported mechanisms of action for this have 
been both pre- and postsynaptic, but chloroquine 
may also alter immune regulation producing a 
clinical syndrome of MG similar to that reported 
with D-P. One patient with RA and another with 
systemic lupus erythematosus developed the typ-
ical clinical, physiological, and pharmacological 
picture of MG following prolonged treatment 
with chloroquine. Antibodies to the AChR were 
identified and subsequently slowly disappeared, 
as did the clinical and electrophysiological 
abnormalities, with discontinuation of the drug 
[84, 85]. A patient is described with a transient 
postsynaptic disorder of neuromuscular trans-
mission following 1 week of chloroquine therapy 
that was thought to be due to a direct toxic effect 
on the neuromuscular junction rather than a 
derangement of immune function [86].

 Other

 Checkpoint Inhibitors
Checkpoint inhibitors are an emerging class of 
immunotherapeutic drugs across a broad spec-
trum of malignancies that are designed to block 
selective proteins (checkpoint proteins) on the 
surface of tumor cells and on T-cells. Checkpoint 
proteins modulate the immune system and defeat 
normal host defense systems and allow the pro-
liferation of tumor cells by evading the normal 
T-cell attack against the tumor [87]. There are 
several types of checkpoint proteins found on 
cancer cells or T-cells including PD-1/PD-L1 
and CTLA-4/B7-1/B7-2. Checkpoint inhibitors 
block these perturbed normal proteins on the 
surface of tumor cells thus allowing T-cells to 
recognize the cell as cancerous and allow the 
immune surveillance system to act [88, 89]. 
Despite the major advances made with these 
drugs, the side effect profile is substantial, rang-

ing from 30% to 60% [90, 91]. Uniquely, these 
drugs have the ability to “unleash” the immune 
systems with the development of multiple auto-
immune disorders, including myasthenia gravis 
[92–102]. It is not clear at this time what are pre-
disposing characteristics for the development of 
autoimmune disease.

 Interferon Alpha
Generalized MG may be exacerbated by or occur 
after starting interferon alpha therapy for leuke-
mia, during interferon alpha-2b treatment for 
malignancy, and during treatment for chronic 
active hepatitis C [103–108]. Myasthenic crisis 
may even develop with interferon alpha therapy 
[109]. The mechanism of interferon-induced MG 
is not known but may relate in part to background 
genetic and environmental factors [110]. 
Expression of interferon gamma at motor end-
plates of transgenic mice results in generalized 
weakness and abnormal NMJ function, which 
improves with cholinesterase inhibitors. 
Immunoprecipitation studies identified an 87-kD 
target antigen recognized by sera from these 
transgenic mice and from human MG patients. 
Such studies suggest that the expression of inter-
feron gamma at the motor endplates provoked an 
autoimmune humoral response, similar to that 
which occurs in human MG [111].

 Botulinum Neurotoxin
Botulinum neurotoxin, when used therapeuti-
cally for focal dystonia, has unmasked subclini-
cal LES and MG [112–114]. Worsening of 
weakness or crisis has also been reported in MG 
following injections of botulinum toxin [115–
117]. A known defect of NMT is considered to be 
a relative contraindication to the use of botuli-
num toxin although others have reported its suc-
cessful use in patients with MG [118, 119].

 Biological Neurotoxins

 Botulism

Botulism is caused by a clostridial neurotoxin 
that blocks the release of ACh from the motor 
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nerve terminal1 [120]. The result is a long- lasting, 
severe muscle paralysis. Botulism may be classi-
fied clinically according to presentation as noted 
in Table 17.1. Of eight different types of botuli-
num toxins, types A and B cause most cases of 
botulism in the United States. Type E is transmit-
ted in seafood and Type A is thought to produce 
the most severe manifestations. The classic form 
of the disease usually follows ingestion of foods 
that were contaminated by inadequate steriliza-
tion. Not all persons ingesting contaminated food 
become symptomatic. Nausea and vomiting are 
the first symptoms and the neuromuscular fea-
tures begin 12–36 h after exposure. The clinical 
findings are stereotypical. Ptosis, blurred vision, 
dysphagia, and dysarthria are the presenting fea-
tures. The pupils may be dilated and poorly reac-
tive to light. Descending weakness progresses for 
4–5 days and then plateaus. Respiratory paralysis 
may occur rapidly. Most patients have autonomic 
dysfunction, such as dry mouth, constipation, 
urinary retention, and cardiovascular instability.

Infantile botulism, the most common form of 
botulism found in the United States, is caused by 
the chronic absorption of toxin from Clostridium 
botulinum in the infant gastrointestinal tract after 
ingesting spores [121, 122]. Honey is a common 
source of contamination. The onset of symptoms, 
lethargy, and poor suck usually occur between 1 

1 While tetanus toxin also binds to the neuromuscular 
junction, its mechanism of action is distinctly different. 
This toxin is translocated into the nerve terminal and then 
moves in a retro-axonal fashion to the synaptic space 
between the alpha motoneuron and inhibitory neurons. 
There it inhibits exocytosis resulting in paresis. Because it 
does not directly involve the motor nerve terminal, it will 
not be discussed further.

week and 12 months of age, most commonly 
between 2 and 8 months of age. Constipation, a 
common finding in children with botulism, is 
quite difficult to determine in the infant. Fever is 
typically not a feature of this syndrome. The 
majority of reported cases occur with Type A or B 
toxin. A descending pattern of weakness occurs 
and may produce widespread cranial nerve and 
limb muscle involvement. The pupils are poorly 
reactive and the tendon reflexes are hypoactive. 
Most babies will require ventilatory support.

Wound botulism occurs due to the contamina-
tion of a wound with Clostridium botulinum. Its 
rarity may be related to the difficulty of spore 
germination in a wound environment. The clini-
cal presentation of wound botulism is similar to 
the classical form of the disease as noted above. 
It may occur as a complication of intranasal or 
parenteral use of cocaine [123–126].

Hidden botulism refers to those cases in which 
no source of botulism can be identified and in 
whom no apparent source or exposure is known 
[127, 128]. Some argue that these cases represent 
adult forms of infantile botulism [129]. This is 
suggested by the high prevalence of colonic 
diverting procedures, achlorhydria, Crohn’s dis-
ease, or recent antibiotic treatment among these 
patients.

Response to antitoxin treatment is generally 
poor probably because once toxin binds to the 
nerve terminal, it is no longer accessible to the 
antitoxin. Antibiotic therapy is not effective 
unless the botulism is the infantile or hidden form 
of the disease. Otherwise, treatment is supportive 
with respiratory assistance when necessary. 
Cholinesterase inhibitors are not usually benefi-
cial; guanidine or 3,4-diaminopyridine (3,4- 
DAP) may improve strength but not respiratory 
function. Recovery takes many months but is 
usually complete.

EMG abnormalities evolve as the disease pro-
gresses and may not be present at onset of symp-
toms. CMAP amplitude is decreased in affected 
muscles, but motor and sensory nerve conduction 
is normal. Some patients demonstrate a decre-
mental pattern, and most have post-tetanic facili-
tation in some muscles of 30–100% at some time 
to low-frequency stimulation. These findings are 

Table 17.1 Clinical classification of botulism

Classic form

Infantile form

Wound botulism

Traumatic or surgical

Drug abuse

Intranasal

Intravenous

Hidden form
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similar to LES but have a more restricted distri-
bution. SF-EMG shows markedly increased jitter 
and blocking. The organism can be recovered 
from the stool of infected infants or in the hidden 
form of the disease.

 Envenomation

Most biological toxins of animal origin affect the 
cholinergic system and either facilitate the release 
of neurotransmitter from the presynaptic nerve 
terminal or block the AChR. In general, bites 
from snakes, scorpions, and ticks are more com-
mon during summer months when they are inad-
vertently encountered. In contrast, exposure to 
marine toxins may occur at any time as they are 
acquired through ingestion and less rarely by 
injection or penetration. Specific geographic loci 
can be demonstrated for each of these vectors. 
For example, tick envenomation predominates in 
states west of the Rocky Mountains, the western 
provinces of Canada, and Australia. The geogra-
phy of snake envenomation is species specific. 
The cobras are found in Asia and Africa, the 
kraits in Southeast Asia, the mambas in Africa, 
the coral snake in North America, and the sea 
snakes in the waters of the Pacific near Australia 
and New Guinea.

 Arthropods
The venoms of the phylum Arthropod are used 
to incapacitate prey for feeding or as a defense 
against predators [130]. An observation made in 
antiquity. Few of the arthropods, however, pro-
duce toxicity at the NMJ, but when produced, it 
is by three mechanisms (Table 17.2). In the first 
there is an initial augmentation of ACh release 
followed by presynaptic depletion of neu-

rotransmitter. The second leads to a facilitation 
of ACh release without a subsequent presynap-
tic depletion of neurotransmitter. The third 
mechanism causes a depletion of ACh release 
without a subsequent presynaptic depletion of 
neurotransmitter.

Spider Bites
Only a few spider venoms affect the neuromuscu-
lar junction. The funnel web spider and the red-
back spider of Australia are the most dangerous 
spiders in this group. In North America, only the 
bite of the black widow spider is of concern. The 
usual victim of a black widow spider bite is a 
small boy, perhaps the result of their inquisitive-
ness of nooks and crannies.

Latrotoxins found in the venoms from the spi-
der genus Latrodectus (black widow spider) 
cause systemic latrodectism. These toxins pro-
duce a marked facilitation in neurotransmitter 
release by depolarization of the presynaptic nerve 
terminal and increasing Ca++ influx into the nerve 
terminal at all neurosecretory synapses including 
the neuromuscular junction [131–133]. There is a 
subsequent depletion of neurotransmitter from 
the nerve terminal resulting in a blockade of syn-
aptic transmission. This toxin exerts its effects on 
the presynaptic nerve terminal by several mecha-
nisms. The toxin binds to neurexin and thereby 
activates the presynaptic protein complex of 
neurexin, syntaxin, synaptotagmin, and the 
N-type calcium channel to massively facilitate 
ACh release [134]. Neurotransmitter release in 
nerve-muscle preparations, as measured by 
MEPP frequency, increases several hundredfold 
within a few minutes [135]. There is a subsequent 
depletion of synaptic vesicles, disruption of the 
highly organized active zone region of the pre-
synaptic nerve terminal, thus inhibiting the dock-
ing of synaptic vesicles to the terminal membrane 
and effective recycling of vesicular membrane 
[136–140].

Signs of a black widow spider bite begin 
within minutes of the bite and reflect the massive 
release of neurotransmitter from peripheral, auto-
nomic, and central synapses [141]. Severe mus-
cle rigidity and cramps precede generalized 
muscle weakness due to the depolarizing 

Table 17.2 Mechanisms of arthropod blockade of syn-
aptic transmission

Facilitation of ACh release with subsequent 
exhaustion of neurotransmitter

Facilitation of ACh release without subsequent 
exhaustion of neurotransmitter

Depletion of ACh release with subsequent exhaustion 
of neurotransmitter
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 neuromuscular blockade. The black widow spi-
der bite is rarely fatal, but cardiovascular col-
lapse may occur in the elderly or in young 
children. Treatment is primarily supportive. The 
administration of calcium gluconate may be 
helpful in alleviating muscle cramps and rigidity 
[142]. Magnesium salts may be beneficial by 
reducing neurotransmitter release [141]. The 
administration of horse serum antivenom is 
effective and rapidly reverses the neurotoxic 
effects [143].

Tick Paralysis
Tick paralysis, a worldwide disorder, was first 
described at the turn of the twentieth century in 
North America and Australia although there is 
vague reference to an earlier case in the early 
1800s [144–147]. It is one of several kinds of 
neuromuscular disorders that result from tick 
venom exposure [148]. Tick paralysis results 
from the introduction of a neurotoxin from one of 
more than 60 tick species [149, 150]. In North 
America, the Dermacentor andersoni, D. varia-
bilis, D. occidentalis, Amblyomma americanum, 
and A. maculatum species are toxic. The vectors 
in Europe and the Pacific are Ixodes ricinus and I. 
cornuatus, and in Australia it is I. holocyclus. 
Geographically, tick paralysis is more common 
in states west of the Rocky Mountains and in 
British Columbia and Alberta [151].

The symptoms are stereotypical. Within 5–6 
days of attachment, there is a prodrome of par-
esthesia, headache, malaise, nausea, and vomit-
ing. The prodromal period parallels the feeding 
pattern of the tick. Over the next 24–48 h, an 
ascending paralysis occurs. It begins symmetri-
cally in the lower extremities and progresses to 
involve the trunk and arms. In most instances 
when a tick is found, it is fully engorged. In con-
trast to the vectors found most commonly in 
North America (Dermacentor and Amblyomma 
species), the weakness of the Australian tick is 
more severe and much slower to resolve. In 
these patients there is often a worsening of clini-
cal signs 24–48 h following the removal of the 
tick [152]. Sensation is preserved, but muscle 
stretch reflexes are often diminished or not pres-
ent suggesting the Landry-Guillain-Barré syn-

drome (Table 17.3), a common misdiagnosis 
[153]. There is no demonstrable response to 
cholinesterase inhibitors [154, 155]. There is 
some indication of an association between the 
proximity of the site of attachment to the brain 
and the severity of the disease. Antitoxin may be 
of benefit in some situations, but the high fre-
quency of acute allergic reactions makes its 
widespread use less useful [156]. Resolution of 
manifestations is dependent in part on how 
quickly the tick is removed, suggesting that the 
amount of muscle weakness is a dose-dependent 
process. Often, improvement begins within 
hours of removing the tick. Paralyses due to the 
Dermacentor species may continue over several 
days. However, prolonged weakness is reported 
[157]. Death may occur due to respiratory fail-
ure from severe bulbar and respiratory muscle 
weakness, and the clinical picture may be 
clouded by the presences of central nervous sys-
tem manifestations [151, 158].

Where once these envenomations carried a 
12–25% mortality, the improvement in critical 
care over the latter half of the twentieth century 
makes these intoxications rarely fatal [144, 159]. 
Children are more prone to the disorder than 
adults. This may be due in part to their play hab-
its and their lower body mass relative to the 
amount of toxin acquired. The head and neck is 
the most common site for tick attachment, 
although any part of the body may be bitten. 
Some studies suggest that girls are more often 
affected because their on average longer hair than 

Table 17.3 Comparative features of ascending paralysis

Clinical and 
laboratory features Tick paralysis

Landry-Guillain- 
Barré syndrome

Rate of 
progression

Hours to days Days to 1–2 
weeks

Sensory loss Absent Mild

Muscle stretch 
reflexes

Diminished or 
absent

Diminished or 
absent

Time to recovery <24 h after 
tick removal

Weeks to months

CSF WBC count <10 per mm2 <10 per mm2

CSF protein Normal Elevated

CSF cerebrospinal fluid, mm2 per square millimeter, < less 
than
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boys allows the tick to remain hidden for longer 
periods and therefore allows prolonged feeding 
[153, 160]. The identification of a tick bite is 
often delayed resulting in misdiagnosis. Tick 
paralysis may be confused with Landry-Guillain- 
Barré syndrome, myasthenia gravis, spinal cord 
disease, periodic paralysis, diphtheria, heavy- 
metal intoxication, insecticide poisoning, por-
phyria, and hysteria [153, 161]. In many instances 
the tick is located by the nurse, the house officer, 
the mortician, or autopsy personnel [153, 159, 
162]. Careful, systematic inspection of the scalp, 
neck, and perineum, often with a fine-toothed 
comb, is necessary to locate the tick.

The mechanisms of paralysis following tick 
envenomation remain controversial. The most 
potent toxin is from the Australian tick, Ixodes 
holocyclus. Holocyclotoxin, isolated from the 
salivary glands of female ticks, causes a 
temperature- dependent blockade of neuronally 
evoked release of ACh [163]. Others have sug-
gested a postsynaptic block of neuromuscular 
transmission [164]. The tick paralysis of the 
Dermacentor species is understood less clearly, 
and no direct abnormality of synaptic transmis-
sion may occur. Rather, the abnormality may be 
due to impaired depolarization of the nerve ter-
minal with the consequence of decreased ACh 
release [165, 166]. Prolonged distal motor laten-
cies, slowed nerve conduction velocities, and 
reduced compound muscle action potential 
(CMAP) amplitudes are described [149, 154, 
167–169]. Others have postulated a direct effect 
on muscle membrane [170].

Scorpion Bites
The peptides contained in scorpion neurotoxins 
may cause a variety of neurological effects, the 
most significant of which are those that modulate 
Na+ and K+ channel function. Many cause a slow-
ing of the inactivation of Nav channels [171]. 
Some, however, affect the neuromuscular junc-
tion and produce an enhanced presynaptic depo-
larization resulting in neurotransmitter release 
[172]. Increased excretion of catecholamines is 
demonstrated after scorpion sting and may relate 
to the primary effect of the venom or to a second-
ary sympathetic adrenergic surge. Treatment is 

nonspecific and focuses on maintaining respira-
tory, cardiac, and coagulation function. 
Antivenom appears not to be efficacious [173, 
174].

 Snakebites
Nearly 3,000,000 people a year develop serious 
illness following a snakebite. More than 95,000 
individuals die from snakebites yearly with an 
additional 300,000 who survive the snakebite but 
are left with permanent disability or disfigure-
ment [175]. Envenomation by snakebite occurs 
from four major groups: Viperidae (true vipers), 
Crotalidae (rattlesnakes and pit vipers), Elapidae 
(American coral snake, cobras, kraits, mambas), 
and Hydrophiidae (sea snakes). The incidence of 
snakebites is influenced by the density of snakes, 
which is related to altitude and climate, the spe-
cific preferences of the snake for an environment 
suitable for their development, and the density of 
the human population [176]. Neuromuscular 
blockade occurs primarily from the Elapidae and 
Hydrophiidae species [177–179]. One Crotalidae 
species, Crotalus durissus terrificus, a South 
American rattlesnake, has a very potent neuro-
muscular blocking venom. Other rattlesnakes 
and pit vipers act through hematological and car-
diovascular mechanisms. Venom is produced and 
stored in salivary glands, and inoculation occurs 
through fangs or modified premaxillary teeth 
[177].

Snake toxins may act by presynaptic or post-
synaptic mechanisms. Presynaptic toxins, 
β-neurotoxins (β-bungarotoxin, notexin, and 
taipoxin), act to inhibit the normal release of ace-
tylcholine from the presynaptic cell of the neuro-
muscular junction. Often, there is an initial 
augmentation of acetylcholine release followed 
by presynaptic depletion of neurotransmitter. 
They tend to be more potent than postsynaptic 
toxins. Postsynaptic neurotoxins, α-neurotoxins, 
produce a curare-mimetic, nondepolarizing neu-
romuscular block and vary in the degree of the 
reversibility of the block in experimental 
preparations.

