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Foreword

Few practicing neurologists have the energy, commitment and expertise to
complete a substantial monograph. With the publication of this text on
neuromuscular junction disorders, Dr. MatthewMeriggioli has achieved this
almost single-handed, aside from the valuable chapters contributed by Dr.
Michel Harper on congenital myasthenia, and by Dr. James Howard on neu-
rotoxicology as it relates to disorders of the neuromuscular junction. Mono-
graphs with a restricted authorship have practical advantages, ensuring a
uniformity of style that readers will here find to be lucid and readily accessible.

Neurologists sometimes feel diffident in managing myasthenic disor-
ders, not only because of the risks of respiratory or bulbar weakness that can
sometimes be life-threatening but also because of the diverse and sometimes
uncertain treatment options. This volume should serve to reassure them. It is
intended as a clinician’s guide, providing the scientific background with
accompanying clear illustrations before turning to diagnosis and manage-
ment. Readers can be confident that all three authors are themselves clinically
active in the fields they cover, and are thus well qualified to provide an author-
itative work. Indeed, the clinical chapters contain illustrative and informative
case histories from the authors’ own practice. Dr. Meriggioli stresses the
relative lack of evidence-based criteria for many of the treatments used in
myasthenia, but offers balanced recommendations where this is the case. I am
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confident that this text will be well received by practising neurologists, and I
warmly commend it.

John Newsom-Davis, MD FRS
Professor Emeritus, University of Oxford
Department of Clinical Neurology
Radcliffe Infirmary
Oxford, England
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Preface

Diseases of the neuromuscular junction (NMJ) include a large spectrum of
acquired and inherited disorders mainly characterized by fluctuating muscle
weakness and fatigability of ocular, bulbar or limb muscles. Remarkable
progress has been made in our understanding of the pathogenesis of these
disorders in recent years. Furthermore, our ability to diagnose these condi-
tions has improved significantly due to the widespread availability of im-
munologic tests, the use of in vitro electrophysiologic and microstructural
studies, and the refinement of sensitive clinical electrodiagnostic tests of neu-
romuscular transmission. Despite these advances, significant questions re-
main to be answered by the researcher and the clinician, and disagreement
exists amongst specialists regarding therapy and management of patients.
This lack of a ‘‘consensus opinion’’makes it difficult for the physician as well
as the physician–trainee to approach these disorders in a systematic fashion.
Unfortunately, existing textbooks covering this topic do not present a de-
tailed and concise resource for diagnosis and management of these patients.

This book is directed toward advanced students, residents and practi-
tioners of neurology, and in particular those who are involved in the
evaluation and care of patients with neuromuscular junction disorders. In
response to the ever-increasing mass of neuroscience information, we have
attempted to present a monograph offering a concise, comprehensive and up-
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to-date resource covering all aspects of the diagnosis and clinicalmanagement
of patients with diseases of the neuromuscular junction with an emphasis on
the clinical aspects of this very interesting group of conditions. The basic
physiology, anatomy, pathophysiology and immunology pertaining to these
diseases are covered in only sufficient depth to allow the clinician to better
understand the mechanism of signs and symptoms, the physiologic basis for
diagnostic tests, and the rationale for specific treatments.

It is important for the reader to realize that there are a number of
approaches to the treatment of the common disorders of neuromuscular
transmission. The reason for this disagreement is apparent when one consid-
ers the surprising paucity of randomized, controlled, prospective therapeutic
studies addressing treatment issues in these diseases. This is particularly
apparent in themost common disorder of neuromuscular transmission, myas-
thenia gravis. For this reason, we present the commonly prescribed treatments
for these disorders, the apparent rationale for their use, and the strength of
scientific evidence for efficacy of a certain intervention based on the existing
international literature.We attempt to explain why all physicians do not use a
particular intervention in the same way or in all clinical situations. The reader
may develop his/her own approach based on this evidence. The art of pro-
viding optimal medical care to this group of patients often lies in deciding
when to treat aggressively andwhen to proceed cautiously and conservatively.
The information provided in this book will assist the clinician in making this
important therapeutic decision by presenting data regarding the natural his-
tory of the disease in question and by detailing the adverse effects of specific
treatment modalities. As in other areas of medicine, therapeutic decision-
making in disorders of the NMJ is a risk/benefit assessment.

The book is formatted into twomain parts. The first part (Chapters 1–3)
covers the basic anatomy, physiology, pathophysiology, and diagnosis of the
NMJ. The features of presynaptic, synaptic and postsynaptic disorders of the
NMJ are discussed in general as an introduction to the more specific coverage
of the individual disorders. Abrief coverage of the immunology relevant to the
immune-mediated disorders of the NMJ is also presented. Part I ends with a
discussion of the diagnostic approach to NMJ disorders including immuno-
logic, pharmacologic and electrophysiologic testing. The information pre-
sented in Part I provides a background for understanding concepts presented
in Part II. Part II is comprised of the different individual disorders of neuro-
muscular transmission. Chapters examining myasthenia gravis, Lambert-
Eaton syndrome, congenital myasthenic syndromes and human botulism,
tetanus and venom poisoning are presented. The final chapter of the book
covers the effects of pharmacologic agents on the NMJ. Tables and cross-
referenced charts are used to facilitate understanding of the information and
to allow for integration of the text.
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It is our hope that this volume will aid students and clinicians to gain a
better understanding of the clinical evaluation, investigation, diagnosis and
treatment of diseases of the NMJ, and that investigators and more experi-
enced clinicians will find it a valuable resource.

Matthew N.Meriggioli
James F. Howard, Jr.
C. Michel Harper
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1

Anatomy and Physiology
of the Neuromuscular Junction

I. INTRODUCTION

Clinicianswho regularly care for patients with disorders of the neuromuscular
junction (NMJ) realize the importance of understanding its anatomy and
physiology. A working knowledge of the anatomy and physiology of the
normal NMJ is obviously needed to fully understand the pathophysiology of
disorders affecting this highly specialized structure. In addition, a full
appreciation of its normal function also forms the basis for understanding
the principles underlying diagnostic testing and the mechanisms of certain
therapeutic interventions. A review of the clinically relevant aspects of the
anatomy and physiology of normal neuromuscular transmission follows. A
number of clinical examples are provided to illustrate the application of ana-
tomic and physiologic concepts to the diagnosis and treatment of patients
with NMJ disease.

II. THE NEUROMUSCULAR JUNCTION:
A SPECIALIZED SYNAPSE

There are twomain types of synapses: electrical and chemical. At an electrical
synapse, two excitable cells communicate by direct passage of electrical
current between them. At a chemical synapse, an action potential causes a
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transmitter substance to be released from the presynaptic neuron. The trans-
mitter diffuses across the extracellular synaptic space and binds to receptors
on the postsynaptic cell to change the electrical properties of the postsynap-
tic membrane.

The NMJ is a specialized chemical synapse between the axon of a motor
neuron and a somatic muscle fiber. The unique structure and functional
organization of this synapse allows for the process of transmitting an
electrical impulse from a motor axon to the muscle fiber it innervates. The
development of sophisticated techniques (including electron microscopy and
in vitro neurophysiologic studies) has considerably enhanced our knowledge
of the microanatomy (Fig. 1.1) and physiology of the NMJ. The NMJ has

Figure 1.1 Electron micrograph of the normal neuromuscular junction. The
presynaptic nerve terminal is on top with the postsynaptic muscle membrane on
the bottom. The short arrow marks a synaptic vesicle that has fused with the
presynaptic membrane and released its contents of acetylcholine molecules into
the synaptic cleft (SC). The secondary synaptic clefts are the spaces between the
junctional folds (JF). A giant synaptic vesicle (G) is seen within the presynaptic
nerve terminal. (From Ref. 1.)
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three basic components (Figs. 1.1 and 1.2): (a) the presynaptic region,
consisting of a terminal branch of a motor axon (the nerve terminal) in which
the neurotransmitter is synthesized, stored, and released; (b) the synaptic
space lined with a basement membrane; and (c) the postsynaptic membrane
which contains the receptor for the neurotransmitter. In human voluntary
muscle, the neurotransmitter is acetylcholine and the receptor is the nicotinic
acetylcholine receptor.

III. ANATOMY OF THE NEUROMUSCULAR JUNCTION

A. The Presynaptic Region

Eachmotor neuron in the brainstem and spinal cord gives rise to an axon that
branches distally to provide a single nerve terminal to each of themuscle fibers
it innervates. (Fig. 1.3) (1). The motor neuron and the muscle fibers it inner-
vates are collectively known as themotor unit. Each muscle fiber is innervated
by only one motor neuron, but any single motor neuron may innervate
multiple muscle fibers. In humans, an important exception to this rule is the
extraocular muscles in which single muscle fibers may receive multiple
innervation. This may play a role in the increased susceptibility of these
muscles to certain disorders of neuromuscular transmission, such as myas-
thenia gravis (Chapter 4).

Nerve terminals are highly specialized regions of the motor axon. An
action potential originating in the brainstem or spinal cord propagates to the
nerve terminal, where it sets into motion a complex chain of events resulting

Figure 1.2 Diagrammatic representation of Fig. 1.1 illustrating the components of
the neuromuscular junction: (1) the presynaptic nerve terminal, (2) the synaptic
space, and (3) the postsynaptic muscle membrane.
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in a 1000-fold increase in the rate of release of the neurotransmitter,
acetylcholine (ACh). Near the NMJ, the motor nerve loses its myelin sheath
and divides into fine terminal branches. As a terminal branch of an axon
nears the muscle fiber, it expands into a presynaptic terminal bouton that
lies in a depression in the muscle cell membrane. The terminal nerve fiber is
surrounded by a sheath of epithelial cells (Henle’s sheath), which also ends
abruptly a short distance from the NMJ (2). The distal bulb of the nerve
terminal is unmyelinated, but is ‘‘capped’’ by a Schwann cell (Fig. 1.4)
which, in addition to its involvement in the formation of the nerve myelin
sheath, may play an important role in synaptic maintenance and repair (3).
A basement membrane overlies the Schwann cell laterally and becomes con-
tinuous with the basement membrane of the muscle fiber.

The nerve terminal contains a number of subcellular components. Since
the primary function of the nerve terminal is to synthesize and release ACh,
the enzymes and other machinery necessary for these functions are present
within the nerve terminal. These include numerous mitochondria needed to
meet the considerable metabolic demands of transmitter synthesis and

Figure 1.3 The motor unit consists of a motor neuron, its axon, and the muscle
fibers innervated by that axon. A single anterior horn cell motor neuron gives rise to
distal branches each supplying innervation to a single muscle fiber. Each muscle
fiber receives innervation from one motor neuron (with rare exceptions; see text).
The most distal aspect of the individual axonal branches is termed the nerve
terminal and composes the presynaptic region of the neuromuscular junction.
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release, as well as microtubules and microfilaments (4,5). The nerve terminal
also contains the enzyme choline acetyltransferase, which is necessary for the
synthesis of ACh (1).

Themost important of the subcellular components of the nerve terminal
are the synaptic vesicles, which are membrane-bound, smooth-surfaced struc-
tures containing the AChmolecules (1,6). The AChmolecules are synthesized
in the nerve terminal, and packaged and stored in the synaptic vesicles. A
single nerve terminal has approximately 200,000 synaptic vesicles (7). The
amount of ACh in a vesicle constitutes a basic unit or quantum of neurotrans-
mitter. One quantum of ACh is defined as the number of transmitter mole-
cules contained in a single vesicle (about 6000–10,000 ACh molecules) (1).

The synaptic vesicles in the nerve terminal are arranged in at least two
pools: the readily releasable pool and the reserve or storage pool. The synaptic
vesicles comprising the readily releasable pool are aligned near release sites in
the nerve terminal. These release sites are called the active zones and lie in
direct opposition to the ACh receptors (AChRs) on the postsynaptic muscle
membrane (Fig. 1.5) (8,9). When the vesicles fuse with the presynaptic nerve

Figure 1.4 Diagrammatic representation of themajor components of the mamma-
lian neuromuscular junction. The nerve terminal is unmyelinated but is capped by a
Schwann cell. It is directly aligned with the endplate region of a muscle fiber. A
basement membrane overlies the Schwann cell laterally and becomes continuous
with the basementmembrane of themuscle fiber. The endplate region of themuscle
fiber is thrown into a number of folds (junctional folds), with the acetylcholine
receptors located on the crests of these folds.

Anatomy and Physiology of Neuromuscular Junction 5



terminal membrane, they release their contents (ACh) into the synaptic cleft
(7–9). As the pool of readily releasable vesicles is depleted, vesicles from the
storage pool are mobilized to the release sites. The physiologic consequences
of this process will be described in further detail below (see Section IV).

Voltage-gated calcium (Ca2+) channels are also located in the active
zones (9–11). They appear as double parallel rows of dense intramembrane
particles (Fig. 1.6) by electron microscopy. Each row contains approximately
five channels with 20-nm spacing between rows and 60-nm spacing between
double rows (1,9). This high concentration of calcium channels at the active
zones allows for the rapid increases in calcium concentration in regions where
vesicle fusion occurs. The principal calcium channel type at human NMJs is
the P/Q-type calcium channel (12). These calcium channels are believed to be
the site of immunologic attack in Lambert-Eaton syndrome (Chapter 5).

Figure 1.5 Organization of the motor endplate region. The sites of release
of acetylcholine (active zones) are directly aligned with the cusps of the folds on
the postsynaptic muscle membrane where the acetylcholine receptors are
concentrated.

Chapter 16



B. The Synaptic Space

The synaptic space is located between the presynaptic nerve terminal mem-
brane and the postsynaptic muscle membrane. It consists of a primary cleft
and a number of secondary clefts (1,13) (Figs. 1.1). The primary cleft is the
space (about 50 nm wide) between the presynaptic membrane and the
postsynaptic junctional folds. It is bounded laterally by basement membrane.
The secondary clefts are the spaces between the junctional folds on the
postsynaptic membrane. The synaptic cleft is essentially an extracellular
compartment that is continuous with the external space around the NMJ.
The short expanse of the primary synaptic cleft allowsACh receptors to reside
very near the ACh release sites so that diffusion time across the cleft is short
(see Section IV).

C. The Postsynaptic Region

The postsynaptic region is a highly specialized area of the muscle fiber mem-
brane, which is also known as the endplate. In normal human muscle there is
one endplate per muscle fiber, typically located about halfway along the

Figure 1.6 Freeze-fracture electron microscopy of the presynaptic membrane
revealing scattered integral membrane particles arrayed in double parallel rows
(arrows). These particles correspond to the voltage-gated calcium channels.
(Reproduced from Engel AG, Myasthenia Gravis and Myasthenic Syndromes,
New York: Oxford University Press, 1999.)
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length of the fiber. The muscle membrane comprising the endplate is thrown
into numerous junctional folds, with the crest of each fold aligned with an
active zone on the presynaptic terminal (1,5). These postsynaptic junctional
folds produce a several-fold amplification of the postsynaptic surface area.
Because the junctional folds are separated by the secondary synaptic clefts,
this organization also increases the volume of the synaptic space. The density
of the folding is much more extensive at the endplate compared to the extra-
junctional membrane. The vast majority of AChRs are concentrated on the
crests of the junctional folds (13,14) at a density of approximately 104 sites/
Am2 (1).

The muscle fiber membrane at the endplate is lined with a basal lamina
containing the enzyme acetylcholinesterase (AChE) (15), which splits the
AChmolecule into choline and acetate. AChE is locatedmainly in the troughs
of the junctional folds (16). This location provides a ‘‘sink’’ for inactivation of
ACh molecules (Fig. 1.7). Muscle activity is required for normal AChE
expression inmuscle and its accumulation at theNMJ (17). The concentration
of AChE is approximately five- to eight-fold lower than the concentration of

Figure 1.7 Location of acetylcholinesterase. The enzyme acetylcholinesterase is
contained in the basal lamina lining the muscle endplate. It is mainly located in the
troughs of the junctional folds, thereby providing a ‘‘sink’’ for inactivation of
acetylcholine.
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ACh receptors, but is adequate to hydrolyze most of the ACh released by the
nerve terminal and to prevent repeated binding of ACh to the AChRs (18).
Inactivation of AChE prolongs the duration of action of ACh and slows the
decay of the ACh-induced ionic current.

Voltage-sensitive sodium channels are also present in large numbers on
the postsynaptic membrane. These sodium channels are also concentrated in
the depths of the secondary synaptic clefts (19,20). They are present in the
endplate region at an increased concentration (three- to seven-fold) compared
with the extrajunctional membrane (21). The density of sodium channels in
the postsynaptic membrane varies according to fiber type with fast-twitch
muscle fibers having a higher density of sodium channels than slow-twitch
fibers (21).

1. The Acetylcholine Receptor

AChR is a transmembrane protein composed of five subunits and in humans
exists in two isoforms (22). The mature or ‘‘innervated’’ isoform of the AChR
is composed of two a subunits and one each of the h, y, and q subunits
(Fig. 1.8A) (1). The fetal or ‘‘denervated’’ AChR has a g subunit in place of
the q subunit (23). Interestingly, normal adult human extraocular muscle
expresses a significant proportion of the fetal isoform of AChR in addition
to the mature isoform, which may provide a unique target for immune-
mediated damage of these muscles, as will be discussed in Chapter 4. After
denervation, the g subunit is expressed on AChRs of muscle fibers, both at
and away from the endplate (24).

The AChR subunits are arranged in a ring, spanning the membrane and
forming a water-filled transmembrane channel that is roughly funnel shaped
with the narrow aspect oriented to the intracellular compartment (25). Each
subunit is composed of four transmembrane domains (M1–M4), the M2 and
M3 domains of each subunit contributing to the central pore of the channel
(Fig. 1.8B). Clusters of negatively charged residues are located at either end of
the channel to aid in excluding the passage of negative ions and encouraging
the passage of positive ions. Ion binding sites are located within the channel
and are critical to ion passage.

Each a subunit on the AChR has one binding site for ACh. Thus, there
are two ACh binding sites on a single AChR. The binding site is located at
the interface between the a subunit and the y subunit and at the interface
between the a subunit and either the q or g subunit (Fig. 1.8C). Because amino
acids from both subunits contribute to each of the AChR binding sites, the
properties of each of the binding sites on a single AChR are a little different.
AChR channel opening requires that two ACh molecules bind to the AChR.
A specific region of the a subunit has been found to be the binding site for
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most of the antibodies in myasthenia gravis, and has been designated as the
main immunogenic region (MIR) (26). Although in close proximity, theMIR is
separate and distinct from the AChR binding sites. There is one MIR on
each of the two a subunits in an AChR. It is located on the extracellular
surface of the AChR making it readily accessible to circulating antibodies.

Figure 1.8A Structure of the adult acetylcholine receptor. The adult acetylcholine
receptor is composed of five subunits (2a, h, y, and q). The acetylcholine binding
sites are located on the two a subunits. The subunits are embedded in the post-
synaptic membrane and are arranged in a ring surrounding a central pore that
connects the extracellular and intracellular spaces. Binding of two acetylcholine
molecules to the acetylcholine binding sites makes this pore permeable to the
passage of positive ions.

CASE 1.1 A 53-year-old man develops fluctuating diplopia and
right-sided eyelid ptosis. He has no complaints of bulbar or extremity
weakness or fatigability. His examination reveals bilateral medial rectus
weakness and fatigable right ptosis with normal facial, bulbar, and ex-
tremitymuscle strength.AChRbinding antibodies are negative, but elec-
trodiagnostic studies confirm a defect in neuromuscular transmission.
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Figure 1.8B Basic structure of acetylcholine receptor subunits. Each acetylcho-
line receptor subunit is composed of four transmembrane domains (M1–M4). The
M2 and M3 domains contribute to the central ion pore of the channel.

His symptoms respond initially to treatment with AChE inhi-
bitors but eventually recur despite dose escalation. Treatment with
high-dose daily prednisone (50 mg/day) results in complete remission of
all symptoms.

Discussion The patient has ocular myasthenia gravis (MG). As will
be discussed in Chapter 4, MG is an autoimmune disease in which
antibodies are directed against the AChRs on the muscle endplate. The
reason for the selective vulnerability of the extraocular muscles in MG
is not precisely known. However, there are at least three anatomic
features that distinguish the neuromuscular junctions in extraocular
muscles compared to other muscles:

1. Increased expression of fetal acetylcholine receptors.
2. Multiple innervation of extraocular muscles (i.e., an extra-

ocular muscle may receive innervation from more than one
motor neuron).

3. Decreased motor unit size (a motor neuron innervating an
extraocular muscle supplies innervation to an average of 10–
15 muscle fibers, compared to hundreds or even thousands in
extremity muscles).
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The AChRs are highly concentrated at the endplate region, their
concentration being 1000-fold less outside the endplate (27). The half-life of
mature AChRs is 8–11 days, while the half-life of fetal AChRs is less than 24 h
(28). Mature AChRs are continuously turned over by internalization and
degradation of ‘‘old’’ receptor molecules and replacement by new AChRs
(29). They are not recycled. Thus, there must be some ‘‘signal’’ that accounts
for the clustering of new AChRs in the postsynaptic region and specifically
at the crests of the junctional folds. Nerve-derived factors, such as agrin
(13,30–32), rapsyn, (33,34), and neuregulins (13,35,36), may provide this
‘‘signal’’ by affecting gene transcription of AChR subunits. Accordingly,
there is a high concentration of AChR messenger RNA in these synaptic
regions consistent with enhanced gene transcription (37). The clustering of
AChRs and their alignment adjacent to areas of ACh release may also be
regulated by a muscle-specific tyrosine kinase or MuSK (32). Complex in-
teractions between agrin, rapsyn, and MuSK are involved in the develop-
ment and maintenance of the normal nerve–muscle synapse. The process of
AChR turnover and AChR clustering at the crests of postsynaptic junc-
tional folds is of critical importance because a high density of these receptors
on the crests of the postsynaptic junctional folds is absolutely required for
normal neuromuscular transmission.

Figure 1.8C Acetylcholine receptor binding site. The acetylcholine receptor
binding sites are located between the a1 and y subunits and between the a2 and q
subunits. Binding of two molecules of acetylcholine is required for opening of the
ion channel.
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At the endplate, individual AChRs are connected to each other and
anchored to the muscle fiber cytoskeleton. Rapsyn, a 43-kDa protein, con-
nects AChRs to one another and also connects the clusters of AChRs to the
muscle fiber cytoskeleton via the dystrophin–glycoprotein complex (DGC)
(34,37). The DGC contains transmembrane (including a- and h-dystrogly-
can and the sarcoglycan complex) and submembrane proteins (dystrophin,
utrophin, syntrophin, and the 87-kDa protein dystrobrevin); it connects to
the cytoskeleton via F-actin and to the basal lamina via laminin (Fig. 1.9).
In addition to anchoring the AChRs to the muscle cytoskeleton, any or
all of the above-mentioned muscle cell membrane components may be in-
volved in synaptic maintenance and development via a complex signaling
pathway.

D. Overview

The NMJ is a specialized chemical synapse between a motor axon and a
muscle fiber. The presynaptic region is the site of synthesis, storage, and
release of the neurotransmitter ACh. The synaptic space consists of primary
and secondary synaptic clefts and is the space that must be traversed by the
neurotransmitter to interact with the receptor on the postsynaptic membrane.

AChR AChR AChR

R R

DGC DGC

LamininLaminin

F-ActinF-Actin
Utrophin

Basal Lamina

Cytoskeleton

OUT

IN

Muscle

Membrane

Figure 1.9 Diagrammatic representation of the microstructure of the muscle
endplate region. Rapsyn (R) connects the acetylcholine receptors (AChR) to one
another and also connects the clusters of AChRs to the muscle fiber cytoskeleton
via the dystrophin–glycoprotein complex (DGC). The DGC contains a number of
proteins and connects to the cytoskeleton via F-actin and to the basal lamina via
laminin.
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The postsynaptic membrane or motor endplate contains numerous AChRs,
each of which consists of two ACh binding domains as well as the ionic
channel.When the AChR is activated by binding of twoAChmolecules to the
binding domains, the ion channel opens allowing cations to flow across the
membrane and causing a depolarizing current. AChE is located in the basal
lamina of the postsynaptic membrane and speeds the decline in ACh concen-
tration in the synaptic space. The anatomic configuration of the NMJ places
AChRs at the site of ACh release, and allows for rapid diffusion and me-
tabolism of ACh after detachment from the AChR.

The above discussion of the anatomy of the NMJ forms the basis for
a review of the physiology of neuromuscular transmission. As will become
apparent, important structure–function correlations exist, providing effec-
tive interaction of ACh molecules with their receptors on the postsynaptic
membrane.

IV. PHYSIOLOGY OF NEUROMUSCULAR TRANSMISSION

The time that elapses between the arrival of a nerve action potential at the
nerve terminal and the subsequent depolarization of the postjunctional
membrane is only a few milliseconds. However, a number of different and
complex processes occur during this brief period of time. The steps involved in
neuromuscular transmission are summarized in Table 1.1 and Fig. 1.10, and
are discussed in further detail below.

Table 1.1 The Physiologic Events of Neuromuscular Transmission

1. Depolarization of presynaptic nerve terminal.
2. Opening of voltage-gated calcium channels in response to depolarization.
3. Movement of calcium into the nerve terminal.
4. Synaptic vesicles fuse with the presynaptic membrane, releasing ACh into the

synaptic space.
5. Diffusion of ACh to the postsynaptic membrane.
6. ACh molecules bind AChR (2 ACh molecules/AChR) or are hydrolyzed by

AChase.
7. AChRs with bound ACh undergo conformational change, opening ion channel.
8. Net influx of positive charge (Na+ in, K+ out) resulting in depolarization of

endplate region Z endplate potential (EPP).
9. If the EPP is of sufficient magnitude to depolarize the muscle fiber membrane

to threshold, an action potential is generated in the muscle fiber membrane
that propagates in both directions away from the endplate.

10. Muscle fiber contraction.

ACh, acetylcholine; AChR, acetylcholine receptor; Na+, sodium ions; K+, potassium ions.
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A. Presynaptic Events

The initial event in neuromuscular transmission is the propagation of a nerve
action potential down the motor axon resulting in depolarization of the pre-
synaptic nerve terminal. As a result of this depolarization, voltage-gated cal-
cium channels are opened and calcium enters the nerve terminal. It is this
influx of calcium thatmediates transmitter release, promoting synaptic vesicle

Figure 1.10 The main events of neuromuscular transmission. (1) Nerve action
potential propagates down the axon and depolarizes the nerve terminal resulting
in opening of voltage-gated calcium channels. (2) Synaptic vesicles fuse with the
presynaptic membrane releasing their contents of acetylcholine (ACh) into the
synaptic cleft. (3) ACh molecules bind to the ACh receptors (AChR) on the
postsynaptic membrane opening the AChR ion pore (4) Membrane conductance
to positive ions increases, producing a depolarization of the endplate region (end-
plate potential, EPP). (5) The endplate is electrically coupled to the adjacent muscle
membrane such that it may be brought to the threshold of firing by spread of current
from the endplate resulting in a muscle fiber action potential. The EPP must be of
sufficient magnitude to depolarize the adjacent muscle membrane to threshold or a
muscle fiber action potential will not occur.
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exocytosis (1,16,39,40). The quantity of calcium that enters the nerve terminal
determines the number of quanta released in response to a nerve action
potential. Reducing the concentration of calcium in the extracellular fluid
reduces the number of quanta released by any given presynaptic membrane
depolarization.