Most venoms are a mixture of the two types of 
neurotoxin, although one type may predominate 
in a given venom. For example, the venom of the 
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Thai cobra is composed primarily of a single 
postsynaptic neurotoxin [180]. In contrast, the 
venom of Bungarus multicinctus contains 
β-bungarotoxin, four other presynaptic toxins, 
α-bungarotoxin, and two other postsynaptic tox-
ins [181]. The venoms of Hydrophiidae species 
are more toxic than land snakes although the 
amount of toxin injected by sea snakes is smaller 
than that of land-based snakes [182, 183]. The 
α-neurotoxins (postsynaptic), like curare, bind to 
the muscle nicotinic AChR. They have a slower 
onset of action and a longer duration of effect and 
are 15–40 times more potent than d-tubocurarine 
[184]. There are numerous subforms of 
β-neurotoxins (presynaptic). Most have a phos-
pholipase component that is essential for the pre-
synaptic effects of the toxin. All suppress the 
release of ACh from the nerve terminal although 
there is some variability in the precise mecha-
nism by which this occurs. In experimental prep-
arations, toxins from different species potentiate 
each other suggesting different binding sites at 
the neuromuscular junction [185]. Taipoxin from 
the Australian and Papua New Guinean taipan 
snake is unique. In addition to its potent presyn-
aptic blockade of synaptic transmission, it also 
has a direct myotoxic component. This produces 
rapid muscle necrosis and degeneration. There is 
species variation in the susceptibility to toxin 
exposure. The venom of the Australian mulga 
snake is fatal in man, produces ptosis in mon-
keys, and does not produce a neuromuscular 
block in the rabbit [186, 187].

The clinical course of snake envenomation 
follows a specific pattern. After the bite of a pit 
viper or cobra, there is local pain, which is often 
absent following the bite of other Elapidae (mam-
bas, kraits, coral snakes) and Hydrophiidae. 
Swelling typically follows within an hour of the 
bites from Viperidae, Crotalidae, or the cobra but 
is not seen following bites from other Elapidae 
and Hydrophiidae. A preparalytic stage develops 
with headache, vomiting, loss of consciousness, 
paresthesias, hematuria, or hemoptysis [188]. 
These manifestations are not common after 
envenomation by cobras or mambas. The time 
between snakebite and paralysis may vary from 
0.5–19 h [189]. The first signs of neuromuscular 

toxicity are usually ptosis and ophthalmoparesis 
though these are absent following the bite of the 
South American rattlesnake. Facial and bulbar 
weakness develops over hours following the ocu-
lar signs [190]. For 2–3 days, limb, diaphrag-
matic, and intercostal weakness follows and may 
continue to evolve [177, 191], and without appro-
priate treatment, cardiovascular collapse, sei-
zures, and coma ensue. There is no sensory 
abnormality other than that from the bite itself. 
Other systemic effects of neurologic importance 
relate to coagulation deficits. Cerebral and sub-
arachnoid hemorrhage may occur after bites from 
many species and is the leading cause of death 
following viper bites in several regions of the 
world [192, 193].

Treatment consists of antivenom which are 
most effective in bites that do not contain signifi-
cant amounts of phospholipase, a component of 
presynaptic neurotoxins. If the type of snake is 
known, a high-titer monovalent type is adminis-
tered, but more often snake variety is not known 
necessitating the use of polyvalent antivenom 
[175, 194]. The goal of antivenom is to shorten 
the duration of weakness, and frequently the 
addition of respiratory, cardiovascular, and hema-
tological support is required. Supportive mea-
sures are the mainstay of care for most victims of 
coral snakebite. Intensive care treatment and air-
way maintenance is similar to patients with 
myasthenia gravis. Some authors recommend 
treatment with cholinesterase inhibitors in cases 
that are predominantly caused by a postsynaptic 
abnormality and suggest that electrodiagnostic 
testing may be useful in determining their effec-
tiveness [195, 196].

 Marine Toxins
The rapid rise in marine pollution has spurred a 
renewed interest in marine toxins. Previously 
they were only of interest to the physiologist and 
pharmacologist who use them in the investiga-
tion of biological systems. Examples of marine 
neurotoxicology are scattered throughout the lit-
erature dating to biblical times (Exodus 7:20–21). 
The reader is referred to Southcott’s paper for an 
excellent review of the subject [197]. Marine 
neurotoxins affecting the neuromuscular junction 
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are rare and occur primarily from poisonous fish, 
a few mollusks, and perhaps dinoflagellates. 
Unlike the poisoning from arthropods and snakes, 
the majority of marine intoxications occur as the 
result of ingestion. Unique to some marine toxins 
is the increase in concentration of toxin through 
successive predatory transvection up the food 
chain.

Dinoflagellates are single-celled, biflagel-
lated, algae-like organisms. Diatoms, similar to 
dinoflagellates, are not flagellated and are 
encased by a silica shell. The toxins produced by 
these organisms cause a variety of systemic and 
neurological effects, but neuromuscular junction 
effects are rare and indirect. Paralytic shellfish 
poisoning results from neurotoxins produced by 
less than 1% of the 2000–3000 species of known 
dinoflagellates and diatoms [198]. These toxins 
are rapidly absorbed through the gastrointestinal 
tract and symptoms begin within 30 min of inges-
tion. Characteristically, there is an initial burning 
or paresthesia of the face and mouth, spreading 
quickly to involve the neck and limbs. Slowly, 
the sensations abate and are replaced with numb-
ness, some ataxia and, in severe cases, progres-
sive generalized weakness, and respiratory 
failure. Overall, the mortality approaches 10%. 
Most neurotoxins from dinoflagellates and dia-
toms are sodium channel blockers (e.g., saxitoxin 
and tetrodotoxin). Brevetoxin, a milder neuro-
toxin that causes the nonlethal neurotoxic shell-
fish poisoning, depolarizes cholinergic systems, 
by opening sodium channels and resulting in 
neuromuscular transmission alterations indi-
rectly [199, 200]. The cyclic imine group of tox-
ins, gymnodimine and spirolides, are potent 
antagonists of both cholinergic and muscarinic 
nicotinic acetylcholine receptors [201]. Isolated 
from New Zealand shellfish, these toxins are 
rapid in onset and lethal. Ciguatoxin, from 
Gambierdiscus toxicus, is commonly found in 
the Caribbean, Australia, and South Pacific island 
countries and territories. The incidence is rapidly 
increasing and is now considered a major health 
hazard [202]. This heat-stable lipid enhances the 
release of ACh from the neuromuscular junction 
by prolonged sodium channel opening. Onset of 
symptoms is within hours of ingestion and respi-

ratory muscle paralysis may occur quickly. 
Recovery usually occurs within a few weeks.

Conotoxins are a diverse group of toxins from 
predatory cone snails that inject their venom 
through a small harpoon-like dart [203]. It is only 
the fish predatory species (Conus geographus, C. 
textile, C. marmoreus, and C. omaria) of this 
mollusk that appear dangerous to humans [204–
206]. The effects of these toxins are variable 
among species and within a single species, and 
several have direct effects on the neuromuscular 
junction. α-Conotoxins block the binding of ACh 
to the ligand-binding site [207–209]. These ven-
oms function similarly to the snake α-neurotoxins 
described earlier. The ω-conotoxins block the 
voltage-gated calcium channel of the presynaptic 
nerve terminal [210]. The latter toxin has played 
an important role in understanding of the LES 
and serves as the basis for the currently used anti-
body assay [2, 211]. Recent studies show a large 
repertoire of neurotoxins that have the potential 
for therapeutic benefit [212]. Following the injec-
tion of toxin, there is intense local pain quickly 
followed by malaise, headache, and within 
30 min progressive generalized weakness. 
Respiratory failure often occurs within 1–2 h. 
Most cone shell bites are preventable. These 
shells should be handled carefully with forceps 
and thick gloves. The proboscis protrudes from 
the small end of the shell, but it is flexible and 
long enough to sting the holder at the other end. 
The live shells should never be placed in a pocket 
as the dart may penetrate cloth [197]. Treatment 
is directed toward respiratory and cardiovascular 
support. There is no available antivenom. There 
is no literature discussing the potential efficacy 
of cholinesterase inhibitors. More than 60% of 
stings are fatal [206, 213].

The most venomous fish is the stonefish, 
Synanceia horrida, S. trachynis, and S. verru-
cosa, found in the Indo-Pacific oceans and Red 
Sea as well as the genus Inimicus found off the 
coast of Japan [214]. The toxin, stonustoxin, is 
inflicted by injection through the 13 dorsal spines 
when the victim steps on the small fish that is 
buried in the sand. Neuromuscular blockade 
results from induced neurotransmitter release 
with depletion of ACh stores, similar to that of 
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other presynaptic toxins [215, 216]. 
Envenomation results in immediate, excruciating 
pain that may last for 1–2 days. Severe edema 
occurs due to the actions of hyaluronidase that 
promotes the rapid spread of venom through the 
tissue, and tissue necrosis may occur [197]. In 
addition to gastrointestinal, autonomic, and cog-
nitive effects, the victim may experience general-
ized muscle weakness due to the mechanism 
noted above. Death occurs from cardiotoxicity. 
Treatment is supportive and in some patients a 
specific antitoxin may be administered.

 Plant Toxins
Rarely, plant neurotoxins affect the human NMJ, 
but more toxic effects are observed in animals. 
Neurotoxicity is dependent upon the potency, 
concentration, and interaction with other toxins 
or substrates in the victim. Many are alkaloids. 
Coniine, the neurotoxin from the herb, Conium 
maculatum (poison hemlock), produces a rapidly 
ascending paralysis often resulting in death. 
Sensory abnormalities are common and promi-
nent [217]. The death of Socrates is attributed to 
hemlock [218]. The mechanisms of action of this 
piperidine alkaloid neurotoxin are not completely 
understood but are thought to act agonistically at 
nicotinic-type acetylcholine (cholinergic) recep-
tors (nAChRs) [219, 220]. Many of these alka-
loid neurotoxins are teratogenic to the fetus and 
by desensitizing nicotinic acetylcholine receptors 
produce arthrogryposis, scoliosis, kyphosis, and 
lordosis [221].

 Occupational Neurotoxins

 Heavy Metals

Numerous polyvalent cations affect neuromuscu-
lar transmission and are often used to study basic 
mechanisms of synaptic transmission. These 
include barium, erbium, cadmium, cobalt, gado-
linium, lanthanum, manganese, nickel, praseo-
dymium, triethyltin, and zinc [222–234]. Nearly 
all of these intoxicants have multiple effects on 
synaptic transmission, but they predominantly 
block the release of ACh as well as facilitating 

spontaneous quantal release of neurotransmitter. 
They exert their effects by the block of the flux of 
Ca++ through voltage-gated calcium channels 
and disrupt intracellular stores of Ca++ [235].

Heavy-metal intoxication is a rare cause of 
clinical NMJ toxicity. Interest in this topic arose 
from the 1971 contamination of grain in Iraq with 
a methylmercury fungicide. Despite appropriate 
warnings, the grain was fed to animals, ground 
for flour, and used for making bread [236]. 
Symptoms began within 1 month of consumption 
ultimately affecting more than 6500 people and 
killing nearly 8% [237]. Patients experienced 
ataxia, fatigue, generalized muscle weakness, 
and occasionally optic atrophy. While one of the 
expected abnormalities following mercurial poi-
soning is a peripheral neuropathy (based on the 
Minamata experience), extensive electrodiagnos-
tic examinations of the affected population did 
not demonstrate this [238, 239]. Repetitive nerve 
stimulation studies demonstrated a decremental 
response that was partially reversible with cho-
linesterase inhibitors [240]. Similar abnormali-
ties were demonstrated in experimental animals 
[241]. Drinking water contaminated with heavy 
metals is becoming the major health concern for 
public and healthcare professionals in the twenty- 
first century [242].

 Organophosphate and Carbamate 
Poisoning

The earliest use of a cholinesterase inhibitor as a 
neurotoxin is attributed to tribesman in Africa 
who used the Calabar bean as a rite of passage 
(Physostigma venenosum Balfour) or an “ordeal 
poison” [243]. Organophosphates (OP) are a 
class of more than 20,000 compounds that irre-
versibly inhibit cholinesterases including acetyl-
cholinesterase (AChE) [244]. They are widely 
used in the agricultural, manufacturing, and phar-
maceutical industries as well as a weapon of 
mass destruction [245, 246]. Exposure to OP 
compounds occurs in the workplace, in food, in 
drinking water, and in the environment. OP 
intoxication is infrequent in the United States 
because OP-containing insecticides are not 
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 readily available. However, these are used com-
monly in many other countries, where intoxica-
tion results from attempted suicide by ingestion 
of insecticides, indiscriminate handling, and stor-
age by poorly informed workers or from contam-
inated food sources [247–250].

The physiochemical properties of these com-
pounds vary. They may be solid, liquid, or gas-
eous and soluble in various media. Some are 
highly corrosive, others are not; some highly 
volatile, others not. Dermal contact, respiratory 
inhalation, and gastrointestinal absorption may 
lead to OP absorption. These various physio-
chemical properties lend themselves to the wide 
range of applications noted above as well as to 
the inherent danger of their use [251].

Four neuromuscular toxicological syndromes 
occur from OP poisoning: an acute cholinergic 
crisis (types 1 and 2), an intermediate syndrome, 
a myopathy, and a delayed toxin-induce neuropa-
thy (Table 17.4) [252]. Only the type 2 choliner-
gic crisis and the intermediate syndrome are the 
result of NMJ toxicity. OP compounds exert their 
NMJ toxicity by the irreversible inhibition of 
AChE. This results in the excessive accumulation 
of ACh at the NMJ as well as other cholinergic 
synapses of the central, peripheral, and auto-
nomic nervous systems [253]. The excessive 
accumulation of ACh produces a depolarizing 
neuromuscular block at the NMJ that is followed 
by desensitization of the AChR [254, 255]. 
Electrodiagnostic studies demonstrate normal 
nerve conduction studies, reduced CMAP ampli-
tudes, a decremental response to repetitive nerve 
stimulation, and CMAP afterdischarges to a sin-
gle nerve stimulus [256, 257].

Carbamate salts and esters, which are primar-
ily used as pesticides, are synthetic analogs of the 
alkaloid physostigmine (eserine). They may 
directly or indirectly affect the NMJ. Like the OP 

compounds, carbamates also inhibit the action of 
AChE at cholinergic synapses [258]. They are 
easily absorbed into the central nervous system 
because of their lipid solubility characteristics. 
Unlike OP compounds, the effects of carbamate 
agents are reversible. However, the manifesta-
tions of carbamate poisoning are indistinguish-
able from OP poisoning. Neurotoxicity occurs 
rapidly following significant exposure to both 
classes of compounds. Mortality rates are high 
with death usually occurring from respiratory 
paralysis, which develops in 40% of poison vic-
tims [259].

 Pesticides
OP chemistry had it origin around 1820 when 
Lassainge synthesized triethyl phosphate, but not 
until the turn of the century did they become 
commonly used for their insecticidal properties. 
The OP insecticides are all derivatives of phos-
phoric acid. There are many subclasses within 
this group of compounds, and their various moi-
eties (e.g., sulfur, amides) confer variation in 
overall toxicity. Despite recognition of their tox-
icity, their use continues to rise, particularly in 
developing countries where demand was pre-
dicted to more than double in the 1990s [260]. 
Most fatal intoxications result from suicidal 
ingestion [249, 256, 261–266]. Reports of carba-
mate NMJ toxicity are few [267]. The largest epi-
sode of carbamate poisoning occurred in 1985 
when aldicarb was illegally used as an insecticide 
on watermelons [268]. Seventy-seven percent of 
1376 exposed individuals were poisoned, each 
exhibiting a dose-related spectrum of nicotinic 
and muscarinic cholinergic receptor toxicity. 
Fatalities are rare and only occur at high expo-
sure levels [269–272]. Symptoms appear rapidly, 
often within an hour, peaking in 2–3 h with full 
recovery within 72 h [273].

 Agents of War and Terrorism
The highly dangerous toxicity of OP compounds 
was recognized in 1932 leading to the develop-
ment of a series of G-agents (G = German). These 
compounds, GA (ethyl N,N- dimethylphos-
phoramidocyanidate; tabun) in 1936, GB 
(O-isopropyl  methylphosphonofluoridate; sarin) in 

Table 17.4 Neuromuscular syndromes of organophosphate 
poisoning

Acute cholinergic crisis

Intermediate syndrome

Myopathy

Delayed toxin-induced neuropathy

J. F. Howard Jr.



289

1938, GD (O-pinacolyl methylphosphonofluori-
date; soman) in 1944, and GF (cyclohexyl meth-
ylphosphonofluoridate; cyclosarin), were 
developed specifically as agents of war [274]. 
The V-series (V = venomous) followed and 
include four compounds, VE (S-(diethylamino)
ethyl O-ethyl ethylphosphonothioate), VG (O,O-
diethyl-S-[2-(diethylamino)ethyl] phosphoro-
thioate; also called Amiton or Tetram), VM 
(phosphonothioic acid, methyl-, S-(2-
(diethylamino)ethyl) O-ethyl ester), and VX 
(O-ethyl-S-[2(diisopropylamino)ethyl] meth-
ylphosphonothioate; venom X) in 1952. Little is 
known about a Russian agent, coded VR-55 
[275]. Great Britain ceased nerve gas weapons 
research in 1959, and the United States tran-
siently discontinued their efforts between 1969 
and 1981 [276]. Other countries continue to 
develop their weapons programs. It is speculated 
that GA was used in the 1980s during the Iraq- 
Iran conflict, causing innumerable deaths [275]. 
G-agents share a number of similar characteristic 
properties. They are highly volatile in room air. 
As a result their toxicity may be from either inha-
lation or by contact. These compounds are solu-
ble in fat and water. This allows ready absorption 
through the skin eyes and mucous membranes. 
Vapor agents are absorbed initially through the 
eyes producing local irritation and then through 
the respiratory tree. Liquid agents penetrate 
through the skin at the point of contact and are 
able to produce more severe and generalized 
symptoms.

The V-series toxins are the most highly toxic 
chemical warfare agents. These agents of war are 
termed persistent agents as they remain active on 
skin, clothes, and other surfaces for prolonged 
periods of time. VX was synthesized by the 
British in 1957. Other agents in the series (Ve, 
Vg, Vm, and V-gas) are less well known as infor-
mation about them is limited.

Local effects (sweating, mucosal irritation) 
occur within seconds, and paralysis and apnea 
may occur as quickly as 1–2 min of exposure. 
Comparative inhalation toxicities are summa-
rized in Table 17.5. Absorption may be through 
inhalation, ingestion, or cutaneous contact. VX is 
the most potent and GA the least. Terrorist attacks 

in Japan resulted in the exposure of civilians to 
GB and VX [277–281].

Pathophysiology
The G- and V-series nerve agents inhibit the 
hydrolysis of acetylcholine by acetylcholinester-
ase by binding to and phosphorylating the active 
site of AChE. The resulting depolarizing neuro-
muscular block leads to rapid and profound mus-
cle weakness. Death occurs by respiratory failure. 
The inhibition of AChE by these agents becomes 
irreversible, a phenomenon known as “aging.” 
The aging halftime is variable, as short as 2 min 
for GD and as long as 48 h for VX [282]. Aging 
is an irreversible phenomenon. Prior to this reac-
tion, the enzyme can be reactivated with the use 
of oximes which remove the neurotoxin from the 
AChE molecule. Oximes dissociate the toxic 
phosphate moiety from the esteratic site on 
AChE, thus reactivating esterase and restoring 
normal NMT [283]. Following attachment of the 
nerve agent to AChE, a portion of the nerve 
agent, called the leaving group, is cleaved from 
the bound molecule. This is followed by a second 
reaction during which an alkyl group leaves the 
nerve agent. This results in an aged complex for 
which oximes have no effect [284].

Treatment
Treatment is directed toward the prevention of 
chemical exposure by appropriate clothing and 
the decontamination of exposed victims [285, 
286]. Aggressive cardiopulmonary support is 
necessary. Atropine is an effective antidote to 

Table 17.5 Comparative human LCt50 and LD50 to nerve 
agents

Nerve agent Aerosolized (LCt50) Percutaneous (LD50)

VX vapor 10 mg·min/m3 6–10 mg

Soman 
vapor

50 mg·min/m3 350 mg

Sarin vapor 100 mg·min/m3 1700 mg

Tabun 
vapor

400 mg·min/m3 1000 mg

LCt50, the dose of vapor necessary to cause death in 50% 
of the exposed population where C is concentration and t 
is time; LD50, the dose of cutaneous exposure necessary to 
cause death in 50% of the exposed population; mg milli-
gram, min/m3 minutes per meter squared
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block excessive cholinergic activity at musca-
rinic receptors in both organophosphate and car-
bamate intoxications. AChE reactivators (oximes, 
e.g., 2-PAM) and anticholinergics are often help-
ful for acute OP intoxications but appear to have 
little effect to reverse weakness caused by the 
intermediate syndrome. Oximes dissociate the 
toxic phosphate moiety from the esteratic site on 
AChE, thus reactivating esterase and restoring 
normal neuromuscular transmission [283]. 
Soman is the least responsive of the nerve agents 
to oxime therapy because the agent-enzyme com-
plex rapidly undergoes “aging.” This refers to the 
compound undergoing a time-dependent confor-
mational change that is no longer responsive to 
reactivators [287]. In contrast to OP intoxica-
tions, oxime reactivators are contraindicated in 
carbamate poisoning as these compounds 
enhance the effects of the carbamate and promote 
further junctional toxicity [288]. In cases where 
the offending compound is not known, it is pos-
sible to assay the reactivation of AChE activity 
in vivo and possibly differentiate between OP 
and carbamate poisoning [289]. Neuromuscular 
blockade with curariform drugs blocks repetitive 
discharges although it is not clear whether there 
is any clinical benefit to their use [290]. The car-
bamate, pyridostigmine, was used as a “pretreat-
ment” for organophosphorus poisoning during 
the Gulf War, but their use is controversial. While 
studies showed that a 40% inhibition in AChE 
activity by physostigmine protected experimen-
tal animals from acute cholinergic toxicity fol-
lowing exposure to soman, such findings have 
not been conclusively demonstrated for pyr-
idostigmine [291]. The expanding footprint of 
terrorism and the adaptability of biological, phar-
macological, and environmental compounds to 
agents of war necessitate that physicians become 
familiar with the management of toxic neuro-
transmission disorders [292].
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Predictors of Psychological Health 
in Myasthenia Gravis

Robert H. Paul and Paola García-Egan

 Introduction

In the absence of a cure, individuals diagnosed 
with myasthenia gravis (MG) are confronted 
with a chronic and potentially disruptive medical 
disease. The mental health burden of MG has not 
been a primary focus of research, which is an 
unfortunate reality likely associated with the low 
prevalence of the disease compared to other neu-
rological conditions centered in the modern cul-
tural vernacular (e.g., Alzheimer’s disease [AD]). 
Nevertheless, it is well known from work con-
ducted in other neuroimmune conditions that 
patients and their loved ones are at heightened 
risk for psychological turmoil and reduced qual-
ity of life compared to the general population. In 
this chapter, we provide an updated review 
focused on mental health and disease progression 
in MG, as well as individual patient factors and 
disease factors that serve to challenge or enhance 
optimal mental health outcomes. The goal is to 
provide clinicians with the most effective, 

evidence- based resources to facilitate treatment 
and optimize patient care.

We begin with an updated review of cognitive 
dysfunction. We elected to start with mental per-
formance because cognitive schemas define the 
lens through which individuals view the world, 
including chronic symptoms of disease and ill-
ness. The next section is focused on potential 
interactions between mental health and disease 
expression, followed by a review of four essential 
support systems to foster mental health in the 
context of chronic disease. Finally, examples of 
specific psychosocial resources are provided.

 Neuropsychological Health in MG

Nicotinic acetylcholine receptors exist in both 
the central and peripheral nervous systems. The 
distribution of nicotinic receptors in the brain 
has prompted an intriguing question as to 
whether the antibodies that damage peripheral 
receptors at the neuromuscular junction also 
damage receptors in the brain parenchyma (for 
reviews see Paul et al. [1] and Mao et al. [2]). 
Since nicotinic receptors are abundantly distrib-
uted throughout the frontal and temporal regions 
of the brain and are known from both animal 
and human studies to mediate cognitive pro-
cesses, MG-related cognitive impairment car-
ries both clinical and research interest. This is 
particularly true in terms of mental health given 
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the interdependence between mental health and 
self-reported cognitive difficulties.

Concern was first raised that MG patients 
exhibit cognitive impairment following a sur-
vey in which 60% of respondents reported 
memory loss [3]. This frequency was signifi-
cantly higher than what was observed among 
demographically similar peers without 
MG. However, self- reported cognitive impair-
ment is susceptible to reporting error. For exam-
ple, among individuals infected with human 
immunodeficiency virus (HIV), self-reported 
ratings of cognitive impairment correlate with 
symptoms of depression but not with perfor-
mance on cognitive testing [4].

 Neuropsychological Function in MG

In a comprehensive review of the literature, we 
reported that most studies supported the posi-
tion that cognition is disrupted in MG [1]. Our 
group conducted a methodologically rigorous 
study to begin to unravel the etiology of impair-
ment in MG through cognitive phenotyping [5]. 
We administered a standardized battery of neu-
ropsychological tests to measure attention, lan-
guage fluency, information processing speed, 
and verbal/visual learning and retention. When 
compared to demographically similar healthy 
controls, MG patients exhibited worse perfor-
mance on most tests with the exception of mea-
sures tapping attention and measures of memory 
retention. Contrasting this cognitive phenotype 
with the pattern observed in neurodegenerative 
diseases affecting the central cholinergic sys-
tem (e.g., AD) revealed little overlap. The 
reduced information processing speed and 
learning inefficiencies without loss of learned 
information exhibited by the MG group are 
most consistent with a subcortical pattern rather 
than the cortical pattern of AD. Examples of 
other neurological disorders that exhibit a sub-
cortical cognitive phenotype include multiple 
sclerosis [6], Parkinson’s disease [7], and 
Huntington’s disease [8]. Similarly, depression 
and fatigue mirror the subcortical neuropsycho-
logical phenotype.

 Etiology of Neuropsychological 
Symptoms in MG

Results from our initial study suggest that the 
cognitive complaints reported by MG patients are 
not likely due to antibody-mediated damage to 
central nicotinic receptors. This is consistent with 
the limited work conducted to date on MG anti-
body binding in the brain [9] and the low level of 
antibodies in the CNS [10]. Alternative etiologies 
to cognitive symptoms that have been proposed in 
the literature include cytokine activity in the brain, 
sleep apnea, depression, and fatigue. Work by our 
group and others indicates that of these candidate 
mechanisms, fatigue is the most robust predictor 
of cognitive dysfunction in MG.

 Fatigue and MG

Fatigue is the cardinal symptom of MG. The fre-
quency of fatigue is more common in MG than 
other neurological conditions, including multiple 
sclerosis, Parkinson’s disease, stroke, and trau-
matic brain injury [11]. Physiologically, 
MG-related fatigue manifests as impaired ability 
to sustain muscle contraction. Chronically 
affected individuals describe a more broad expe-
rience of feeling mentally and physically “tired” 
[12–14]. While previous groups delineate gen-
eral “fatigue” (tiredness, lack of energy, and dif-
ficulty concentrating) from “physical fatigue” 
(difficulty initiating and sustaining muscle con-
tractions) [11, 14], the two dimensions covary 
with effort. Specifically, healthy control sub-
jects, individuals with neurological conditions 
other than MG, and MG patients experience 
increased levels of mental and physical fatigue 
with either cognitive or physical effort [15–17]. 
Interestingly, subjective ratings of fatigue in MG 
are more tightly linked to autonomic dysfunction 
than muscle fatigue recorded by neurophysiol-
ogy [18].

Results from two studies reveal that cognitive 
dysfunction is related to increased fatigue in MG 
[17, 19]. In a study conducted by our group, MG 
patients reported higher mental and physical 
fatigue than controls before and after completing 
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a battery of demanding tests. Further, change in 
mental fatigue correlated with cognitive perfor-
mance on the tests in which the patients differed 
from healthy controls. Similar results were 
reported by Jordan et al. [19]. In this study, cog-
nitive performances over time intervals served as 
objective markers of cognitive fatigue. MG 
patients performed more poorly on the cognitive 
tests and demonstrated more fatigue than con-
trols over the testing session. MG patients did not 
report a significant increase in subjective ratings 
of fatigue which is probably due to the relatively 
short test duration compared to what was utilized 
in our previous study.

Few studies have examined the impact of 
fatigue and cognitive symptoms on the ability 
of MG patients to complete activities of daily 
living (ADLs). A study of 20 MG patients with 
generalized disease reported more severe 
fatigue and more difficulties with ADLs than 
patients with ocular disease. Further, MG 
patients reported significant interference in 
ability to complete physical activities and to 
participate in social functions [20]. Controlled 
studies are needed to delineate the relationship 
between cognitive difficulties associated with 
fatigue and performance of instrumental ADLs 
(IADLs) (e.g., shopping, financial manage-
ment, laundry, telephone use) in MG patients. 
This represents an important area of research 
given the known association between execu-
tive difficulties and reduced IADLs that have 
been described in other patient populations 
[21–23].

 Effects of Psychological Health 
on Disease

Concern that psychological health directly 
affects disease expression is predicated on the 
notion that psychological distress causes 
immune dysregulation through activation of the 
hypothalamic pituitary adrenal axis [24] and 
direct binding of cortisol to immune cells [25–
27]. A few clinical reports describe a relation-
ship between mental health and the precipitation 
of MG [28–31]; however, these studies were 

uncontrolled and included a small number of 
MG patients. In a more recent study, MG was 
one of several autoimmune disorders identified 
as more common among individuals with a his-
tory of early life adversity [32]. However, of the 
15,000 hospital records reviewed, MG 
accounted for only ten cases. Childhood adver-
sity and immune dysregulation have been 
described in non-MG populations [33, 34], but 
the link to MG remains conjecture at this time. 
Previous work also identified personality sub-
type as a predictor of MG onset [35], but partici-
pants in this study were self-selected from 
psychological treatment studies and this referral 
bias confounds the study results. Indeed, other 
studies reveal no association between personal-
ity type and MG onset or progression [36], argu-
ing against the notion of a premorbid or reactive 
“myasthenic personality.”

A few descriptive reports [28, 36–38] sug-
gest that psychological health affects the clini-
cal course of MG. While intriguing from a 
pathophysiological perspective, the sequenc-
ing of events is challenging to define in clini-
cal studies, and no study has empirically 
established that mental health alters disease 
progression in MG. Patients may experience 
greater symptom severity during times of 
emotional distress, despite no change in dis-
ease activity. Previous researchers have 
referred to the former as the “disease” and the 
latter as the “illness” [39]. These two dimen-
sions of health covary, but they do not per-
fectly overlap. A full range of illness severity 
is possible at a given level of disease, and psy-
chological health is an important factor that 
determines the point on the continuum that ill-
ness severity is expressed. This effect ema-
nates from a patient’s cognitive framework 
and psychological valence assigned to the 
various experiences. During times of stress or 
depressed mood, individuals perceive more 
severe symptoms. Patients may be prone to 
identify these episodes as exacerbations of the 
“disease,” though they reflect exacerbations of 
the “illness.” This relationship highlights the 
importance of focusing on variables that affect 
illness behavior in chronic disease.
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 Impact of MG on Psychological 
Health

Intuitively, MG would be expected to cause some 
degree of psychological discomfort in public set-
tings [12], social anxiety, and avoidance [40]. 
However, remarkably, limited research has 
focused on mental health in this population [41–
45]. In prior studies, the patient samples were 
relatively small, comparisons to norms were not 
consistently reported, and cultural differences 
(e.g., [46]) did not allow for broad generalization. 
In one frequently cited study, Paradis et al. [41] 
reported a high frequency of anxiety disorders in 
MG patients, but the sample was combined with 
patients diagnosed with polymyositis/dermato-
myositis (PMD), and the frequency of anxiety 
was not reported for each subgroup.

Magni et al. [42] identified psychiatric disor-
ders in half of MG patients. Adjustment disorders 
represented the most common diagnosis (22%) 
followed by personality (18%) and affective dis-
orders (14%). Anxiety and somatoform disorders 
were uncommon (<6%). Psychopathology corre-
sponded with disease severity, but not with medi-
cations or thymectomy. Ybarra et al. [46] also 
observed anxiety disorders in nearly half of MG 
patients and mood disorder in about one quarter 
of the sample. Older age, longer disease duration, 
and female sex correlated with mental health 
diagnoses. No correlation was evident between 
mental health symptoms and treatment regimen.

Our research group quantified psychiatric 
symptom severity in MG [43, 44] using a self- 
report measure that separately assessed mood (e.g., 
feeling sad) and vegetative symptoms (e.g., feeling 
tired) of depression [47]. MG patients did not differ 
from healthy controls on the mood subscale, but a 
significant difference was observed on the vegeta-
tive subscale, reflecting the prominent expression 
of physical symptoms in MG. Interestingly, the 
median daily dose of prednisone correlated only 
with scores on the vegetative subscale. The latter 
observation is noteworthy since use of prednisone 
is known to disrupt mood [48].

MG patients also report lower scores than 
healthy controls on scales of self-reported quality 
of life [44, 49–51]. When compared to individu-

als with arthritis, hypertension, or congestive 
heart failure, MG patients reported greater dis-
ruption in physical activities related to quality of 
life [52, 53]. Lower ratings were predicted by 
disease severity but not by anti-acetylcholine 
receptor antibodies, thymectomy status, or medi-
cation regimen. The findings suggest that mental 
health in MG is independent of disease severity.

 Factors That Support Psychological 
Health in MG

 Perceived Control and Mental Health

Perceived control significantly influences how 
individuals respond to threat. We are engineered 
to control our environment, and the absence of 
such control leads to distress manifested biologi-
cally and psychologically [54]. Diseases, espe-
cially those with chronic symptoms, challenge 
one’s sense of control. For many MG patients, 
lack of control begins soon after symptom onset 
and continues even after treatment has been initi-
ated following diagnosis [29]. As most medical 
conditions, a treatment program cannot be man-
aged by the patient alone, and therefore control 
over one’s own health must be conceded to other 
individuals. This is personally challenging, even 
when care is in the hands of a known expert.

 Uncertainty in Illness and Mental 
Health

Uncertainty is the second predictor of mental 
health in chronic illness. Illness uncertainty is a 
cognitive experience in which the meaning of 
illness-related events is unclear and outcomes are 
unpredictable. Mishel [55] conceptualized illness 
uncertainty as four subcomponents, including 
ambiguity regarding the cues and the state of the 
illness, unpredictability of illness course and out-
comes, complexity regarding the treatment and 
the health care system, and lack (or inconsis-
tency) of information regarding the illness or 
treatments. A robust association exists between 
perceptions of uncertainty and psychological dis-
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tress at the time of diagnosis, during treatment, 
and throughout stabilization periods [56–61]. 
Clearly, perceptions of uncertainty increase the 
risk of poor adaptation to illness and/or clinically 
significant psychological distress. Uncertainty 
also represents a potential target for intervention. 
Psychosocial interventions that target uncertainty 
in cancer patients demonstrate improved adapta-
tion and mental health outcomes [62–66]. No 
studies have targeted uncertainty as a therapeutic 
focus in MG, but this represents an important 
area of future research.

 Illness Intrusiveness and Mental 
Health

Devins and colleagues refer to illness intrusive-
ness as both the objective and perceived intrusive-
ness of an illness resulting from “barriers” that 
restrict engagement in activities [67, 68]. Disease 
factors reduce quality of life through perceived 
illness intrusiveness, which in turn challenge psy-
chological adjustment. From a conceptual frame-
work, illness intrusiveness and perceived control 
are related, but distinct constructs [67]. Both dis-
ease (e.g., disease severity, fatigue) and treatment 
variables (e.g., type of treatment and time required 
for treatment) are strongly associated with illness 
intrusiveness [69, 70]. Further, studies reveal a 
high level of correspondence between illness 
intrusiveness and depression, lower self-esteem, 
and poorer marital satisfaction [71]. Not surpris-
ingly, age and perceived stigma moderate the 
impact of illness intrusiveness [56, 72] on the 
severity of mental health outcomes.

 Social Support and Mental Health

The fourth major factor that influences psycho-
logical health in chronic disease is social support. 
Social networks consisting of family, friends, and 
colleagues provide an important buffer to the 
psychological challenges associated with any 
stressful experience [58, 73–79]. Individuals 
with greater levels of social support experience 
better coping and adjustment in the face of stress-

ors. Adequate social support contributes to 
“adaptive” coping strategies that involve enact-
ing a plan to reduce distress. By contrast, the 
absence of social support is associated with reli-
ance on avoidant coping strategies, which repre-
sents a less effective coping response [77].