The calcium-regulated exocytosis of the synaptic vesicles is a compli-
cated process involving the coordinated actions of a number of proteins
located on the synaptic vesicles themselves, in the cytosol, and on the
presynaptic membrane (41–43) (Fig. 1.11). Calcium entry is proposed to lead
to phosphorylation of synapsin I (a vesicle-associated protein), which then
dissociates from the synaptic vesicles, allowing them to detach from the
cytoskeleton and making them available for release (44). This is followed
by a number of calcium-dependent protein interactions that result in (a) the
movement of the synaptic vesicles toward the proximity of the active zone;
(b) the docking of the vesicles at the active zones; and (c) the fusion of the
vesicles with the presynaptic membrane (45). Table 1.2 summarizes the main
calcium-dependent proteins involved in these processes. The importance of
these proteins is emphasized by the effects of specific clostridial neurotoxins,
each of which cleaves a particular protein involved in vesicle movement,
docking, and fusion. The result in each case is a failure of exocytosis. Other
factors may be relevant in the calcium-dependent process of synaptic vesicle
exocytosis. The approximation of the synaptic vesicles and the presynaptic
membrane may be inhibited by electrostatic forces caused by the like
polarity of surface charges on the vesicle membrane and the nerve terminal
membrane. Calcium may play an additional role by binding to the vesicle

CASE 1.2 A 66-year-old man with myasthenia gravis (‘‘in remis-
sion’’) receives an aminoglycoside antibiotic for management of a gram-
negative bacteremia. Shortly after initiation of treatment, he develops
severe ptosis, diplopia, dysphagia, and shortness of breath. His phy-
sicians realize that aminoglycoside antibiotics may exacerbate weakness
in patients with NMJ disease. They immediately stop the infusion and
treat him symptomatically with AChE inhibitors.

Discussion Aminoglycoside antibiotics inhibit ACh release from the
nerve terminal through competition with Ca2+. Administration of cal-
cium salts overcomes this effect and is the preferred treatment for this
toxicity (see Chapter 8).
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membrane surface and neutralizing the negative charges, allowing for fusion
with the presynaptic membrane (46).

One of the earliest observations resulting from intracellular record-
ings from neuromuscular junctions was the presence of spontaneous, low-
amplitude depolarizations of the endplate region (47). These potentials
apparently resulted from the nearly simultaneous release of many molecules
of ACh from the nerve terminal. The frequency of these miniature endplate

Figure 1.11 Calcium-regulated exocytosis of the synaptic vesicles. Synapsin I
links synaptic vesicles to the cytoskeleton. Calcium-dependent phosphorylation of
synapsin I releases the synaptic vesicles. Once freed from their cytoskeletal
attachments, the synaptic vesicles are transported from deeper regions of the
nerve terminal to the proximity of the active zone. Docking of vesicles at the active
zone likely occurs through the interaction of vesicle-associated synaptotagmin with
the voltage-gated calcium channels on the presynaptic membrane. The calcium-
regulated exocytosis of the synaptic vesicles involves the coordinated actions of a
number of proteins depicted in the figure. Synaptobrevin on the synaptic vesicle
and syntaxin on the presynaptic membrane serve as the ‘‘anchors’’ that pull the
respective membranes together. The precise exocytotic mechanism is complex,
but it is believed that SNAP-25 (SNAP=soluble NSF attachment protein), a protein
anchored to the presynaptic membrane, binds two molecules of syntaxin, forming
a complex. Synaptobrevin then binds to this complex, displacing one of the
syntaxin molecules and bringing the membrane of the synaptic vesicle and the
presynaptic membrane into close proximity. The precise driving force behind
actual membrane fusion is not clear.
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potentials (MEPPs) varied with time, but their amplitudes were within a very
narrow range. These observations led to the quantal hypothesis of trans-
mitter release; namely, the depolarization that occurs a the endplate after
nerve stimulation results from release of a large number of ‘‘packets’’ of
ACh from the nerve terminal with each packet containing the amount of
ACh that would in itself produce an MEPP (48). According to this hy-
pothesis, an MEPP represents the depolarization induced at the endplate
by the spontaneous release of a single quanta (contents of a single synaptic
vesicle) of ACh, and an endplate potential (EPP) represents the depolariza-
tion produced by all of the vesicles released after a nerve action potential.
Interestingly, the precise function of MEPPs is not presently known.

Depolarization of the nerve terminal by a nerve impulse results in the
nearly synchronous release of 50–300 synaptic vesicles (49). The number of
quanta released in response to a nerve impulse is called the quantal content and
depends on a number of factors. Synaptic vesicles in the nerve terminal are
sequestered in at least two well-defined pools: one is composed of the vesicles
ready for immediate release and the other is the reserve pool. At each nerve
terminal, a number of synaptic vesicles are positioned at the active zones pre-
pared for release (readily releasable stores). These vesicles have a certain prob-
ability of release dependent on nerve terminal calcium concentration, which is
very low in the absence of nerve terminal stimulation and increases signifi-
cantly after depolarization. This relationship may be expressed using the for-
mula m=np (1,48), wherem represents the quantal content, p the probability
of release, and n the number of readily available quanta positioned at the
release sites. In the resting state, p is very low and consequentlym is minimal.
During a nerve action potential, p is increased dramatically due to the influx of
calcium into the nerve terminal and subsequently m is quite large. As one
might predict, the quantal content normally varies from one nerve action
potential to another depending on the size of the releasable store of synaptic

Table 1.2 Proteins Involved in Synaptic Vesicle Transport, Docking, and Fusion

Protein Location Function Neurotoxin

Synapsin I Synaptic vesicle Links vesicles
to cytoplasm

Synaptobrevin Synaptic vesicle Docking/fusion Botulinum B, D, F,
and G; tetanus

Synaptotagmin Synaptic vesicle Docking
SNAP-25 Presynaptic

membrane
Docking/fusion Botulinum A, E

Syntaxin Presynaptic
membrane

Docking/fusion Botulinum C
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vesicles and the (calcium-dependent) probability of release. The releasable
store is in equilibrium with the reserve store of vesicles (N) in the nerve
terminal. Immediately following a nerve action potential and the subsequent
quantal release of synaptic vesicles, the releasable store is diminished.

With repetitive nerve stimulation, two competing forces act at the nerve
terminal (Fig. 1.12). First, repeated stimulation depletes the pool of readily
releasable synaptic vesicles (n), resulting in a reduction in the quantal content.
However, this effect is countered by the effects of changing nerve terminal
calcium concentrations. Release of ACh by the presynaptic terminal is
terminated by removal of calcium from the region of the active zones, which

Figure 1.12 Competing forces at the presynaptic nerve terminal. Repetitive nerve
stimulation causes depletion of the readily releasable stores of synaptic vesicles,
but also causes accumulation of intracellular calcium, which enhances release and
mobilization of synaptic vesicles. The rate of stimulation is critical in determining
which of these competing forces is predominant. At high rates of stimulation
(>5 Hz), there is saturation of the normal calcium buffering processes in the nerve
terminal and the effect of increased intracellular calcium predominates over vesicle
depletion. At slow rates of stimulation the effects of vesicle depletion are dominant.
These principles are directly applied to the clinical electrodiagnostic testing of
patients with suspected disorders of neuromuscular transmission (Chapter 3).
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is accomplished by sequestration into organelles (smooth endoplasmic retic-
ulum andmitochondria) in the terminal, diffusion away from the release sites,
and extrusion into the extracellular space (50,51). Most of the calcium is
removed from the nerve terminal within 100–200 ms of release of a quantal
content (52). If the nerve terminal is stimulated at rapid rates (faster than
every 100–200 ms), there is a saturation of this calcium-buffering system and
the calcium concentration builds up in the nerve terminal increasing the
probability ( p) of synaptic vesicle release.

The excess calcium allows more synaptic vesicles to be freed from their
cytoskeletal restraints and to be mobilized to the active zones, resulting in
enhanced release of ACh. This phenomenon is known as posttetanic facili-
tation (53,54) (Fig. 1.13). Thus, at high rates of stimulation (>5–10 Hz), the
effect of calcium build-up within the nerve terminal predominates over the
rundown of synaptic vesicles. This effect lasts for approximately 30–60 s;
the enhanced quantal content that persists for a brief period of time is re-
ferred to as posttetanic potentiation. After a period of rest of approximate-
ly 60 s, the quantal content declines. This is called posttetanic exhaustion
(54) and lasts until synaptic vesicles from the reserve pool are mobilized,
thus replenishing the readily releasable store.

CASE 1.3 A 25-year-old woman with myasthenia gravis is examined
by her physician. The physician observes mild right ptosis at rest. The
patient is asked to sustain upward gaze for 2 min. After 90 s, the right
ptosis has worsened, completely covering the right eye.
What is the physiologic explanation for this phenomenon?
Why didn’t the ptosis improve as a result of posttetanic facilitation?

Discussion The clinical description is an example of fatigable muscle
weakness, in this case affecting the levator palpebrae muscle. At rest,
there are a number of dysfunctional endplates causing muscle weakness
and partial right ptosis. With sustained activation, there is depletion of
the readily releasable stores of synaptic vesicles and the quantal content
decreases resulting in dysfunction (failure) at additional endplates and
worsening weakness (complete ptosis). It is important to realize that
with repetitive or sustained activation there are two competing forces
acting on the nerve terminal: (1) depletion of readily releasable vesicles
and (2) accumulation of calcium. The quantal content is either de-
creased or increased depending on which force predominates. In this
case, the quantal content decreased because the effect of vesicle deple-
tion outweighed the effect of calcium build-up in the nerve terminal.
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Stimulation of the nerve terminal at slow rates (1–4 Hz) results in a
progressive decrease in the quantal content due to a depletion in the readily
releasable stores of synaptic vesicles. Decreasing numbers of quanta are
released by the first several nerve discharges in a train of stimuli, until the
fourth, fifth, or sixth stimulus, after which the mean amount of ACh released
per impulse becomes relatively constant. The initial decrease in quantal
content is known as posttetanic depression (54) and (as noted) is probably
due to depletion of readily available synaptic vesicles. By the fourth, fifth, or
sixth consecutive stimulus, the number of quanta released no longer declines

Figure 1.13 Posttetanic facilitation. With high rates of nerve stimulation (>5 Hz),
the calcium concentration (Ca2+) increases in the nerve terminal resulting in fusion
of increased numbers of synaptic vesicles with the presynaptic membrane
(increased quantal content). Facilitation is a normal phenomenon occurring at high
rates of nerve stimulation. This effect persists for 30–60 s after cessation of the
stimulus (potentiation). In normal muscle the added amount of calcium in the nerve
terminal resulting from a brief interstimulus interval (facilitation) is not significant
since the amount of ACh released is always more than sufficient to depolarize the
muscle fiber to threshold. (See discussion of the safety factor of neuromuscular
transmission.)
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but remains stable and may even increase (55). This may be explained in the
following way: repetitive nerve stimulation causes depletion of the readily
releasable pool of synaptic vesicles and forces mobilization of vesicles from
the reserve pool and local recycling of vesicles. When the replenishment of
vesicles equals the release, no further decrease in quantal content occurs
(Fig. 1.14). The decrease in quantal content persists as long as low-frequency
stimulation is continued. After cessation of stimuli, a short period of time
(20–30 s) is required for the mobilization process to restore the readily re-
leasable pool of vesicles to the resting level.

It is helpful to keep in mind that the above processes occur in normal
muscle. Thus, under normal circumstances, the additional calcium in the
nerve terminal caused by high-frequency stimulation (posttetanic facilitation)
is clinically inconsequential since the quantal content is always more than
sufficient to result in a single muscle action potential. Similarly, with low rates
of stimulation, the reduced quantal content (posttetanic depression) never
falls below that required for threshold firing of the muscle fiber. However,

Figure 1.14 Posttetanic depression. At slow rates of stimulation, there is a
progressive decrease in the amount of acetylcholine released from the nerve
terminal with each stimulus. This is due to depletion of the readily releasable
stores of synaptic vesicles. However, after the fourth or fifth stimulus the amount of
ACh released stabilizes due to mobilization of synaptic vesicles from various
storage compartments in the nerve terminal so that the amount of ACh mobilized
keeps up with the amount released.
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these processes become critical in diseased muscle, and the basic principles
discussed above are applied to the electrodiagnostic evaluation of patients
with disorders of the neuromuscular junction (Chapter 3).

1. Synthesis of Acetylcholine and Recycling of Synaptic Vesicles

Nerve terminal ACh concentrations are maintained at relatively constant lev-
els at physiological stimulation rates (55). The rate of ACh synthesis can be
markedly increased by stimulation in a calcium-dependent manner. The
molecular events believed to be involved in ACh synthesis and vesicle re-
cycling are depicted in Fig. 1.15. ACh is synthesized within the nerve terminal
from choline and acetyl coenzyme A (acetyl-CoA). AChE hydrolyzes ACh
released from the nerve terminal to choline and acetate. Choline is returned

Figure 1.15 Synthesis of acetylcholine. Acetylcholine is synthesized within the
nerve terminal from choline and acetyl-CoA (ACoA) through the action of choline
acetyltransferase (ChAT). Acetyl-CoA is made in the mitochondria and transported
to the cytosol. Uptake of choline from the synaptic space occurs via a high-affinity
uptake system.
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to the nerve terminal via a high-affinity, sodium-dependent uptake system
(56). Acetyl-CoA is normally made in the mitochondria and transported into
the cytoplasm in a calcium-dependent manner (1). Choline acetyltransferase
present in the nerve terminal cytoplasm synthesizes ACh from choline and
acetyl-CoA.

When ACh is released from the synaptic vesicles by exocytosis, the
membrane of the vesicle fuses with the membrane of the nerve terminal. If
no process compensated for this, the membrane of the nerve terminal would
enlarge as a result of neuromuscular transmission. This does not occur
because the membrane of the vesicle is retrieved and recycled rapidly. How
this recycling occurs in nerve terminals is complicated and not completely
understood (57). After fusion of the vesicle membrane with the nerve termi-
nal membrane, the vesicle membrane collapses and coalesces into the nerve
terminal membrane. Retrieval of vesicle membrane occurs by endocytosis,
which is also calcium dependent. Paradoxically, the rate of endocytosis is
reduced by increased cytosolic calcium concentration (58). Under normal
circumstances, endocytosis keeps up with exocytosis, so that there is no
appreciable difference between the stimulated nerve terminal membrane and
the terminal at rest.

B. Synaptic Events

The fusion of the synaptic vesicles with the presynaptic membrane results in
the release of approximately 10,000 ACh molecules into the synaptic space.
The diffusion of ACh across the synaptic cleft is very rapid due to the small
distance to be traversed and the relatively high diffusion constant for ACh
(54). Most ACh molecules are not initially hydrolyzed by AChE because of
saturation of AChE by the very high concentration of ACh (16). A high
proportion of ACh molecules reach the postsynaptic membrane and collide
with the AChR. Some of these collisions result in the binding of ACh to
specific binding sites on the AChR. Binding of two ACh molecules to an
AChR induces a conformational change in the AChR that opens the ion
channel (see Section C below). After a brief period, the ACh molecules
dissociate from the AChR and the ion channel closes. After ACh dissociates
from the AChR, it is either rapidly hydrolyzed by AChE to choline and
acetate or diffuses out of the synaptic cleft (16).

With AChE fully active, ACh molecules in a single quantum exert their
effect within a very limited area (within a radius of 0.8 Am from the site of
release) (67). This effectively ‘‘saturates’’ the AChRs in a very small region of
the postsynaptic membrane directly adjacent to the ACh release sites,
ensuring efficient binding of ACh to AChRs in a 2:1 ratio. This is known as
the saturating disc model of ACh–AChR interaction (16). Since the ACh
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release sites are discreet and vary from impulse to impulse, different sets of
‘‘discs’’ become saturated on repetitive stimulation. This prevents desensiti-
zation of the AChR from extended exposure to ACh. AChE limits the
number of collisions of ACh with the AChRs in addition to limiting the
radius of ACh spread. Inactivation or absence of AChE increases the number
of collisions of ACh with AChR and increases the radius of diffusion of ACh.
This allows for sequential binding of ACh to multiple AChRs and opening of
multiple ion channels before diffusion of ACh from the synaptic space
(59,60).

C. Postsynaptic Events

The large number of AChRs on the muscle endplate membrane makes it very
sensitive to ACh released from the nerve terminal. The AChR forms a cation-
selective channel that is relatively nonselective for individual cations (i.e.,
sodium, potassium, calcium) (61). This is due to the fact that the size of the
channel at its narrowest point (ion pore) is significantly larger than voltage-
sensitive channels, which are very ion selective (62). Thus, the relative con-
tributions of the different cations to the current through the channel depend
primarily on their concentrations and the electrochemical driving forces. Ions
do not pass through the channel in a bulk flow fashion, but instead bind to
specific sites within the pore andmove from one site to the next. The structure
of the binding site within the channel is critical to ion passage (61,62). If the
interaction between the ion and the binding site is too weak, it will not pass
through the channel. If it is too strong, the ionmay remain fixed to the binding
site, effectively blocking the channel. This is the proposed mechanism of
action of several noncompetitive AChR antagonists used clinically as neuro-
muscular blocking agent (see Chapter 8). The binding of ACh to the AChR
likely allows the passage of ions across the channel by leading to a change in
pore structure or by altering the properties of the ion binding sites.

In addition to the AChRs, the endplate membrane also has a high
density of voltage-sensitive sodium channels (63–65). As noted, these chan-
nels are concentrated in the depths of the secondary synaptic folds; their
density is approximately three-to sevenfold greater at the endplate membrane
than the extrajunctional membrane, and fast-twitch muscle fibers have a
higher density of sodium channels than slow-twitch fibers. The depolariza-
tion of the endplate region due to opening of the AChR ion channels in turn
causes rapid opening of the voltage-sensitive sodium channels. This results in
further depolarization of the muscle membrane (Fig. 1.16). The amplitude of
the sodium current for a region of membrane depends on the density of
sodium channels in the membrane, the conductance of these channel, and the
fraction of channels that open in response to membrane depolarization. The
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high concentration of voltage-sensitive sodium channels at the endplate low-
ers the threshold of depolarization needed to generate a muscle fiber action
potential.

Opening of the AChR ion channels allows cations to flow across the
muscle membrane producing a depolarizing generator potential known as the
endplate potential (EPP). The AChR ion channel has an effective open time of
approximately 1 ms (66). While two ACh molecules are bound to the AChR,
the ion pore may repeatedly open and close, producing bursts of channel
openings. Normal adult AChRs have channel open times and ‘‘burst’’
durations within a certain range. Adult (mature) and fetal AChRs may be
distinguished on the basis of their single-channel conductance and channel
open times. Adult AChRs have shorter mean open times and larger single-
channel conductances.

By the time the muscle action potential has occurred, the majority of the
activated AChRs have closed their ion channel, so that any current in the few
remaining open AChR ion channels is not sufficient to generate a second

Figure 1.16 Voltage-sensitive sodium channels. Voltage-sensitive sodium chan-
nels are found in high concentrations in the troughs of the junctional folds of the
postsynaptic membrane. Depolarization of the postsynaptic membrane opens
these sodium channels, resulting in further depolarization of the endplate region.
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action potential. As discussed, AChE in the basal lamina of the postsynaptic
membrane speeds the decline in concentration of ACh in the synaptic cleft,
effectively preventing sequential binding of ACh with multiple AChRs. Thus,
each nerve terminal action potential generates a single action potential in the
muscle cell. This action potential propagates in both directions along the
muscle fiber from the endplate region, and invades and depolarizes the T-
tubule system of muscle which results in release of calcium from the adjacent
sarcoplasmic reticulum stores leading tomuscle contraction. Any process that
affects either the function of AChE or channel open time may result in
prolonged depolarization at the endplate and the generation of multiple
muscle action potentials by a single nerve impulse.

D. The Safety Factor of Neuromuscular Transmission

Neuromuscular transmission is successful when the muscle fiber contracts. In
order for this to occur, the EPP must exceed the threshold required for
initiation of a muscle fiber action potential. As we have seen, the EPP is a
graded potential varying in magnitude from one to another depending a
number of factors. The muscle fiber action potential is all-or-none: the EPP
either produces depolarization sufficient for generation of an action potential
in the muscle fiber, or it does not occur (Fig. 1.17). The ratio between the EPP
amplitude and the amount of endplate depolarization required for a muscle
fiber action potential to occur is termed the safety factor (SF) of neuromus-
cular transmission, and may be expressed by the formula:

SF ¼ EPP=EAP�EM

where EPP represents the endplate potential amplitude, EAP the muscle fi-
ber action potential threshold, and EM the muscle resting membrane poten-
tial (54). Normally, the safety factor of neuromuscular transmission is quite
large, preventing failure of neuromuscular transmission even during max-
imal, sustained voluntary muscle contraction. During repetitive stimulation
in normal muscle, the amount of transmitter released by each nerve impulse
is decreased, the EPP is smaller, and consequently the safety factor is re-
duced. This does not result in failure of neuromuscular transmission be-
cause of the magnitude of the safety factor (Fig. 1.18). This large margin of
error is primarily due to the fact that (a) the nerve terminal releases more
quantal packets of ACh than needed, and (b) there are more AChRs on
the postsynaptic membrane than are necessary to depolarize the muscle
fiber to threshold. As we shall see in the next chapter, the major physiologic
consequence of all disorders of the neuromuscular junction is a critical
reduction in the safety factor of neuromuscular transmission.
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E. Overview

Neuromuscular transmission begins when a nerve action potential reaches
the nerve terminal and depolarizes its membrane. The resulting depolariza-
tion opens voltage-gated Ca2+ channels and Ca2+ from the interstitial fluid
flows down its electrochemical gradient into the nerve terminal. The influx
of Ca2+ causes synaptic vesicles to fuse with the plasma membrane and
empty their ACh into the synaptic space by exocytosis. ACh diffuses across
the synaptic space and interacts with a specific AChR protein on the
external surface of the muscle plasma membrane of the motor endplate.
The combination of ACh with its receptor transiently increases the con-
ductance of the postjunctional membrane to cations (Na+ and K+),
resulting in a transient depolarization of the endplate region. This transient
depolarization is called the endplate potential (EPP). If the EPP is of
sufficient magnitude, a muscle fiber action potential is generated. The
difference between the EPP amplitude and the amount of depolarization

Figure 1.17 The endplate potential. The depolarization of the postsynaptic
membrane (endplate) in response to a nerve impulse is called the endplate
potential (EPP). If the EPP is of sufficient magnitude (i.e., greater than the
threshold for firing of the muscle fiber action potential), an action potential is
generated in the muscle fiber. The EPP normally varies slightly from one nerve
impulse to another but must reach a threshold depolarization in order for a muscle
fiber action potential to occur.
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required for generation of a muscle action potential is referred to as the
safety factor of neuromuscular transmission.

The endplate potential is transient because the action of ACh is ended
by the hydrolysis of ACh to choline and acetate by the enzyme AChE,
which is present in high concentrations in the postsynaptic membrane. After
the endplate region is depolarized, adjacent regions of the muscle cell
membrane are depolarized by electrotonic conduction. When those regions
reach threshold, action potentials are generated that are propagated along
the muscle fiber at high velocities initiating the chain of events that lead to
muscle contraction.

Figure 1.18 The safety factor of neuromuscular transmission. The safety factor
of neuromuscular transmission may be defined as the ratio of the endplate
potential (EPP) amplitude and the depolarization needed to generate a muscle
fiber action potential. In normal muscle, this ratio is quite large. Repetitive
stimulation of a nerve at a rate of 2–3 Hz results in a progressive decrease in the
EPP. This is a normal phenomenon. This decrease in the EPP does not result in
failure of neuromuscular transmission in normal muscle because of the magnitude
of the safety factor (A). Thus, all EPPs will result in propagated muscle fiber action
potentials (B).
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The next chapter will examine the consequences of functional abnor-
malities at many of the steps in the process of neuromuscular transmission
discussed above. How these physiologic abnormalities result in clinical
symptoms of muscle weakness and fatigability will also be considered.
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2

Pathophysiology of Neuromuscular
Junction Disorders

I. INTRODUCTION

The basic defect that all disorders of the neuromuscular junction (NMJ) have
in common is a reduced safety factor of neuromuscular transmission. The com-
plex electrical and molecular interactions that underlie the process of neuro-
muscular transmission may fail at any point from the nerve terminal to the
muscle fiber endplate. The end result is the same: the difference between the
endplate potential (EPP) and the threshold potential for firing of the muscle
fiber is lessened. If the EPP fails to reach the threshold of the muscle fiber, an
action potential is not generated and muscle fiber contraction does not occur.
This is called neuromuscular transmission failure, and if this occurs at a critical
number of endplates, clinical weakness results.

From a purely pathophysiologic point of view, disorders of the NMJ
may be classified according to the location of failure. Thus, we will consider
four sites of dysfunction: (a) the prejunctional level, (b) the presynaptic re-
gion, (c) the synaptic space, and (d) the postsynaptic region (see Fig. 1.2). The
precise etiology of dysfunction in diseases affecting the NMJ may be auto-
immune, congenital, pharmacologic, or toxic and will be discussed in sub-
sequent chapters. It is important to keep in mind that disorders of the NMJ
are very complex, and ‘‘pure’’ levels of failure probably do not exist in vivo
where multiple mechanisms may be operative.
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We will, nevertheless, examine the effect of each primary site of
dysfunction on the following physiologic variables introduced in the previous
chapter: (a) quantal content (m), probability of quantal release ( p), and
miniature endplate potential (MEPP) amplitude, duration, and frequency.
These parameters are defined in Table 2.1, and their relative contributions in
determining the amplitude of the EPP and consequently the safety factor of
neuromuscular transmission are depicted in Fig. 2.1.

The quantal content (m) is a measure of presynaptic integrity and is
determined by the probability ( p) of quantal release (which is dependent on
nerve terminal calcium concentration) multiplied by the number (n) of readily
releasable synaptic vesicles (m= np) (1). The quantal store (N) also has a role
in ensuring the effectiveness of normal neuromuscular transmission partic-
ularly during periods of sustained activation (Fig. 2.2). With rundown of the
supply of readily releasable synaptic vesicles, the quantal stores must be
effectively mobilized to ensure adequate quantal content during repetitive or
prolonged neural stimulation (2).