Social support influences patients’ sense of 
personal control and overall well-being. 
Rheumatoid arthritis patients that report inade-
quate support also report poor coping mecha-
nisms, more severe depression, and lower ratings 
of life satisfaction [78]. Blixen and Kippes [79] 
revealed that social support is strongly associated 
with better quality of life in patients with osteoar-
thritis even in the context of high levels of pain 
and discomfort. Relatedly, MG patients who live 
with a partner report more social support than 
patients who live alone [80].

Sources of social support for MG patients are 
available through national organizations (http://
www.myastheniagravis.org/; http://www.myas-
thenia.org/; https://www.dailystrength.org/group/
myasthenia-gravis; https://www.myaware.org; 
http://www.mdjunction.com/myasthenia-gravis). 
Regional chapters provide a forum for patients to 
discuss concerns and share insights, including 
effective coping strategies. Newsletters spon-
sored by these organizations keep patients abreast 
of research, clinical care issues, and regional 
social functions. Another key resource is avail-
able online. MG “chat rooms” (http://www.
mdjunction.com/myasthenia-gravis; http://neu-
rotalk.psychcentral.com/forum77.html and 
http://www.dailystrength.org/c/ Myasthenia- 
Gravis/support-group) link patients from across 
the world with 24/7 access to patient-centered 
information and discussion forums. These online 
resources are especially valuable to patients with 
restricted access to local chapters of the national 
organizations due to distance, transportation 
issues, work schedules, disease severity, etc.

 Summary

Slightly more than one half of MG patients com-
plain of memory loss, yet there is no empirical evi-
dence that MG affects the CNS. A subset of 
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patients exhibit difficulties on tests of information 
processing and learning of information, which is 
likely caused by fatigue. Current data do not sup-
port the notion that psychological distress affects 
the onset or the course of MG. Most patients adjust 
well to the disease, with generally good levels of 
mental health and preserved quality of life. Anxiety 
is the most common mental health concern identi-
fied in previous studies, and this may be present at 
any stage of the disease. As such, clinicians are 
urged to evaluate mental health status as part of 
patient care regardless of disease severity.

Perceived control over personal health is an 
important buffer to mental health symptoms. 
Differentiation between factors that can be con-
trolled using adaptive coping mechanisms and fac-
tors that cannot be controlled also fosters healthy 
adjustment to chronic illness. Coping with uncer-
tainty is essential for individuals managing a dis-
ease with potential for fluctuations in symptom 
expression and severity. Finally, high levels of 
social support promote psychological well-being 
and quality of life. New and robust relationships 
can be established in person through local support 
groups and online through internet chat forums.

Clinicians are in a unique position to positively 
influence the psychological health of their patients. 
A physician-patient partnership that includes dis-
cussion of diagnostic methods, treatment options, 
and new scientific discoveries allows patients to be 
engaged in the management of their disease and 
care. Clinicians are also in an ideal position to 
develop the social support networks for their 
patients. Posting fliers in the waiting room 
announcing local support group meetings and 
events, dissemination of online resources, and 
monitoring of mental health symptoms and quality 
of life during routine clinic visits all represent key 
elements of holistic and most effective healthcare.
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Myasthenia Gravis: Classification 
and Outcome Measurements

Nicholas J. Silvestri and Gil I. Wolfe

 Clinical Classification of MG

Clinicians struggled to devise an adequate clas-
sification system for MG [1] over the second half 
of the twentieth century. In 1958, Osserman and 
colleagues [2, 3] proposed placing patients in five 
groups: I, localized (ocular); II, generalized (mild 
or moderate); III, acute fulminating; IV, late 
severe; and V, muscle atrophy. A separate cate-
gory for neonatal and juvenile forms was created. 
Osserman and Genkins [4] later divided Group II 
into A (mild) and B (moderate) subclassifications 
and dropped the muscle atrophy group. Various 
modified Osserman criteria were suggested over 
the years, and some new schemes were devel-
oped [5–10]. The most widely used modification 
of Osserman’s original classification is found in 
Table 19.1. However, the Osserman approach has 
been criticized for several shortcomings. These 
include the vague descriptive terminology, the 
potential for subjects to satisfy descriptions for 

more than one class at the same point in time, and 
the absence of a category for asymptomatic 
patients.

It became clear early on to the MGFA task 
force that they would have to tackle the difficult 
topic of MG classification, even if it did not bear 
directly on research outcomes [11, 12]. The task 
force defined five broad disease subdivisions, and 
the descriptors “mild, moderate, and severe” 
were borrowed from prior classifications with 
full realization of the subjective nature of such 
terminology (Table 19.2) [13]. For instance, two 
experienced MG clinicians might not always 
agree on whether a patient has mild or moderate 
generalized disease (Class II or III). A brief sum-
mary of the MGFA clinical classification fol-
lows. A pure ocular MG patient is denoted as 
Class I; there can be orbicularis oculi weakness, 
but any additional axial, limb, or oropharyngeal 
weakness places the patient in Classes II to 
V. The task force appreciated that some patients 
with MG have selective bulbar muscular weak-
ness; therefore, separate distinctions for Classes 
II through IV are designated “a” if weakness is 
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Table 19.1 Modified Osserman classification for MG

Group 1: Ocular

Group 2: Mild generalized

Group 3: Moderate to severe generalized

Group 4:  Acute, severe, developing over weeks to 
months

Group 5: Late, severe with marked bulbar involvement
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predominantly limb/axial or “b” if weakness is 
predominantly oropharyngeal/respiratory. A 
patient requiring intubation is Class V. Use of a 
feeding tube without intubation places the patient 
in Class IVb. The most severely affected muscle 
groups should guide class assignment, and a 
“maximum severity designation” denotes the 
most severe pretreatment classification, which 
can be used as a historical point of reference. The 
clinical classification is not intended for use as an 

outcome measure. Its primary purpose is to iden-
tify subgroups of patients who share similar clin-
ical features. The classification continues to be 
used for patient entry criteria in many clinical tri-
als including the NIH-funded study of thymec-
tomy in non-thymomatous MG [14] and a 
randomized trial of methotrexate in generalized 
disease [15].

 Quantitative MG Score (QMG)

The QMG is likely the best studied objective out-
come measure in MG. The current QMG is an 
expansion and modification of the scale first 
developed by Bessinger and colleagues in the 
early 1980s [7, 16]. The original QMG consisted 
of eight items, each graded 0–3, with a score of 3 
being the most severe. Tindall et al. expanded the 
scale to 13 items and used this version of the 
QMG as the primary efficacy measurement in 2 
trials that determined that cyclosporine was an 
effective therapy for MG [17, 18]. Barohn et al. 
[19] replaced three items in Tindall’s scale that 
were subjective in nature—facial muscles, chew-
ing, and swallowing—so that each item on the 
QMG was scored objectively (Table 19.3). 
Interrater reliability testing was performed on 
this scale in advance of a randomized, placebo- 
controlled study of intravenous gamma globulin 
in MG that utilized the modified QMG as a pri-
mary outcome measure [20]. At a 95% confi-
dence level, QMG scores did not differ by more 
than 2.63 units, translating to a required sample 
size of 17 patients per treatment arm in a placebo- 
controlled trial to detect a significant difference 
at a power of 0.80 [19].

Tindall’s version of the QMG was found to 
have concurrent validity, meaning that in a single 
visit, the QMG, manual muscle testing, func-
tional scores, and patient self-evaluation show 
good agreement [21]. The latest version of the 
QMG was tested for responsiveness, the QMG’s 
sensitivity to clinical change versus “noise” that 
can be expected even in clinically unchanged 
subjects, as well as longitudinal construct valid-

Table 19.2 MGFA clinical classification [13]

Class 
I

Any ocular muscle weakness; may have 
weakness of eye closure. All other muscle 
strength is normal

Class 
II

Mild weakness affecting muscles other than 
ocular muscles; may also have ocular muscle 
weakness of any severity

IIa. Predominantly affecting limb, axial 
muscles, or both. May also have lesser 
involvement of oropharyngeal muscles

IIb. Predominantly affecting oropharyngeal, 
respiratory muscles, or both. May also have 
lesser or equal involvement of limb, axial 
muscles, or both

Class 
III

Moderate weakness affecting muscles other 
than ocular muscles; may also have ocular 
muscle weakness of any severity

IIIa. Predominantly affecting limb, axial 
muscles, or both. May also have lesser 
involvement of oropharyngeal muscles

IIIb. Predominantly affecting oropharyngeal, 
respiratory muscles, or both. May also have 
lesser or equal involvement of limb, axial 
muscles, or both

Class 
IV

Severe weakness affecting muscles other than 
ocular muscles; may also have ocular muscle 
weakness of any severity

IVa. Predominantly affecting limb, axial 
muscles, or both. May also have lesser 
involvement of oropharyngeal muscles

IVb. Predominantly affecting oropharyngeal, 
respiratory muscles, or both. May also have 
lesser or equal involvement of limb, axial 
muscles, or both

Class 
V

Defined as intubation, with or without 
mechanical ventilation, except when 
employed during routine postoperative 
management. The use of a feeding tube 
without intubation places the patient in class 
IVb
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ity, meaning how changes in the score correspond 
to clinically relevant change [22]. The calculated 
index of responsiveness of 1.45 is considered 
excellent for clinical outcome measures. A drop 
of 2.3 points in the score was correlated with 
clinical improvement as assessed by neurologist 
experts. The direction of QMG change validly 
reflected gestalt impressions of patient status 
(improved, unchanged, or worse) and correlated 
tightly with changes in a manual muscle testing 
score (p < 0.0001).

The 2000 MGFA task force report recom-
mended the QMG be used in all prospective stud-
ies of therapy for MG [13]. In addition, it 
encouraged proposals to improve the QMG, 
including “weighting” of subscores derived from 
the total scale to reflect regional impairment seen 
in many MG patients, a point emphasized by 
other authors [22]. In the 2012 task force report, 
the MG Composite, a simpler instrument to be 
discussed in a later section, received the panel 
recommendation [23].

Table 19.3 Quantitative MG score (QMG)

Test items weakness (score) None (0) Mild (1) Moderate (2) Severe (3)

Item 
score (0, 
1, 2 or 3)

 1.  Double vision on lateral 
gaze right or left (circle 
one), seconds

61 11–60 1–10 Spontaneous

 2.  Ptosis (upward gaze), 
seconds

61 11–60 1–10 Spontaneous

 3. Facial muscles Normal 
lid 
closure

Complete, 
weak, some 
resistance

Complete, without 
resistance

Incomplete

 4.  Swallowing 
4 oz./120 mL water

Normal Minimal 
coughing or 
throat clearing

Severe coughing/
choking or nasal 
regurgitation

Cannot swallow 
(test not 
attempted)

 5.  Speech following 
counting aloud from 1 to 
50 (onset of dysarthria)

None at 
#50

Dysarthria at 
#30–49

Dysarthria at 
#10–29

Dysarthria at #9

 6.  Right arm outstretched 
(90° sitting), seconds

240 90–239 10–89 0–9

 7.  Left arm outstretched 
(90° sitting), seconds

240 90–239 10–89 0–9

 8.  Vital capacity (% 
predicted) mouthpiece 
or facemask (circle one; 
best of 3)

≥80% 65–79% 50–64% <50%

 9.  Right hand grip: (best of 
2) male (KgW) female

≥45
≥30

15–44
10–29

5–14
5–9

0–4
0–4

10.  Left hand grip: (best of 
2) male (KgW) female

≥35
≥25

15–34
10–24

5–14
5–9

0–4
0–4

11.  Head, lifted (45° 
supine), seconds

120 30–119 1–29 0

12.  Right leg outstretched 
(45° supine), seconds

100 31–99 1–30 0

13.  Left leg outstretched 
(45° supine), seconds

100 31–99 1–30 0

Total QMG Score  
(range 0–39)

19 Myasthenia Gravis: Classification and Outcome Measurements
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The QMG has been used in studies of myco-
phenolate mofetil, tacrolimus, etanercept, thy-
mectomy, and eculizumab [14, 24–28]. An 
instructional training video and manual for the 
QMG are available from the MGFA [29]. The 
QMG can be completed in 20–30 min. A spirom-
eter and handheld dynamometer are the only 
required equipment.

 Myasthenia Gravis Manual Muscle 
Test (MG-MMT)

Investigators at the Duke University Medical 
Center developed a disease-specific manual 
muscle test that can be performed at the bedside 
without specialized equipment (Table 19.4) 
[30]. Thirty muscle groups usually affected by 
MG (6 cranial nerve/24 axial-limb) are mea-
sured on a 0–4 scale (0 = normal; 1 = 25% 
weak/mild impairment; 2 = 50% weak/moder-
ate impairment; 3 = 75% weak/severe impair-
ment; 4 = paralyzed/unable to do). The 
MG-MMT demonstrates good interrater reli-
ability with a mean difference between scores 
of 1.3 ± 1.8 points. It correlates well with the 
QMG [22, 30]. However, there is wide scatter 
of MG-MMT values within general disease 
classifications, an issue also observed with the 
QMG. Advantages of the MG-MMT over the 
QMG are that it can be performed by the physi-
cian as part of a routine clinic visit, takes less 
time, and requires no specialized equipment. 
Unlike the QMG and MG Composite, the 
MG-MMT does not directly assess swallowing, 
speech, or respiratory function. The MG-MMT 
has been used in studies of mycophenolate 
mofetil, etanercept, and methotrexate in MG 
[15, 24, 27, 31]. Of note, the MG-MMT was 
found to be more sensitive to change than the 

QMG in the mycophenolate mofetil trial at the 
end of the blinded phase (week 12) and open-
label extension (week 36) [32].

 Myasthenic Muscle Score (MMS)

This scoring system has been used by French 
investigators and was developed by Gajdos and 
colleagues in 1983 [33]. The MMS summates 
nine independent functions that encompass cra-
nial, neck, truncal, and limb strength 
(Table 19.5). The total score ranges between 0 
and 100. Unlike the scales described earlier, a 

Table 19.4 Myasthenia gravis manual muscle test

Right Left Sum

Lid ptosis ___ ___ ___

Diplopia ___ ___ ___

Eye closure ___

Cheek puff ___

Tongue protrusion ___

Jaw closure ___

Neck flexion ___

Neck extension ___

Shoulder abduction (deltoid) ___ ___ ___

Elbow flexion (biceps) ___ ___ ___

Elbow extension (triceps) ___ ___ ___

Wrist extension ___ ___ ___

Grip ___ ___ ___

Hip flexion (iliopsoas) ___ ___ ___

Knee extension (quadriceps) ___ ___ ___

Knee flexion (hamstrings) ___ ___ ___

Ankle dorsiflexion ___ ___ ___

Ankle plantar flexion ___ ___ ___

Total score ___

Score each function as follows: 0, normal; 1, 25% weak/
mild impairment; 2, 50% weak/moderate impairment; 3, 
75% weak/severe impairment; 4, paralyzed/unable to do. 
In addition, record any condition other than MG causing 
weakness in any of these muscles
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higher score on the MMS connotes better 
strength and function. Pulmonary function is 
not assessed in the MMS. The MMS has high 
interrater reliability and showed slightly higher 

agreement between observers than the QMG in 
one study [34]. This study also determined that 
the high interobserver agreement was not 
dependent to a significant degree on any single 
item, suggesting a high reliability for individual 
constituents of both the MMS and QMG. Both 
the MMS and QMG correlated well with a five-
grade functional disease classification. Less 
robust was the correlation with a patient self-
evaluation tool [21, 34].

 MG Activities of Daily Living 
(MG-ADL) Profile

The MG-ADL is a simple eight-point question-
naire which focuses on common symptoms 
reported by MG patients (Table 19.6) [35]. It was 
developed at the University of Texas Southwestern 
Medical Center to complement the QMG. Each 
item of the profile is graded 0 (normal) to 3 (most 
severe). A provider asks the patient the eight 
questions and records the responses. It can also 
be self-administered after minimal training. It is 
worthy to note that the MG-ADL is not a quality 
of life (QOL) scale. The MG-ADL has correlated 
well with the QMG [35], MG Composite, and 
MG-Quality of Life 15 (MG-QOL15) [36]. The 
MG-ADL was found to be more sensitive to 
change than the QMG in the mycophenolate 
mofetil trial at the end of the blinded phase (week 
12) and open-label extension (week 36) [32].

A two-point reduction in the score predicted 
clinical improvement [36]. No specialized train-
ing is required, and it can be administered in 
5 min or less. The MG-ADL has been applied 
widely in retrospective and prospective clinical 
studies [20, 37–39]. It recently served as the pri-
mary outcome measure in a Phase 3 study of ecu-
lizumab in myasthenia gravis.

Table 19.5 Myasthenic muscle score

Task Score

Maintain upper limbs horizontally 
outstretched: 1 point per 10 s

0–15

Maintain lower limbs above bed plane while 
lying on back: 1 point per 5 s

0–15

Raise head above bed plane while lying on back

  Against resistance 10

  Without resistance 5

  Impossible 0

Sit up from lying position

  Without help of hands 10

  Impossible 0

Extrinsic ocular musculature

  Normal 10

  Ptosis 5

  Double vision 0

Eyelid occlusion

  Complete 10

  Mild weakness 7

  Incomplete with corneal covering 5

  Incomplete without corneal covering 0

Chewing

  Normal 10

  Weak 5

  Impossible 0

Swallowing

  Normal 10

  Impaired without aspiration 5

  Impaired with aspiration 0

Speech

  Normal 10

  Nasal 5

  Slurred 0

Total score
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 MG Composite (MGC)

One of the newer outcome measures for MG, the 
MGC, was constructed from items in the QMG, 
MG-ADL, and MMT based on item performance 
observed in two multicenter clinical trials of 
mycophenolate mofetil in generalized disease 
[40]. Ten items were initially chosen, and 
response options were weighted based on input 
from an international panel of MG experts. The 
weighting was based on health risk, quality of 
life, and prognosis among other factors. For 
instance, breathing item response categories were 
weighed more heavily (maximal score of 9) than 
those for ptosis (maximal score of 3). Both 
weighted and unweighted versions of the MGC 
correlated well with investigator global impres-
sions from the Muscle Study Group mycopheno-
late mofetil trial [40]. The ten-item MGC contains 
two ocular, five bulbar/facial/neck, one respira-
tory, and two limb items (Table 19.7). Four of the 
items were borrowed from the MG-MMT and 
four from the MG-ADL.

Concurrent and construct validation of the 
MGC was assessed in over 150 patients over two 

consecutive office visits, comparing the MGC to 
the MG-MMT, MG-ADL, and MG-QOL15 [41]. 
The MGC demonstrated excellent concurrent 
validity for both visits with the other MG scales. 
Longitudinal construct validity and responsive-
ness analyses across the two visits showed that a 
three-point change in the MGC score signified a 
change in clinical status. A smaller cohort was 
studied to demonstrate excellent test-retest reli-
ability, with a coefficient of 98% [41].

Psychometric evaluation of the MGC using a 
Rasch model has been performed [42]. This type 
of analysis ranks the ability of different measure 
items to differentiate between levels of disability 
(item difficulty) and how individual patients 
relate to each other (person ability). As a weighted 
scale, the MGC provided a unique opportunity 
for psychometric analysis to assess the appropri-
ateness or fit of the weighting of each response 
category. The Rasch analysis showed that there 
was no significant order distortion between 
response categories, that the expected category 
response values fit well with the item weighting, 
and that it was appropriate to summate the items 
for a total score. The only items that performed 

Table 19.6 MG activities of daily living (MG-ADL) profile

Grade 0 1 2 3
Score (0, 
1, 2 or 3)

1. Talking Normal Intermittent 
slurring or nasal 
speech

Constant slurring or 
nasal, but can be 
understood

Difficult to 
understand 
speech

2. Chewing Normal Fatigue with solid 
food

Fatigue with soft 
food

Gastric tube

3. Swallowing Normal Rare episode of 
choking

Frequent choking 
necessitating changes 
in diet

Gastric tube

4. Breathing Normal Shortness of breath 
with exertion

Shortness of breath 
at rest

Ventilator 
dependence

5. Impairment of ability 
to brush teeth or comb hair

None Extra effort, but no 
rest periods needed

Rest periods needed Cannot do one of 
these functions

6. Impairment of ability 
to arise from a chair

None Mild, sometimes 
uses arms

Moderate, always 
uses arms

Severe, requires 
assistance

7. Double vision None Occurs, but not 
daily

Daily, but not 
constant

Constant

8. Eyelid droop None Occurs, but not 
daily

Daily, but not 
constant

Constant

MG-ADL score 
total (items 1–8)

=
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less than optimally were diplopia and ptosis, but 
the impact of the misfitting or order distortion 
was found to be minor, and no changes in the 
MGC were proposed [42]. Of note, in another 
psychometric analysis using the Rasch model in 
over 200 patients, an argument was made in favor 
of some modification of both the MGC and the 
QMG [43]. Score thresholds demonstrated sub-
optimal order, suggesting poor discrimination 
between response options such as fatigue with 
soft vs. solid food. Such thresholds had not been 
reported in the earlier Rasch analysis [42]. 
Disordered thresholds were observed in 6 of 10 
MGC items and 4 of 13 QMG items [43]. Test- 
retest reliability was good for both measures.

The MGC requires no equipment and can be 
completed in 5 min. It was used as a secondary 
outcome in the methotrexate trial [15].

 MG Disability Assessment (MG-DIS)

This novel patient-reported disability scale 
addresses impairments and activity limitations in 
MG [44]. From 31 items identified by patients to 
address disease-related limitations, a final scale 
of 20 items was generated [45]. Items can be 
divided into four categories: generalized impair-
ment, bulbar-related problems, mental health and 
fatigue, and vision-related problems. In a valida-

Table 19.7 MG composite

Ptosis, upward gaze 
(physician 
examination)

>45 s = 0 11–45 s = 1 1–10 s = 2 Immediate = 3

Double vision on 
lateral gaze, left or 
right (physician 
examination)

>45 s = 0 11–45 s = 1 1–10 s = 3 Immediate = 4

Eye closure (physician 
examination)

Normal = 0 Mild weakness (can 
be forced open with 
effort) = 0

Moderate weakness (can 
be forced open 
easily) = 1

Severe weakness 
(unable to keep eyes 
closed) = 2

Talking (patient 
history)

Normal = 0 Intermittent slurring 
or nasal speech = 2

Constant slurring or 
nasal but can be 
understood = 4

Difficult to 
understand speech = 6

Chewing (patient 
history)

Normal = 0 Fatigue with solid 
food = 2

Fatigue with soft 
food = 4

Gastric tube = 6

Swallowing (patient 
history)

Normal = 0 Rare episode of 
choking or trouble 
swallowing = 2

Frequent trouble 
swallowing e.g. 
necessitating changes in 
diet = 5

Gastric tube = 6

Breathing (thought to 
be caused by MG)

Normal = 0 Shortness of breath 
with exertion = 2

Shortness of breath at 
rest = 4

Ventilator 
dependence = 9

Neck flexion or 
extension (weakest) 
(physician 
examination)

Normal = 0 Mild weakness = 1 Moderate weakness (i.e. 
~50% weak, ±15%) = 3

Severe weakness = 4

Shoulder abduction 
(physician 
examination)

Normal = 0 Mild weakness = 2 Moderate weakness (i.e. 
~50% weak, ±15%) = 4

Severe weakness = 5

Hip flexion (physician 
examination)

Normal = 0 Mild weakness = 2 Moderate weakness (i.e. 
~50% weak, ±15%) = 4

Severe weakness = 5

Total score

Please note that “moderate weakness” for neck and limb items should be construed as weakness that equals roughly 
50 ± 15% of expected normal strength. Any weakness milder than that would be “mild” and any weakness more severe 
than that would be classified as “severe”
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tion study, the MG-DIS was superior to general 
health/disability surveys including the World 
Health Organization Disability Assessment 
Schedule 2.0 (WHODAS 2.0) and the Short 
Form-36 in discriminating between different MG 
clinical classes [45]. It showed good test-retest 
reliability and correlated favorably with the MGC 
(r = 0.642, p < 0.001).

 MG-Quality of Life 15 (MG-QOL15) 
Score

In general, health-related quality of life (QOL) mea-
sures attempt to survey patients’ subjective assess-
ment of their disability caused by a disease state and 
their degree of satisfaction or dissatisfaction with 
function. The use of patient-reported outcome mea-
sures has gained wide acceptance both in the clini-
cal setting and in clinical trials, particularly with 
regard to assessment of QOL [46]. The MG-QOL15 
is a 15-item MG-specific, self-administered scale, 
which includes test items that focus on psychologi-
cal well-being and social functioning [47]. It is 
designed to inform the treating physician of the 
patient’s own perception of disability due to MG 
which can then be factored into treatment decisions. 
The MG-QOL15 can also be followed over time to 
determine the efficacy of interventions. From a clin-
ical trial standpoint, the MG-QOL15 has been used 
as a secondary outcome measure in clinical trials of 
methotrexate [15] and eculizumab [28].

The MG-QOL15 was revised using Rasch 
analysis (MG-QOL 15R), a process that improved 
slightly its clinimetric properties and both face 
and content validity (Table 19.8) [48]. While 
both scales are validated, the MG-QOL15R is 
preferred given its superior content validity and 
simpler interpretation in the clinical setting. The 
MG-QOL15R takes less than 5 min to administer 
and can be completed independently by the 
patient after a brief, straightforward instruction.

Table 19.8 MG-QOL15R

Please indicate how true each 
statement has been (over the 
past few weeks)

Not 
at all 
0

Somewhat 
1

Very 
much 
2

1.  I am frustrated by my 
MG

2.  I have trouble with my 
eyes because of my MG 
(e.g. double vision)

3.  I have trouble eating 
because of MG

4.  I have limited my social 
activity because of my 
MG

5.  My MG limits my 
ability to enjoy hobbies 
and fun activities

6.  I have trouble meeting 
the needs of my family 
because of my MG

7.  I have to make plans 
around my MG

8.  I am bothered by 
limitations in 
performing my work 
(include work at home) 
because of my MG.

9.  I have difficulty 
speaking due to MG

10.  I have lost some 
personal independence 
because of my MG 
(e.g. driving, shopping, 
running errands)

11.  I am depressed about 
my MG

12.  I have trouble walking 
due to MG

13.  I have trouble getting 
around public places 
because of my MG

14.  I feel overwhelmed by 
my MG

15. I have trouble 
performing my personal 
grooming needs due to MG

Total MGQOL15R 
score
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 MG Impairment Index (MGII)

The recently developed MGII is unique in that it 
followed Food and Drug Administration and 
Consensus-Based Standards for the Selection of 
Health Measurement Instruments Group guidelines 
in incorporating patient input in its development 
[49]. The MGII measures 22 items judged to be 
most relevant by patients with MG, particularly 
those triggered by activity or that fluctuate and 
might not otherwise be easily assessed during a 
routine clinic visit. Of the 22 patient- reported items 
gleaned from more than 90 surveys of patients and 
MG experts, 6 relate to ocular, 3 to eating, 7 to 
speaking/breathing, and 6 to general/trunk/limb 
function. Similar to the MGC and to add an ele-
ment of objectivity, six examination items were 
incorporated: diplopia, ptosis, lower facial strength, 
arm endurance, leg endurance, and neck endur-
ance. The MGII has excellent reliability and is easy 
to implement in the clinical setting. MGII scores 
correlate well with other validated scales including 
the QMG, MG-ADL, MGC, and MG-QOL15R. It 
will likely be used in future clinical trials.

 MGFA Therapy Status

The MGFA task force developed a system to 
describe treatment regimens for MG patients 
enrolled in clinical studies (Table 19.9) [13]. The 

various abbreviations may be used individually 
or in combination to summarize management. In 
addition, the duration of treatment, current and 
prior doses of pertinent medications, and sched-
ule of plasma exchange or intravenous gamma 
globulin infusions should be recorded.

 MGFA Postintervention Status (PIS)

Assessment of postintervention status (PIS) des-
ignates the clinical state of MG patients at any 
time after initiation of treatment [13]. It can be 
used for routine follow-up or in formal clinical 
trials (Table 19.10). PIS should be determined by 
a clinician skilled in the evaluation of MG 
patients as it is based on careful clinical evalua-
tion with both symptoms and signs taken into 
account. Of note, the MGFA task force concluded 
that isolated weakness of eyelid closure does not 
necessarily represent a sign of active disease, 
and, therefore, this finding would not exclude 
patients from qualifying for complete stable 
remission or pharmacologic remission. Patients 

Table 19.9 MGFA MG therapy status

NT No therapy

SPT Status-post thymectomy (record type of 
resection)

CH Cholinesterase inhibitors

PR Prednisone

IM Immunosuppressive therapy other than 
prednisone (define)

PE(a) Plasma exchange therapy, acute (for 
exacerbations or preoperatively)

PE(c) Plasma exchange therapy, chronic (used on a 
regular basis)

IG(a) IVIg therapy, acute (for exacerbations or 
preoperatively)

IG(c) IVIg therapy, chronic (used on a regular basis)

OT Other forms of therapy (define)

Table 19.10 MGFA postintervention status

Complete 
stable remission 
(CSR)

The patient has had no symptoms or 
signs of MG for at least 1 year and 
has received no therapy for MG 
during that time. There is no 
weakness of any muscle on careful 
examination by someone skilled in 
the evaluation of neuromuscular 
disease. Isolated weakness of eye 
closure is accepted

Pharmacologic 
remission (PR)

The same criteria as for CSR except 
that the patient continues to take 
some form of therapy for 
MG. Patients taking cholinesterase 
inhibitors are excluded from this 
category because their use suggests 
the presence of weakness

Minimal 
manifestation 
(MM)

The patient has no symptoms or 
functional limitations from MG but 
has some weakness on examination 
of some muscles. This class 
recognizes that some patients who 
otherwise meet the definition of 
CSR or PR do have weakness that 
is only detectable by careful 
examination

(continued)
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receiving cholinesterase inhibitors were excluded 
from the pharmacologic remission category, 
however, since these agents may mask myas-
thenic symptoms and signs.

For prospective studies, it was recommended 
that PIS change of status categories (improved, 
unchanged, or worse) be linked to predetermined 
changes in the QMG score. In certain studies, the 
PIS may be the most important element in out-
come determination. PIS classification was used 
to guide corticosteroid dosing adjustments in 
prospective trials of mycophenolate mofetil [50], 
methotrexate [15], and transsternal thymectomy 
[14, 20] and was included as outcome assess-
ments in open-label studies of tacrolimus [26, 
51] and a blinded, crossover trial of eculizumab 
[28]. A PIS category of minimal manifestations 
or better has been used to define the goals of 
treatment in the MGFA-sponsored international 
consensus guidance statement for MG manage-
ment [52].
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 Established Therapies

Treatment of myasthenia gravis (MG) can be 
divided into two classes: immunosuppressive and 
symptomatic. Since MG is a chronic disorder, 
long-term immunosuppressive medications are 
often applied and include corticosteroids, general 
corticosteroid-sparing immunosuppressive 
agents such as azathioprine and mycophenolate 
(which inhibit T cells), and more specific target-
ing treatment with rituximab (which inhibits B 
cell response). MG patients may present with 
heterogeneous clinical manifestations and anti-
bodies; therefore, they may respond differently to 
similar treatments, and thus, each regimen needs 
to be tailored for each patient. The European 
Federation of Neurological Societies has devel-
oped evidence-based consensus recommenda-
tions for MG [1], and consensus guidelines for 

the management of MG have been provided by a 
group with international representation [2]. For 
the acute treatment of exacerbations of weakness, 
it may be necessary to employ plasmapheresis or 
intravenous immunoglobulins, which result in a 
prompt reduction of the circulating autoimmune 
response. Patients with a thymoma usually 
undergo a thymectomy, removing the thymus. 
Further, the majority of acetylcholine receptor 
antibody-seropositive (AChR+) patients have a 
hyperplastic thymus, which is also an indication 
for undergoing thymectomy, particularly for 
young patients. The most commonly used chronic 
symptomatic treatment consists of nonselective 
acetylcholinesterase inhibitors. These inhibitors 
render more acetylcholine available at the neuro-
muscular junction (NMJ), thus temporarily 
decreasing fatigue. In general, AChR+ patients 
respond better to both immunosuppressive and 
symptomatic medications than muscle-specific 
kinase-seropositive (MuSK+) patients.

 Symptomatic Medication

Symptomatic medication in MG includes acetyl-
cholinesterase inhibitors (AChEIs) as well as ß2 
adrenoceptor agonists.

AChEIs are the most common symptomatic 
treatment, inducing its effect by inhibiting the 
enzymatic breakdown of acetylcholine, render-
ing this neurotransmitter available for a longer 
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time period at the motor endplate and the nico-
tinic AChRs. The most common form of nonse-
lective AChEI is pyridostigmine bromide 
(Mestinon®), and its beneficial effect of improved 
muscle fatigue is most prominent at disease onset 
and in AChR+ MG. AChEIs may be used as an 
only therapy in ocular or mild generalized MG, if 
the therapeutic response is regarded sufficient. 
Common dose ranges from 60 to 120 mg given 
three to five times daily, although especially in 
elderly patients one has to be observant of cholin-
ergic adverse effects [3]. Since AChEIs influence 
both the nicotinic AChRs and the muscarinic 
receptors in exocrine glands, adverse effects 
include increased gut motility, increased gastric 
acid secretion, hyperhidrosis, increased saliva-
tion, and muscle fatigue and fasciculations as 
possible signs of AChEI overdose. Nicotinergic 
side effects have been observed more often in 
MuSK+ patients, who also have been reported to 
clinically benefit less from pyridostigmine bro-
mide [1, 4–6]. Cholinergic overdose can easily be 
identified with a motor nerve conduction study 
[6], as extra discharges after the compound motor 
action potential (CMAP) on motor neurography 
appear [3].

Other available symptomatic agents, ß2 adre-
noceptor agonists, include mainly terbutaline 
and salbutamol. These agents are beneficial in 
both MG and congenital MG, and, based on 
experience in some neurology clinics in both 
Europe and the US, particularly in patients with 
limb-girdle phenotype and bulbar weakness [7, 
8]. Studies in cattle with clenbuterol indicate 
skeletal muscle hypertrophy [9] resulting from 
this medication, and studies on MuSK+ mouse 
models have shown reduced muscle weakness 
upon treatment with albuterol [10].

 Immunosuppressive Agents

Corticosteroids are generally considered to be 
an effective immunosuppressant for MG and 
therefore commonly applied as first-line immu-
nosuppression. Corticosteroids reduce the 
inflammatory response through inhibition of 
transcription of inflammatory cytokines (inter-

leukins) and adhesion molecules, causing a 
reduction in trafficking of inflammatory cells 
such as T cells. High doses also induce apoptosis 
of inflammatory cells [11]. Despite wide accep-
tance as an appropriate immunosuppressive ther-
apy, only a few randomized controlled trials have 
studied the efficacy of corticosteroid treatment in 
MG [12, 13]. Lindberg et al. reported significant 
improvement in muscle function in the group of 
MG patients who received 2 g intravenous meth-
ylprednisolone on 2 consecutive days compared 
to the placebo group; duration of improvement 
ranged from 4 to 14 weeks, although the concen-
tration of AChR antibodies remained unchanged. 
When high doses of corticosteroids are employed, 
there is also the risk of worsening during the first 
days of initiation, usually lasting less than 
1 week. Gradually increasing the steroid dose 
over 1–2 months may significantly reduce this 
risk. Pascuzzi et al. reported improvement in as 
many as 95% of MG patients receiving long-term 
treatment with prednisone and remission (defined 
as no more than minimal eye closure weakness) 
in 28% of patients [14]. Additionally, corticoste-
roids appear to have a direct effect on the neuro-
muscular junction, which may explain the early 
alterations and short-term fluctuations in myas-
thenic weakness seen in patients being treated 
with corticosteroids. The effect is believed to be 
a facilitation of the spontaneous release of acetyl-
choline and reduction of miniature endplate 
potential (MEPP) amplitude by about 50% [15].

 T Cell Inhibiting Medications

Azathioprine (Aza) is considered an important 
steroid-sparing agent in the treatment of MG, 
although most studies have described its useful-
ness in conjunction with corticosteroids. The 
mechanism of action is inhibition of purine syn-
thesis especially of the most rapidly dividing 
cells, including lymphocytes involved in the 
autoimmune response [16]. Prolonged adminis-
tration of Aza prevents the induction of EAMG, 
for at least 4 months, in rabbits immunized with 
AChR [17]. Aza has a delayed onset of effect, on 
average 4–6 months, and maximal effect is 
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obtained after a time period of approximately 
14 months. Nevertheless, the majority of patients 
report reduced myasthenic fatigue after a few 
months [18]. Aza is administered orally with a 
preferred maintenance dose of 2–3 mg/kg/day. 
The initial dose is 50 mg/day and increases by 
50 mg/day every week while monitoring for 
adverse effects.