The MEPP frequency is primarily a measure of presynaptic function.
Recall that the MEPP refers to the spontaneous release of a single quanta

Table 2.1 Microphysiologic Parameters Relevant to NMJ Function

Parameter Definition NMJ localization

Quantal content (m) Number of synaptic
vesicles released
after a nerve AP

Presynaptic

Probabilty of quantal
release (p)

Likelihood of synaptic
vesicle release
(increases with
" [Ca2+])

Presynaptic

Readily releasable
vesicles (n)

Number of synaptic
vesicles positioned
at the active zones
ready to fuse with
the presynaptic
membrane

Presynaptic

Miniature endplate
potential (MEPP)

Depolarization caused
by release of the
contents of a single
synaptic vesicle

Presynaptic (frequency)
Presynaptic, synaptic, and

postsynaptic (amplitude)
Synaptic and postsynaptic

(duration)

AP, action potential; [Ca2+], intracellular calcium concentration.
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from the presynaptic nerve terminal. The complex presynaptic machinery
discussed in Chapter 1 that ensures normal production and packaging of
acetylcholine (ACh) as well as normal cycling, docking, and fusion of the
synaptic vesicles may have an effect on MEPP frequency. On the other hand,
the MEPP amplitude depends on the number of ACh molecules per quanta,
the geometry of the endplate (accessibility of the ACh receptors), and the
number and functional state of the ACh receptors (AChRs). Thus, presyn-
aptic, synaptic, and postsynaptic factors determine the amplitude of the
MEPP. Finally, the MEPP duration is a reflection of the open time of the
AChR ion channel (postsynaptic) and the functional status of the endplate

Figure 2.1 Depolarization at the endplate. (A) The miniature endplate potential
(MEPP) refers to the depolarization produced at the endplate by the liberation of
the acetylcholine molecules contained in a single synaptic vesicle. (B) The
endplate potential (EPP) is the depolarization produced by the sum total of all the
synaptic vesicles released from the nerve terminal in response to a nerve action
potential. Thus, the EPP represents the product of the MEPP amplitude and the
number of synaptic vesicles released after a nerve action potential (quantal
content = m).
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acetylcholinesterase (AChE, synaptic). The microphysiologic consequences
of dysfunction at specific levels of the NMJ along with clinical examples of
each level of dysfunction are shown in Table 2.2.

II. PREJUNCTIONAL (NEUROGENIC) NEUROMUSCULAR
TRANSMISSION FAILURE

Diseases primarily affecting the motor axon proximal to the nerve terminal
may cause abnormal neuromuscular transmission. This is most commonly
observed in rapidly progressing neurogenic disorders characterized by prom-
inent ongoing reinnervation and denervation. A classic example is amyo-
trophic lateral sclerosis (ALS) in which there is partial axonal degeneration
due to anterior horn cell disease and subsequent collateral reinnervation of
denervated muscle fibers by surviving axons. This reinnervation takes place
by subterminal sprouting of nerve twigs from healthy motor axons to
‘‘orphaned’’ muscle fibers (3,4). The stimulus for collateral sprouting is not
known but may involve the loss of an inhibitory factor provided by normal
muscle.

Figure 2.2 Presynaptic function. The quantal content (m) is dependent on the
probability (p) of synaptic vesicle release (which increases with increased
intracellular calcium concentration) and the store of synaptic vesicles (n) which
are positioned appropriately for ready release. With sustained or repetitive neural
stimulation, the store of readily releasable synaptic vesicles (n) is depleted and
must be replaced by synaptic vesicles comprising the quantal store (N ).
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Table 2.2 Neuromuscular Junction Disorders: General Classification

Level of
dysfunction

Nature of
disturbance

Electrophysiologic
consequence Examples

Prejunctional # Synaptic vesicles
(readily releasable
and storage supply)

#n
#N

ALS

Presynaptic # ACh molecules/
quanta

#m
# MEPP amplitude

CMS—defect in
ACh synthesis

Derangement in
quantal release
mechanisms

# m
# p
#MEPP frequency

LES, botulism

Synaptic Dysfunction of endplate
acetylcholinesterase

" MEPP duration
(? Compensatory
changes)

CMS—endplate
cholinesterase
deficiency

Postsynaptic Impaired ACh–AChR
interaction

# MEPP amplitude MG

Deranged AChR
ion channel kinetics

" or # MEPP
duration

CMS—slow
channel

CMS—fast
channel

m, quantal content; n, quantity of readily releasable synaptic vesicles; p, probability of syn-

aptic vesicle release; N, quantal store; MEPP, miniature endplate potential; CMS, congenital
myasthenic syndrome; ACh, acetylcholine; LES, Lambert-Eaton syndrome; MG, myasthenia

gravis.

CASE 2.1 A 75-year-old woman presented to her neurologist with
an 8-month history of progressive weakness, dysarthria, and fatigue.
Her neurologist made the diagnosis of myasthenia gravis on the basis of
a ‘‘positive tensilon test’’ and an 18% decrement in compound muscle
action potential amplitude with repetitive stimulation of the ulnar nerve
at 3 Hz. She failed to improve significantly when treated with AChE
inhibitors. She was referred for a second opinion. A repeat electrodi-
agnostic study revealed the presence of a diffuse motor neuronopathy
consistent with the clinical diagnosis of ALS.

Discussion This woman’s complaints of fatigue and the results of
pharmacologic and electrophysiologic tests of the NMJ were indicative
of a disorder of neuromuscular transmission. However, her physicians
failed to realize that a primary neurogenic disorder (prejunctional)
may have a very prominent effect on neuromuscular transmission. As
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Experimental studies have demonstrated that immature nerve termi-
nals release smaller amounts of ACh (5–7). In rapidly progressive processes,
such as ALS, there is no time for maturation of these newly formed neuro-
muscular junctions due to continuous denervation and reinnervation. In
addition, the surviving motor neurons may be marginally functional and
incapable of supporting new axonal sprouts. In ALS the reinnervating motor
unit may die before effective sprouting has developed. Single-fiber electro-
myography (EMG) studies (see Chapter 3) confirm a defect in neuromuscular
transmission in patients with motor neuron disease (8). In the early stages of
reinnervation, neuromuscular transmission is very uncertain, with frequent
neuromuscular transmission failure often showing a dependence on firing rate
(see below). This effect is largely due to a decreased release of ACh at im-
mature, reinnervating sprouts, and is most pronounced in rapidly progressive
denervating disorders like ALS.

A number of reports have demonstrated evidence for abnormal neuro-
muscular transmission in motor neuron disease (9–12). In one study, in vitro
microelectrode recordings were reported in 10 patients with ALS (11). MEPP
amplitudes and the mean quantal content were decreased. The mean prob-
ability of quantal release was normal or low, and the mean MEPP frequency
was not significantly different compared to controls. However, the quantal
store was decreased, and the mean probability of quantal store mobilization
was high. Histologic evidence of denervation and small or absent nerve ter-
minals were observed in all patients. Only a few of these endplates were
innervated by regenerating nerve fibers. Failure of electrical stimulation to
generate EPPs was observed and was frequency dependent, increasing with
higher rates of stimulation.

These microphysiologic data suggest that the neuromuscular trans-
mission defect in ALS is primarily due to a decreased number of synaptic
vesicles at the release sites (n) and in storage sites (N) in the nerve terminal.
The probability of quantal release is normal, but the probability of mobilizing
vesicle stores is increased. Thus, with high-frequency stimulation, the nerve
terminals are rapidly depleted of available ACh stores, likely underlying the
frequent clinical complaint of muscle fatigue in these patients.

As we have seen, high-frequency nerve stimulation enhances release of
ACh due to build-up of calcium in the nerve terminal. This effectively coun-

we will see in Chapter 3, many of the diagnostic tests used to confirm
a neuromuscular transmission defect are not 100% specific for a pri-
mary NMJ (presynaptic, synaptic, postsynaptic) disorder, and may be
‘‘falsely positive’’ in other diseases of the motor unit, particularly
those causing subacute denervation/reinnervation.
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ters the effect of stimulation-induced vesicle depletion in normal nerve
terminals. However, an increase in nerve terminal calcium concentrations
also increases mobilization of vesicles and their exocytosis. This effect
predominates when quantal stores are reduced since increased mobilization
rapidly depletes these stores, particularly at high rates of stimulation. This
results in decreasing quantal release and subsequently decreased EPP
amplitudes with fast frequency stimulation. In motor neuron disease, this
reduction in quantal stores is likely explained by the diminished size of the
atrophic nerve terminals (11).

From the clinical point of view, the above discussion yields two critical
points. First, it is important to realize that finding evidence of an abnormality
in neuromuscular transmission in a subacutely evolving primary neurogenic
disorder usually does not necessarily imply a separate pathologic process at
the neuromuscular junction. Second, a prejunctional level of failure can
potentially be distinguished from a presynaptic NMJ disorder by their
responses to high rates of stimulation. Neuromuscular transmission in
prejunctional disorders may be worsened with higher rates of stimulation,
whereas higher stimulus rates transiently improve neuromuscular transmis-
sion in presynaptic disorders (see below).

III. PRESYNAPTIC DISORDERS

Diseases primarily affecting the normal function of the nerve terminal, and in
particular the release ofACh, are classified as presynaptic disorders. There are
three main categories of dysfunction in the presynaptic region that may lead
to clinical symptoms: (a) reduced calcium ion entry into the nerve terminal,
(b) impaired acetylcholine release not due to diminished calcium entry, and (c)
defective ACh synthesis or packaging (Table 2.3). Sophisticated micro-
physiologic techniques have enhanced our understanding of the nature of
these disorders.

Table 2.3 Presynaptic Disorders

1. Reduced calcium ion entry into the nerve terminal
Example: LES

2. Impaired acetylcholine release not due to diminished calcium entry
Example: Botulism
Example: CMS—reduced quantal release

3. Defective acetylcholine synthesis or packaging
Example: CMS—defective ACh synthesis or packaging, paucity
or reduced size of synaptic vesicles

LES, Lambert-Eaton syndrome; CMS, congenital myasthenic syndrome.
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A. Reduced Calcium Ion Entry into the Nerve Terminal

As we have seen, calcium enters the nerve terminal via voltage-gated calcium
channels located in the region of the active zones of the presynapticmembrane
and increases the probability ( p) of synaptic vesicle release. Calcium is
believed to be involved in vesicular docking, mobilization of synaptic vesicles
from storage compartments in the nerve terminal, and fusion of the synaptic
vesicles with the presynaptic membrane (13,14). Impairment of calcium entry
results in a decreased probability of synaptic vesicle release, a low quantal
content, but a normal MEPP amplitude. The classic example is Lambert-
Eaton myasthenic syndrome in which antibodies are directed against the
voltage-gated calcium channels (see Chapter 5). Experimentally, the effects of
reduced calcium entry can be produced by magnesium, which decreases the
probability of synaptic vesicle release by antagonizing the effect of calcium.
This has important clinical ramifications in patients with diseases of the NMJ
given the frequency of magnesium supplementation in general medical
practice (15,16).

Repetitive stimulation at high rates or sustained muscle contraction
improve the neuromuscular transmission defect in these disorders by causing
a build-up of calcium in the nerve terminal. The initially low intracellular
calcium concentration increases as calcium ions move into the nerve
terminal before the calcium-buffering mechanisms can clear the calcium
from the previous nerve impulses. Repetitive stimulation at slow rates will
worsen the problem by causing depletion of readily releasable stores of
synaptic vesicles. However, very few vesicles are released in the first place, so
that the depletion of vesicles may not have as prominent an effect. Neuro-
muscular transmission failure often occurs after a single stimulus in nerve
terminals with severely impaired calcium ion entry. Clinically this situation
would cause muscle weakness at baseline (fixed weakness) in addition to
muscle fatigability.

CASE 2.2 A 63-year-old man with Lambert-Eaton syndrome is
examined by his neurologist. The man has mild weakness in the hip
girdle muscles but otherwise appears to be quite strong in other muscle
groups despite his complaints of ‘‘severe fatigue.’’ He has no elicitable
muscle stretch reflexes at rest. However, after resisted extension of the
right knee for 10 s, a knee-jerk reflex is obtained.What is the physiologic
explanation for this patient’s examination findings?

Discussion Lambert-Eaton syndrome (Chapter 5) is a presynaptic
disorder of neuromuscular transmission in which antibodies are di-
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B. Decreased Probability of ACh Release with Normal
Calcium Entry

Decreased probability of ACh release with normal calcium entry arises from
an inability to facilitate synaptic vesicle fusion with the nerve terminal
membrane. An example of this is botulism in which there is blockade of
vesicle docking to the presynaptic membrane (17). Thus, with depolarization
of the nerve terminal, calcium channels open normally allowing calcium to
enter and increasing the intracellular calcium concentration. However, the
calcium-mediated fusion of the synaptic vesicle membrane with the presy-
naptic membrane is impaired, resulting in a decreased quantal content. The
mean probability of quantal release is also reduced. The MEPP amplitude is
normal since the amount of ACh per vesicle is normal, but the MEPP
frequency is reduced.

As would be expected, rapid repetitive stimulation or sustained con-
traction results in accumulation of calcium in the nerve terminal, facilitating
the release of more vesicles. This facilitation may be rather modest depending
on the severity of the impairment in vesicular docking and/or fusion, which
diminishes the release of ACh no matter how much calcium accumulates in
the nerve terminal. Slow repetitive stimulation worsens the problem by
adding transient vesicular depletion to the abnormality preventing normal
fusion of the synaptic vesicles.

The decreased probability of release of the synaptic vesicles reduces the
quantal content (m), andmay lead to failure of the EPP to reach threshold in a

rected against the voltage-gated calcium channels on the presynaptic
nerve terminal. Calcium influx in response to nerve terminal depolar-
ization is impaired resulting in a decreased quantal content. Frequently
neuromuscular transmission fails at a number of endplates prior to
exercise causing muscle weakness at baseline and hypoactive muscle
stretch reflexes. A short period of sustained exercise of the affected
muscles will increase quantal content due to build-up of calcium in the
nerve terminal. The result is enhanced release of ACh producing an
endplate potential of sufficient amplitude for muscle fiber action
potential generation. This is the explanation for the ‘‘facilitated’’ knee-
jerk reflex in this case. However, more prolonged exercise will eventually
exhaust the supply of readily releasable synaptic vesicles and the quantal
content will decrease despite the increased intracellular calcium. This
underlies the patient’s complaints of severe muscle fatigue. Because the
facilatory response is very brief, it is rarely clinically demonstrable with
the exception of facilitation of reflexes.

Pathophysiology of Neuromuscular Junction Disorders 43



significant number of muscle fibers leading to clinical weakness. The level of
weakness would be expected to worsen with activity because the readily re-
leasable stores of vesicles that are capable of undergoing exocytosis and
releasing their content of ACh are used up. Brief, sustained maximal vol-
untary contraction of affected muscles would be expected to transiently im-
prove clinical strength.

C. Defective ACh Synthesis or Synaptic Vesicle Packaging,
Paucity or Reduced Size of Synaptic Vesicles, Impaired
Quantal Release (Presynaptic Congenital Myasthenic
Syndromes)

The nerve terminal takes up choline from the synaptic space and converts it to
ACh which then must be packaged into the synaptic vesicles, which sub-
sequently must be positioned appropriately for fusion with the presynaptic
membrane and release of ACh into the synaptic cleft. Failure or decreased
functionmay occur at the following levels in this process: (a) uptake of choline
by the nerve terminal, (b) enzymatic synthesis of ACh from choline and
acetyl-CoA, (c) ACh packaging into the synaptic vesicles, (d) synaptic vesicle
number or size, and (e) synaptic vesicle release.

In defects of ACh synthesis or packaging, the longer the synaptic
vesicles remain in the nerve terminal, the more likely they are to release a
quantity of ACh that approaches normal (18,19). Accordingly, MEPPs that
arise from these vesicles would be normal or near-normal in amplitude.
However, with repeated depolarizations of the nerve terminal and subsequent
rundown of readily releasable stores of vesicles, new vesicles must be
mobilized from the reserve pool. These vesicles contain more recently
synthesized and packaged ACh molecules and, consequently, lower quanti-
ties. It is only when these more recently synthesized vesicles comprise a major
portion of the quantal content that an abnormally low quantal content and
resultant subthreshold EPP are likely to occur. Asmight be predicted from the
above discussion, electrophysiologic confirmation of a disorder causing di-
minished ACh synthesis or impaired packaging is often difficult and may
require prolonged nerve stimulation at physiologic rates (18,19).

In the rare defects causing a reduced number of synaptic vesicles (20,21),
the EPP is reduced due to the decreased number of readily releasable quanta
(n). The probability of quantal release ( p) is normal. The postsynaptic region
is normal so that, as one would expect, the MEPP amplitudes are normal.
These defects may superficially resemble Lambert-Eaton syndrome, except
that the reduced quantal content (m) is due to a decrease in n rather than p.
Congenital defects causing reduced synaptic vesicle size and abnormalities of
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synaptic vesicle release have also been described and will be discussed in
Chapter 6.

IV. SYNAPTIC DISORDERS

The principal pathologic process associated with the synaptic space is a
deficiency or impaired function of the enzyme acetylcholinesterase (AChE).
In this situation, a nerve impulse will result in release of a normal quantity of
ACh from the nerve terminal. However, with an absence or deficiency of
AChE, the ACh molecules will be allowed to diffuse more widely along the
postsynaptic membrane and bind sequentially to more than one AChR or
repeatedly to the same AChR. This will result in an EPP of higher amplitude
and prolonged duration. The duration of the EPP may exceed the refractory
period of the muscle membrane, potentially resulting in multiple depolariza-
tions of the muscle in response to a single nerve stimulus.

If the nerve terminal is depolarized excessively, desensitization of the
AChRs may occur because of the accumulation of large quantities of ACh
which leads to repeated binding to the same AChR (22,23) (see Section V).
The survival of the patient depends on compensatory mechanisms that
prevent eventual complete desensitization of the AChRs in these disorders.
This compensation may occur presynaptically by a decrease in the number of
vesicles released per nerve impulse or postsynaptically by a decrease in the
number of AChRs capable of responding to a nerve terminal depolarization.
Microelectrode recordings in congenital endplate AChE deficiency reveal
that there is a diminished reserve pool of synaptic vesicles (N) structurally
associated with small-diameter but mature nerve terminals (24), similar to
the findings described in prejunctional disorders. The subsequent reduction
in the quantal content restores the EPP to a more ‘‘normal’’ level.

From the above discussion, one would predict that in isolated AChE
deficiency or absence, MEPPs would be increased in amplitude and duration
and likely normal in frequency. The quantal content and probability of
quantal release should be normal. However, with time, compensatory mech-
anisms may lead to changes in presynaptic and/or postsynaptic function. For
example, the primary clinical, naturally occurring illustration of this phe-
nomenon is congenital endplate AChE deficiency (Chapter 6), in which
microelectrode studies show MEPP amplitudes to be normal with a pro-
longed duration, and quantal content is actually reduced due to a diminished
n (24). The explanation for this lies in the NMJ morphology where decreased
nerve terminal size and degeneration of postsynaptic junctional folds indicate
significant pre- and postsynaptic compensatory changes. Cholinesterase
inhibitor toxicity and neuromuscular agonist drugs have similar effects on
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the NMJ, although pre- and postsynaptic compensatory mechanisms are not
common unless the effects of these agents is excessively prolonged.

V. POSTSYNAPTIC DISORDERS

Disorders of neuromuscular transmission primarily affecting the postsynaptic
regionmay be divided into twomain categories as proposed by Engel (25). His
classification divides the postsynaptic disorders into those with or without
associated kinetic abnormalities of the AChR ion channel. Disorders without
associated kinetic abnormalities of the ion channel result from a decreased
number of functional AChRs. This may be due to a decrease in their total
numbers, a malfunction with normal total numbers, or a combination of the
two. The relevant clinical example is myasthenia gravis (Chapter 4) in which
pathogenic antibodies are directed against the AChRs of skeletal muscle.

If the number of functional AChRs is reduced for whatever reason, the
EPP is obviously reduced in amplitude. MEPPs occur with normal frequency
but are of reduced amplitude. Quantal content and probability of quantal
release are unaffected. Assuming AChE is functioning normally, a larger
proportion of ACh is hydrolyzed than normal because of fewer available
AChRs. Depending on the severity of the problem, the EPP produced may be
barely suprathreshold or even subthreshold. Sustained voluntary activity will
produce the normal relative reduction in quantal content due to depletion of
vesicles. However, the already reduced EPP will decrease even further until it
is insufficient to trigger threshold firing of the muscle fiber. The muscle fiber
fails to contract, and fatigable muscle weakness is the clinical result. Con-
tinued activity results in a progressive decline in strength asmoremuscle fibers
fail to contract.

Brief maximal activation of the involved muscle may enhance vesicle
release due to build-up of residual calcium in the nerve terminal. This effect is
short lived as the depletion of the readily releasable store of vesicles even-
tually results in a reduced quantal content, often below pre-exercise levels.
This phenomenon is known as postexercise exhaustion and is employed in the
diagnostic testing of disorders of the neuromuscular junction (see Chapter 3).

The postsynaptic disorders causing abnormalities in the kinetics of the
AChR ion channel may be categorized as those resulting in a prolonged EPP
(slow channel) and those resulting in a shortened (fast-decaying) EPP (fast
channel). The prolonged EPPs and endplate currents in the slow-channel
syndrome are the result of prolonged activation of the AChR. The best
characterized clinical example is congenital slow-channel syndrome (26). As
in congenital absence of endplate AChE, the prolonged EPP in slow-channel
syndrome may exceed the refractory period of the muscle fiber and result in
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multiple muscle fiber action potentials in response to a single nerve stimulus.
One might expect MEPP amplitude to be increased in these disorders, but the
opposite is true (27). The prolonged and repeated depolarizations of the
muscle membrane lead to cationic overloading of the postsynaptic membrane
and consequently an endplate myopathy with degeneration of the junctional
folds and loss of AChRs (22,23). Treatment with agents that enhance ACh
release (3,4-diaminopyridine) or inhibit the action of AChE (pyridostigmine)
may actually worsen the endplate myopathy in these patients.

In fast-channel syndromes, the EPPs rapidly decay. This brief AChR
ion channel openings and a reduced probability of channel opening by ACh.
Quantal content and probability of quantal release are normal as expected.
MEPP amplitude is reduced due to reduced probability of channel opening.
This markedly reduces the probability of effective channel openings (i.e.,
leading to subhreshold EPPs) and decreases the duration of channel opening
events. Three congenital fast-channel myasthenic syndromes have been
reported (28–30). Each is caused by mutations in different domains of the
AChR subunit. Treatment with agents that enhance release of ACh or inhibit
AChE may improve the defect by effectively saturating more AChRs and
increasing the likelihood of a more sustained channel opening.

A. Sodium Channels

A reduced number of functioning voltage-sensitive sodium channels on the
postsynaptic muscle membrane (see Fig. 1.17) may also adversely affect
neuromuscular transmission by increasing the threshold for muscle fiber ac-
tion potential generation, thus decreasing the safety factor of neuromuscular
transmission. This is likely to occur in any synaptic or postsynaptic process
that results in significant alteration of endplate or peri-endplate morphology,
i.e., myasthenia gravis (31) and congenital absence of endplate AChE (32).

CASE 2.3 A 26-year-old woman is evaluated for complaints of
ptosis, diplopia, fatigue with chewing, and lower extremity weakness.
Her physician decides to perform a tensilon test and administers the
recommended dose of edrophonium as a single intravenous infusion.
The woman’s ptosis worsens and she develops slurred speech. These
effects last for approximately 10 min and she returns to her baseline
level. What happened?

Discussion Inhibitors of ACh will not produce weakness in patients
with normal neuromuscular junctions. In most patients with postsyn-
aptic disorders of neuromuscular transmission like myasthenia gravis,

Pathophysiology of Neuromuscular Junction Disorders 47



B. Postsynaptic Desensitization

In the previous discussion of the synaptic level of neuromuscular transmission
failure, the consequences of failure of rapid termination of the action of ACh
were considered. We saw that compensatory mechanisms were critical to
prevent ‘‘overstimulation’’ of the postsynaptic membrane. If the AChR is
exposed to the actions of ACh for prolonged periods of time, the receptors
become inactive or desensitized and no longer open their channels in response
to ACh (33). In addition to congenital defects resulting in a deficiency of
endplate AChE, agents that mimic the agonist action of ACh (see Chapter 8),
or the excessive use of AChE inhibitors may induce desensitization. Desensi-
tization likely contributes to the ‘‘cholinergic crisis’’ that sometimes occurs in
myasthenia gravis patients treated with AChE inhibitors.

VI. CLINICAL CORRELATION

All of the concepts discussed above can be applied to the clinical diagnosis and
management of NMJ disorders. The discussion below provides clinical illus-
trations of the principal pathophysiologic alterations at each level of theNMJ
(prejunctional, presynaptic, synaptic, and postsynaptic).

A. Prejunctional Failure

It is known that fatigability very similar to that experienced by patients with
‘‘primary’’ neuromuscular transmission disorders is a common complaint in
a subset of patients with ALS (34) and in patients with a remote history of

ACh inhibitors will prolong the action of ACh at the postsynaptic
membrane resulting in a longer and larger EPP and subsequent symp-
tomatic improvement. There are two possible explanations for the
symptomatic worsening in this patient. First, it is possible that this pa-
tient’s disease caused a profound reduction in the number of func-
tioning AChRs, and that the inhibition of AChE effectively ‘‘over-
loaded’’ the remaining functional AChRs and caused desensitization.
Second, it is possible that the prolonged action of the ACh molecules
induced by blocking the activity of acetylcholinesterase may have
caused an abnormally sustained depolarization at the endplate, result-
ing in a depolarization block (see Chapter 8) of the AChRs. In either
case, the significant depletion of functioning AChRs (likely due to
myasthenia gravis in this patient) made her especially sensitive to the
effects of inhibition of AChE.
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poliomyelitis (35,36). Electromyographic evidence of failure of neuromuscu-
lar transmission in patients with these disorders has also been reported (8,37).
Furthermore, electrophysiologic evidence of neuromuscular transmission ab-
normalities has been observed in other primary neurogenic conditions. The
common denominator in these disorders is the presence of ongoing denerva-
tion and reinnervation; the mechanisms of impaired neuromuscular trans-
mission is a reduced release of neurotransmitter at immature, reinnervating
axonal sprouts, and reduced release of transmitter at atrophic nerve terminals
with decreased quantal stores.

Clinically, these patients will have baseline weakness prior to exercise,
but will also complain of significant fatigable muscle weakness with pro-
longed use of the affected muscle group. Treatment with cholinesterase in-
hibitors may result in a mild symptomatic benefit in some patients. Although
this ‘‘neurogenic neuromuscular transmission defect’’ is encountered most
frequently in ALS patients, it may seen in any patient with a subacute to
chronic axonopathy/neuronopathy. Recognition of this phenomenon will
prevent unnecessary concern regarding a superimposed primary disorder of
the NMJ.

B. Presynaptic Failure

In patients with presynaptic dysfunction, such as Lambert-Eaton syndrome,
the safety margin of neuromuscular transmission is reduced due to a
deficiency in the nerve-evoked quantal release of ACh (reduced probability
of quantal release, reduced quantal content). These patients often have base-
line (prior to exercise) weakness because the amount of ACh released after
a nerve impulse is often insufficient to lead to threshold firing of the muscle
fiber at a significant number of endplates. Thus, there may be a marked de-
crease in the EPP amplitude in the resting state (Fig. 2.3). With maximal
voluntary contraction or high-frequency nerve stimulation, there is a rapid
development of increased strength associated with an increase in the EPP
amplitude. This effect is due to build-up of calcium in the nerve terminal
facilitating the release of synaptic vesicles. The improvement in strength is
very short lived, usually not appreciated by patients, and difficult to demon-
strate clinically (see Chapter 5). After approximately 30–50 s the EPPs return
to the pre-exercise baseline.

With low-frequency stimulation (or sustained exercise), the already
reduced quantal content decreases even further due to the normal physiologic
depletion of readily releasable vesicles, causing neuromuscular transmission
failure at an increasing number of endplates and fatigable muscle weakness
(see Case 2). Treatment with cholinesterase inhibitors usually has minimal
if any effect. This is not surprising since prolonging the action of ACh at
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the endplate cannot completely compensate for the critical reduction in the
number of ACh molecules released into the synaptic cleft.