Cyclosporine A (CyA) is another steroid- 
sparing medication, which inhibits calcineurin 
and thereby prohibits transcription of cytokine 
genes, including those of IL-2 and IL-4, in acti-
vated T cells [19]. CyA specifically inhibits T 
helper cell activation [20] and is widely used to 
prevent transplant rejection. CyA has a positive 
effect in MG by resulting in improved muscle 
strength and reduced AChR antibody titer [21]. 
Most patients improve maximally after 
2–4 months of therapy. The commonly applied 
dose is 3–5 mg/kg/day, given orally at 12-h 
intervals.

Tacrolimus (Prograf®) is another calcineurin 
inhibitor indicated for the prevention of trans-
plant rejection. Unlike CyA, tacrolimus is more 
potent and causes less nephrotoxicity when used 
at low doses [22]. Its intracellular binding to the 
protein FKBP-12 interferes with the activity of 
calcineurin, which in turn prevents the nuclear 
factor of activated T cells from translocation and 
initiation of gene transcription for lymphokines 
such as interleukin-2 (IL-2). There is limited, yet 
promising, data to suggest a beneficial role for 
tacrolimus in reducing muscle fatigue and corti-
costeroid burden in patients with refractory or 
newly diagnosed MG. This beneficial treatment 
response may appear as early as 4 months after 
initiation, with subjective improvement noted 
after only 1–2 months [23, 24].

Mycophenolate mofetil (MyM, Cellcept®) 
inhibits the proliferation of B and T lymphocytes 
through noncompetitive, reversible inhibition of 
inosine monophosphate dehydrogenase, a key 
enzyme in the synthetic pathway of guanine 
nucleotides. The proliferation of lymphocytes is 
reduced through selective inhibition of purine 
synthesis [25]. In a large retrospective study, 
MyM was associated with clinical improvement 
in approximately 70% of patients after a period 

of approximately 11 weeks [26]. MyM is also 
well tolerated in most patients and only discon-
tinued due to the adverse effects in a very small 
fraction of patients, the most common reason 
being gastrointestinal intolerance, such as diar-
rhea. The long-term safety of MyM is not known, 
but rates of malignancy do not appear to be 
higher in transplant recipients who receive MyM 
chronically [27].

Cyclophosphamide is a nitrogen mustard 
with potent immunosuppressant effects and is 
used to treat MG patients who are resistant to 
other therapies. It affects the proliferation of B 
cells and thereby reduces antibody production. 
The use of cyclophosphamide in MG is limited, 
but undoubtedly beneficial in severe cases [28]. 
The usual dose ranges from 1 to 3 mg/kg/day, 
orally. Nevertheless, adverse effects are promi-
nent and include alopecia, hemorrhagic cystitis, 
leukopenia, and nausea. Long-term treatment 
increases the risk of infertility and malignancy.

 Limitations of Present Therapeutics

As should be appreciated from the discussion 
thus far, therapeutics for MG do not cure the dis-
ease, immune-therapies are non-specific, and all 
have the potential for significant adverse effects. 
Although great advances have been made in 
understanding of disease pathogenesis and in 
therapy, more than a third of patients experience 
MG exacerbations, which require hospitaliza-
tion, and disease- and treatment-related morbid-
ity remains high. Non-immunosuppressive 
treatments often do not completely relieve symp-
toms, and immunosuppressive treatments (high- 
dose corticosteroids, cyclosporine, azathioprine, 
cytoxan, mycophenolate mofetil, intravenous 
immunoglobulin, plasmapheresis) have poor side 
effect profiles with variable benefit. There is also 
a concern for increased frequency of neoplasia 
for all the immunosuppressives. Eculizumab, 
which was recently approved by the US Food and 
Drug Administration for the treatment of general-
ized AChR+ MG, is a disease moderating 
 monoclonal antibody. There is no evidence pres-
ently that it impacts the cellular autoimmune 
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pathology. Although mortality of MG patients 
has improved over the decades, MG remains a 
disease with high morbidity and, at times, mor-
tality. Improvements in acute and chronic disease 
management are needed. There is a significant 
need to improve MG therapeutics.

 Pipeline for Development: 
Preclinical and Clinical Trials

The past decade has seen a dramatic expansion in 
therapeutic development for MG. A search of 
clinicaltrials.gov 2007–2016 for interventional 
therapeutic clinical trials for MG in adults 
resulted in 31 studies. A search of the previous 
10 years yielded only seven trials (clinicaltrials.
gov search 4/3/2017). Though reporting require-
ments for clinicaltrials.gov have changed over 
the years, these results support the increased 
interest in therapeutic development for MG that 
has been experienced by clinicians and patients. 
This increased attention is the result of many fac-
tors which include a progressively better under-
standing of the immunopathology of 
autoimmunity in general, and MG specifically; 
advances in therapeutic design and manufactur-
ing, particularly monoclonal antibodies; and the 
success of clinical development programs in 
other autoimmune diseases, such as rheumatoid 
arthritis and multiple sclerosis. With several 
options now on the market for more common 
autoimmune diseases, the pharmaceutical indus-
try has shifted some focus to developing thera-
pies for rarer diseases (e.g., MG) to provide 
therapeutics for these populations with unmet 
need. In a turn of events that many clinicians 
would not have predicted, the number of planned 
or active clinical trials for MG has actually 
resulted in competition between studies for eli-
gible patients.

Therapeutics in preclinical or clinical devel-
opment for MG target many mechanisms aimed 
primarily at altering immune system function 
rather than providing symptomatic therapy. The 
immune system targets may be broadly catego-
rized as direct lymphocyte modulators, cytokine 
and cytokine receptor targeting, complement 

inhibitors, and immunoglobulin/antibody regula-
tors. After a brief description of some of the 
patient factors that make clinical testing of new 
therapies in MG challenging, the remainder of 
the chapter discusses the current state of thera-
peutics directed at these targets. Despite the chal-
lenges described below, the increased interest in 
MG will hopefully lead to regulatory approval of 
therapeutics with improved efficacy and reduced 
side effects through targeted immune system 
modulation.

 Challenges in Therapeutic 
Development Based on Disease 
Heterogeneity

Recognition of several distinct disease subtypes 
makes therapeutic development for MG chal-
lenging. MG can be classified in several different 
ways: by age (early onset vs. late onset), antibody 
status (AChR, MuSK, seronegative), distribution 
of disease (ocular vs. generalized), thymoma and 
thymectomy status, and response to existing ther-
apy (refractory vs. nonrefractory or treatment 
naïve). These challenges are further compounded 
by inherent fluctuation of the disease, changes in 
response that may occur in relation to the dura-
tion of disease (e.g., fixed weakness that may 
occur with prolonged inadequately treated MG), 
potential use of multiple concomitant immuno-
suppressive drugs, and even anatomic variability 
in the distribution of disease among patients with 
generalized disease (e.g., bulbar vs. limb pre-
dominant). In an effort to manage many of these 
factors and to study therapeutics in populations 
felt most appropriate for a therapy under devel-
opment, many clinical trial protocols are written 
to exclude certain patient groups. Some of these 
exclusions make biologic sense when consider-
ing the mechanism of action of new therapies. 
For example, it would be generally recommended 
to exclude MuSK+ MG patients from clinical tri-
als of complement inhibitors where complement 
is not thought to play a prominent role in disease 
pathophysiology. The overall effect , in many 
cases is to significantly reduce the available num-
ber of eligible patients, resulting in slow enroll-
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ment. Appropriate measures to manage these 
limitations will be key to continued interest in 
therapeutic development in the field.

Several advances may help overcome some of 
these difficulties. Common data elements were 
developed to standardize data collection and 
facilitate the use of appropriate outcome mea-
sures [29]. Patient registries have been developed 
in the United States and Europe to collect clinical 
data from patients with MG to inform clinical 
trial design and to enhance communication with 
patients about ongoing clinical trials [30, 31]. 
Finally, international consensus treatment guide-
lines were developed by a panel of experts that 
define goals of therapy, disease status, and appro-
priate treatment of patients with MG [2].

 Lymphocyte Modulators 
in Preclinical and Clinical Testing 
for MG

 Plasma Cell Therapeutics

Plasma cells are an attractive target for treating 
MG and other B cell-mediated disorders [32]. 
Autoreactive plasma cells are responsible for the 
production of pathogenic antibodies targeting the 
postsynaptic neuromuscular junction [33]. In 
AChR+ MG, IgG1 and IgG3 autoantibodies 
destroy the postsynaptic endplate of the neuro-
muscular junction predominantly through 
complement- mediated pathways [34, 35]. In con-
trast, autoantibodies in MuSK MG are mainly 
IgG4 and do no fix complement [36]. No thera-
pies currently in routine use for MG specifically 
target plasma cells. Among therapeutics com-
monly used for MG, therapeutic plasma exchange 
directly removes the autoantibodies from the 
blood and is highly effective for treating AChR+ 
and MuSK+ MG (>90% of patients improve). 
However, these procedures are time consuming, 
often require central lines that result in complica-
tions, and necessitate highly trained staff that are 
not available at all centers [37].

A couple therapeutics that specifically target 
plasma are currently available to clinicians, 
though experience with these agents in patients 

with MG is limited. The first therapy to become 
available is bortezomib [38]. Bortezomib is a 
proteasome inhibitor approved for the treatment 
of mantle cell lymphoma and multiple myeloma, 
which causes accumulation of nondegraded, mis-
folded proteins within plasma cells leading to 
apoptosis. It has been shown to reduce autoanti-
body titers and improve clinical outcomes in ani-
mal models of autoimmunity [39, 40]. Studies of 
bortezomib in EAMG and in vitro studies of MG 
patient thymus cultures have suggested that 
plasma cell depletion is a promising target [41]. 
In EAMG reduced AChR antibody production, 
reduced postsynaptic muscle membrane damage, 
and clinical improvement have been observed 
[42]. Clinical trials of bortezomib to treat MG are 
currently underway [43]. More recently the 
monoclonal antibody daratumumab was 
approved for treatment of refractory multiple 
myeloma [44]. Daratumumab is directed against 
the plasmablast and plasma cell marker CD38. 
Specifically targeting these B cell subsets would 
appear to have distinct advantages for treating 
blood cancers as well as antibody-mediated auto-
immunity [45].

Therapies targeting plasma cells that are in 
development or currently available have impor-
tant limitations. Bortezomib has a common tox-
icity of painful neuropathy [46]. This adverse 
effect is seen in approximately 35% of patients, 
potentially making it unsuitable for patients with 
MG that may be otherwise relatively healthy 
[47]. In addition, an effect of daratumumab 
observed in multiple myeloma patients is deple-
tion of immunosuppressive CD38-expressing 
regulatory T cells and expansion of helper and 
cytotoxic T cell populations [48]. These effects 
may be undesirable for MG, where dysfunctional 
regulatory T cells and abnormal activation of T 
cell populations have already been documented, 
raising concern that daratumumab may exacer-
bate the disease [49, 50]. Next-generation protea-
some inhibitors are currently under investigation 
and presumably have the advantage of fewer 
associated adverse effects [51]. Given the prime 
role of plasma cells in autoantibody production, a 
therapeutic that selectively targets plasma cells 
and overcomes the current limitations of existing 
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therapies will be likely be of prime interest in 
antibody-mediated diseases such as MG.

Rituximab (see below) depletes CD20- 
positive B cells, but does not affect autoantibody- 
producing plasmablasts or plasma cells that do 
not express CD20. Thus, these cell subsets are 
not directly affected, and the dramatic effects 
observed in some MG patients administered 
rituximab are likely accounted for through 
another mechanism, either indirect modulation of 
plasma cell populations (i.e., cell signaling) or 
depletion of plasma cell precursors, such as acti-
vated B cells.

 Targeting T Cells

Despite longstanding knowledge of the critical 
role of T cells in MG immunopathogenesis, few 
novel T cell-directed therapies are being studied 
in MG. Detailed understanding of T cell reactiv-
ity and interactions with other cells in the MG 
autoimmune pathway will likely lead to a stron-
ger rationale for T cell-directed therapies in MG 
and a better understanding of potential off-target 
effects of these therapies in patients with 
MG. Strategies aimed at reducing T cell activa-
tion, improving regulatory T cell (Treg) function, 
and inhibiting stimulatory interactions between 
activated T cells and B cells hold promise for MG 
therapy. This discussion will focus primarily on 
therapeutics currently available to treat other dis-
eases that could be applied to MG and selected 
studies completed in EAMG or pilot studies in 
patients.

Studies have demonstrated strong Th1 and 
Th17 cell involvement in both AChR+ and 
MuSK+ MG. Th17 cells represent a subset of 
CD4+ T cells characterized by the production of 
inflammatory cytokines interleukin-17 (IL-17) 
and IL-21 [52–54]. Several lines of evidence in 
both animals and humans suggest Th17 cells 
play a prominent role in MG immunopathology 
[55]. An EAMG study demonstrated increased 
serum IL-17 and a shift toward Th17 cell sub-
sets after immunization with AChR peptides 
and reduced disease severity in IL-17 knockout 

mice [56]. IL-17 stimulation also induced T cell 
proliferation and B cell production of AChR 
autoantibodies [57]. Studies in human MG 
showed upregulation of Th17 genes and 
increased peripheral IL-17A levels [58–60]. 
More recently, studies using peripheral blood 
mononuclear cells have shown increased fre-
quencies of Th17 cells in MuSK+ MG patients 
compared with controls following polyclonal T 
cell stimulation and AChR+ MG patients dem-
onstrate a memory response with high IL-17 
production [50, 61]. These findings strongly 
suggest that MG patients are primed for proin-
flammatory IL-17 responses.

Multiple subcutaneously administered mono-
clonal antibodies are in development that target 
the inflammatory cytokine IL-17 or its receptor 
and may have applications to MG. The IL-17 
receptor A is targeted by brodalumab and 
approved for the treatment of adults with moder-
ate to severe plaque psoriasis. Two approved 
monoclonal antibodies target the IL-17A cyto-
kine itself. Ixekizumab is also indicated in mod-
erate to severe plaque psoriasis, while 
secukinumab has additional indications for psori-
atic arthritis and ankylosing spondylitis.

Another approved therapy with potential 
application to MG is the fusion protein abatacept. 
Abatacept is approved for the treatment of juve-
nile idiopathic arthritis and adult rheumatoid 
arthritis. The mechanism of action is inhibition of 
T cell activation, resulting in reduced levels of 
proinflammatory cytokines that are implicated in 
MG, such as TNF-α, interferon-γ, and IL-2. More 
specifically, abatacept consists of the extracellu-
lar domain of human cytotoxic T-lymphocyte- 
associated antigen 4 (CTLA-4) and a modified Fc 
region of human immunoglobulin G1. It blocks 
the required co-stimulatory signal to activate T 
cells that is mediated by CD80/CD86 (also 
known as B7-1 and B7-2) on antigen-presenting 
cells. Abatacept failed in clinical trials in multi-
ple sclerosis and ulcerative colitis, and it has 
been hypothesized that abatacept may not be as 
effective in diseases with strong IL-17-mediated 
responses. A pilot clinical trial is ongoing in MG 
(NCT03059888).
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Antigen-presenting cells, including B cells, 
macrophages, and dendritic cells, constitutively 
express CD40 on their surface. Activated CD4+ 
T cells interact with CD40 through CD40L 
(CD154) leading to dendritic cell activation, pro-
duction of proinflammatory cytokines, and 
enhanced humoral immune responses [62]. 
Modulation of this pathway has been a goal for 
treating organ transplant-mediated rejection, 
though early clinical studies raised concern for 
thromboembolic events [63]. Studies in EAMG 
demonstrated clinical improvement in estab-
lished disease following delivery of anti-CD40L 
monoclonal antibodies and a reduction in Th1- 
related inflammatory cytokines [64]. Next- 
generation monoclonal antibodies targeting the 
CD40-CD40L interaction with an improved 
safety profile reducing concerns for thromboem-
bolic events are currently in clinical testing in 
MG (NCT02565576).

Multiple studies have shown regulatory T cell 
(Treg) dysfunction in both the thymus and 
periphery [49, 59, 65]. Methods for selectively 
improving Treg function are currently under 
development, but are still several years away. In 
the meantime, EAMG studies and a single case 
report in MG suggest that granulocyte- 
macrophage colony-stimulating factor (GM-CSF) 
can increase Treg frequencies and function and 
ameliorate disease [66–69].

 B Cell Targets

Rituximab (MabThera®) is a chimeric IgG1 
monoclonal antibody that targets CD20, a trans-
membrane phosphoprotein available on most B 
cells. Rituximab depletes B cells by binding to the 
CD20 molecule and initiating complement- 
dependent cytolysis or antibody-dependent cell- 
mediated cytotoxicity [70]. A phase 2 randomized 
controlled study of rituximab in patients with 
AChR+ MG has recently completed enrollment 
with results expected soon (NCT02110706). A 
recent study of 16 patients indicated complete sta-
ble remission, pharmacologic remission, or mini-
mal manifestation status according to the MGFA 

criteria in all AChR+ MG patients with a corre-
sponding reduction in AChR antibodies [71]. In 
MuSK+ MG patients, rituximab also reduces pred-
nisone dose and induces withdrawal of concomitant 
immunosuppressants along with clinical improve-
ment and significant decrease in the MuSK anti-
body titers [72]. Further, several case reports have 
demonstrated the effect of rituximab in MuSK+ 
MG patients on the clinical course of bulbar and 
respiratory symptoms [73, 74]. Thus, although 
based on the retrospective studies available, ritux-
imab comes across as an effective option in patients 
both with refractory AChR+ and MuSK+ MG.

B cell activating factor (BAFF) There is accu-
mulating evidence implying the involvement of B 
cell activating factor (BAFF) in the pathogenesis 
of MG [75]. Increased serum levels and expres-
sion of BAFF and its receptors have been demon-
strated in the thymus of MG patients [76]. BAFF 
contributes to autoimmunity by promoting the 
survival, growth, and maturation of B cells, 
including autoreactive B cells and rescue B cells 
from apoptosis [77]. The genetic associations 
found between early-onset MG (EOMG) and 
BAFF are novel and interesting since BAFF plays 
important roles in the proliferation and differenti-
ation of B cells [78]. The potential therapeutic 
effects of a conjugate of BAFF receptor-specific 
monoclonal antibody and short interference RNA 
in EAMG mice have been examined [79]. 
Whereas high-dose siRNA conjugate resulted in 
significant accumulation of Fas expressing 
CD19+/B220+ cells and concurrent expression of 
type 1 interferon in lymph nodes, low-dose conju-
gate did not induce FAS expression but caused 
marked BAFF receptor deficiency in lymph nodes 
that was further associated with improved MG 
manifestations. Unexpectedly, despite inhibiting 
BAFF receptor significantly in PBMCs, conju-
gate treatment did not reduce the AChR antibody 
titer. These data indicate a dose- dependent, immu-
nomodulatory distant effect resulting from BAFF 
receptor-specific mAb- siRNA conjugate treat-
ment in EAMG [79]. A clinical trial of belim-
umab, an antibody directed toward BAFF, has 
been completed, but results are not published at 
the time of this writing (NCT01480596).
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 Cytokine-Targeted Therapies

Tumor necrosis factor alfa (TNF-α) has been 
implicated in the development of both MG [80] 
and EAMG [81]. Patients with MG have been 
shown to have increased numbers of TNF-α 
mRNA-expressing cells among blood mononu-
clear cells compared to controls, and T cells from 
MG patients have significantly more TNF-α 
receptors [80].

Etanercept, a soluble, recombinant human 
TNF-receptor that competitively blocks the 
action of TNF-α, has been shown to have steroid- 
sparing effects in studies in small MG cohorts 
[82, 83]. In approximately half of patients, with 
low plasma IL-6 and IFN-γ levels, the clinical 
scores improved, and patients with increased 
cytokine levels (IL-6, IFN-γ, and TNF-α) had 
worse clinical outcomes [83]. TNF-α is involved 
in the generation of AChR-specific T and B cell 
responses during the development of EAMG, and 
preclinical studies on AChR-immunized mice 
have shown that etanercept can suppress estab-
lished EAMG without inducing significant 
immunosuppression [84]. Nevertheless, case 
reports have also alerted on the possible associa-
tion of TNF-α agents and onset of MG, and 
exploration of this therapeutic class in MG has 
been stalled [85].

 Stem Cell Transplant

Allogenic hematopoietic stem cell transplanta-
tion has been reported in one young MG patient 
[86] whose muscle weakness completely resolved 
after transplantation. Recently, a case series of 
seven patients as well as another case study of 
one patient treated with autologous hematopoi-
etic stem cell transplantation (AHSCT) for MG 
[87, 88] reported all patients achieved durable 
MGFA complete stable remission with no resid-
ual MG manifestations and freedom from ongo-
ing MG therapy. Compared to allogenic HSCT, 
AHSCT does not require a compatible donor and 
does not result in graft-versus-host disease. Still, 
treatment- related morbidity and mortality of 
AHSCT must be taken into account when consid-

ering this treatment, as well as costs. Nevertheless, 
based on these few reports, autologous hemato-
poietic stem cell transplantation can be an effec-
tive therapeutic option for carefully selected 
patients of severe, treatment refractory MG [88].

 Complement Inhibitors

Complement plays a vital role in MG pathology 
by reducing the viable NMJs (review Conti-Fine 
[89]). AChR antibodies binding to the NMJs acti-
vate the classical complement pathway and result 
in membrane attack complex deposition. Studies 
have shown that inhibition of complement ablates 
weakness and improves the synaptic transmis-
sion [90–92]. Various complement proteins have 
been the targets for therapeutic development 
potential for MG. In 1989, the first potential ther-
apeutic approach was used with antibody directed 
against C6 and successfully inhibited the devel-
opment of passive transfer MG (PTMG) [93]. C3 
deposition at the NMJ was still evident, indicat-
ing the requirement for MAC formation to pro-
duce AChR loss and weakness. Piddlesden and 
colleagues in 1994 administered soluble comple-
ment receptor 1 simultaneously using the PTMG 
model and reduced the severity of weakness and 
loss of AchR [94]. Neither of these early 
approaches moved on to clinical therapeutic 
development [95].

The most extensively assessed target for com-
plement inhibition is C5. Eculizumab is a mono-
clonal antibody against C5 and produced by 
Alexion to treat paroxysmal nocturnal hemoglo-
binuria (PNH) and atypical hemolytic uremic 
syndrome (aHUS). Preclinical evaluation in a rat 
model of passive transfer MG (PTMG) demon-
strated resistance to disease induction with pre-
treatment and moderation of disease severity 
when given after weakness had developed [96]. A 
phase 3 trial of eculizumab has demonstrated 
efficacy [97], and the drug has been approved for 
use in the United States by the Food and Drug 
Administration in 2017.

Other approaches for inhibiting the action of 
C5 are under development. RA101495 is a small 
molecule inhibitor of C5 that has moved to phase 
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2 testing in MG (NCT03315130). The C5 inhibi-
tor, rEV576, specifically targets the C5 activation 
step by directly binding to C5 [98]. Treatment 
with rEV576 in an EAMG rat model drastically 
improved strength and weight [99]. rEV576, now 
designated Coversin® and produced by Akari 
Pharmaceutics, has been used in humans for 
PNH. Finally, small interfering RNAs (siRNAs) 
to suppress the synthesis of liver-derived C5 have 
also been used as a therapeutic approach and 
have reduced the severity of PTMG and EAMG 
(unpublished data HK and Alnylam 
Pharmaceuticals).

A monoclonal antibody directed against a 
conserved epitope of factor B inhibits comple-
ment activation by blocking the alternative path-
way C3 proconvertase, and factor B inhibition 
moderated weakness and limited loss of AChR in 
a PTMG model [100]. Although complement- 
mediated destruction of the postsynaptic surface 
of the junction is mediated by the classical path-
way, its high efficiency depends on alternative 
pathway amplification in which C3b generated 
by the C3 convertase forms more C3 convertases 
and thus exponentially amplifies activation.

Complement inhibitors targeting early points 
in complement activation have been evaluated by 
the Christadoss lab. Antibody directed against 
C1q proved deleterious or beneficial depending 
on dose. Administration of low doses of anti-C1q 
decreased weakness, IL-6 production in lymph 
nodes, and moderated pathogenic T cell expres-
sion, but a dose tenfold higher increased AChR 
antibody and IgG deposition and led to immune 
complex deposition in the kidney. Such dose- 
related adverse effects reduce enthusiasm for 
C1q as a reasonable therapeutic target. Using a 
siRNA approach, suppression of C2 expression 
reduced EAMG-induced weakness and neuro-
muscular junction injury [101]. As of yet, this 
target has not moved toward human testing.

With the success of eculizumab moving into 
the clinic, there is now a need to move toward 
second-generation complement inhibitors that 
will be easier to use compared to intravenous 
infusions and those that may reduce systemic 
complement inhibition [91, 102].

 Cholinesterase Inhibition

EN101 is a selective AChEI, an antisense oligo-
deoxynucleotide that acts at the mRNA level and 
selectively reduces the enzymatic isoform of 
AChE-R. This compound selectively lowers the 
levels of AChE-R in both blood and muscle, yet 
leaves the synaptic variant (AChE-S) unchanged. 
Based on a successful EN101 treatment trial in 
rats with experimental autoimmune MG (EAMG) 
demonstrating improved survival, muscle 
strength, and disease severity [103], a phase 1b 
open-label trial with oral EN101 (Monarsen) was 
conducted in 16 MG patients [104]. This study 
reported an overall clinical improvement in 
approximately 47% of patients, as well as an 
improvement in the swallowing time component. 
Further, the effects of EN101 lasted for greater 
than 24 h, indicating the possibility of a reduction 
in multiple dosing through the use of antisense 
therapy. Thus far, there has been no movement to 
bring this compound to phase 3 evaluation.

 Antibody Inhibitors/Regulators

 Induction of Tolerance

Antigen-specific therapy that specifically sup-
presses the autoimmune response and does not 
compromise immune function is the first step to 
cure MG [105]. The first attempt to induce toler-
ance dates back to the time when the AChR was 
identified as the primary autoantigen. 
Administration of denatured Torpedo AChR 
moderated EAMG severity in rabbits [106]. 
Nasal and oral administration of large doses of 
Torpedo AChR will also moderate EAMG [107–
109]. The challenge with translation of these 
early attempts to human use is the immunogenic-
ity of the Torpedo AChR and large amounts 
required. Lindstrom and colleagues have used 
bacterially expressed human AChR cytoplasmic 
domains and found that when administered either 
after acute EAMG or chronic EAMG its estab-
lished weakness can be reversed and animals 
were resistant to further induction of EAMG 
[110, 111]. The work builds on the observation 
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that EAMG weakness is moderated despite con-
tinued production of AChR antibody; however, 
these antibodies are primarily directed toward 
cytoplasmic domains. Hence, these AChR auto-
antibodies are not pathogenic. Presently, this 
approach is slowly moving to clinical trials.

CV-MG01 is a combination of two synthetic 
peptides that are designed to complement the 
structure of the main immunogenic region of the 
AChR. The expectation is that administration of 
the exogenous peptide will induce anti-idiotype 
and anti-clonotypic responses against binding 
sites of antigen receptors on autoreactive lym-
phocytes. This will then reduce AChR-specific T 
cell help and anergize autoreactive B cells [112–
114]. An evaluation in canine MG suggested that 
the peptide vaccination reduced weakness and 
antibodies more rapidly to historical controls 
[115]. However, the study has been criticized 
because of the high spontaneous remission rates 
of canine MG [116]. A phase 1b study in patient 
with MG is ongoing of CV-MG-101 at the time 
of this writing.

 FcRn Lowering Strategies

Multiple groups are pursuing modulation of anti-
body lifecycle to treat autoimmunity. As IgG mol-
ecules move through the circulation, they are 
naturally endocytosed by endothelial cells. Within 
the endocytosed vesicle, IgG interacts under 
acidic pH with the neonatal Fc receptor (FcRn). 
IgGs bound to FcRn are returned to the circula-
tion, thereby extending their half-life to approxi-
mately 21 days [117]. Novel therapeutics are 
currently in clinical development to prevent the 
FcRn-IgG interaction which results in IgG catab-
olism and lowering of serum IgG levels. This 
approach would be expected to have a clinical 
effect similar to therapeutic plasma exchange, but 
with higher specificity. IgG antibodies would be 
rapidly removed from the circulation without 
interfering with other plasma proteins [118], such 
as clotting factors and other immunoglobulin 
molecules, that are removed during plasma 

exchange. This therapeutic approach could be 
used for MG patients experiencing exacerbations 
as an alternative to therapeutic plasma exchange 
or IVIg, and chronic administration targeting 
moderate IgG reductions could be envisioned as a 
substitute for current oral drugs that broadly sup-
press the immune system. Both intravenous and 
subcutaneous formulations of anti-FcRn mono-
clonal antibodies are currently in clinical trials in 
MG and other autoimmune diseases [119, 120]. 
Recombinant multimerized IgG2a Fc applied to 
EAMG rats also demonstrated suppression of 
weakness but has not advanced to the clinic [121].

 Antigen-Specific Immunoadsorption

Attempts have been made to improve the speci-
ficity of plasmapheresis to preferentially remove 
autoantibodies, rather than all plasma compo-
nents. Attempts are focused on preferential 
absorption of autoantibodies through the use of 
protein A, which binds immunoglobulin, or anti-
bodies specifically directed toward human IgG 
[122–124]. Although the procedures have dem-
onstrated more specific antibody removal, there 
has been no evidence of improved efficacy or 
safety [125]. Attempts at increasing the specific-
ity of immunoadsorption to the specific autoanti-
gen have been made by constructing resins with 
bound AChR or peptides containing the extracel-
lular domains of the AChR subunits [126–128]. 
At present, these approaches have not moved to 
clinical assessment.

 Conclusion

The pipeline for MG therapies is a rich one 
ranging from several lines of preclinical work 
to agents entering early-phase evaluations 
and, recently, the first approval of an immuno-
modulatory therapeutic for MG. The targets of 
these agents range from antibody removal and 
complement inhibition to moderation of auto-
immune activity. There never has been a richer 
time for bringing new and better treatments to 
MG patients.
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 Introduction

During the last century, the evidence base of 
treatment for patients with myasthenia gravis 
(MG) has been derived largely from retrospec-
tive case series, open-label studies, and expert 
opinions. More recently, evaluation of therapeu-
tics for MG has become much more rigorous 
using randomized clinical trial methodologies, 
and several phase III trials have been success-
fully undertaken. Advances in immunotherapeu-
tics and the biological basis of MG have 
accelerated the number of drugs under develop-
ment for MG leading to a greater necessity to 
optimize approaches for evaluation of new treat-
ments. Clinical trials are rigorously constructed 
experiments designed to restrict confounding 
variables beyond the influence of the therapy 
under evaluation while attempting to mimic stan-
dard medical practice. There is limited value to a 
trial that may be so controlled that it could not be 

reproduced in a typical outpatient or inpatient 
setting. Internationally accepted guidelines have 
been established for clinical trial performance 
and reporting [1]. This chapter will provide a 
broad overview of clinical trial development for 
MG based on general principles and experience 
from completed trials.

 Study Rationale

The heart of clinical trial development lies 
with the question, “what compelling reason 
justifies the expenditure of time, effort, and 
money as well as the exposure of subjects to 
harm including potential for death?” Present 
therapies (see Chap. 11) have significant 
adverse effects and upward of 30% of patients 
are treatment-resistant with current therapies. 
MG is not the nearly uniformly lethal condi-
tion that it once was, but death may occur with 
myasthenic crisis, which one third of patients 
still experience [2, 3]. Need exists for improved 
therapeutics with an ultimate goal for a cure. 
Further, advances in understanding the mecha-
nisms of autoimmune disorders are leading to 
therapies that more rationally target MG 
pathology providing a clearer rationale for spe-
cific trial performance.

Trials must have the expectation to improve 
present therapies based on improved efficacy 
or reduced adverse effects. Given the effective-
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ness of prednisone but its numerous complica-
tions, a focus of clinical trials has been to 
evaluate immunosuppressive agents for their 
corticosteroid- sparing effect while achieving 
improvement in clinical manifestations. 
Despite excellent biological and clinical ratio-
nale, the failure of trials of mycophenolate, 
tacrolimus, and methotrexate for generalized 
MG [4–7] suggests a need to more precisely 
determine optimal outcome measures and trial 
design.

 Trial Design

The four phases of clinical trials—phases I, II, 
III, and IV—present their own unique processes 
and challenges for patient identification, enroll-
ment, and retention. Phase I trials are the first 
investigation of a potential new drug to deter-
mine the mechanism of action and often phar-
macokinetic properties and safety. This phase is 
most commonly conducted in a small number 
of patients, can be conducted in healthy patients 
with the target disease, and can last several 
months. Phase II and III trials focus on the 
safety and then effectiveness of the drug and 
are conducted on patients with the target dis-
ease. Phase II trials are meant to determine the 
short-term side effects and identify safety risks 
associated with the investigational drug as well 
as providing some information on dose and 
efficacy either through a biomarker or clinical 
endpoint. These trials can last several months 
to 2 years. During phase III trials, the obvious 
side effects are known, and the drug is com-
pared against a placebo or drug designed for the 
target disease currently on the market. Phase III 
trials are designed to provide more complete 
safety information on a larger population to 
uncover rarer negative effects to balance 
against efficacy in assessing benefit versus risk. 
Phase III trials can last up to 4 years or longer 
as in some cancer trials. Phase IV studies are 
post-marketing trials to examine longer-term 
safety issues and sometime durability of the 
treatment effects and usually last several years 
in duration.

 Phase I

Phase I studies focus on dose finding and sched-
ules of administration in healthy humans based 
on pharmacokinetic and pharmacodynamic prop-
erties. They examine characteristics of response 
as well as the immediate safety of a treatment. At 
times phase I trials are only performed with sub-
jects with the disease of interest because of the 
potential toxicity of the agent not being justified 
for testing in a healthy individual. Most studies 
are based on the assumption that the more agent, 
the greater the response. Often a number of ani-
mal studies have been used to inform dose rang-
ing in humans and assume some direct 
generalization from animal to man. Some new 
considerations for these designs have been so- 
called adaptive designs. A few newer designs 
adjust the dose based on response as well as tox-
icity and side effects, such as continual reassess-
ment method or CRM. Many past efforts have 
evolved examining dose response, but newer 
agents may have varied effects at differing doses. 
They challenge the assumption that more is bet-
ter on the efficacy side of the equation, which 
requires many of the dose escalation designs to 
be reconsidered. Without the monotonic assump-
tions on dose, there may be substantial increases 
in the sample size even in these early studies. To 
date for MG, therapeutics have all gone through 
phase I to III evaluations in other disorders prior 
to evaluation for MG.

 Phase II

Phase II studies serve as proof-of-concept evalu-
ations for preliminary safety and estimates of 
treatment efficacy. Phase II trials offer greater 
flexibility in design and especially newer designs 
than do phase III trials. Phase II trials have mul-
tiple goals and even an exploratory component to 
them compared to phase III where the central 
focus is on demonstrating predefined effective-
ness and safety. Phase II trials can be designed to 
define the best dosage, estimate efficacy to plan a 
phase III trial, identify the presumed safest dose, 
examine the responsiveness of various endpoints, 
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or identify target populations most likely to 
respond. Phase II designs may use biomarkers as 
outcomes or purported surrogate outcomes, 
where phase III designs usually have as the pri-
mary outcome a clinical measure. In MG, phase 
II trials have nearly all had straightforward 
designs as randomized, double-blind controlled 
investigations comparing active drug versus pla-
cebo [5, 7–13]. Some trials have compared treat-
ments [14–17]. Safety is an important 
consideration for all of the trials but of primary 
importance for phase I and II trials.

 Phase III

Phase III trials are considered pivotal in that their 
goal is to alter practice, are generally directed at 
so-called clinically meaningful endpoints, and 
are usually large multicenter trials. Trials have 
generally been designed to demonstrate superior-
ity of therapy compared to placebo. Superiority 
trials aim to demonstrate that one treatment is 
better than another. Non-inferiority trials attempt 
to show that one treatment is not worse than 
another, and equivalence trials attempt to show 
that a treatment is neither worse nor better than a 
standard treatment. For MG, investigations of 
mycophenolate, azathioprine, and methotrexate 
[6] were designed as superiority trials with pla-
cebo controls, but there was no evidence of a dif-
ference between groups. MGTX compared 
thymectomy plus prednisone versus prednisone 
alone and demonstrated the superiority of the sur-
gical arm; however, if the outcomes were equiva-
lent, common practice would have changed since 
thymectomy could no longer be justified.

 Randomization

Randomization is a key requirement for treat-
ment trials and serves to control for potential 
confounding factors by completely unbiased 
allocation of treatments to participants. These 
confounding factors range from the obvious such 
as gender and age to much more challenging fac-
tors, which include genetic makeup and environ-

ment. As medicine enters the era of whole 
genome sequencing, even more information will 
be available to define an individual’s phenotype, 
and methods will be needed to incorporate such 
considerations into trial assessment beyond the 
bucket or basket and umbrella approaches of 
today. The bucket design tests the effect of one or 
more drugs on one or more single mutations in a 
variety of diseases versus the umbrella designs 
which test the impact of different drugs on differ-
ent mutations in a single disease. This becomes 
additionally complicated when one considers 
ongoing advances in the understanding of the 
microbiome of humans and its potential influence 
on disease and alteration by therapeutics.