C. Synaptic Dysfunction

As noted, the main defect involving the synaptic space is a dysfunction/
deficiency of the enzyme acetylcholinesterase. In the absence of a normal
amount of functioning AChE at the endplate, ACh can bind tomore than one
AChR prolonging the duration of the endplate potential. The prolonged
endplate potential can trigger one or more additional muscle fiber action
potentials if its amplitude remains above threshold longer than the relative
refractory period of the preceding action potential. This accounts for the
electrophysiologic finding (Chapter 3) of a repetitive compoundmuscle action
potential (CMAP) after a single nerve stimulus. Accordingly, the disorders in
which a repetitive CMAP have been reported are those that result in an EPP

Figure 2.3 Presynaptic failure. In this example, the endplate potential (EPP) is
reduced at this particular endplate such that none of the EPPs generated by
repetitive stimulation at 2 Hz reach threshold. This suggests that the amount of
acetylcholine released by the nerve terminal is severely decreased at rest (prior to
exercise). Thus, no muscle fiber action potentials (MFAP) occur (neuromuscular
transmission failure). With sustained exercise for approximately 10 s, calcium ac-
cumulates in the nerve terminal and facilitates the release of more synaptic
vesicles resulting in EPPs of increased amplitude which are adequate for the
generation of MFAPs. After 60–90 s of rest, the EPPs return to baseline due to
sequestration/diffusion of calcium.
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of increased duration (i.e., congenital endplate cholinesterase deficiency,
slow-channel syndrome, and excessive use of cholinesterase inhibitors).

The compensatory response to prolonged endplate exposure to ACh
may involve both the presynaptic and postsynaptic regions of the NMJ. A
number of the nerve terminals may become reduced in size and release fewer
vesicles. As a result of overstimulation by ACh, the endplate region degen-
erates with loss of AChRs and simplification of junctional folds. This can
lead to severe fixed clinical weakness and muscle atrophy in addition to ab-
normal fatigability in affected patients. As one would expect, all symptoms
are refractory to treatment with anticholinesterase drugs.

D. Postsynaptic Failure

In postsynaptic disorders of the neuromuscular junction, like myasthenia
gravis, the EPP amplitudes may be sufficient to generate muscle fiber action
potentials after single or a few nerve stimulations (Fig. 2.4). However, with
repeated or sustained muscular effort, they fall below threshold and muscle
fiber action potentials do not occur. Since the force of muscle contraction is
dependent on the number of muscle fibers firing, repeated stimulations in
these patients result in activation of fewer and fewer muscle fibers, leading to
the clinical complaint of fatigable muscle weakness.

Brief, sustained, maximal muscle contraction may improve the safety
margin by increasing the residual calcium concentration in the nerve terminal,
thereby increasing the number of synaptic vesicles released. This effect is short
lived but can be demonstrated on electrodiagnostic testing (see Chapter 3,
Section III.B.1.). Unfortunately, this transient benefit has its price as the
depletion of synaptic vesicles becomes critical approximately 3–5 min after
completion of exercise leading to further lowering of the EPP. This phenom-
enon is termed post activation exhaustion (Fig. 2.4).

Treatment with cholinesterase inhibitors improves the defect in neuro-
muscular transmission by creating a more favorable ACh to AChR ratio,
thereby increasing the number of neuromuscular junctions achieving supra-
threshold EPPs.

E. Overview

The basic defect common to all disorders of the NMJ is a reduced safety mar-
gin of neuromuscular transmission. When an EPP fails to reach the magni-
tude of depolarization required for threshold firing of the muscle fiber, an
action potential does not occur and the muscle fiber does not contract. This is
called neuromuscular transmission failure or block. The different disorders

Pathophysiology of Neuromuscular Junction Disorders 51



affecting the NMJ may be classified according to the primary location of
failure: prejunctional, presynaptic, synaptic, and postsynaptic. This classi-
fication may be an oversimplification as failure may occur at multiple levels
simultaneously and dysfunction at a particular level may lead to compensa-
tory changes involving other levels of the NMJ. Nevertheless, the discussion
above forms a basis for a thorough understanding of the electrodiagnostic
evaluation of disorders of the NMJ, which will be covered in the next
chapter. The precise disease mechanisms causing these physiologic distur-
bances will be covered in subsequent chapters dealing with specific NMJ
disorders.

VII. BASIC IMMUNE MECHANISMS IN DISORDERS
OF THE NEUROMUSCULAR JUNCTION

The two classic clinical examples of NMJ disorders are myasthenia gravis
(MG) and Lambert-Eaton syndrome (LES). The defect in neuromuscular

Figure 2.4 Postsynaptic failure. Initially the EPP at this endplate is sufficient for
generation of a MFAP. However, after the third of seven stimuli delivered at 2 Hz,
the EPP drops below threshold and neuromuscular transmission fails. After sus-
tained exercise for 20 s, the accumulation of calcium in the nerve terminal results in
enhanced acetylcholine release and a larger EPP amplitude that does not drop
below threshold with repetitive stimulation. However, approximately 4 min after
exercise, the baseline EPP amplitude is reduced even further and neuromuscular
transmission failure occurs after the second stimulus (postexercise exhaustion).
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transmission in both diseases is due to an autoimmune attack directed against
the skeletal muscle AChRs for MG and the voltage-gated calcium channels
for LES. To understand the principles underlying management and serologic
diagnosis of these disorders, it is very helpful to have a basic knowledge of the
immune system and autoimmunity. A simplified summary of the immune
mechanisms that are believed to underlie the development of autoimmunity is
presented below. The reader is referred to other sources for a more detailed
discussion (38,39).

The immune system is designed to protect the host against pathogens. It
is composed of lymphocytes, monocytes, andmacrophages. It is crucial to the
survival of the host that the immune system have the ability to recognize a
diverse range of potential pathogens. These potential pathogens (antigens)
are recognized by their molecular conformation by specific receptors on cells
of the immune system. Only T and B lymphocytes have receptors that are
specific for particular antigens. The population of T and B lymphocytes has a
broad repertoire of antigenic specificities, some of which are potentially re-
active against host tissues. Prevention of self-reactivity or ‘‘immune toler-
ance’’ is believed to be accomplished by three main mechanisms (40,41):

1. Selection of autoreactive lymphocytes for apoptosis (clonal deletion)
2. Lack of encounter with self-antigen (clonal ignorance).
3. The production of inactivating signals which render lymphocytes

nonfunctional (clonal anergy).

These mechanisms are not fail-safe, and it is the breakdown of self-tolerance
that underlies the development of autoimmune disease. The precise cause
of this breakdown is not known, but infections (42), malignancy (43), expo-
sure to toxins (44), and disruption of cell or tissue barriers are some of the
‘‘triggers’’ that may play a role. Age, genetics, and hormonal factors may pre-
dispose to the breakdown of tolerance explaining why certain individuals
develop more than one autoimmune illness.

The induction of an antigen-specific autoimmune response requires
the presence of antigen-specific lymphocytes and the presentation of the
specific antigen in a manner that activates these lymphocytes. B lympho-
cytes recognize the three-dimensional conformation of antigens through
their B-cell receptors. T lymphocytes also recognize antigens via a T-cell
receptor (TCR), but the antigen must be processed by specialized antigen-
presenting cells, which present small antigenic peptide determinants in the
context of major histocompatibility complex (MHC) molecules (38). The
MHC molecules, which differ in their ability to bind antigenic peptides, con-
trol what will be presented to the TCR. Thus, the TCR recognizes a specific
antigen/MHC combination that is required for its activation. Costimula-
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tory signals called cytokines are required for activation of T and B lym-
phocytes. Under certain conditions (i.e., infection, malignancy, toxin expo-
sure, injury), MHC and costimulatory molecules may be up-regulated
potentially resulting in activation of previously dormant or anergic self-
reactive lymphocytes.

Once the immune response is initiated, there are complex interactions
between T and B lymphocytes that may lead to lymphocyte proliferation,
cytokine release, and production of antibodies (Fig. 2.5). In MG, it is anti-
body binding to self-antigen (i.e., the AChR) with activation of complement,

Figure 2.5 Cellular interactions leading to the immune response. T lymphocytes
recognize antigen presented in the context of major histocompatibility complex
(MHC) molecules by the antigen-presenting cell (APC). The APC may be a B
lymphocyte which has bound antigen via its B-cell receptor (BCR). T-cell stimu-
lation results in calcineurin activation, which dephosphorylates a nuclear factor of
activated T cells (NFAT) enabling it to enter the nucleus and bind to interleukin-2
(IL-2) promoter. Stimulation of the IL-2 receptor induces the cell to enter the cell
cycle and proliferate. Proliferating and activated T lymphocytes produce costim-
ulatory molecules (cytokines) that activate B lymphocytes (to produce antibodies),
cytotoxic T lymphocytes (Th-1), and macrophages (Mø) leading to tissue (NMJ)
injury.
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and macrophage activation that are believed to result in tissue injury and
subsequent NMJ dysfunction.

VIII. OVERVIEW

Normal individuals may have lymphocytes that react against self-antigens,
including the skeletal muscle AChR and the nerve terminal voltage-gated
calcium channels. However, their presence does not result in a clinically sig-
nificant autoimmune response in these individuals, a phenomenon called self-
tolerance. The cause or causes of breakdown of self-tolerance leading to the
development of autoimmune diseases is unknown. Systemic infections, ma-
lignancy (i.e., thymoma, small cell lung cancer), toxic exposure (i.e., penicil-
lamine), or other tissue injury may play a role.
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3

Diagnostic Tests for Neuromuscular
Junction Disorders

I. INTRODUCTION

Disorders of neuromuscular transmission produce symptomatic weakness
that predominates in certain muscle groups and typically fluctuates in
response to effort and rest. The diagnosis of myasthenia gravis and other
disorders of neuromuscular transmission is primarily based on the clinical
history and examination findings demonstrating this distinctive pattern of
weakness. Laboratory confirmation of the clinical diagnosis may be obtained
using pharmacologic, electrophysiologic, and (for certain neuromuscular
junction disorders) serologic tests. The diagnostic examinations used to
evaluate patients with suspected disorders of neuromuscular transmission
are reviewed in this chapter.

II. PHYSIOLOGY OF NEUROMUSCULAR
TRANSMISSION REVISITED

As discussed in Chapter 1, the summated action of a large number of
acetylcholine (ACh) molecules (released after a nerve action potential reaches
the nerve terminal) on the postsynaptic receptors produces the endplate
potential (EPP). If the magnitude of the EPP is greater than or equal to the
excitation threshold for depolarization of the surrounding sarcolemma, a
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muscle fiber action potential is produced. The concept of the safety factor of
neuromuscular transmission was stressed in Chapters 1 and 2 as the difference
between the magnitude of the EPP and the depolarization required for
threshold firing of the muscle fiber.

Under normal circumstances, the safety factor of neuromuscular trans-
mission is quite large (several times larger than the threshold potential
required for generation of a muscle fiber action potential). With repetitive
stimulation of the nerve (2–5Hz.), there is a sequential decrease in the number
of available ACh quanta, the number of ACh molecules released, and
subsequently the magnitude of the EPP. In normal muscle, this is not a
problem since the safety factor of neuromuscular transmission is so large (see
Fig. 1.19). Patients with defects of neuromuscular transmission, such as
myasthenia gravis (MG) and Lambert-Eaton syndrome (LES), have a
reduced safety factor so that with repetitive nerve stimulation, the EPP may
not allow for generation of a muscle fiber action potential (neuromuscular
transmission failure) (see Chapter 2). As will become apparent, the tests used
to diagnose disorders of the neuromuscular junction (NMJ) utilize the above
principles to expose the reduced safety factor of neuromuscular transmission
in these patients.

III. DIAGNOSTIC TESTING

The major tools used to confirm the clinical suspicion of a disorder of the
NMJ may be divided into two main groups: pharmacologic tests and electro-
physiologic tests (Table 3.1). At times these two types of examinations are
used in combination to improve the objectivity or sensitivity of these tests in
isolation. Although not all NMJ disorders have an autoimmune etiology, use
of serologic (immunologic) tests has become standard in the diagnosis ofMG
and LES, and has the advantage of being more disease specific. The ap-
plications of these different categories of tests in the diagnosis of disorders of
the NMJ will be summarized in this chapter.

A. Pharmacologic Testing

Clinical observation of the response to administration of pharmacologic
agents that affect neuromuscular transmission forms the basis for a
number of diagnostic tests. These include tests that demonstrate improved
strength induced by agents that enhance neuromuscular transmission (i.e.,
edrophonium, pyridostigmine), or an exaggerated response to agents that
block the NMJ (i.e., curare). The utility of these tests has diminished in
recent years with the development of more sensitive electrophysiologic
techniques.
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1. Edrophonium Chloride (Tensilon) Test

The use of edrophonium chloride (tensilon) as a diagnostic test for MG
was described in 1952 (1). Its rapid onset (30 s) and short duration of
effect (about 5 min) make it an ideal agent for this purpose. By inhibiting
the normal action of acetylcholinesterase (AChE), edrophonium chloride
and other cholinesterase inhibitors allow acetylcholine molecules to diffuse
more widely throughout the synaptic cleft and to interact with acetylcho-
line receptors AChRs sequentially (2). This increases the amplitude and
duration of the EPP and subsequently increases the safety factor of neu-
romuscular transmission.

The dose of edrophonium that will produce improvement varies
among patients and cannot be predicted in advance. A dose that is too
high may exacerbate weakness in patients with abnormal neuromuscular
transmission (Case 2.2). Because of this, it is recommended that edropho-
nium be administered in incremental doses. Most clinicians start by ad-
ministering a dose of 2 mg and observing the response for 45–60 s. This is
followed by doses of 3 and 5 mg and observation for a clinical response for
1–2 min following each dose. The dose for newborns and infants is 0.15 mg/
kg subcutaneously. The response to the injection should be carefully mon-
itored in a clinically weak muscle. Clinical improvement should be seen in
30 s and should last approximately 3–5 min. During the injection, patients
often experience 1–3 min of increased salivation, mild sweating, perioral
fasciculations, and mild nausea. Hypotension and bradycardia are

Table 3.1 Diagnosis of Neuromuscular Junction Disorders

Pharmacologic tests
Edrophonium
Neostigmine
Pyridostigmine

Electrophysiologic tests
Repetitive nerve stimulation
Conventional electromyography
Single-fiber electromyography

Serologic tests
Myasthenia gravis
Acetylcholine receptor antibodies
Antistriational antibodies
Antititin, antiryanodine antibodies
Antibodies to muscle-specific tyrosine kinase (MuSK)

Lambert-Eaton syndrome
Antibodies to the voltage-gated calcium channel
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extremely rare but precautions should be taken. Atropine sulfate (0.6 mg
intramuscular or intravenously) should be available in case of an emer-
gency. Some advocate continuous monitoring of heart rate and blood
pressure. Bronchial asthma and cardiac dysrhythmias are relative contra-
indications for tensilon testing.

A tensilon test is considered positive when there is unequivocal improve-
ment in an objectively weak muscle (3). The test is limited by the dependence
on patient effort to give maximal exertion both before and after the drug
is administered. For this reason, sentinel muscles should be chosen that
are definitely weak and are most likely to demonstrate a clear-cut change
(Fig. 3.1). Eyelid elevation and extraocular muscle functions are best for
these purposes.

Interpretation of the results of a tensilon test is often difficult because
the test is subjective. A dramatic response in any muscle group is usually
sufficient to constitute a positive test. Conversely, exacerbation of weakness
following administration of edrophonium, as previously noted, is strong
evidence of abnormal neuromuscular transmission (4). Apparent slight to
moderate improvement in muscle strength must be interpreted with
extreme caution. Mild to moderate clinical improvement after administra-
tion of tensilon has been reported in a number of other conditions, in-
cluding, brainstem lesions (5,6), oculomotor palsy due to cerebral artery
aneurysm (7), diabetic abducens paresis (3), and even in normal control
subjects (8).

While an improvement after administering edrophonium is evidence
in favor of a defect in neuromuscular transmission, it is neither absolutely
sensitive nor specific. Diagnostic sensitivity and specificity is acceptable only

Figure 3.1 Edrophonium test. Patient with severe bilateral ptosis prior to ad-
ministration of edrophonium (left). Marked improvement after administration of
edrophonium (right) is apparent. (Reproduced from Grob D, Natural History of
Myasthenia Gravis. In: Engel AG, ed. Myasthenia Gravis and Myasthenic Dis-
orders. New York: Oxford University Press, 1999, p 133).
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in patients with clear-cut weakness in muscles that can be assessed in a serial
and objective manner, i.e., eyelid elevators and extraocular muscles. Thus, in
the absence of ptosis or clinically obvious ophthalmoparesis, the edropho-
nium test should probably not be performed and other methods should be
used to establish the diagnosis. The effect of cholinesterase inhibitors can also
be assessed by monitoring electrophysiologic tests (see below), which may
give a more objective measure of a positive response.

2. Other Cholinesterase Inhibitors

Some patients withMGdo not improve after administration of edrophonium
but do respond to neostigmine methyl sulfate or prostigmine (11,12). The

CASE 3.1 A 58-year-old woman with generalized MG of greater
than 20 years duration is referred for a second opinion regarding her
diagnosis. Her examination reveals severe bilateral ptosis and oph-
thalmoparesis, and severe upper and lower limb weakness which is
fatigable. She indicates that she has been on pyridostigmine (an AChE
inhibitor) as her only treatment for the past 20 years. She states that
‘‘the medicine used to work like a charm, but doesn’t do much for me
now.’’ The reason for her referral was that a local neurologist had
performed a tensilon test and noted ‘‘absolutely no improvement in her
severe ptosis.’’ Did this patient have MG? What is the likelihood of a
negative tensilon test in a patient with MG?

Discussion This patient indeed had MG. It is important to be
cognizant of the potential false-negative as well as the false-positive
results of the edrophonium test. Not all patients with MG will respond
to edrophonium. The likelihood of a positive response depends on the
clinical status of the patient and the muscle chosen for observation; as
discussed above. In this case, despite selecting an obviously weak
muscle, there was no observable clinical response. One reason for this
may be the clinical status of this patient. She had long-standing,
essentially untreated MG and very likely had developed an ‘‘endplate
myopathy’’ (see Chapter 4) causing permanent changes in endplate
morphology (i.e., loss of junctional folds, decreased numbers of ACh
receptors), explaining her lack of response to inhibition of AChE. In
general, false-negative examinations occur in 3–21% of MG patients,
being more common in patients with purely ocular weakness (9,10).
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onset of action after the intravenous (IV) administration of neostigmine is 1–2
min; the onset of action after an intramuscular (IM) dose is approximately 5–
15 min. The drug has maximal effect approximately 2–3 min after IV
administration and 20 min after IM administration. The clinical effects
of neostigmine last from 2.5 to 4 h after IM injection. This longer duration of
action compared to edrophonium is especially useful in the evaluation of
children. It also allows for functional testing of muscle groups for more
prolonged periods of time (i.e., sustained arm elevation, stair climbing, and
pulmonary function testing). The same precautions regarding potential false-
positive tests are applicable as with edrophonium. However, patients are less
likely to have a false-positive test due to brief, effort-related increases in
strength because of the more prolonged duration of drug effect.

Finally, administration of oral pyridostigmine (Mestinon) as a ther-
apeutic trial may demonstrate a beneficial effect on muscle strength and fati-
gability that is not apparent after a single dose of edrophonium. Once again,
caution is advised in interpretation of such trials since the patient’s subjective
reports are the main measure of a positive response, and it is often difficult to
objectively document the improvement. Nevertheless, a beneficial response to
pyridostigmine may be quite helpful in certain patients when other diagnostic
tests are negative or borderline.

3. Neuromuscular Blocking Agents

Drugs that block the AChRs on the postsynaptic muscle membrane have
an exaggerated effect in patients with NMJ disease. On this basis, both cu-
rare (13) and quinine (14,15) have been used as diagnostic tests in patients
with suspected disorders of neuromuscular transmission. Currently, neither
agent is routinely used for this purpose. Curare is sometimes used as a
provocative agent in electrophysiologic testing (see below). The enhanced
effect of neuromuscular blocking drugs on patients with NMJ disease is
probably most frequently encountered clinically when patients with previ-
ously undiagnosed MG or LES undergo a surgical procedure in which neu-
romuscular blocking drugs are used. These patients often develop prolonged
paralysis with respiratory failure and ventilator dependence ‘‘unmasking’’
the NMJ disorder.

B. Electrophysiologic Testing

Electrophysiologic studies are performed in patients with suspected NMJ
disease to confirm a defect in neuromuscular transmission, as well as to
exclude other diseases of the motor unit that may confound or contribute to
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the clinical findings. Furthermore, these studies are useful in assessing the
severity of involvement and in providing a quantitative baseline for com-
parison and documentation of disease evolution and response to treatment.
It is important to understand that the electrophysiologic findings in patients
with NMJ disease are not disease specific but, when interpreted in light of
the clinical presentation and examination, lead the physician to the appro-
priate diagnosis.

The two principal electrophysiologic tests used to confirm a defect in
neuromuscular transmission are repetitive nerve stimulation studies and
single-fiber electromyography. Conventional needle electromyography may
also aid in discovering a defect in neuromuscular transmission. These
electrophysiologic techniques are described below and the typical findings
in specific disorders of neuromuscular transmission are illustrated.

1. Repetitive Nerve Stimulation

Repetitive nerve stimulation (RNS) is the most commonly used electro-
physiologic test of neuromuscular transmission. In 1895, Jolly (16) first
described the technique in which an electric current was applied to excite a
motor nerve while the force of muscle contraction was recorded. Harvey and
Masland (17) refined the technique in 1941 by recording the response to RNS
to detect disorders of neuromuscular transmission. In this technique, a motor
nerve is stimulated repetitively while recording compound muscle action
potentials (CMAPs) from an appropriate muscle. A CMAP represents the
electrophysiologic composite of the muscle fibers belonging to all the motor
units in a supramaximally stimulated nerve. Failure of neuromuscular trans-
mission in a number of motor endplates will result in fewer muscle fibers
contributing to the amplitude of the CMAP (Fig. 3.2). This is the physiologic
basis for the decremental response (see below) that is observed in patients with
NMJ disease.

RNS serves to ‘‘stress’’motor endplates with marginal safety factors by
depleting the store of readily releasable synaptic vesicles. In clinical practice, a
train of 8–10 stimuli are delivered at a rate of 2–3 Hz. This rate is effective
for this purpose because it normally results in a sequential decrease in the
amount of acetylcholine released from the nerve terminal up to the fifth or
sixth stimulus at which point mobilization of storage ACh vesicles keeps
pace with ACh release (see Chapter 1). The normal physiologic decrease in
the magnitude of the safety factor of neuromuscular transmission due to
this phenomenon becomes crucial in myasthenic endplates and the EPP
drops below threshold. As this occurs in a larger number of endplates, the
resulting CMAP is reduced in amplitude and area (decremental response).
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The diagnostic yield of RNS may be improved by a number of
activation techniques. The most commonly employed involves maximal
exercise of the tested muscle for a prescribed period of time. Similar to the
effect of rapid-rate (20–50Hz) neural stimulation, this results in accumulation
of calcium in the nerve terminal, enhancing the release of ACh. Recall from
Chapter 2 that in LES and other presynaptic disorders, there is a marked
increase in the CMAP amplitude following brief (~10–15 s) maximal exercise
or rapid-rate nerve stimulation, a phenomenon referred to as postactivation
facilitation (PAF). Followingmore sustained (i.e., 30–60 s or longer) maximal
exercise, there is a depletion of readily releasable synaptic vesicles which in
MG (and other postsynaptic disorders) results in a worsening of the decre-

Figure 3.2 Cause of a decremental response. (A) The compound muscle action
potential (CMAP) represents the sum of the electrical activity of all muscle fibers
belonging to the motor units in a supramaximally stimulated nerve. (B) If neu-
romuscular transmission fails at a critical number of endplates, the amplitude of
the recorded CMAP is reduced. This is the physiologic basis for the decre-
mental response to repetitive nerve stimulation observed in patients with dis-
orders of the NMJ.
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mental response compared to pre-exercise values. This is referred to as
postactivation exhaustion (PAE), and is maximal 2–4 min following exercise.
The test procedures described below are designed to elicit these phenomena,
facilitating the diagnosis of an NMJ disorder.

Recording Technique The technique of RNS is similar to that used for
the recording of routine motor nerve conduction studies (18). A peripheral
nerve is stimulated supramaximally and theCMAP is recorded. Stimulation is
performed with surface electrodes. The CMAP is recorded with a surface
electrode placed over the motor point of the muscle; a reference recording
electrode is placed on a distal point where minimal electrical activity is
recorded, usually a tendon or bony prominence. The appropriate joints
should be stabilized to minimize movement artifact.

Test Procedure

1. Determine supramaximal CMAP response.
2. Stimulate at 20–50%greater than stimulus intensity required for the

above.
3. Test muscle at rest with a train of five to nine supramaximal stimuli

at a frequency of 2–3 Hz.
4. After several minutes rest, repeat step 3 to ensure reproducibility.
5. Voluntarily activate muscle:

a. If postsynaptic defect suspected and>10%decrement at rest,
exercise for 20 s, looking for ‘‘repair of decrement’’ (see below),
facilitation of baseline amplitude, and PAE.

b. If postsynaptic defect suspected and no significant decrement
at rest, exercise for at least 60 s looking for PAE.

c. If presynaptic defect suspected, note baseline CMAP ampli-
tude and look for decrement at rest (this may be difficult to
quantitate if baseline CMAP amplitude is very low). Exercise
for 10–15 s looking for PAF.

6. Repeat train of five to nine supramaximal stimuli immediately after
activation. Postactivation facilitation is usually maximal immedi-
ately after exercise.

7. Repeat the train of stimuli every minute for 5 min. PAE will usually
be maximal 2–4 min post exercise.

A diagrammatic representation of some of the possible results of RNS
testing is shown in Fig. 3.3. Stimulation rates of 1, 2, 3, or 5 Hz has been used
in the diagnosis of NMJ disorders. Desmedt (19) found that stimulation rates
between 3 and 5Hz are most likely to produce a decremental response inMG.
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Excessively fast rates of stimulation in patients with NMJ disease may
produce an increase in CMAP amplitude due to build-up of calcium in the
nerve terminal and the resulting facilitated release of ACh (true facilitation).
This occurs only in diseased endplates since in normal NMJs all endplate
potentials result in muscle fiber action potential generation.

In normal as well as abnormal individuals, a rapid rate of stimulation
may result in an increased CMAP amplitude by a different mechanism.
Rapid rate stimulation causes increased synchronization of the action
potential velocities in the tested muscle fibers (20). This produces a CMAP
of increased amplitude but decreased duration (the negative peak area is
essentially unchanged). This phenomenon is called pseudofacilitation. Dia-
grammatic representations of pseudofacilitation vs. true facilitation are
shown in Fig. 3.4. It is obviously important to distinguish pseudofacilitation
from true neuromuscular facilitation in which both the amplitude and area
are increased.

The negative peak amplitude or negative peak area are the critical
meausurements when performing RNS (20). The area is a more accurate
measure of the number of muscle fibers contributing to the CMAP and as

Figure 3.3 Diagrammatic representation of possible results of repetitive nerve
stimulation. (A) Normal response. (B) Typical decremental response as may be
seen in a patient with NMJ disease. (C) Incremental response or neuromuscular
facilitation. (D) Artifact.
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Figure 3.4 True neuromuscular facilitation vs. pseudofacilitation. The CMAP
amplitude (A) is increased in both diagrammatic examples, in true facilitation (B),
both the amplitude and negative peak area are increased.
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noted above is not affected by pseudofacilitation. The decrement is defined
as the percentage of change between the amplitude or area of the fourth,
fifth, or lowest potential (usually the fourth) compared to the first poten-
tial, and is given by the formula:

% Decrement ¼ ð1� ðpotentialn=potential1ÞÞ � 100%

PAF can be calculated by the formula:

% Facilitation ¼ �ðpotential
n
=potential1Þ � 1Þ�� 100%

where n is the amplitude or area of the potential to which the first
potential is compared.

Criteria for Abnormality At 3–5 Hz stimulation frequency, decrements
in CMAP amplitude up to 8% may be seen in normal subjects (21). A dec-
rement greater than 10% is considered abnormal. However, the criteria for
abnormality will vary to some degree between laboratories.

Any degree of PAF that is not due to pseudofacilitation is evidence of
abnormal neuromuscular transmission. PAF of greater than 100% usually
indicates a presynaptic disorder of neuromuscular transmission. However,
PAF of up to 100% has been observed in patients with MG. The mechanism
underlying these findings in a presumed purely postsynaptic disorder is not
clear. Thus, a profound PAF is clear, objective evidence of abnormal neuro-
muscular transmission, and if greater than 100%, is consistent with a
presynaptic localization.

Technical Considerations The following considerations are useful to
maximize diagnostic sensitivity and prevent artifactual changes:

1. Reproducibility. The same decrement should be seen on repeat
testing after a period of rest. The muscle should be rested for at
least 30 s between trials. The average decrement after three trials
may be reported and is often more accurate than the measurement
after a single trial. Widely varying measurements from one trial to
another are an indication of poor technique, or may be caused by
incomplete muscle relaxation (see below).

2. The stimulating and recording electrodes must be adequately immo-
bilized. Movement of the stimulating or recording electrodes, or the
muscle itself, may produce irregular patterns of change in CMAP
size and configuration during repetitive stimulation. It is important
to recognize these patterns as not conforming to those expected in
disease of the NMJ (Fig. 3.3D).

3. Muscle temperature. The decremental response in endplate diseases
is less when the muscle is cool (22). Hand or foot muscles should be
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warmed to at least 36jC to ensure the maximal diagnostic
sensitivity.

4. Anticholinesterase medications can mask a decrement and should
be stopped at least 12 hours prior to the study.

Muscle Selection The distribution of muscle weakness varies in
patients with NMJ disease. In MG, proximal muscles are more likely to be
clinically involved, although distal muscles may occasionally be preferentially
affected (see Chapter 4). Thus, RNS is more likely to be abnormal in a
proximal or facial muscle in patients with MG (20). To obtain the maximal
diagnostic yield, multiple muscles should be tested, particularly clinically
weak muscles. However, since hand muscles are the most convenient to test
and are well tolerated by patients, most investigators begin with RNS studies
in a distal hand muscle. A list of commonly tested muscles given in order of
preference by the author follows:

1. Ulnar nerve, recording hypothenar muscle
2. Median nerve, recording thenar muscle
3. Spinal accessory nerve, recording trapezius muscle
4. Facial nerve, recording nasalis muscle
5. Musculocutaneous nerve, recording biceps brachii muscle

The technique for RNS of an intrinsic handmuscle (i.e., ulnar ormedian
nerves) involves placing a recording electrode over the belly of the muscle
(abductor digiti minim or abductor pollicis brevis), a reference electrode over
a tendon or other electrically inactive site, and stimulating the nerve (ulnar or
median) at the wrist. These muscles are convenient to test, easy to activate
maximally, and usually well tolerated.

For stimulation of the spinal accessory nerve, the active electrode is
placed over the trapezius muscle at the angle between the neck and shoulder,
with the reference electrode placed over the acromion. The spinal accessory
nerve is stimulated in the neck at the posterior border of the sternocleido-
mastoid muscle. Since the trapezius is a tonically active axial muscle, it is
difficult to maximally exercise this muscle making determinations of PAF or
PAE technically challenging.

Facial muscles are tested with the active electrode over either the nasalis
or inferior orbicularis oculi muscles with the reference electrode either lateral
to the eye or on the contraleteral orbicularis oculi muscle, respectively. The
facial nerve is stimulated below the ear. Patients tend to find repetitive
stimulation of the facial nerve uncomfortable andmovement artifact typically
obscures interpretation of the results.

The musculocutaneous nerve can be stimulated in the axilla while
recording from the biceps muscle. A technique for repetitive stimulation of
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the phrenic nerve with recording of the responses over the diaphragmatic
muscle has been described (23). This technique is often poorly tolerated, and
recording of the normally low amplitude diaphragmatic compound muscle
action potentials may not be possible in obese individuals.

The ulnar, median, and musculocutaneous nerves are useful if the
patient’s symptoms are most prominent in the extremities. The facial and
spinal accessory nerves are probably of higher yield in patients with
predominantly ocular or bulbar weakness. Most laboratories require test-
ing of at least three muscles for an examination to be considered a complete
evaluation for NMJ disease. However, once a proximal or facial muscle is
tested and is negative in a patient with oculobulbar symptoms, one may
elect to proceed directly to single-fiber electromyography (see below). A
reproducible decrement of greater than 10% in two muscles constitutes a
definite electrodiagnosis of a defect in neuromuscular transmission, as
long as primary disorders of nerve and muscle are ruled out.

In order for RNS of a particular muscle to be abnormal, there must be
failure of neuromuscular transmission at a sufficient number of endplates to
cause a decrease in the size of the recorded CMAP (see Fig. 3.2). Neuro-
muscular transmission failure at a small number of endplates or instability of
neuromuscular transmission without failure will not result in a decremental
response duringRNS. For this reason, RNS is unlikely to be abnormal inmild
NMJ disease, particularly in the absence of clinical weakness or fatigability.
Several methods of enhancing or provoking a decremental response in mild
NMJ disease have been described.

The production of ischemia in tested muscles may enhance the sensi-
tivity of RNS. Harvey andMasland (17) first described the effects of ischemia
on neuromuscular transmission. A provocative technique called the ‘‘double-
step’’ RNS test involves prolonged distal nerve stimulation before and after
ischemia of the limb. This technique was found to be slightly more sensitive
than RNS of the trapezius and only 60% as sensitive as single-fiber electro-
myography of a forearm muscle (24).

Mild abnormalities of neuromuscular transmission may also be
revealed by regional infusions of small doses of curare given in association
with performance of RNS studies (25,26). The use of a neuromuscular
blocking agent like curare will increase the sensitivity of RNS studies,
particularly in muscles that are only mildly affected. Abnormal curare
sensitivity may also be seen in primary nerve disease, and this diagnostic
possibility must be considered and excluded if a curare test is positive. Neither
of these provocative techniques (ischemia, curare) are in common use today
given the development of more sensitive diagnostic techniques, particularly
single-fiber eletromyography.
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Repetitive Nerve Stimulation in Specific Neuromuscular
Junction Disorders

Myasthenia Gravis: InMG, the typical pattern seen with at 2–5Hz is a
progressive decrement of the second through the fourth or fifth response with
some return toward the initial CMAP size during the subsequent responses to
a train of stimuli, the so-called U-shaped pattern (Fig. 3.5). The baseline
CMAP amplitude in affected muscles is typically normal. Most laboratories
use stimulation trains of 9–10 for the measurement of the decremental
response at rest. Subsequently, trains of 5–6 are sufficient for determination
of PAF and PAE.

Voluntary activation of the tested muscle by sustained contraction for
30–60 s or longer will produce characteristic RNS findings in patients with
postsynaptic disorders likeMG. Immediately after activation of a muscle in a
patient with MG, one may see a modest increase in the size of the baseline
CMAP and a ‘‘repair of the decrement’’ (Fig. 3.6). After 2–5min, a worsening
of the decremental response compared to pre-exercise values or PAE is seen.
In some muscles, particularly in patients with mild disease, an abnormal
decrement may be seen only during the PAE stage (Fig. 3.7).

Figure 3.5 Tracings from a normal control subject (A) and a patient with
myathenia gravis (B) illustrating a classic decremental response. Responses were
obtained with repetitive stimulation of the ulnar nerve at 3 Hz, recording from the
abductor digiti minimi muscle. The maximal decrement in CMAP amplitude occurs
after the fourth stimulation (�39.7%), producing the classic U-shaped or saddle-
shaped pattern.
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RNS studies demonstrate an abnormal decrement in an extremity
muscle (hand or shoulder) in approximately 60% of patients with MG, being
more sensitive in generalized disease (27). When signs or symptoms are
limited to ocular or bulbar muscles, it is not unusual for RNS studies to be
completely normal if only extremity muscles are tested. The yield may be
improved by testing facial or even diaphragmatic muscles. However, the
technical difficulty and poor patient tolerance of these procedures often
preclude their use. Thus, RNS is a very useful test in generalized MG and
in muscles that are clinically weak and fatigable to demonstrate that the
observed weakness is due to a defect in neuromuscular transmission. On the
other hand, RNS is of limited diagnostic utility in patients withmildMGor in
patients with predominantly oculobulbar symptoms. Normal RNS studies,
even if performed in multiple muscles, do not rule out the diagnosis of MG in
these patients.

Lambert-Eaton Syndrome: The pattern of abnormality on RNS in
LES is characteristic and forms the basis for the clinical diagnosis. The typical
findings are low-amplitude baseline CMAPs with an abnormal decrement
at rest (28). Immediately after a brief period of exercise, there is a marked

Figure 3.6 Tracings of the responses to repetitive stimulation in a patient with
myasthenia gravis. (A) A prominent decrement is seen with 3 Hz stimulation of the
ulnar nerve recording from the abductor digit minimi muscle at rest. Comparing the
amplitude of the first potential with the fourth potential (arrow), there is a 23.6%
decrement. (B) Immediately after 30 s of exercise, the decrement is now much less
(‘‘repair of the decrement’’) and there has been a slight increase in the baseline
CMAP amplitude. (C) Four minutes after exercise the decrement is now worsened
(32%) compared to the resting baseline (postactivation exhaustion).
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facilitation of CMAP amplitude (200–1000% or more) (Fig. 3.8). Practically
speaking, it is preferable to assess for the presence of facilitation after
sustained voluntary exercise of the muscle rather than after high-frequency
RNS since it is less painful and just as effective for demonstrating PAF (29).

RNS is the most specific test to confirm the clinical diagnosis in patients
with suspected LES. The most common finding is a decremental response at
low rates of stimulation performed in a hand muscle (22,30). Care must be
taken not to exercise the muscle for too long as this may deplete neuro-
transmitter release and blunt the facilitory response. It is also very important
to make sure that the tested muscle is adequately stabilized to minimize
movement artifact when determining baseline CMAP amplitudes and assess-
ing for a decrement at rest. In contrast to postsynaptic disorders in which
at least 1 min of exercise is best to demonstrate PAE, 10–15 s is all that is
required to best elicit PAF in LES.

Figure 3.7 Stimulation paradigm in a patient with mild MG. The vertical lines
represent CMAP amplitudes obtained with stimulation of the ulnar nerve at 3 Hz,
recording from the abductor digiti minimi muscle; the results of eight trains of
stimuli are shown. In the first train, nine stimuli were applied to the ulnar nerve and
the responses were recorded from the abductor digiti minimi muscle. Subsequent
trains consist of five stimuli. All stimuli were given at a rate of 3 Hz. The second
train was obtained immediately after 30 s of maximal voluntary contraction.
Subsequent trains were obtained with the timing shown in the figure. Note that the
decremental response at rest was not abnormal (8%). Maximal postactivation
exhaustion occurred with the fifth stimulation train (18.6%) obtained 4 min after the
exercise period.
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A few additional technical notes merit consideration when performing
RNS in suspected LES. First, as with all NMJ disorders, it is important to
ensure adequate warming of the tested muscle. The skin surface temperature
should bemaintained at aminimumof 36jCentigrade during testing. Second,
completemuscle relaxation is crucial prior to stimulation for determination of
baseline CMAP amplitudes and pre-exercise decremental responses. Any
subliminal activation of the tested muscle may facilitate neuromuscular
transmission at a number of endplates and affect the results. Selection of
muscles is also important. UnlikeMG, the intrinsic handmuscles are themost
frequently involved electrophysiologically in LES and are also the easiest
to exercise maximally. Finally, although pronounced PAF is the signature
finding for LES, a decremental response to slow-rate RNS is the most sen-

Figure 3.8 Classic RNS findings in LES. (A) CMAP responses obtained with
repetitive stimulation of the median nerve recording from the abductor pollicis
brevis muscle. Note the low resting CMAP amplitude. A decremental response is
also present but is somewhat difficult to visualize due to the low baseline
amplitudes. (B) Results of repetitive stimulation immediately after 10 s of maximal
voluntary contraction. Marked postactivation facilitation of greater than 200% is
demonstrated.
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sitive finding (29,30) and may be the only abnormality in a patient with early
or mild disease.

Botulism: Several patterns of RNS abnormalities may be observed in
botulism depending on the severity of the disease and whether the patient is
an adult or an infant. There are four characteristic RNS findings that may be
encountered. These are (a) reduced resting CMAP amplitude, (b) at least

CASE 3.2 A 59-year-old man presents for electrodiagnostic testing.
He has experienced progressive lower extremity weakness and fatigue
with walking for the past 10 months. He has no ocular or bulbar
complaints. As part of his diagnostic workup, he had an MRI of the
lumbar spine, which showed degenerative changes and multilevel
spinal stenosis. He is referred for evaluation of lumbar polyradicu-
lopathy. The electrodiagnostic technician finds that performing nerve
conduction studies on this patient is ‘‘technically difficult.’’ He is
unable to get ‘‘a stable, supramaximal CMAP.’’ He thinks this is
because the patient is ‘‘too tense.’’

The neurologist examines the patient and finds mild proximal
lower extremity weakness and diffuse hyporeflexia. He performs a mo-
tor nerve conduction study stimulating the ulnar nerve and recording
from the abductor digiti minimi muscle. He delivers a single stimulus
after the patient has completely relaxed themuscle for 60 s. He then asks
the patient to contract the muscle maximally for 10 s and delivers a
single stimulus immediately after exercise. The results are shown in
Fig. 3.9.

Discussion The PAF illustrated in the figure is consistent with a
presynaptic NMJ disorder. The diagnosis of LES was confirmed in
this patient by RNS studies and serologic testing. The technician’s
inability to obtain a consistent CMAP amplitude was due to the fact
that the tested muscle was being activated to varying degrees during the
course of the study. The patient was, in effect, autofacilitating by
sustaining contraction (albeit mild) in the muscle and producing
calcium accumulation in the nerve terminal facilitating the release of
increased amounts of ACh. This illustrates the importance of ensuring
complete relaxation of the muscle during RNS studies so that accurate
baseline CMAP amplitudes and, subsequently, accurate PAF measure-
ments may be obtained.

Diagnostic Tests for Neuromuscular Junction Disorders 77



40% facilitation of CMAP amplitude after tetanic stimulation, (c) persistence
of facilitation for at least 2 min after activation, and (d) the absence of PAE.
The presence of all four of these electrophysiologic features is virtually
diagnostic of botulism, although hypermagnesemia (31) must be considered
and ruled out.

In infants, the baseline CMAP amplitude is reduced (less than 2 mV) in
virtually all cases. A decrement at low rates of stimulation is seen in only
about half, in contrast to the findings in LES. PAF in excess of 40% compared
to baseline is present in the majority of cases. An important characteristics of
this facilitation is that it persists for 4–20 min (32,33), a feature virtually
unique to botulism compared to other endplate disorders.

In adults, the electrophysiologic findings depend very much on the
severity of the disease (34). Patients with mild disease may have practically

Figure 3.9 Single supramaximal stimulation of the median nerve recording from
the abductor pollicis brevis muscle at rest (top) and immediately after 10 s of
maximal voluntary contraction (bottom).
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normal resting CMAP amplitudes, no decrement with low rate stimulation,
and a modest degree of PAF. A decrement at low rates of stimulation is less
common in adult botulism than in the infantile form. In more severe disease,
the electrodiagnosis is usually more straightforward since most patients will
have low-amplitude resting CMAPs and, consequently, more pronounced
PAF. It is very important to examine clinically weak muscles in botulism,
since the electrophysiologic abnormalities may be restricted to these muscles.
PAF is observed in only approximately 60% of adult cases (33). As in the
infantile form, this facilitation may be prolonged, lasting at least 2 min.
Facilitation may require prolonged stimulation and may be absent in severe
cases due to functional denervation. No PAE is seen. This is predictable based
on the pathophysiology of botulism. The impaired release of synaptic vesicles
prevents significant vesicle depletion with sustained stimulation.

Congenital Myasthenic Syndromes: The specific electrodiagnostic
findings in the different congenital myasthenic syndromes will be detailed in
Chapter 6. In most congenital myasthenic syndromes, the electrodiagnostic
findings resemble those in autoimmune MG (35). However, in many of these
disorders, a progressive CMAP decrement is noted that increases with
stimulation rate, a finding that differs from the ‘‘repair of the decrement’’
seen in MG. In disorders that cause an increased duration of the endplate
potential (congenital AChE deficiency and slow-channel syndrome) a
repetitive CMAP (35) is observed (Fig. 3.10). This occurs when a single
electrical stimulus elicits two or more consecutive CMAPs. This is due to the
fact that the prolonged depolarization at the endplate remains above
threshold for longer than the absolute refractory period of the muscle fiber
action potential. The repetitive CMAPs are smaller in amplitude compared to
the initial CMAP and they decrement faster. As in MG, the yield of RNS is
improved by testing clinically affected, weak muscles. The decremental
response in certain congenital myasthenic syndromes may be seen only with
prolonged stimulation (or exercise) of the tested muscle (see Chapter 6).

2. Needle Electromyography

Needle electromyography (EMG) allows one to record the electrical activity
generated by muscle fibers. During voluntary contraction of a muscle, the
EMG needle records the summation of the electrical activity (within its
recording territory) of the muscle fibers belonging to an active motor unit.
This recorded electrical activity is termed a motor unit action potential
(MUP). The amplitude, duration, morphology, stability of configuration,
and recruitment characteristics of an MUP are affected by diseases of the
motor unit. Specific alterations in these parameters may be indicative of
primary nerve or muscle disease.
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In disorders of the NMJ, the MUP amplitude, duration, recruitment,
and morphology are usually within normal limits. During sustained contrac-
tion of a muscle in a patient with NMJ disease, failure of neuromuscular
transmission may occur at a number of endplates. This may result in a change
in the shape and size of the recorded MUP. Less severe disruptions in
neuromuscular transmission will result in differences in the time that single
muscle fibers reach threshold, also potentially changing the configuration of
theMUPon consecutive firing. This phenomenon is calledMUP instability or
‘‘jiggle’’ (36) and is illustrated in Fig. 3.11. Obviously, unstable MUPs may
also be seen in primary nerve or muscle disease, but in these situations there
are associated abnormalities inMUP duration, morphology, and recruitment
that clarify the diagnosis.

Figure 3.10 Repetitive CMAP. A repetitive CMAP in response to a single
supramaximal stimulation may be observed in congenital maysthenic syndromes
in which there is a prolongation of the duration of the endplate potential (i.e.,
endplate AChE deficiency and congenital slow-channel syndrome). The repetitive
CMAP is smaller than the initial CMAP and decrements very quickly.
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3. Single-Fiber Electromyography

Single-fiber EMG (SFEMG) is a selective recording technique in which a
specially constructed concentric needle is used to identify and record action
potentials from individual muscle fibers. The technique was originally
developed in 1964 by Erik Stalberg and Jan Ekstedt to investigate muscle
fatigue (37). The monograph by Drs. Stalberg and Trontelj, Single Fiber
Electromyography, is an essential reference for anyone interested in the
technique (38).

Figure 3.11 Unstable motor unit action potential (MUAP) recorded with a
concentric electromyography needle in a patient with MG. Notice the changing
morphology of the MUAP on consecutive firings.
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The selectivity of the recording results from the small recording surface
(25 Am in diameter compared to 120 mm for a standard concentric needle) of
the recording needle electrode and the use of a high-pass filter of 500 Hz. The
amplitude of an action potential (AP) recorded with an SFEMG electrode
falls to approximately 10% of the maximal value when the electrode is 350
Am from the muscle fiber. The amplitude of the AP recorded with a SFMEG
electrode from an average muscle fiber decreases to 200 AV when the elec-
trode is approximately 300 Am from the muscle fiber (39). Thus, it follows
that APs greater than 200 AV arise from muscle fibers within 300 Am of the
recording surface.

By positioning an SFEMG electrode to record consecutive firings of
two or more single muscle fiber APs belonging to the same motor unit, one
can measure the variation in time interval between the firing of one potential
in relation to the other (Fig. 3.12). This variation is the neuromuscular jitter
and is produced by fluctuations in the time it takes for the EPP at the NMJ
to reach the threshold for AP generation. These fluctuations are in turn due
to the normally varying amount of ACh released from the nerve terminal
after a nerve impulse. A small amount of jitter is seen in normal muscles due
to this phenomenon. An increase in the magnitude if this jitter is the most
sensitive electrophysiologic sign of a defect in neuromuscular transmission.
Jitter is increased when the safety factor of neuromuscular transmission is
reduced.

When the defect in neuromuscular transmission is more severe, some
nerve impulses fail to elicit APs and SFEMG recordings demonstrate
intermittent impulse blocking. SF EMG recordings demonstrate this as an
intermittent absence of one or more single muscle fiber action potentials on
consecutive firings (Fig. 3.13). When impulse blocking occurs at a sufficient
number of endplates, clinical weakness is observed in the affected muscle. As
we have seen, in order for amuscle to demonstrate an abnormal decrement on
RNS, a critical number of NMJs must demonstrate impulse blocking.
SFEMG allows one to detect milder defects in neuromuscular transmission
(as increased jitter without blocking) in muscles that are clinically normal and
have no decrement on RNS.

Activation and Recording Technique SFEMG studies are performed
either during mild voluntary activation of the muscle under study or with
axonal microstimulation.

Voluntary Activation: Jitter measurements performed during vol-
untary activation of the muscle are less subject to technical problems but
are more dependent on patient cooperation. As the patient minimally
contracts the muscle under study, the examiner positions the recording
electrode to record two or more time-locked APs. A constant recording
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position is maintained until at least 50 discharges are recorded (Fig. 3.14).
APs should have an amplitude of at least 200 AV with a steep rising phase. At
least 20 potential pairs from different areas in the muscle should be sampled,
taking care not to measure the same pair of potentials more than once. This
usually requires three to four separate skin insertions.

Electrical Stimulation: Stimulation jitter studies are particularly
useful in patients who have difficulty maintaining constant voluntary
contraction of a muscle, in patients who are lethargic or comatose, and
in young children. For limb muscles, intramuscular axonal stimulation is
delivered using a monopolar needle inserted near the endplate region;
another monopolar needle or a surface electrode serves as the anode (40).
Stimulation is delivered at a rate of 2–10 Hz and the intensity is adjusted to

Figure 3.12 Method of single-fiber electromyography (SFEMG) obtained with
voluntary activation. (A) The single-fiber needle is inserted into voluntarily
activated muscle and is positioned so that recordings are obtained form two or
more single muscle fibers belonging to the same motor unit. One of the single
muscle fiber action potentials serves as a reference point and the interpotential
interval is measured after consecutive discharges. (B) There is minimal variation of
the IPI on consecutive firings in normal muscle (normal jitter). (C) In disorders of
the NMJ, there may be marked variability of the IPI (abnormal jitter).
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produce a slight twitch of the muscle. The SFEMG needle is inserted in the
twitching portion of the muscle and positioned to record APs. With
increasing stimulus intensity, increasing number of single muscle fiber APs
appear, initially with high jitter and blocking. This is due to subliminal
stimulation and should not be mistaken for true neuromuscular jitter. In
addition, if the muscle fiber is stimulated directly, recordings with unusually
low jitter (less than 5 As) will result (40). Data from these responses should
not be included. Failure to recognize these sources of technically produced

Figure 3.13 Neuromuscular transmission failure, impulse blocking. Diagram-
matic representation of neuromuscular transmission failure causing impulse
blocking during an SFEMG recording. When the endplate potential (EPP) fails to
reach the threshold for action potential generation in the muscle fiber of the second
recorded fiber pair, the initial fiber potential triggers the oscilloscope screen, but no
potential is recorded from the second muscle fiber (arrows).

Figure 3.14 Voluntary jitter recordings obtained from the extensor digitorum
communis muscle in (A) a normal control subject (100 consecutive discharges are
superimposed), and (B) a patient with MG (52 consecutive discharges are
superimposed).
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jitter will obviously affect the final results. For this reason, stimulation jitter
studies should be performed only by those experienced in the performance
of this technique.

The motor nerve may be stimulated proximal to its entry into the
muscle, or individual motor nerve branches may be stimulated as described
above. Many motor units are activated when a surface electrode is used for
stimulation, making it difficult to identify responses of single muscle fibers. In
addition, artificial jitter may be introduced by variations in the intensity of the
stimulus that reaches the individual axons particularly when surface stim-
ulation is used.

Jitter Analysis For recordings made during voluntary activation of the
tested muscle, jitter is measured as the variation in the time interval between
the two APs in the pair. This is called the interpotential interval (IPI) and
represents the combined jitter in two endplates. The variation in IPIs can be
expressed as the standard deviation of a series of intervals. However the
intervals may slowly increase or decrease due to electrode movement or other
factors. To minimize the effects of such slow trends, the mean consecutive
differences (MCDs) of successive IPIs may be calculated from the following
formula:

MCD ¼ IPI1 � IPI2 þ : : : þ IPIn�1 � IPIn
n� 1

where IPI is the interpotential interval (or stimulus–response interval when
nerve stimulation is used) and n is the number of discharges where IPIs were
measured.

In voluntarily activated jitter studies, the IPI may be influenced by
variations in firing rate that may introduce changes in the velocity of AP
propagation in the muscle fibers (40). This is not a factor with stimulation
jitter studies if the first 10 intervals of each train are excluded from the jitter
calculation. This effect can be minimized in jitter studies obtained with
voluntary activation by sorting the IPIs according to the length of the
preceding interdischarge interval (IDI) and then calculating the mean of the
consecutive IPI differences. This is called the mean sorted-data difference or
MSD. If the ratio MCD/MSD is greater than 1.25, variations in firing rate
have contributed to the measured jitter, and the MSD should be used in the
final calculations.

The following parameters are calculated and reported for each muscle
tested:

� The mean jitter (MCD) of all potential pairs tested
� The percentage of potential pairs in which jitter is normal
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� The percentage of potential pairs in which jitter is abnormal
� The percentage of potential pairs in which impulse blocking is seen

A study is abnormal if one of the following criteria is met:

1. The mean jitter of all potential pairs exceeds the upper limit of
normal for that muscle, or

2. More than 10% of pairs or endplates have jitter that exceeds the
upper limit of normal for jitter in that muscle.

These criteria are valid for patients younger than 60 years. Above age
60, criterion 1 is not used and a study is defined as abnormal if more than 10%
of fiber pairs have jitter greater than that defined by criterion 2.

Reference values for jitter during voluntary activation have been
determined for a number of muscles in a multicenter collaborative study
(Table 3.2) (41). Reference values for jitter during axonal stimulation have
been determined for the extensor digitorum communis and orbicularis oculi
muscles (42,43).