 Entrance Criteria

Trials must consider a host of decisions that 
impact both the generalizability of results and the 
likelihood of successfully performing an investi-
gation. There is often a trade-off between gener-
alizability where the more heterogeneous the 
sample, the wider the results can be applied and 
the desire for homogeneity in patients to mini-
mize extraneous variability thereby making it 
easier to see treatment differences. This dilemma 
is often faced in designing the specifications of 
the study population.

 Diagnostic Specificity

Assuring that subjects have the diagnosis of MG 
is a critical first step in trial design. All subjects 
must have typical clinical manifestations of MG, 
including objective weakness, and studies to date 
have required elevations of serum autoantibod-
ies, essentially always the acetylcholine receptor 
(AChR) binding antibody, as entrance criteria. 
Recent phase II studies have included a mix of 
AChR antibody and muscle-specific kinase 
(MuSK) antibody-positive subjects. Both these 
tests are highly specific for MG and simple to 
obtain, which is the rationale for assuring diag-
nostic specificity. Because of variability in per-
formance of AChR antibody assays, the 
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thymectomy plus prednisone versus prednisone 
alone (MGTX) trial used a higher cutoff level 
than set by commercial labs to allow entrance 
into the study. In contrast, repetitive stimulation 
and single fiber EMG require specialized person-
nel to perform and have unknown reliability 
dependent on examiner skill making them a chal-
lenge to use for diagnostic confirmation for a 
trial.

Investigations of ocular myasthenia face a par-
ticular challenge in that upward of 50% of 
patients with the disease do not have AChR anti-
bodies detected by the standard radioimmunoas-
say. Trials have thus far relied on identification of 
a characteristic clinical presentation and exclu-
sion of other diagnoses as an entrance require-
ment with the addition of at least one confirmatory 
test including a positive response to a cholines-
terase inhibitor, elevation of serum AChR anti-
body, decremental response to repetitive 
stimulation, or abnormal single fiber EMG [18]. 
Therefore, ocular myasthenia trials would be 
expected to have a greater number of inclusion 
criteria than generalized MG trials.

 Therapeutic Target Decisions

As described in several chapters of this text, MG 
is a heterogeneous disorder with differences 
based on autoantibody status, age of onset, asso-
ciation with thymoma, and clinical presentation 
(ocular vs. generalized) [19–21]. Genetic factors 
associated with pathogenesis and treatment 
response are beginning to be defined [22–25]. 
The critical aspect for trial design is that these 
subtypes are likely to have a differential response 
to therapeutics. For example, the primary effec-
tor mechanism of AChR antibodies is through 
activation of complement, while MuSK antibod-
ies induce disease mediated by IgG4, which does 
not activate complement [26]; thereby eliminat-
ing MuSK patients from trials of complement 
inhibition may be appropriate. The thymus of 
MuSK antibody patients does not show the char-
acteristic hyperplasia of early-onset AChR 
antibody- positive patients, which again brings 
into question thymectomy as a treatment for this 

group as well. Patients with ocular manifesta-
tions may remain with ocular symptoms or 
develop generalized weakness. These distinc-
tions suggest variations in pathophysiology from 
patients with initially generalized disease as well 
as a need for weakness-specific outcome assess-
ments, i.e., double vision and ptosis vs. general-
ized weakness. Persistent symptoms among 
patients with double vision may be a function of 
the requirements of the ocular motor system to 
maintain precise ocular muscle alignment even in 
the face of a largely suppressed immune attack 
[27]. Statistical designs often assume a common 
response to therapy, and thus potential differ-
ences in response to patient subtypes should be 
considered, and those likely not to respond or 
those who likely will respond differently may be 
eliminated via inclusion or exclusion criteria.

Another aspect of target engagement relates to 
the expected duration for a biological response. 
An appreciation of the expected biological effect 
of a drug is required to determine study duration. 
The failure of trials of mycophenolate and tacro-
limus for generalized MG was at least partially 
related to the trials being too short for a meaning-
ful reduction of circulating lymphocytes to occur 
as well as not adequately dealing with the dura-
bility of prednisone treatment [4, 7, 28–30]. The 
expected mechanism of action of an intervention 
is critical for trial design and is a review criterion 
for NIH in assessment of clinical trials for 
funding.

 Age and Gender

Clinical trials for MG typically restrict enroll-
ment to individuals over the age of 18 years with 
a variable older age cutoff. No restrictions have 
been made based on gender. However, gender 
and age may be factors in underlying pathophysi-
ology (see Chap. 3) [21]. At present there is no 
compelling evidence that existing therapeutics 
have the potential for a differential effect based 
on gender. However, given the differential occur-
rence between men and women over the life 
span, it may simply be that sufficient sized trials 
have yet to elucidate the differences in response. 
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Clinical subtypes of MG are characterized and 
grouped into early- and late-onset with a poorly 
defined dividing line of 45–60. Thymic pathol-
ogy observed among patients with MG differs 
among early- and late-onset patients, which sug-
gests fundamental differences in pathogenesis 
and therefore potential difference in response to 
therapeutics. Adverse effect profiles are likely to 
differ based on age and gender. This must be con-
sidered carefully in the design of MG trials.

 Disease Severity

A critical consideration is the level of weakness 
for trial entrance. Therapeutic trials for MG have 
been performed almost exclusively on general-
ized MG patients with MGFA classifications of 
II–IV. No investigations beyond retrospective 
evaluation of myasthenic crisis (MGFA classifi-
cation V) have been performed with the excep-
tion of evaluations of IV Ig or plasma exchange, 
and none of these were performed in a random-
ized, controlled fashion [14, 31–33]. Given the 
uniform clinical agreement of plasma exchange’s 
efficacy for severe MG, it is unlikely a trial can 
be performed in an ethical fashion from the prac-
ticing physician’s perspective [34]. From the 
societal perspective, which is often grounding the 
FDA’s perspective, exceptional efforts may be 
needed to design ethical trials [35]. Outcome 
measures, such as the Quantitative MG (QMG) 
score and MG Composite, are now also used to 
set a level of weakness for study entrance with 
the MG Foundation of America Clinical Research 
Standards Committee setting a QMG score of 12 
or greater being used generally as the minimal 
severity of disease for a clinical trial [36]. Designs 
need to consider floor effects as well as ceiling 
effects when selecting patient populations. The 
critical importance of disease severity is illus-
trated by the negative results of a trial of tacroli-
mus, which entered subjects in minimal 
manifestation status, a population that likely 
would be difficult to demonstrate a treatment 
effect [28]. Further, if too stringent criteria for 
weakness are used, the trial may have excessive 
regression toward the mean as a result of the high 

hurdle to qualify, thereby overaccentuating the 
benefits. Whether there are fundamental differ-
ences to be expected in treatment response based 
on severity of weakness, as assessed by QMG or 
other measures, is an important question to con-
sider in design. Further, the outcome scales are 
nonlinear ordinal scales, and, therefore, a three- 
point improvement in QMG from 20 to 17 versus 
3 to 0 has different clinical and biological 
significance.

 Exclusion Criteria

Exclusions for MG trials are those typical for any 
disease based on significant coexistent medical 
or psychiatric disorders for safety considerations, 
competency for informed consent, and likelihood 
that the participant can follow the instructions of 
the trial. MG trials typically have excluded indi-
viduals with history of thymoma. The basis for 
this exclusion presumably lies with concerns of 
an immunosuppressive agent leading to recur-
rence of tumor and the observation that thymoma- 
associated MG patients have greater weakness 
and are more likely to be treatment-resistant [37]. 
This exclusion criterion may needlessly elimi-
nate a subgroup of patients for involvement in 
many therapeutic trials, when the decision to 
exclude is based on convention rather than a spe-
cific biological risk. In the clinical setting, treat-
ment approaches for thymoma-associated MG 
are often identical beyond the obligatory indica-
tion for thymoma resection and monitoring for 
tumor recurrence.

 Outcome Measures

Objective outcome measures are of critical 
importance for all trials, and the last decade has 
seen efforts to more precisely develop outcome 
measures specific for MG (see Chap. 19) [38–
40]. For MG trials, a grading of weakness sever-
ity and a reduction of cumulative corticosteroid 
exposure have been used as primary outcome 
measures [36, 41]. The QMG, manual muscle 
testing, and modified Besinger’s score are 
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 examples of simple ordinal scales that have been 
used [12, 16, 42–47] with the QMG being the 
most extensively studied and used in clinical tri-
als [30, 44, 46, 47]. A three-point reduction in the 
QMG has been considered to be clinically sig-
nificant [47].

In the last 15 years, the FDA has placed 
greater emphasis on patient-reported outcomes 
and is further refining expectations of defini-
tions of a positive clinical response [48]. An 
analysis of outcome measures of a trial of myco-
phenolate mofetil for generalized MG revealed 
that the MG-ADL could serve as a reliable sub-
stitute for the Quantitative MG score and be 
easier to administer [49]. A prospective study 
suggested that a two-point reduction on the 
MG-ADL was clinically significant [38]. A 
phase III trial of eculizumab for treatment-resis-
tant MG used the MG-ADL scale as the primary 
outcome measure, and while multiple secondary 
outcome measures, including the QMG and MG 
Composite, were significantly improved in the 
treatment group, the MG-ADL showed no sta-
tistical difference between treatment and con-
trol despite all secondary outcome measures 
being significantly different [50]. At the time of 
this writing, the results have not appeared in a 
peer-reviewed format, and therefore, explana-
tions for this discrepancy are not immediately 
apparent.

A Task Force of the MG Foundation of 
America with international representation has 
recommended the MG Composite as the pre-
ferred quantitative measure for assessment of 
changes in subject response for generalized 
MG. The MG Composite is a mix of examination 
and patient-reported measures and is easily 
administered [40, 51, 52]. The scale has thus far 
not been used as a primary outcome measure in a 
clinical trial.

Reduction of corticosteroid treatment has 
been used as a primary outcome measure in sev-
eral trials. The principle that underlies the use of 
steroid sparing as a primary outcome measure is 
its importance as a safety measure. The adverse 
effects of corticosteroids are so severe that thera-
pies limiting their use would be beneficial for 
patient care [53]. Investigations of azathioprine 

and mycophenolate assessed the difference in 
corticosteroid dose at each assessment time over 
the course of the study [4, 54]. Steroid sparing 
was demonstrated in the azathioprine study but 
not until the 18-month time point, while the 
36-week-long mycophenolate study was nega-
tive. In contrast, the MGTX trial used a measure 
of prednisone dose over the 3-year study, an 
integrated assessment, which reflects the cumu-
lative exposure of prednisone. MGTX also 
assessed the QMG score over time to assure and 
found subjects to be on a lower cumulative dose 
of prednisone but also had improved cumulative 
MG scores [44]. An investigation of methotrex-
ate for corticosteroid-sparing effect also used the 
area under the dose time curve as a primary out-
come measure [6]. Comparison of these studies 
emphasizes the need for appropriate study dura-
tion and expected action of the therapeutic in 
study design [55].

 Trial Duration

There is no reproducible process that reliably 
predicts the duration of a clinical trial. However, 
it is important to understand that all trials for MG 
have lasted longer than originally anticipated for 
reasons such as the variation in the durations of 
specific phases, rates of enrollment, or unantici-
pated events. In the MGTX trial [56], wide varia-
tions in the regulatory process were evident in 
start-up.

A major determinant of trial duration is the 
ability to enroll subjects. Recruitment rates for 
recent multicenter trials have varied from less 
than one to at best two subjects per month [6, 30, 
44], and all studies initially overestimated the 
ability to identify and enroll patients for the tri-
als. Inclusion criteria for some investigations, in 
particular the MGTX study, lead to a reliance on 
the incident rate of the disease, which for MG is 
extremely low, thereby extending the duration of 
recruitment.

The regulatory burden for trials is large and 
adds to trial duration. Over the past 20 plus 
years, a steady increase in the rigor and require-
ments of trials has occurred. In part, these 
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increased efforts have been in response to poor 
practices. Good clinical practice (GCP) is an 
international ethical and scientific standard for 
design and performance and reporting of clini-
cal trials that involve human subjects [57]. A 
thorough discussion of GCP is beyond the scope 
of this review but involves items ranging from 
traceable data input to source documentation to 
investigator training and competence in proto-
col compliance. GCP increases the cost and 
complexity of trials, and there has been little to 
no measurable impact on the quality of the out-
comes or the information [58]. There is no class 
I evidence that all of the GCPs improve drug 
discovery or treatment outcomes.

In addition to GCP, other regulatory 
requirements and trial activities all conspire to 
increase trial duration. For example, the time 
for MGTX study centers to obtain full regula-
tory approval to recruitment was approxi-
mately 10 months for US sites and for non-US 
sites 13.5 months [56]. The difference related 
to non-US sites needing Federal Wide 
Assurance certification and State Department 
clearance along with ethics reviews, which 
can be more involved with surgical trials. An 
investigation of slightly more than 10,000 tri-
als from 1999 to 2005 in a variety of phases 
found that procedural frequency had grown by 
nearly 9% annually and the mean number of 
inclusion criteria escalated threefold [59]. 
Burden of work for study sites increased by 
10%. Investigations of phase III and phase IV 
protocols identified increases in study end-
points, procedures, and inclusion/exclusion 
criteria, while subject randomization actually 
decreased. There is a need to make trials as 
simple as possible without reducing the key 
processes for successful trial completion. 
While there is a call for more pragmatic trials, 
they often become much more complicated 
when the regulatory requirements and ethics 
committee considerations begin to encroach 
on the concept of pragmatic designs. It is then 
the role of the investigators, sponsor, and 
coordinating center to anticipate and minimize 
these potential challenges when designing the 
study.

 Statistical Considerations

There are two major philosophies of statistical 
analyses to trial designs: the classical or frequen-
tist and the Bayesian approach. Frequentist 
approaches utilize p-values to summarize how 
likely an outcome is from a conceptualization, so 
how often by chance would we observe the result 
obtained, if we repeated the same trial numerous 
times? Bayesian methods are models that take 
prior knowledge and based on an experiment 
update that knowledge yielding a degree of belief 
in a result. The two approaches do differ. The for-
mer is useful for setting up a straw man and find-
ing results that refute it, whereas the latter is 
superior for estimation making optimal use of all 
available data. For example, a clinician considers 
a certain complex of symptoms, variable ptosis, 
double vision, and generalized weakness and 
determines that there is a high likelihood of 
myasthenia gravis. She then orders an AChR 
antibody test. This is a Bayesian interpretation of 
the analyses of the physical examination. She 
believes that there is a high probability of MG.

Bayesian approaches have intuitively familiar 
interpretations and in fact are a more natural 
interpretation. Bayesian methods do have another 
benefit. An interpretation that a result has a trend 
toward significance in a situation that the 
observed p-value is not significant is not appro-
priate within the frequentist hypothesis-testing 
paradigm. From a frequentist perspective, being 
close is one of the many outcomes that can occur 
by chance with a frequency that is not rare enough 
to be considered more likely to have occurred by 
the null hypothesis. The result is either rejection 
or failure to reject area and thus the outcome is 
binary. However, the concept of trending toward 
significance has more meaning in a Bayesian 
context.

The Bayesian approach uses information in a 
way that enables one to use prior information to 
make an assessment and then updates that assess-
ment with each new piece of data. In terms of 
clinical trials, the idea of incorporating prior 
information into the final analysis seems natural. 
The fundamental question is whether one believes 
a trial is designed to find the best estimate of the 
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treatment effect (the Bayesian approach) or 
whether the expectation is an independent dem-
onstration of the effect of a treatment garnered 
from the prior work (the Frequentist approach). 
This perspective leads to greatly different views 
on the value of Bayesian statistics in phase III 
trials, whereas there is much less controversy 
regarding their use in phase II trials.

Adaptive designs are now under consideration 
for trials at several phases. Adaptive designs 
include (1) adapting on allocations (how subjects 
are allocated to treatments), (2) sampling rule 
(adapting how many subjects are used in each 
stage), (3) stopping rule (adapting when to stop 
the trial, e.g., for efficacy, harm, or futility), and 
(4) decision rule (adapting to how the next steps 
move forward). Such designs may save resources 
and time, if there are unequivocal signs that a 
treatment is not effective.

There are challenges with the decision rules 
and the implementation of the changes. Adaptive 
designs could seamlessly move from phase I 
through phase II and onto phase III. The same 
information could be obtained without the 
expected time loss between phase II and phase 
III. A portion of the data is monitored as it is 
being generated and allows for design adjustment 
typically by sample size re-estimation and/or 
stop a trial arm and continue. This process would 
eliminate noninformative or poorly performing 
doses and remove the interval between phase II 
and phase III. However, the design commits 
investigators in advance to the predefined correc-
tions from the phase II trial. When a classical 
phase II approach is used followed by a phase III 
trial, the similar adjustments may be made, but 
with a time lag to work through the alterations, 
which often can be as much as 1–2 years. Hence, 
there must be better understanding of endpoints, 
recruitment patterns, and expected treatment 
responses. The knowledge gained from a typical 
phase II trial on other outcome assessments 
would not be available. Further, the decision 
rules must be completely and clearly spelled out 
in advance. Decisions to add subjects may be 
required if initial assumptions were incorrect, 
and this could lead to increased sponsor costs, 
investigator frustration, and even lower subject 

participation. Recruitment motivation may 
diminish if signals of safety or lack of efficacy 
are observed. Nevertheless, there are the advan-
tages of altering design when initial assumptions 
are wrong, for example, the event rate in the con-
trol group differs greatly from expected and lim-
iting unrealistic expectations for trial outcomes. 
Logistical decisions must be made as to when to 
make adaptations and critically who sees results 
and makes decisions. A problem for MG trials is 
that rates of events are not necessarily constant in 
time and there, if review of data is taken too early 
during follow-up, the assessment may not accu-
rately represent the study period. However, a 
delay in adaptation decisions to obtain longer- 
term outcomes creates its own challenge with 
delayed enrollment and compromises the next 
enrollment period.

 Conclusion

The design of clinical trials involves a multi-
disciplinary approach encompassing the dis-
ease and its characteristics, the drug or 
treatment and its putative mechanism of 
action, the inclusion and exclusions criteria, 
the endpoints, the logistics and duration of the 
study, and the ability to recruit and complete 
the trial in a reasonable time frame. The type 
of design is wide ranging and involves what 
has been done in the past as well as what 
might be more optimal. No design is perfect 
and all designs involve trade-offs. The rigor 
required in clinical trials today is increasing, 
but the payoff from high caliber clinical trials 
may well be worth the effort.
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