In Myasthenia Gravis Single-fiber electromyography demonstrates
increased jitter in virtually all patients with MG. In patients with MG,
jitter is greatest in weak muscles but is usually increased even in muscles
with normal strength. There is no one muscle that will be most abnormal in
every patient with MG although the extensor digitorum communis (EDC)
is abnormal in most. The muscle or muscles to be tested should be selected
based on the distribution of weakness in the individual patient. It is rea-
sonable to test the EDC muscle first unless the signs and symptoms of
weakness are limited to the ocular or facial muscles, in which case starting
with the orbicularis oculi muscle may be of higher yield. If the EDC is
normal, the orbicularis oculi or frontalis is tested. If the first of these facial
muscles tested is normal, the other should be tested before one can
conclude that the study is normal. If any limb muscle is weak, it should
be tested. The finding of normal jitter in a clinically weak muscle essentially
rules out a primary defect in neuromuscular transmission as a cause for the
weakness.

It is important to understand that jitter is increased in primary disease
of nerve and muscle. Thus, although SFEMG is a highly sensitive technique
for demonstrating abnormalities in neuromuscular transmission, it is not
specific for MG (or other primary NMJ diseases). Diseases of nerve and
muscle must be excluded by the appropriate electrophysiologic and clinical
examinations before one can conclude that the patient has MG. If primary
nerve or muscle disease is present, increased jitter does not indicate that MG
is also present.
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Single-Fiber Electromyography in Lambert-Eaton Syndrome, Botulism,
and Congenital Myasthenic Syndromes SFEMG demonstrates abnormal
jitter in virtually all patients with LES, usually with prominent impulse
blocking. The magnitude of the increased jitter is often quite out of pro-
portion to the relatively mild degree of clinical weakness. Jitter typically
decreases with increasing firing rate in LES, although this effect is not seen in
all patients (44). Neuromuscular jitter, as measured by SFEMG, in botulism
and congenital myasthenic syndromes is usually increased, with impulse
blocking occurring particularly in clinically weak muscles.

Quality Control A number of factors affect normal jitter and may lead
to false-positive or false-negative studies. These factors include criteria for
acceptance of a potential, failure to account for the effect of firing rate on
jitter, distinguishing true impulse blocking from ‘‘pseudoblock’’ due to loss of
the triggering potential, and failure to recognize potentials arising from a
damagedmuscle fiber. Further technical pitfalls are encountered when jitter is
measured during intramuscular axonal stimulation. The examiner must have
considerable experience with SFEMG to perform adequate studies on the
majority of patients.

CASE 3.3 A 63-year-old man complains of progressive ptosis,
blurred vision, and dysarthria for the past 12 years. His examination
reveals bilateral, relatively symmetric ptosis and severe ophthalmopa-
resis. He has a flaccid dysarthria, mild tongue weakness, and moderate
facial weakness. He has been diagnosed with ‘‘seronegative’’ myas-
thenia gravis and presents for a second opinion.

Repetitive stimulation studies are normal in the hypothenar and
trapezius muscles. Single-fiber electromyography recorded during
voluntary activation of the frontalis muscle reveals increased neuro-
muscular jitter (25% of fiber pairs have abnormal jitter). However,
fiber density measurements are also abnormal with an average of
3.8 single muscle fiber potentials per recording site (normal <1.76).
Genetic testing confirms the diagnosis of oculopharyngeal muscular
dystrophy.

Discussion This case illustrates a number of important points regard-
ing the diagnosis of NMJ disorders. None of the diagnostic tests
described thus far are specific for a diagnosis of a primary defect in
neuromuscular transmission. The enhanced sensitivity of SFEMG
comes at the price of diagnostic specificity. Because the technique is
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C. Serologic (Immunologic) Testing

The commercial availability of immunologic assays for the diagnosis of MG
and LES has provided relatively sensitive and specific tests for the evaluation
of these particular NMJ disorders. However, both false-positive and, more
commonly, false-negative results may occur. Furthermore, these assays do
not appear to correlate with the functional status of the NMJ as determined
by the patient’s disease severity. Recently, a number of antibodies to different
skeletal muscle antigens have been reported to be detectable in certain
subgroups of patients with acquired myasthenic syndromes. These new
antibodies may not only facilitate the diagnosis in patients previously
classified as ‘‘seronegative’’, but may also help to clinically define specific
subtypes of myasthenia gravis.

1. Anti-Acetylcholine Receptor Antibodies

Antibodies that react with AChR proteins are generally regarded as specific
serologicmarkers for acquiredMG. TheAChR binding antibody (AChR-ab)
assay has become a widely utilized diagnostic test for MG. The most
commonly available AChR-ab assay is one using purified human AChRs.
This test is positive in approximately 80% of patients with acquired gener-
alized MG but in only approximately 55% of patients with purely ocular
muscle weakness (45,47). Diagnostic sensitivity may bemodestly increased by
adding AChR blocking and modulating antibody assays, but this increase is
minimal (4%) (48).

The serum concentration of AChR-ab varies widely among patients
with similar degrees of weakness. AChR-abs cannot predict the severity of
disease in individual patients. The concentration of AChR-abs may be low at
symptom onset and become elevated later; thus, repeat testing may be
appropriate when initial values are normal. In general, an elevated concen-
tration of AChR-abs in a patient with compatible clinical features essentially

so sensitive, it is more likely to detect neuromuscular transmission
problems caused by primary neurogenic or, as in this case, myopathic
disorders. Fiber density measurements yield information analogous to
fiber type grouping on muscle biopsy and should be normal in MG.
They are quite useful in determining when increased jitter is due to
primary disease of nerve or muscle. Finally, ‘‘seronegative’’ MG refers
to autoimmune MG in which antibodies to AChE are not detected (see
next chapter). Alternatively, ‘‘seronegativity’’ may be an indication of
an erroneous diagnosis.
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confirms the diagnosis of MG. However, normal antibody concentrations do
not exclude the diagnosis (see below). AChRbinding antibodiesmay rarely be
found in autoimmune liver disease, systemic lupus erythematosus, inflamma-
tory neuropathies, amyotrophic lateral sclerosis, patients with rheumatoid
arthritis receiving penicillamine, patients with thymoma without MG, and in
first-degree relatives of patients with acquired autoimmune MG (49). Up to
13% of patients with LES may have anti-AChR or antistriational antibodies
(Table 3.3).

2. Anti-Striated Muscle Antibodies or Striational Autoantibodies

Antibodies to striated muscle (StrAb) were the first autoantibodies discov-
ered in patients with MG (50). They are reactive with contractile elements
of skeletal muscle. They are positive in 30% of all cases of adult-onset MG.
They are highly associated with thymoma, being positive in 80% of MG
patients with thymoma and 24% of patients with thymoma withoutMG (51).
Seronegativity does not exclude thymoma, and seropositivity is not abso-
lutely indicative of thymoma particularly in elderly patients (52). StrAbs are
most useful as a marker of thymoma in patients with MG onset before age
40. A progressive rise in StrAbs titer after resection of thymoma is a good
indicator of tumor recurrence (51). StrAbs may be a valuable marker in
middle-aged or elderly patients with mild MG, where they may be the only
serologic abnormality. False positives are rare in patients without MG and/
or thymoma. They sometimes occur in patients with rheumatoid arthritis
who are treated with penicillamine, in 3–5% of patients with LES, and in
recipients of bone marrow allografts with graft vs. host disease (51).

3. Acetylcholine Receptor–Modulating and Blocking Antibodies

AChR-modulating antibodies bind to exposed segments of the AChR on
skeletal muscle membranes (53). Elevated levels of these antibodies are

Table 3.3 Serologic Diagnosis of Neuromuscular Junction Disorders (%)

Diagnosis
AChR
binding

Anti-
striational

AChR
modulating

AChR
blocking

Anti-
VGCC

MG (all) 75–86 30 86 52 <5
MG (ocular) 70 — 72 30 —
MG (thymoma) 100 80 69* 54 —
LEMS 7–13 3–5 — — 50–100

*80–100% loss.

Source: Data from Ref. 54.
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typically found in generalizedMG andMG associated with thymoma (48). A
positive result is most useful when the AChR binding assay is negative, which
occurs in about 3–4%of patients (48). Therefore, for general clinical purposes
the AChR-modulating antibody test should be reserved for patients with
undetectable AChR-binding antibodies. It is important to realize that false-
positive results may arise due to hemolysis, bacterial contamination, and
exposure of the serum to ambient heat (54). Thus, if it is the only serologic
abnormality in a patient, the test should be repeated with a freshly drawn
serum sample.

AChR-blocking antibodies bind at or near the neurotransmitter bind-
ing site on the skeletal muscle AChR and are detectable by a modified
immunoprecipitation assay (54,55). They are found in approximately 52%
of MG patients, but in only 1% of MG patients without AChR-binding
antibodies (48). For this reason, the assay is not useful as an initial screening
test for MG, but may have some utility in the serial monitoring of patients
with positive AChR modulating antibodies, since the blocking antibodies
provide a measure of the percentage of blocked receptor sites that may
increase during disease exacerbation.

4. Antibodies to Other Skeletal Muscle Proteins

Antibodies directed against the intracellular striated muscle protein, titin,
were originally believed to be a potentially sensitive marker for detecting the
presence of thymoma in patients withMG (56). However, antititin antibodies
were subsequently also detected in patients with late-onset MG without
thymoma but appeared to be relatively uncommon in early-onset MG (57).
Similarly, antibodies to the ryanodine receptor (RyR) are found primarily in
late-onset MG with thymoma and are correlated with severe MG symptoms
(58). AChR binding antibodies are typically detectable in patients with either
or both of these non-AChR antibodies. The role of these antibodies in the
clinical diagnosis and management of MG remains to be determined,
although patients with antititin and/or anti-RyR antibodies may be less
responsive to treatment (59).

As we have learned in Chapter 1, the development of the NMJ involves
the interaction of a number of muscle membrane molecules. The muscles-
pecific tyrosine kinase (MuSK) plays an important role in the clustering of
AChRs and other important elements of the NMJ. Recently, antibodies to
MuSK have been reported to be involved in the pathogenesis of AChR
antibody–negative MG (60). In this study, 70% of AChR antibody–negative
MG patients were found to have serum autoantibodies to MuSK. These
autoantibodies were not found in seropositive patients. Thus, MuSK anti-
body–positive patients may represent a distinct subtype of autoimmune
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myasthenia both pathophysiologically and clinically, and themeasurement of
MuSK antibodies may aid in diagnosis and treatment of this subgroup of
autoimmune MG patients (61).

5. Seronegativity in Patients with Clinically Suspected Myasthenia Gravis

The diagnosis of MG ultimately depends on the clinical history and
examination. Approximately 15–20% of patients with acquired autoimmune
MG do not have detectable antibodies to AChR (62,63). Repeat testing in
these patients is often useful since ‘‘seroconversion’’ is not uncommon,
particularly within the first 6 months of disease onset (63). Diagnostic
confirmation in patients who are consistently seronegative primarily depends
on the results of electrophysiologic testing. In seronegative patients with
childhood-onset MG, the diagnosis of a congenital myasthenic syndrome
should be considered.

In patients with generalized MG who are AChR antibody negative,
there is convincing evidence that their disease is autoimmune in nature
(63,64). Patients with seronegative MG improve after immunotherapy.
Serum from patients with seronegative MG causes abnormal neuromuscular
transmission when injected into mice (65). Finally, babies born to mothers
with seronegative MG may develop transient neonatal MG (see Chapter 4).
Nevertheless, there are differences that may distinguish seropositive from
seronegative patients. It is likely that for at least some of the seronegative
patients, a distinct pathogenesis may be operative such that the immune
response is directed against nonAChR determinants (i.e., MuSK) at the
NMJ.

6. Antibodies to the Voltage-Gated Calcium Channel

Fifty to one hundred percent of patients with LES have antibodies directed
against the voltage-gated calcium channel on the presynaptic nerve terminal
(66–68). The sensitivity and specificity of the test depends on the source of
antigen and the specific laboratory measuring the antibody. Antibodies to the
voltage-gated calcium channels are found more frequently in patients with
LES who have an underlying small cell lung cancer. In fact, in one study,
anti-P/Q type channel antibodies were found in all 32 tested cases of LES
with a diagnosis of cancer, and in 91% of the 32 cases of LES without
cancer (68). As is the case for MG, there is no correlation between the
antibody titer and disease severity, and seronegativity does not exclude the
diagnosis. Anti-voltage-gated calcium channel antibodies are rarely found in
patients with MG (69) but may be found in up to 25% of patients with lung
cancer without LES. Patients treated with immunosuppressive agents may
become seronegative. Thus, it is important to obtain these serologic tests prior
to instituting immunotherapy.
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As will be discussed in Chapter 5, the diagnosis of LES requires a high
index of suspicion. Patients who present with the complaints of proximal
weakness, gait abnormalities, drymouth, or impotence should be screened for
LES using the appropriate electrodiagnostic procedures (see above),
particularly if there is a history of tobacco abuse. While antibodies to the
voltage-gated calcium channels are a useful diagnostic aid in LES, the
principal diagnostic test remains RNS.

IV. COMPARISON OF DIAGNOSTIC TESTS
IN MYASTHENIA GRAVIS

When assessing the sensitivity of the various diagnostic tests in the most com-
mon NMJ disorder, MG, one must be aware of how the patient population is
defined and what is used as the ‘‘gold standard’’ for inclusion into the pop-
ulation. In many of the studies comparing the sensitivity of the different
diagnostic techniques in MG, the diagnosis was based on one of the tech-
niques being positive, which obviously affects the results of the comparison.

The edrophonium (tensilon) test is abnormal in most patients with
ocular MG but is not entirely objective, and false-positive results do occur.
Elevated serum levels of AChR-abs are the most specific test for MG, but
levels are normal in 15–20% of patients with generalized MG and in up to
50% of patients with purely ocular weakness. RNS tests are the least sensitive
of the diagnostic techniques, but have the advantage of being widely available
and relatively simple to perform. Although SFEMG is clearly the most
sensitive technique, it also demonstrates abnormalities in neuromuscular
transmission in primary disorders of nerve and muscle, and these must be
excluded before a diagnosis of MG is made. SFEMG is most valuable in
patients with mild or purely ocular disease, particularly when AChR-abs are
negative. It is also valuable in excluding a disorder of neuromuscular trans-
mission, since the finding of normal jitter in a weak muscle indicates the
weakness is not due to a defect in neuromuscular transmission. An algorithm
for the diagnostic approach to a patient with suspected MG is given in the
following chapter.

V. OVERVIEW

The various diagnostic procedures for confirming the clinical suspicion of an
NMJ disorder were discussed in this chapter. Pharmacologic tests such as the
edrophonium test are useful to make a quick diagnosis. Unfortunately,
interpretation of these tests is subjective, and more objective tests are usually
required to confirm the diagnosis in most cases. Electrophysiologic tests are
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designed to expose the reduced safety factor of neuromuscular transmission in
disorders of the NMJ. The results of electrophysiologic tests often reveal
characteristic patterns (particularly repetitive nerve stimulation studies) that
facilitate the diagnosis of a particular NMJ disorder. Single-fiber electro-
myography is the most sensitive test to detect a disorder of neuromuscular
transmission. However, its sensitivity comes at the cost of diagnostic specific-
ity, as abnormalities may occur with primary nerve and muscle disease.

Serologic (immunologic) tests are used to confirm the diagnosis in NMJ
disorders that are immune mediated, i.e., myasthenia gravis and LES.
These tests are disease specific and essentially confirm the diagnosis in patients
with a suggestive clinical presentation. Seronegativity in certain patients may
be explained by immune targeting of different NMJ antigens. Further
investigation of these seronegative patients may reveal a distinct immuno-
pathogenesis perhaps leading to improved treatment strategies.
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4

Myasthenia Gravis

I. INTRODUCTION

Although autoimmune myasthenia gravis (MG) is a relatively uncommon
clinical disorder, it is one of the most extensively studied and best understood
autoimmune diseases. Advances in our understanding of the pathophysiology
and the immunopathogenesis of MG have allowed for the development of
increasingly selective and targeted therapeutic interventions. The prognosis
of the disease has been dramatically altered over the last 50 years, from a
disorder that was marginally treatable and often fatal to one in which treat-
ment is very successful in the majority of cases.

The symptoms ofMG are known to be due to an antibody-mediated, T-
cell-dependent, autoimmune attack directed against the acetylcholine recep-
tors (AChRs) at the neuromuscular junction (NMJ). The clinical manifes-
tations and options for treatment are well described. Despite this, there is still
no consensus among experts on a number of therapeutic issues. This is largely
due to the paucity of evidence-based data derived from well-designed clinical
trials. In fact, at the time of the writing of this chapter, only two adequately
controlled therapeutic trials had been performed (1,2). Table 4.1 lists a
number of unanswered questions regarding the pathophysiology and man-
agement of MG. The information in this chapter will not answer these
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questions but will provide the reader with a summary of the current under-
standing of the etiology, diagnosis, and management of autoimmune MG.

II. HISTORY

Sir Thomas Willis is credited by many with the first description of a patient
with MG in 1672 (3). He reported a ‘‘woman who temporarily lost her power
of speech and became ‘mute as a fish’’’ (3). In 1892, Friedrich Jolly used the
term ‘‘myasthenia gravis pseudoparalytica’’ to describe patients with fatiga-
ble muscle weakness that often led to death (4). The term ‘‘myasthenia’’ is de-
rived from the Greek term for muscle weakness; ‘‘gravis’’ is derived from the
Latin meaning ‘‘grave.’’ Early descriptions of symptom complexes consistent
withMG emphasized the cardinal features of fatigable muscle weakness often
affecting the bulbar and respiratory muscles leading to respiratory failure.

The first treatment forMGwas described in 1934whenMary Broadfoot
Walker introduced the use of the acetylcholinesterase (AChE) inhibitor phy-
sostigmine in a patient with MG (5). She correctly surmised that physostig-
mine, a curare antidote, would be effective since MG was characterized by

Table 4.1 Unanswered Questions About Myasthenia Gravis

1. Where does the breakdown of immune tolerance to self acetylcholine
receptor occur?

2. What is the cause of this breakdown of tolerance?
3. What is the precise role of the thymus gland in disease initiation and

maintenance?
4. Does the role of the thymus gland in disease development differ in

thymomatous and nonthymomatous MG?
5. Is thymectomy beneficial in autoimmune MG?
6. If the answer to no. 5 is ‘‘yes,’’ which patients with nonthymomatous MG

are likely to benefit from thymectomy?
7. Why are the extraocular muscles ‘‘selectively’’ involved in MG?
8. Which of the available immunosuppressive agents are most effective from a

risk–benefit point of view for long-term management of MG?
9. Which group of patients are most likely to have a milder clinical course or

have a spontaneous remission of symptoms without the use of immuno-
suppressive drugs?

10. What is the optimal dose and method of administration (daily vs. alternate-
day) of prednisone in the management of MG?

11. Is it possible to completely discontinue immunosuppressive treatment once
remission of signs and symptoms has been achieved?

12. Is ‘‘seronegative’’ MG a distinct disease(s) in terms of clinical features and
pathogenesis?
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symptoms very similar to curare poisoning. She subsequently described the
beneficial effect of neostigmine in MG in 1935 (6). In 1939, Alfred Blalock, a
Baltimore surgeon, reported a patient with MG and a thymic tumor who
improved after thymectomy (7). He subsequently reported similar results
in other patients (8), and the procedure quickly gained acceptance as a ther-
apy for MG. Thus, up to the 1950s, the options for management of MG
were limited to AChE inhibitors and thymectomy, and MG remained a very
‘‘grave’’ disease. Many patients developed permanent, fixed weakness and
eventually were bedridden. Infections led to severe exacerbations of the
disease often resulting in death due to acute respiratory failure or as a con-
sequence of aspiration.

The first discovery leading to the hypothesis of an autoimmune cause
for MG came in 1944 whenWilson et al. (9) reported that a circulating factor
was inhibiting neuromuscular transmission in patients with MG. Simpson
andNastuk independently hypothesized that this ‘‘circulating factor’’may be
composed of muscle-binding autoantibodies (10,11). Finally, in 1973, Patrick
and Lindstrom immunized rabbits with AChRs purified from eel electric
organs, and found that these rabbits developed symptoms of MG as well
as circulating anti-AChR antibodies (12). With its establishment as an anti-
body-mediated autoimmune disease, further characterization of the immu-
nopathogenesis of acquired MG (see below) has made it the best understood
human autoimmune disease. This has led to the development of immune
therapies which, in addition to technical improvements in the care of critically
ill patients, has resulted in a drastic change in the prognosis of MG. Today,
with the appropriate therapy, the vast majority of patients with the disease
can expect to achieve complete control of symptoms with few or no functional
limitations.

III. EPIDEMIOLOGY AND NATURAL HISTORY

A. Epidemiology

Myasthenia gravis is a rare disease. Based on published prevalence rates there
are anywhere from 3.05 to 175 people with MG per million population,
depending on the location of the epidemiologic study (13–20). The incidence
ofMG is thought to be in the range of 2.0–10.4 cases per million per year (17).
Based on these numbers there are an estimated 20,000–70,000 patients with
MG in the United States. Both the prevalence and incidence ofMG appear to
be steadily increasing worldwide (17). This increase is mostly attributable to
improved diagnosis and prolonged survival with the disease.

MGmay occur at any age. However, onset tends to be earlier in females
than males. Patients with disease onset before the age of 40 are more likely to
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be female (70:30); both sexes are equally affected between the ages of 40 and
50; and males are more frequently affected (3:2) after age 50 (21,22).

B. Natural History

Grob and colleagues (21,22) studied more than 1400 patients with MG from
1940 to 1985. The patients reported in these studies were treated with AChE
inhibitors alone. Thus, the results of these extensive reports are an important
source of information regarding the natural history ofMG. The course of the
MG varies considerably, but in most patients the disease is usually charac-
terized by gradual deterioration.Maximal severity occurs within the first year
of onset in 65% and in the second or third year in 19% (21,22). Thus, the
severity of the disease is largely determined during the first 3 years, and it
would make sense that this is the crucial period for institution of definitive
therapy. After this, the disease tends to become more stable with fewer severe
exacerbations and amore constant or fixed level of weakness. About one third
of patients with generalized symptoms develop severe weakness and bulbar
manifestations such as a weak cough or dysphagia. The average time from
onset of disease to the first severe episode is 8 months. Roughly 20% of
patients treated with cholinesterase inhibitors alone have a complete or near-
complete remission of symptoms lasting at least 6 months (21). The mean
duration of remission is 5 years, but some patients have long-term remissions
lasting for more than 20 years.

Mortality due toMGhas fallen from 31% in the 1940s and 1950s (21,22)
to below 5% currently. Death is usually due to weakness leading to failure of
the bulbar and respiratory muscles. Improved care of critically ill patients has
likely had the most significant effect on the improved mortality rate. Recog-
nition of the autoimmune nature of MG, which led to the eventual use of
corticosteroids and other immunosuppressant medications, has also contrib-
uted to the drop in mortality and the improved therapy and management of
MG (23–25).

IV. ETIOLOGY AND IMMUNOPATHOGENESIS

Effective management of MG requires a knowledge of the immunopatho-
genesis of the disease (Chapter 2). It is widely accepted that MG is an
antibody-mediated disease in which the target autoantigen is the nicotinic
AChR of skeletal muscle (26). Although the production of antibodies is
directly attributable to B lymphocytes, there is extensive evidence that T
lymphocytes play a critical role in the autoimmune response in MG in both
humans and animal models (27–29). T lymphocytes are directly involved and
required for both the induction and development of autoimmune MG. A
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breakdown in tolerance toward the AChR is the critical event leading to T-
cell-dependent autoantibody production. The cause or trigger for this break-
down in tolerance is not known.

As discussed in Chapter 1, theAChR is composed of two a, one h, one y,
and either a g or an q subunit. Numerous antigenic determinants are present
in each subunit, but the majority of determinants recognized by B and T
lymphocytes are located on the a subunit (30), and in particular on a specific
region on the extracellular loop of the a subunit called the main immuno-
genic region. Different antigenic determinants are immunodominant in dif-
ferent patients, and subsequently the B- and T-cell responses are very heter-
ogeneous among patients with MG.

The development of a T-cell-dependent autoimmune disease requires
the loss of self-tolerance to a particular self antigen. The mechanism for the
breakdown of tolerance to the AChR in MG is not understood. However,
there are several lines of evidence that point to a prominent role for the
thymus gland in at least a subgroup of patients with MG. The thymus is
critically involved in the induction of T-cell tolerance to self antigens (31).
Myoid cells that express muscle proteins (including AChR subunits) are
present in normal and hyperplastic thymus glands ofMGpatients, but are not
found in MG patients with thymoma (32,33). This could very well provide a
source for sensitization of T cells to the skeletal muscle AChR in non-
thymomatous MG patients. In MG patients with thymoma, epithelial cells
composing the tumor bind AChR antibodies and express parts of the a
subunit, although functional AChRs are not expressed. Clinical evidence in
favor of a role for the thymus gland in the immunopathogensis of MG
includes the apparent clinical benefit of thymectomy on the disease course and
the finding of pathologic abnormalities (neoplasia or hyperplasia) of the
thymus in the majority of patients with MG.

Once there is a break in tolerance to the AChR, the sensitized B
lymphocytes (with help from T lymphocytes) produce autoantibodies that
bind to the AChR of skeletal muscle. Although AChR antibodies are the
immunologic hallmark of MG, there is little correlation between the concen-
tration of serum antibodies and clinical disease severity. AChR antibodies
induce a neuromuscular transmission defect by one of four main mechanisms
(Table 4.2). The most significant mechanism is probably the initiation of a
complement-mediated lysis of the postsynaptic muscle membrane (34).
AChR antibodies may also directly block neuromuscular transmission by
occupying the AChR binding site or they may cross-link AChRs. Mainly as a
result of the complement-mediated autoimmune attack, the postsynaptic
muscle membrane loses its normal morphology and becomes simplified
(Fig. 4.1) with smaller junctional folds and fewer numbers of functioning
AChRs. There is evidence to suggest that once there is damage of this type to
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the postsynaptic muscle membrane, other antigenic determinants become
exposed initiating a distinct autoimmune response, a phenomenon called
epitope spreading (35,36). This is an important concept because if epitope
spreading is indeed an important occurrence, onemay argue thatMGpatients
should be treated aggressively and early with immunomodulating therapy to
prevent ‘‘broadening’’ of the immune derangement. The functional conse-

Table 4.2 Proposed Immunologic and Inflammatory Mechanisms of Endplate
Injury and Dysfunction in Myasthenia Gravis

1. Direct block of neuromuscular transmission by binding of antibodies at or near
the ACh binding site on the AChR.

2. Cross-linking of AChRs by AChR antibodies, accelerating their internalization
and degradation.

3. Bound AChR antibodies activate complement and produce lysis of the AChR
and subsequent degeneration and postsynaptic membrane injury.

4. Non-AChR antibodies binding to junctional components and causing either
membrane injury or blockade of non-AChR ion (i.e., Na+) channels.

Figure 4.1 Schematic representation of ultrastructural abnormalities occurring at
the postsynaptic membrane in MG. The extensively folded pattern seen in normal
endplates is lost, and there is simplification of postsynaptic folds and widening of
the synaptic cleft.
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quences of the destruction and simplification of the postsynaptic membrane
are obvious and were covered in detail in Chapter 2. The safety margin of
neuromuscular transmission is reduced due to loss of functional AChRs as
well as loss of voltage-gated sodium channels (37).

As discussed in Chapter 1, AChRs have a normal half-life of approx-
imately 8 days. As AChRs degrade and are internalized, they are replaced by
newly synthesized AChRs that are inserted into the postsynaptic junctional
membrane. It is likely that the rate of synthesis increases in response to amore
rapid loss of AChRs. When the synthesis of new AChRs cannot keep up with
the rate of degradation and internalization, the safety margin of neuro-
muscular transmission is reduced. The destructive changes in the junctional
postsynaptic membrane, largely induced by complement, restricts the mem-
brane surface available for insertion of newly synthesizedAChRs.When these
destructive changes are severe, the clinical result may be ‘‘fixed’’ weakness in
the affected muscles. This may be the explanation for the refractoriness to
treatment observed in patients with long-standing, largely untreatedMG and
makes an argument in favor of early definitive immunotherapy.

V. CLINICAL PRESENTATION

The clinical hallmark of myasthenia gravis is the presence of fatigable muscle
weakness. It is useful to distinguish fatigable muscle weakness from general
fatigue or exhaustion. Patients with fluctuating, fatigable muscle weakness
due to MG will specifically describe weakness in a specific group of muscles
that is brought on by activity and improves with rest. In contrast, patients
with general fatigue/exhaustion due to any number of causes will typically
complain of ‘‘all-over-weakness,’’ ‘‘tiredness,’’ ‘‘lack of energy,’’ andmalaise.
Patients with MGmay have symptoms and signs only after exertion or at the
end of the day. This may result in little detectable objective weakness at the
time of examination, often delaying the diagnosis. Maneuvers that fatigue
specific muscle groups can be very useful in eliciting signs of weakness in
patients with MG, as will be discussed below.

A. Symptoms

Initial symptoms involve the ocular muscles in the majority of patients (21).
Most patients complain of ptosis, intermittent diplopia, or both. Occasion-
ally, patients complain of ‘‘blurred’’ vision rather than diplopia, prompting
them to change their eyeglasses in an attempt to correct the problem. Ptosis
may not be noticed until it obscures vision. Patients with ptosis will note that
the severity of the eyelid droop varies during the course of the day, often
worsening after exercise, reading, while driving, and with exposure to direct
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sunlight. Nearly all patients with MG develop ocular manifestations at some
point during the course of their illness. Thus, the diagnosis of MG should be
questioned if ocular symptoms do not develop within 1–2 years (38).

Approximately 20% of patients with MG present with prominent
bulbar symptoms, including dysarthria, dysphagia, and difficulty chewing
(21). Weakness of palatal muscles may result in a nasal quality to the voice.
Speech may become slurred with prolonged talking, i.e., talking on the
telephone or giving a speech or presentation. Swallowing complaints may
be limited to mild difficulty with solid foods, i.e., ‘‘feels like the food gets
stuck.’’ More serious symptoms, such as nasal regurgitation of liquids and
aspiration, are indicators of severe disease. Patients with MG who have
difficulty chewing often describe progressively weaker chewing force with
each successive bite. The difficulty is worse with solid foods, particularly
steak. There is no associated pain, differentiating this complaint from jaw
claudication due to temporal arteritis.

Rarely, patients with MG may present with respiratory muscle weak-
ness without other prominent MG symptoms (39). However, the vast
majority of patients with respiratory muscle weakness usually have ocular
and bulbar symptoms. Patients with diaphragmatic weakness often have
orthopnea as an early symptom. This may lead to respiratory failure when the
patient is placed in the supine position. Patients with MG and respiratory
muscle weakness may complain of the inability to draw a full breath. They
often describe their breathing as rapid and shallow, which may be misinter-
preted as hyperventilation due to anxiety.

Fatigable extremity weakness in MG may affect any muscle group and
may be asymmetric. Rarely, weakness may be very focal affecting distal limb
muscles or neck extensors selectively (40). As previously noted, muscles are
noted to weaken with repeated use, and strength improves with rest. Patients
have noted the development of a foot drop with prolonged walking, hip
extension weakness with climbing several flights of stairs, shoulder muscle
fatigue with activities that require holding the arms above the head, and
weakness of finger flexors and extensors with prolonged typing. Symptoms
may worsen with exposure to extreme heat or severe stress. Patients may
report that they plan activities for early in the day when their strength is at its
peak. On the other hand, severe disease may cause prominent muscle weak-
ness in which fatigability is not necessarily apparent.

The initial symptoms may occur after a specific precipitating event.
Most often, this event is a systemic illness or infection. Patients have also
developed symptoms after insect bites or vaccinations. The disease may
manifest itself after exposure to any one of a number of drugs that may
exacerbate MG (see Chapter 7). Finally, initial presentation after pregnancy
or other surgical procedures may occur.
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B. Signs

The classical physical signs of MG include ptosis, ophthalmoparesis, bulbar
weakness, and fatigable extremity weakness. Unfortunately, the clinical
presentation in individual patients is often quite variable, and the diagnosis
may be difficult. A history of fatigable weakness in specific muscle groups
should prompt further investigation for a neuromuscular junction defect
(Chapter 3) regardless of whether clinical signs of weakness are observed on
examination. In a patient with suspected MG, the following muscle groups
should be specifically tested: facial, ocular, oropharyngeal, respiratory, axial,
and limb muscles.

1. Facial Muscles

Many patients with MG have a characteristic facial appearance. Facial
weakness may produce a ‘‘sagging’’ appearance and loss of facial expression.
Often patients will elevate their eyebrow by contracting the frontalis muscle
in an attempt to compensate for ptosis. One may observe fatiguing of the
frontalis muscle as the eyebrows come down after sustained elevation. With
blinking or eyelid closure, the sclera may not be completely covered due to
weakness of the orbicularis oculi muscle (Fig. 4.2).Weakness of eyelid closure
is seen in the vast majority of patients with MG and should be specifically
looked for by asking patients to forcefully close their eyes while the examiner
attempts to manually open the eyelids. Weakness of the orbicularis oris
muscle may produce a horizontal or ‘‘snarling’’ appearance with attempts to
smile. Patients may also have difficulty puffing their cheeks or pursing their
lips. With attempts to purse the lips, a ‘‘horizontal pucker’’ is frequently
observed due to the inability to approximate the sides of the mouth because of
orbicularis oris weakness.

2. Ocular Muscles

As noted, most patients with MG have ocular muscle weakness. The extra-
ocular muscles and the eyelid elevators are involved to different degrees in
individual patients. Pupillary responses are normal. Eyelid ptosis is usually
asymmetric and may vary considerably during the course of the examina-
tion. Ptosis is worsened with sustained upgaze. Resting the lids by having
the patient close the eyes for 30 s may reduce the ptosis for a time. Patients
with little or no ptosis at rest may develop ptosis after sustained upgaze for
60–180 s. There may be a brief correction of ptosis when gaze is directed from
low to high; one may also observe an excessive elevation of the eyelid with this
maneuver (Cogan’s eye twitch). Manual elevation of the more ptotic lid may
worsen ptosis on the contralateral side, a phenomenon known as ‘‘enhanced
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ptosis’’ (41) or the ‘‘see-saw effect.’’ Finally, ptosis may improve in response
to local cooling of the lid (42).

The pattern of extraocular muscle weakness in MG is typically asym-
metric and not isolated to the distribution of a single cranial (III, IV, VI)
nerve. The pattern of weakness may fluctuate and change even during the
course of a single examination. The medial rectus muscle is most frequent-
ly affected, followed by the superior and lateral rectus muscles. Rarely,
weakness may be isolated to the lateral recti. Examination of extraocular
movements should include a minimum of 15–30 s of lateral and superior gaze
holding. The cover/uncover test may elicit mild weakness of a specific extra-
ocular muscle by causing shifting fixation in the direction of action of the
weak muscle. Red glass testing is useful if diplopia is present without observ-
able dysconjugate gaze. Sustained lateral gaze produces fatigable weakness of
the medial or lateral rectus muscles. With attempted lateral gaze, the adduct-
ing eye may not move, and the abducting eye may demonstrate nystagmus,
which becomes coarser as the lateral rectus muscle fatigues—a phenomenon
called pseudointernuclear ophthalmoplegia.

Figure 4.2 Severe facial weakness in a woman with long-standing MG. Note
incomplete eyelid closure and prominent Bell’s phenomenon.
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Sustained upgaze for 30 s is usually sufficient to produce weakness of the
medial rectus muscles and the eyelid elevator muscles in MG. It is important
to be aware that holding the stimulus for upgaze too close elicits a failure of
convergence alone that is not necessarily an abnormal finding. If diplopia or
dysconjugate gaze is due to a failure of convergence alone, moving the target
farther from the patient will improve the abnormality. Conversely, moving
the target farther away will exacerbate the problem in MG and increase the
apparent separation of the images.

3. Oropharyngeal Muscles

Weakness of the pharyngeal, laryngeal, lingual, tongue, or masticatory mus-
cles is a serious sign in MG. The immediate concern is to ensure adequate
protection of the airway as palatal weakness may place the patient at risk
for aspiration. Nasal speech is an early sign of pharyngopalatal weakness.
This may become apparent only after prolonged talking causes increasing
palatal weakness and air escapes through the nose. More severe weakness
may cause nasal regurgitation of liquids. The dysarthria in MG is also char-
acterized by articulation abnormalities with labial and lingual consonant
and vowel distortion due to facial and tongue weakness. Laryngeal weak-
ness may cause speech output to be hypophonic (breathy, whispered). Again,
these abnormalities are brought on (or worsened) by sustained talking. It
is sometimes useful to ask MG patients with bulbar symptoms to count up
to 50, and listen for the development of nasal speech and labial and lingual
dysarthria.

Patients with dysphagia should be carefully examined for palatal weak-
ness. As noted, an early sign of palatal weakness is nasal speech. The soft
palate should be observed as the patient says ‘‘Ah’’ to make sure that it rises
normally in the midline. Weakness of the tongue muscles may also cause
dysphagia due to abnormal movement of the bolus of food in the oral cavity.
Tongue protrusion should be checked by having the patient protrude the
tongue into the cheek while the examiner applies resistance on the outside
surface of the cheek. Some experience is required to determine the amount of
resistance to apply and the force of protrusion that is normal.

Patients with MG who have difficulty chewing usually give a revealing
history as described above. When these patients are examined, weakness of
jaw closure due to masseter and temporalis muscle weakness may be present.
Weakness of jaw opening due to pterygoid muscle weakness, on the other
hand, is rarely seen in MG even with relatively severe weakness of the mas-
seter muscles. This pattern of weak jaw closure and strong jaw opening is
typical for MG. The masseter and temporalis muscles are checked by having
the patient clamp the jaws together while the examiner attempts to separate
them by applying downward pressure on the chin. It is best to sustain a

Myasthenia Gravis 111



moderate level of downward pressure for 30 s rather than applying mo-
mentary pressure forcefully. The pterygoid muscles are evaluated by having
the patient open the jaw while the examiner applies upward pressure below
the chin.

4. Respiratory Muscles

It is frequently difficult to distinguish the status of the respiratory muscles
from the functional status of the lungs themselves. However, simple obser-
vation is often revealing. Patients with respiratory muscle weakness due to
MG often present with tachypnea and shallow breathing. They may be
anxious due to an inability to draw a full breath. Asking the patient to inspire
quickly and loudly (inspiratory sniff) can give one a good indication of in-
spiratory muscle strength. To assess expiratory muscle function, the patient
should be asked to cough or clear his or her throat. Outward protrusion of the
abdomen against the examiner’s hand is an indirectmeasure of diaphragmatic
strength because the abdominal contents will be pushed upward instead of
outward if the diaphragm is weak. A weak sniff and cough along with sig-
nificant tachypnea are signs of severe respiratory muscle weakness.

Formal measurements of pulmonary function, such as forced vital ca-
pacity, may be useful but are also dependent on pulmonary factors. Arterial
blood gas measurements are a relatively insensitive measure of impending
respiratory decompensation in MG since the initial changes are consistent
with hyperventilation and are usually attributed to anxiety. By the time CO2

retention occurs, the respiratory muscles have already begun to decompen-
sate. Very often MG patients with respiratory muscle weakness also have
weakness of neck flexion, which may be a useful association if there is doubt
that the respiratory decompensation is due to myasthenic weakness.

5. Axial/Limb Muscles

Myasthenia gravis patients may have weakness in many different patterns
affecting the limb and truncal muscles. Patients with mild disease may have
weakness limited to the neck flexor muscles. Typically, neck flexion is weaker
than neck extension in patients withMG. In general, upper extremity muscles
are more severely involved than lower extremity muscles. Finger and wrist
extensors and shoulder abductor muscles are most likely to be affected in the
upper limb. In the lower extremity, the foot dorsiflexors and hip flexors are
most frequently involved. Weakness may be asymmetric, and is rarely focal.
Fatigable muscle weakness may be demonstrated by having the patient
sustain arm abduction for a period of time or by having him or her raise
one leg at an angle of 30–40 degrees while lying supine and maintain this
position against gravity. Patients may be tested in this way until they fatigue,
or the muscles may be manually tested after 1–2 min of fatiguing exercise.
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Arising from a low chair without using the arms 10 times repeatedly is a good
test for hip extensor muscle fatigue.

As previously stated, weakness in MG becomes worse with repeated
effort and improves with rest. Thus, patients are at their best early in the
morning and weakest in the evening. This should be taken into account when
examining patients. In a few patients, weakness does not vary to any con-
siderable degree. Muscle atrophy may occur in muscles that have been
severely affected for a long period of time. Muscle pain and soreness are
occasionally noted perhaps due to the increased stress of stronger muscles
compensating for weak muscles. It is important to remember that in individ-

CASE 4.1 A 32-year-old man presents with the complaint of fati-
gable lower extremity weakness for the past 4 months. He is a recre-
ational distance runner and has noted a progressive worsening of his
ability to complete his ‘‘usual workouts.’’ He states that his legs tire
and feel ‘‘like they weigh a ton.’’ He is able to perform better if he
stops and rests ‘‘for a while.’’ He reports a single episode of ‘‘slurred
speech’’ after a particularly long run on a hot day. He has had no
other bulbar or ocular symptoms. He has been seen by two neuro-
logists who told him he may have ‘‘chronic fatigue syndrome’’ and
referred him to a rheumatologist.

On examination, aside from mild weakness of eyelid closure, he
has no other facial or oropharyngeal weakness. With sustained upgaze,
mild bilateral medial rectus weakness is detected. There is no objective
weakness in the extremities. He is able to perform 25 deep knee bends
without difficulty. Arm abduction is manually overcome only after 2
min of holding the arms outstretched. The diagnosis of myasthenia
gravis is confirmed on the basis of abnormal single-fiber electromyog-
raphy and elevated AChR-binding antibodies.

Discussion This case illustrates the fact that a ‘‘normal’’ neurologic
examination does not necessarily rule out the diagnosis of MG. Objec-
tive signs in MG may not be apparent unless maneuvers designed to
elicit fatigable weakness are used. This patient’s complaints were very
suggestive of the diagnosis given the clearly fatigable muscle weakness,
which worsened with activity and improved with rest. Testing designed
to elicit muscle fatigability resulted in the demonstration of objective
signs and led to the appropriate diagnosis.

Myasthenia Gravis 113



ual patients different muscles will be affected to varying degrees and some
muscles may not be affected at all.

VI. DIAGNOSIS

As with all neurologic illnesses, the diagnosis of MG depends on the rec-
ognition of a suggestive clinical history followed by a complete but focused
neurologic examination. Once the clinical diagnosis is made, there are a
number of tests that are available for diagnostic confirmation (Chapter 3).
The sensitivity of the various diagnostic tests in MG is given in Table 4.3. In
general, increased AChR-binding antibody titers in a patient with a history
consistent with MG essentially confirms the diagnosis. However, up to 20%
of patients will not have these antibodies (43–45). In a few of these patients,
titers are increased on repeat testing performed 6–8months later. As discussed
in the previous chapter, there are three AChR autoantibody tests. For general
clinical purposes, these tests should be obtained in a selective manner. In a
patient with suspected MG, the AChR-binding antibody should be obtained
first because it is the most sensitive test. If this is negative, the AChR-
modulating antibody test may increase the yield slightly. Striational anti-
bodies may also aid in making the diagnosis if the AChR-binding antibodies
are negative, particularly in later onset (>50 years) disease where they may
be the only serologic abnormality. In early-onset disease, the presence of
antistriational muscle antibodies increases the likelihood of an underlying
thymoma. AChR-blocking antibodies are not helpful in making the diagnosis
and should not be ordered routinely.

Although the AChR antibodies are the most specific diagnostic test, in
most cases it is desirable to confirm the diagnosis as soon as possible, and
antibody testing may take several days to weeks before results are available.
The edrophonium test may be helpful in confirming the diagnosis of MG
(particularly MG with prominent ocular signs) quickly, but, as discussed in

Table 4.3 Sensitivity of Various Diagnostic Tests in Myasthe-
nia Gravis

Test
Generalized MG
(% abnormal)

Ocular MG
(% abnormal)

AChR antibodies 80 60
RNS 75 48
SFEMG 99 97

RNS, repetitive nerve stimulation; SFEMG, single-fiber electromyography.
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Chapter 3, the results are entirely subjective. Thus, most patients will have
electrodiagnostic studies performed. Single-fiber electromyography is the
most sensitive diagnostic test for MG, but abnormalities are not specific for
a primary defect in neuromuscular transmission. However, in a patient with a
clinical presentation consistent with MG, single-fiber electromyography
showing abnormal jitter in the setting of normal nerve conduction studies
and conventional needle electromyography is confirmatory. An algorithm for
the electrodiagnostic approach to MG is shown in Fig. 4.3.

All patients with a new diagnosis ofMG should have serologic testing of
thyroid function and computed tomography of the chest to determine if there
is a thymoma. With regard to the mediastinal imaging, contrast is not needed
and may exacerbate weakness in MG. There is no evidence that magnetic
resonance imaging is superior for evaluation of thymoma. Furthermore,
thymoma cannot be distinguished from thymic hyperplasia on the basis of
imaging studies alone. As noted above, the presence of elevated striational
antibodies is suggestive, although not diagnostic, of an underlying thymoma,

Figure 4.3 Algorithm for the electrodiagnostic approach to a patient with sus-
pected MG. In general, the diagnostic yield is increased if clinically weak muscles
are tested. pos, positive; neg, negative; SFEMG, single-fiber electromyography;
EDC, extensor digitorum communis muscle; NCS/EMG, nerve conduction studies/
conventional electromyography.
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particularly in younger patients. Sudden and severe onset of MG in patients
older than 50 is particularly suggestive of an underlying thymoma, but
histopathologic examination is required for definitive evaluation of an
enlarged gland.

VII. TREATMENT AND MANAGEMENT

The outlook for patients with MG has improved considerably in recent years
largely due to the use of immunosuppressive agents. Despite this success,
considerable differences of opinion remain regarding the optimal use of these
agents. This is complicated by the fact that few therapies have been tested by
rigorous, prospective, placebo-controlled studies. The goal of therapy is to
return the patient to normal function as rapidly as possible while minimizing
the side effects of treatment. The art of providing optimal medical care for
patients with MG often lies in deciding when it is appropriate to treat
aggressively and when it is not. The discussion below provides guidelines
for the practical management of patients with MG, emphasizing the phar-
macology and judicious use of immunosuppressants.

A number of clinical factors need to be taken into account when
considering the optimal choice of treatment in individual patients. The
severity and distribution of weakness, the rate of progression and the impact
of the disease on the functional capabilities of the patient are important
factors for immediate therapeutic decisions. In addition, the age, sex, and
general health of the patient and the presence of coexisting medical con-
ditions, such as diabetes mellitus, thyroid disease, and the potential presence
of thymoma or history of other malignancy, are important variables that
may affect the long-term therapeutic plan. Finally, an assessment needs to be
made regarding each patient’s ability to comply with a given therapy and the
surveillance required to monitor for the adverse effects of immunosuppres-
sion. Management of MG is a long-term commitment requiring ongoing
communication between patient and physician.

The current therapeutic options for MG may be divided into (a) symp-
tomatic therapy with acetylcholinesterase inhibitors, and (b) immunother-
apy consisting of thymectomy and the use of immunosuppressive agents.
These options are discussed below and a review of therapeutic strategies is
presented.

A. Acetylcholinesterase Inhibitors

Traditionally, AChE inhibitors have been used as the first line of treatment in
patients with MG. These agents prolong the action of ACh at the NMJ
resulting in improved neuromuscular transmission. Although these drugs
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relieve symptoms in most patients with MG, it is important to remember
that this beneficial effect is temporary, often incomplete, and has no effect on
the course of the illness because it does not affect the underlying dysimmune
process.

Pyridostigmine bromide (Mestinon) and neostigmine bromide (Pro-
stigmine) are the most commonly used cholinesterase inhibitors in MG.
Pyridostigmine bromide has become the preferred agent because of its longer
duration of action (3–6 h) and higher tolerability. The initial oral dose in
adults is 30 mg every 4–6 h. This initial dose may be adjusted as needed to
maximize benefit and minimize side effects. Doses exceeding 120 mg every 4 h
are rarely effective and potentially dangerous since higher doses may over-
expose remaining functional AChRs to ACh, thereby desensitizing them and
causing increased weakness. Patients usually report the onset of a beneficial
response 30–40 min after administration of pyridostigmine and a wearing off
of benefit approximately 3–6 h later. Patients can often be instructed to adjust
the dosage schedule themselves to determine the optimal regimen, keeping in
mind that excessively high doses may exacerbate weakness. Patients with
oropharyngeal weakness should be instructed to take pyridostigmine 30 min
before meals. A timed-release preparation of pyridostigmine (Mestinon
Timespan) may be used at bedtime for patients who have prominent symp-
toms upon awakening. Unfortunately, its absorption is variable and unreli-
able, frequently leading to either an insufficient response or overdosage. It is
preferable to have patients awaken at the appropriate times and take the
standard preparation if nighttime or early morning weakness is a problem.

It is important to stress that treatment with cholinesterase inhibitors will
not prevent a patient with severe bulbar and respiratory muscle weakness
from experiencing a worsening of symptoms and requiring intubation (myas-
thenic crisis). In fact, the increased bronchial and oral secretions frequently
associated with cholinesterase inhibitors may cause a serious problem in
patients with bulbar and respiratory muscle weakness.

CASE 4.2 A 59-year-old man was diagnosed with MG at age 28
when he developed ptosis, diplopia, and mild generalized weakness.
The diagnosis was based on a positive edrophonium test. He was
treated with cholinesterase inhibitors alone and noted mild sympto-
matic improvement. Although he continued to have symptoms, he
‘‘learned to deal with (my) limitations.’’ He had general anesthesia for
a cholecystectomy and developed prolonged paralysis requiring venti-
latory support. He was eventually weaned off the ventilator but com-
plained of persistent symptoms of generalized weakness, fatigability,
and swallowing difficulties. He was on pyridostigmine at a dose of 120
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Equivalent doses of the available cholinesterase inhibitors are given in
Table 4.4. The indications for use cholinesterase inhibitors other than
pyridostigmine are rare. Occasionally, cholinesterase inhibitors may be given
parenterally (intramuscularly and intravenously) when patients have severe
dysphagia preventing oral intake. Muscarinic side effects are the most
common adverse reactions of cholinesterase inhibitors and include stomach
cramps, diarrhea, sweating, nasal and bronchial secreations, bradycardia,
nausea, and vomiting (46). When these side effects occur, it is an indication
that the dose is too high. Suppressing gastrointestinal side effects with agents
such as loperamide is rarely necessary. It is preferable to identify the maximal
cholinesterase dose tolerated and initiate definitive immunotherapy if this
dose does not control myasthenic symptoms. Patients taking large amounts of
pyridostigmine bromide rarely develop bromism, which may present with
acute psychosis (47). Some patients are allergic to bromide and develop a skin
rash. These patients may be treated with ambenonium chloride (Mytelase).

mg every 4 h, which caused frequent diarrhea. His examination re-
vealed bilateral fatigable ptosis, bilateral medial rectus weakness, mod-
erate facial weakness, poor tongue protrusion into the cheek, and mild
neck flexion and proximal extremity weakness. He also had mild weak-
ness of finger extension and foot dorsiflexion. He had a reduced in-
spiratory sniff and cough.

The patient responded to a course of plasmapheresis and was
started on high-dose daily (60 mg) prednisone. Six months later, he had
few or no myasthenic symptoms on 30 mg of prednisone every other
day. He no longer required pyridostigmine. More importantly, he un-
derwent a prostatectomy under general anesthesia and was extubated
without difficulty. He had no further exacerbations and was eventually
weaned to a stable prednisone dose of 15 mg every other day.

Discussion This case illustrates an important point regarding symp-
tomatic management of MG with cholinesterase inhibitors. While
symptoms may be controlled and patients may adapt to their reduced
level of function, patients treated with cholinesterase inhibitors alone
are at risk for severe MG exacerbations during times of stress, i.e.,
systemic infections, surgical procedures, etc. This may occur even after
prolonged periods of apparent disease stability as exemplified by this
patient. Definitive immunotherapy of MG not only improves baseline
function but also decreases the risk of significant disease exacerbation
during periods of stress. Once patients have achieved an optimal re-
sponse to definitive immunotherapy, there is often no further need for
treatment with cholinesterase inhibitors.
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B. Immunotherapy of MG

Immunosuppressive treatment of MG can be divided into long- and short-
term strategies (Table 4.5). Thymectomy, corticosteroids, azathioprine, cy-
closporine, and other immunosuppressive agents are used in an effort to
induce long-term improvement. Plasmapheresis and intravenous immuno-
globulin induce short-term improvement with rapid onset in most patients
with MG.

1. Long-Term Immunotherapy

Thymectomy Thymectomy has been a well-accepted treatment for
generalized myasthenia gravis with age of onset between 18 and 60 years
despite the absence of controlled studies demonstrating long-term benefit.
Clearly, all patients with thymoma should undergo surgical removal since

Table 4.4 Equivalent Doses of Anticholinesterase Drugs

Drug Oral Intramuscular Intravenous

Neostigmine bromide
(Prostigmine bromide)

15 mg

Neostigmine methyl sulfate
(Prostigmine methylsulfate)

— 1.5 mg 0.5 mg

Pyridostigmine bromide
(Mestinon)

60 mg 2.0 mg 0.7 mg

Mestinon Timespan 90–180 mg — —
Ambenonium chloride
(Mytelase)

7.5 mg — —

Table 4.5 Immunotherapy of My-
asthenia Gravis

Long-term immunotherapies
Thymectomy
Corticosteroids (prednisone)
Azathioprine
Cyclosporine
Cyclophosphamide
Mycophenolate mofetil
Short-term immunotherapies
Plasmapheresis (plasma exchange)
Intravenous immune globulin
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these tumors may spread locally and become invasive. The therapeutic use of
thymectomy in nonthymomatous MG is based primarily on the presumed
role of the thymus gland in initiation and/or maintenance of the autoimmune
process. At least 80% of MG patients have pathologic thymic abnormalities,
either hyperplasia or thymoma (48). Thymic hyperplasia is often found in
early-onset (<40 years) MG, and cultured thymic cells from such patients can
produce anti-acetylcholine receptor antibody (49). However, in late-onset
patients as well as in other (i.e., seronegative) patients, thymic pathology
is normal for age (50) and antibody production usually cannot be detected
(51). Nevertheless, these patients may have an observed beneficial response
to thymectomy.

Clinical support for the beneficial effect of thymectomy is found in
published controlled but nonrandomized studies in which the incidence of
clinical remission and improvement are increased in patients undergoing
thymectomy. An evidence-based review of thymectomy in nonthymomatous
MG analyzed 21 controlled but nonrandomized studies conducted between
1953 and 1998 (52). The authors found a positive association between
thymectomy and MG remission or improvement. Patients undergoing thy-
mectomy were twice as likely to attain a medication-free clinical remission
than patients who did not have thymectomy. However, the authors also
concluded that the efficacy of thymectomy could not be conclusively estab-
lished on the basis of these data. mainly because of confounding factors in-
cluding differences in baseline characteristics between the thymectomy and
nonthymectomy patient groups in the studies analyzed.

Despite the lack of controlled data, a number of observations can be
made based on the therapeutic use of thymectomy in MG over the past 50
years or so. First, the apparent beneficial effect of thymectomy may be
enhanced when the procedure is performed early in relation to onset of
symptoms (53,54). The potential benefit of thymectomy decreases and the
risk of surgery increases as the adult patient gets older. Second, the onset
of beneficial effect is delayed, occurring 6–12 months post procedure but
potentially requiring as long as 2–5 years for maximal benefit (55). Finally,
disease severity, AChR-Ab levels, and thymic pathology have no clear
relationship to outcome (52,56). Significant controversy exists regarding the
role of thymectomy in late-onset (older than 60 years) disease, ocular or mild
generalized MG, and childhood MG. Consideration of thymectomy in these
patients needs to be individualized, with the risks of surgery weighed against
the potential benefit. Since the benefit of thymectomy has not been established
conclusively by controlled randomized studies, this determination may be
difficult and thymectomy should be viewed as an option to increase the
probability of drug-free remission, induce clinical improvement, or poten-
tially reduce the cumulative exposure to immunosuppressive agents.
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Multiple techniques have been employed for removal of the thymus
gland inMG (57,58) (Table 4.6). Although ‘‘total thymectomy’’ (i.e., removal
of all tissue in the anterior mediastinum and neck that may contain thymic
tissue) is generally accepted to be the goal of the procedure, it has not been
conclusively demonstrated to be necessary. This has led some to pursue a less
aggressive approach (i.e., transcervical thymectomy) in the hope of reducing
risk and morbidity. Two basic types of transcervical thymectomy have been
performed. The ‘‘basic’’ resection involves using a central cervical incision to
remove the central mediastinal thymic tissue (59). The second or ‘‘extended’’
transcervical technique employs amanubrial retractor for improved exposure
and allows for removal of more laterally located thymic tissue and fat (60).
The video-assisted techniques employ a cervical incision with either unilateral
or bilateral thorascopic exposure of themediastinum allowing for the removal
of mediastinal thymus and perithymic fat (61).

The transsternal approaches remove the central cervical and all visible
mediastinal thymic tissue with the different variations distinguished by the
extent of mediastinal and cervical fat removal (58). Whether there is a
relationship between the specific resectional technique used and the rate of
remission or improvement is not clearly established. However, a number of
retrospective studies report lower remission rates with the transcervical
technique or partial sternotomy compared to extended transsternal thymec-
tomy (62–64). Furthermore, transsternal reexploration of patients who did
not improve after transcervical thymectomy has yielded substantial amounts
of residual thymic tissue and in several cases has resulted in clinical improve-
ment (65,66). Thymomas have been found upon reexploration in patients
previously undergoing the transcervical resection (67). For these reasons and
to maximize the likelihood of remission, most centers employ the transsternal
technique.

Perioperative mortality rates of thymectomy performed inMG patients
after 1970 are consistently less than 3% (68–70), but the procedure is not

Table 4.6 Thymectomy Techniques

Transcervical thymectomy
Basic
Extended
Videoscopic

Transsternal thymectomy
Standard
Extended (‘‘transsternal radical thymectomy’’)

Transsternal and transcervical thymectomy
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without risk. Potential complications include acute respiratory failure from
crisis, infection, and recurrent laryngeal or phrenic nerve injury. The main
determinant of the immediate postoperative course of MG patients under-
going thymectomy is their preoperative clinical status. It is important to
recognize that thymectomy is an elective procedure, and patients must have
management of their MG optimized prior to the procedure. A preoperative
pulmonary function test is useful to help identify patients with borderline
respiratory muscle function. If significant bulbar or respiratory muscle weak-
ness is present (i.e., forced vital capacity <2 L), a course of plasmapheresis
is recommended prior to the surgery. There is no question that patients with
moderately severe to severe bulbar or respiratory muscle weakness should
be pretreated with plasmapheresis and/or corticosteroids prior to thymec-
tomy. The question is whether all patients with any active myasthenic signs
or symptoms should be pretreated. In the absence of controlled data, we elect
to treat all patients with significant bulbar or respiratory signs as we would
any MG patient not undergoing thymectomy. We then schedule the proce-
dure after these signs have responded to therapy.

After thymectomy, the patient should be closely monitored for myas-
thenic signs and symptoms by a neurologist. Most patients tolerate the
procedure quite well if symptoms are well controlled going into the procedure.
The most common complaint following surgery is pain. The use of thoracic
epidural analgesia maximizes postoperative pain control. Pyridostigmine
may be given intramuscularly if the patient is unable to swallow immediately
after thymectomy. Myasthenic weakness not controlled by cholinesterase
inhibitors alone should be treated optimally with the use of immunosuppres-
sive agents (corticosteroids, plasmapheresis, intravenous immune globulin),
as will be discussed below.

Thymectomy for Thymoma: Virtually all patients with a known or sus-
pected thymoma should undergo thymectomy. Patients must be stabilized
prior to surgery in the manner described for nonthymomatous MG. A
transsternal approach with exploration for mediastinal spread of tumor is
required. Because malignant tumors may not be resected totally, postoper-
ative radiation therapy is employed to suppress tumor spread or recurrence
in cases in which there is spread of tumor beyond the thymic capsule. Post-
operatively, the treatment of signs and symptoms of MG is no different than
that for MG without thymoma.

Corticosteroids Corticosteroid drugs (i.e., prednisone) are the most
widely used form of immunotherapy in patients withMG. Their effects on the
immune system are numerous, complex, and incompletely understood. The
most important effect with regard to autoimmune disease is likely the
interference with the production or function of numerous lymphokines,
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including interleukin-1, interleukin-2, and tumor necrosis factor (71). These
actions potently inhibit the accumulation of leukocytes and macrophages
in an immune response. Antibody production may be reduced by large doses
of prednisone but is generally unchanged by moderate (20 mg/day) doses
(72).

Corticosteroids have generally been used as the first choice for immu-
nosuppressive therapy in MG. They are indicated when generalized or ocular
MG symptoms are not adequately controlled by cholinesterase inhibitors
alone. It is important to inform patients of the long list of steroid-related side
effects prior to initiation of treatment (Table 4.7). Relative contraindications
include severe obesity, poorly controlled diabetes mellitus, ulcer disease,
uncontrolled hypertension, osteoporosis, and active systemic infections.

Considerable disagreement exists regarding the optimal dosing regimen
for initiation of steroid therapy. There have been no controlled studies
comparing the efficacy and safety of the different steroid induction regimens

Table 4.7 Side Effects of Corticosteroids

Side effect Prevention

Sodium retention Sodium-restricted diet
Fluid retention Sodium-restricted diet
Potassium loss Supplement as needed
Hypertension Monthly checks, treat
Obesity Low-calorie, low-fat diet; exercise
Impaired glucose tolerance Monitor fasting blood sugar, treat
Peptic ulcer Antacids, H2 blockers
Osteoporosis Calcium supplementation, vit D, alendronate,

female hormone replacement
Steroid myopathy Exercise
Impaired wound healing Use minimal dose that controls disease
Skin friability/easy bruising Use minimal dose that controls disease
Cushingoid appearance Use minimal dose that controls disease
Acne
Personality change
Mood swings
Menstrual irregularities
Suppression of growth in
children

Reduced resistance to
infection

Prompt recognition and management of
systemic infections

Cataracts Regular ophthalmologic evaluation
Glaucoma Regular ophthalmologic evaluation
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in MG. One method is to begin treatment with high-dose daily prednisone
(60–100 mg/day). This dose produces a prompt, predictable response with
sustained improvement usually occurring within 2–3 weeks. Roughly one-
third of patients have an exacerbation of weakness after starting high-dose
daily prednisone. This usually occurs within the first 7–10 days and may last
for as long as 6 days (73). This worsening is usually mild but may cause
symptomatic bulbar or respiratory muscle weakness. Thus, patients with
moderate or severe weakness, particularly involving bulbar or respiratory
muscles, should be hospitalized for initiation of steroid treatment. Often,
patients receive a course of plasmapheresis prior to initiation of steroids. This
may be done on an outpatient basis with steroid treatment being initiated
once there is a clear objective response to plasmapheresis. This approach may
also produce a more rapid response.

Daily steroid treatment may also be started at a low dose (10 mg/day) to
minimize the risk of exacerbation. The dose is then increased by 5–10 mg/day
on a weekly basis until improvement occurs. This is a regimen favored by
many clinicians for steroid initiation in MG with purely ocular symptoms. A
disadvantage of this approach is that the anticipated onset of clinical benefit
as well as the timing of the possible transient worsening is less predictable.

Prednisone may also be started with high-, moderate-, or low-dose
alternate-day therapy. The main reasons for opting for the initiation of
prednisone therapy with the alternate-day regimen are to avoid steroid-
induced worsening and to lessen side effects. No data are available for the
incidence of steroid-induced worsening when treatment is started with a low-
dose alternate-day regimen, but it is believed to be a rare occurrence.
Furthermore, there are no data directly comparing the incidence of side
effects during the first year of treatment in patients started on a low-dose
alternate-day regimen vs. a high-dose daily regimen. With the low-dose alter-
nate-day regimen, a dose of 20 mg every other day is started, with gradual
increments (5–10 mg qod) every 2–5 days until there is improvement or a dose
of 100–120 mg qod is reached. Advantages and disadvantages of the high-
dose daily and low-dose alternate-day incrementing induction schemes are
listed in Table 4.8.

High-dose daily or alternate-day prednisone is given until there is a
sustained (1–3 days) improvement. The dose is then decreased gradually (and
converted to an alternate-day regimen for patients started on daily predni-
sone) to the lowest dose needed to maintain disease control. Frequent clinical
observations are necessary as the prednisone dose is decreased to monitor for
return of weakness. Should weakness return, the dose must be increased to a
level that maintains an optimal clinical response. Many patients require long-
term maintenance therapy (20–25 mg qod or less) to prevent return of
myasthenic weakness. Patients requiring more than 25 mg qod to maintain
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improvement, patients who fail to respond, and patients in whom toxicity
exceeds benefit are candidates for other forms of immunotherapy.

Potential side effects of chronic corticosteroid administration are sig-
nificant and numerous (Table 4.7). As many as 66% of patients experience
one or more side effects of steroid administration (74,75). Preventive treat-
ment (summarized in Table 4.9) includes exercise, calcium supplementation
(1500 mg/day), vitamin D (50,000 units once or twice weekly), and replace-
ment of gonadal hormones in postmenopausal women. The use of calcitonin

Table 4.8 High-Dose Daily vs. Low-Dose Alternate-Day Corticosteroid Initiation
in Myasthenia Gravis

Induction regimen Advantages Disadvantages

High-dose daily Prompt, predictable
response

Increased number of
SI exacerbations

Reduces time to maximal
benefit

Hospitalization or
pretreatment w/short-

Timing of SI exacerbation term therapy required
more predictable

Lessens long-term exposure?
Low-dose
alternate-day,

Decreased risk of SI
exacerbation

Beneficial response and
SI exacerbation less

incrementing Hospitalization or pretreatment predictable
not required

Reduces side effects?

SI, Steroid induced.

Table 4.9 Corticosteroid Collateral Program

. Diet: A strict low-carbohydrate, low-salt, high-protein diet is recommended.

. Antacids: To counter possible gastrointestinal discomfort, a calcium-containing
antacid (Tums) should be taken between meals.

. Calcium and vitamin D: Postmenopausal patients are candidates for a calcium
supplement (1 gr/day) and vitamin D (500 U/week) when long-term
corticosteroid treatment is required.

. Reassurance: Patients need reassurance that common symptoms, including
‘‘flushing’’ or redness of the face, insomnia, and tremor, are transient and
resolve when the steroid dose is lowered.

. TB prophylaxis: Patients at high risk of tuberculosis exposure or those with a
recently documented ‘‘positive’’ PPD skin test should be given prophylaxis
with isoniazid.
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or alendronate should be considered in treated patients who develop osteo-
penia and in all postmenopausal women (76). There may be an increased
incidence of premature ovarian failure in young female MG patients (per-
sonal observations) which may be autoimmune in etiology. Thus, female
patients of childbearing age should be questioned regarding possible abnor-
malities in their menstrual cycles prior to initiation of steroid treatment. These
women may need hormonal replacement and/or alendronate. Antacids and/
or H2 receptor antagonists should be given to susceptible individuals but
probably need not be administered as routine prophylaxis.

Azathioprine Azathioprine (AZA), a purine analogue that inhibits
DNA synthesis, has been used as an immunosuppressive agent since the 1960s
(77). The use of AZA in MG was pioneered in Europe (78) in the late 1960s.
Uncontrolled retrospective studies have demonstrated its apparent efficacy
and safety in MG (79,80). A recent randomized double-blind trial of pred-
nisolone alone vs. prednisolone plus AZA revealed fewer treatment failures,
longer remissions, and fewer side effects in patients who received AZA as an
adjunct to prednisolone (81).

AZA has had three main indications in MG: (a) as a steroid-sparing
agent, (b) as combination therapy in patients with an insufficient response to
corticosteroids, and (c) as an initial immunosuppressive agent in patients for
whom corticosteroids are contraindicated or poorly tolerated. Its therapeutic
action in MG is quite delayed, with clinical benefit expected within 4–6
months, but maximal improvement often requires up to a year. This must be
accounted for when initiating therapy with AZA, and another mode of
treatment (i.e, corticosteroids) must maintain disease stability until AZA
takes effect.

Treatment is typically initiated with a dose of 50 mg/day for a week. If
this is tolerated, it is increased by 50 mg/week to a target dose of 2–3 mg/kg/
day. Azathioprine may be taken as a single daily dose or given two or three
times a day if the full dose causes gastrointestinal upset. Complete blood
counts and liver enzymes should be monitored closely (every other week for
the first 2–3 months of therapy and monthly thereafter).

Although long-term treatment with AZA is usually well tolerated, some
adverse effects limit its use. Approximately 15–20% of patients develop an
idiosyncratic reaction consisting of fever, malaise, and myalgias that pre-
cludes the use of AZA.Other common side effects are hematologic (consisting
of leukopenia, anemia, and thrombocytopenia) and gastrointestinal (includ-
ing nausea, anorexia, abdominal discomfort, and diarrhea) (82,83). AZA
should be discontinued if the absolute neutrophil count falls below 1000 per
mm3 and the dose reduced if the white blood cell count (WBC) falls below
3000 per mm3. An increase of the mean corpuscular volume (MCV), often to
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greater than 10 units above baseline, does not require discontinuation of
therapy and may parallel the therapeutic response (84). Hepatic toxicity
usually takes the form of elevation of liver enzymes, but cholestatic jaundice
(85) and acute liver failure (86) rarely occur. In 104 patients treated with AZA
for a median period of 29 months, 35% had adverse reactions necessitating
discontinuance of therapy in 11% (83).

The risk of neoplasia is often a major concern for patients on AZA. The
specific risk of treatment in MG patients is not clearly known. An increased
risk for lymphoma has been reported for AZA treatment in rheumatoid
arthritis (87,88). A possible increased risk was also identified in multiple
sclerosis after 10 years or more of continuous AZA therapy (89), but no clear
enhanced risk was found for inflammatory bowel disease managed with AZA
(90). In a series of 159 MG patients treated with AZA for a median of 3.4
years, two patients developed primary central nervous system lymphoma
after 6 and 12 years of AZA treatment (91). This occurrence was significantly
increased compared with the general population. Thus, there may be an
increased risk of lymphoma in MG patients treated with AZA, and this risk
may be dose and duration related. Is it therefore appropriate to discontinue
AZA therapy after a stable period of remission? The answer to this question
requires consideration of another question.

Domost patients require life-longAZA therapy? If treatment is stopped
abruptly, MG exacerbations are likely to occur, based on the current limited
literature. Eight of 15 patients experienced relapse after discontinuation of
AZA in the only study looking at the incidence of disease exacerbation after
stopping AZA (92). In the absence of substantial data regarding AZA
tapering, it is advisable to reduce AZA doses gradually after a long symp-
tom-free period (>1 year) in an effort to identify a minimal effective main-
tenance dose. Complete discontinuation of therapy should probably be
limited to patients with hematologic or hepatic side effects or to very young
patients in whom life-long treatment may increase the risk of malignancy.

Cyclosporine Cyclosporine is a potent immunomodulating agent that
has been shown to be effective in the management of MG in a controlled,
double-blind clinical trial (93). Cyclosporine binds cyclophylin and inhibits
calcineurin, which leads to inhibition of interleukin-2 production and, sub-
sequently, T-lymphocyte proliferation and amplification (94). It has been
used effectively in MG mainly in patients whose conditions are refractory to
other forms of therapy. It may be used as a steroid-sparing agent in com-
bination with prednisone. The recommended dose is 5 mg/kg/day in divided
doses given 12 h apart. At this dose, trough levels of 90–150 Ag/L are attained,
usually corresponding to clinical improvement. Onset of clinical improve-
ment is 4–8 weeks after initiating therapy. Regular monitoring (at least
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monthly) of blood pressure, serum creatinine, and plasma trough cyclospo-
rine levels is advisable. If the baseline serum creatinine increases over 30% of
baseline, treatment should be stopped. Because of numerous potential drug
interactions, printed materials listing medications that may affect serum
cyclosporine levels should be provided to patients (Table 4.10).

Common side effects associated with cyclosporine treatment include
nephrotoxicity, hypertension, headaches, hirsutism, and tremors (94,95). The
nephrotoxicity of cyclosporine appears to be dose and duration related. In a
retrospective analysis of the use of cyclosporine in MG, the authors found
that 95% of 57 patients had clinical improvement with a median time to best
clinical response of 7 months (96). However, major side effects included ele-

Table 4.10 Cyclosporine Drug Interactions

Drugs that may cause kidney damage when combined with cyclosporine:
Antibiotics: aminoglycosides, vancomycin, trimethoprim, and fluoroquinolones
Antifungals: amphotericin B (Fungizone), ketoconazole
Antivirals: acyclovir (Zovirax)
Antiulcer: cimetidine (Tagamet), ranitidine (Zantac)
Nonsteroidal anti-inflammatory drugs
Chemotherapy: melphalan (Alkeran), etopside (VePesid)
Cardiac/blood pressure: Captopril (Capoten), acetazolamide (Diamox),

furosemide (Lasix), disopyramide (Norpace)
Drugs that may raise cyclosporine levels:

Antibiotics: erythromycin
Antifungals: ketoconazole, difluconazole, iatroconazole
Stomach/ulcer: metoclopramide (Reglan), cimetidine (Tagamet)
Cardiac/blood pressure: diltiazem (Cardizem), nicardipine (Cardene),

verapamil
Hormones: danazol (Danocrine), oral contraceptives, methylprednisolone
Misc.: bromocriptine (Parlodel)

Drugs that may reduce cyclosporine levels:
Antibiotics: rifampin, imipenem (Primaxin), nafcillin, trimethoprim
Epilepsy: phenytoin, phenobarbital, carbamazepine

Drugs that may accumulate in the blood when taken with cyclosporine:
. Steroids: prednisone
. Cardiac: digoxin
. Cholesterol: HMG-CoA reductase inhibitors may cause myopathy when

combined with cyclosporine
. Sildenafil (Viagra)

There are many conflicting reports about potential interactions when these and other drugs

are used with cyclosporine. It is probably wise to monitor kidney function and cyclosporine

levels frequently whenever a new medication is started.
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vation of serum creatinine (28%) and malignancy (11%). This highlights the
need for regular monitoring of renal function, and also argues that the use of
cyclosporine should be reserved for patients with MG in whom cortico-
steroids and azathioprine are ineffective, poorly tolerated, or contraindicated.

Mycophenolate Mofetil Mycophenolate mofetil (MM) is a novel and
potent immunosuppressive agent. It blocks purine synthesis in activated T
and B lymphocytes and selectively inhibits their proliferation (97). An open-
label pilot study to assess the efficacy and safety of MM in patients with
refractory or steroid-dependent MG (98) showed that 8 of 12 patients im-
proved within 2 months of treatment initiation. No significant side effects
were observed. In addition, a retrospective case series of MM treatment in
MG (among other autoimmune neuromuscular diseases) supported these
findings (99). A double-blind, placebo-controlled pilot trial of MM in
suboptimally treatedMG demonstrated greater improvement inMM-treated
patients on all four efficacy criteria compared to those treated with placebo
(100). No severe adverse effects were observed. Taken together, these studies
indicate that MM may be an important advance in the management of MG,
but larger controlled studies are needed to confirm these preliminary findings.
Despite this, MM is being used more and more by clinicians to manage MG.

The usual starting dose ofMM is 1 g twice a day, but doses as high as 3 g/
day have been used. There are no data regarding the use of mycophenolic acid
serum levels to help to determine the most effective dose in an individual
patient. There are no safety data regarding the concomitant use of AZA and
MM, suggesting that these two agents should not be used in combination.
Cyclosporine has been used extensively in combination with MM in organ
transplantation and the combination has a favorable safety profile. The
common side effects ofMM include diarrhea, nausea, vomiting, and abdomi-
nal cramping. Recurrent upper respiratory or urinary tract infections may
occur. Leukopenia, anemia, and thrombocytopenia, and sepsis are potential
serious side effects. The risks associated with long-term use (i.e., malignancy)
are not known.

Based on the studies performed to date, the beneficial response to MM
has its onset as early as 6 weeks after initiation of treatment but may be
delayed for as long as 6 months. The specific role of MM in the management
of MG remains to be determined. There is little experience with its use as
the initial form of immunotherapy in MG. Pending further clinical trials,
the use of MM should probably be reserved for patients who are either
intolerant or unresponsive to AZA, since it may be a less toxic alternative
to cyclosporine.

Cyclophosphamide Because of its significant toxicity, cyclophospha-
mide’s use in MG is limited to the most seriously ill patients whose disease is
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refractory to azathioprine, corticosteroids, and cyclosporine. An oral dose of
3–5 mg/kg is used, often preceded by an initial intravenous dose of 200 mg
daily for 5 days (101). Serious adverse effects include leukopenia, hemorrhagic
cystitis, anorexia, and infections (97). Alopecia is a common (75%) but less
serious complication. Intravenous pulsed cyclophosphamide may be consid-
ered in severe, refractory, generalized MG, based on the results of a recently
published study (102).

2. Short-Term Immunotherapy

Plasmapheresis (Plasma Exchange) Plasmapheresis or plasma ex-
change (PE) is an effective short-term therapy for MG (103–105) that is
primarily used in three clinical situations: (a) in myasthenic crisis, (b) in severe
exacerbations of myasthenic weakness, and (c) prior to surgery in patients
undergoing thymectomy. It may also be used when initiating treatment
with high-dose corticosteroids to reduce the risk of transient worsening, as
discussed above. The mechanism of action is believed to be removal of cir-
culating AChR antibodies and immune complexes. PE is given three times
per week (removing 2–3 L of plasma per treatment) for a total of five or six
treatments over a 2-week period. The onset of improvement is rapid,
frequently beginning after the third treatment, and often correlating in
individual patients with a reduction in AChR antibodies. Despite this, pa-
tients with seronegative MG also appear to derive benefit from the proce-
dure (106).

In centers with sufficient experience, PE is usually very well tolerated.
Complications include hypotension, altering of clotting mechanisms, hypo-
albuminemia, hypocalcemia, and difficulty with vascular access (107). Careful
clinical monitoring during the procedure is essential to avoid unexpected
volume shifts into and out of the intravascular space. Transient worsening of
symptoms of MG after the first one or two exchanges has been observed
perhaps due to the removal of anticholinesterase drugs and corticosteroids.
The benefit of PEmust be weighed against the problems of vascular access, as
well as the risks and high cost of the procedure.

Intravenous Immune Globulin (IVIg) The indications for use of
intravenous immune globulin (IVIg) are essentially the same as for PE.
Most patients with MG improve following administration of high doses of
IVIg (108–110). In a randomized study, Gajdos et al. (111) treated 87 MG
patients experiencing acute exacerbations with one of three treatments: (a)
three courses of plasmapheresis; (b) IVIg, 0.4 g/kg/day (1.2 g/kg total dose)
for 3 days; and (c) IVIg, 0.4 g/kg/day (2.0 g/kg total dose) for 5 days. The
authors found no statistical difference among the three groups and concluded
that IVIg was as effective as PE.
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IVIg is usually administered at a dose of 2 g/kg over 2–5 days. Onset of
improvement with this dose usually occurs within the first week and lasts for a
mean period of 45 days (108–112). The mechanism of action is not known,
although several possibilities have been advanced (113). Adverse reactions
are usually mild, including headaches, chills, myalgias, nausea, and other gas-
trointestinal symptoms (114,115). Rare adverse effects include an acute ana-
phylactic reaction (116), aseptic meningitis (117), renal tubular toxicity (118),
and stroke (119).

The precise role of IVIg in the treatment of MG has not been deter-
mined. Whether it is as effective (safer?) as PE in myasthenic crisis has not
been conclusively determined. While offering the advantage of rapid onset of
benefit with few side effects, it has the disadvantages of its high cost and the
necessity of serial treatments. Further issues that have not been clarified
include whether IVIg may have a role in the long-term immunosuppressive
regimen in selected patients and, if so, when it should be used in relation to the
other drugs. As is the case for many of the therapeutic agents in MG, the
paucity of controlled clinical trials makes the effective and prudent use of
these agents quite challenging.

3. Therapeutic Approach

When a clear diagnosis of MG is established, treatment must be tailored to
the individual patient. Disease severity determines how aggressive the treat-
ment plan should be. Often the first decision is whether or not to proceed
with thymectomy. This decision requires consideration of a number of fac-
tors, including the patient’s age, severity and distribution of disease, as well
as the patient’s overall medical health. In choosing a specific treatment plan,
the physician must take into consideration the advantages and disadvan-
tages of each treatment modality in the individual patient and carefully
weigh the potential risks against the projected benefits (Table 4.11). The
tolerated risk may vary considerably from one patient to another. For
example, mild intermittent ptosis and diplopia may be tolerable in an 83-
year-old retired steel worker but completely unacceptable in a 38-year-old
pilot. In the latter case, the increased risk incurred by aggressively treating
these recalcitrant symptoms is justifiable. An algorithm for the general
approach to the treatment of a patient with generalized MG is given in
Fig. 4.4.

The severity and stage of disease as well as the patient’s age and general
health are important variables needed to decide on an appropriate treatment
plan. Close monitoring of the clinical course may call for changes in the initial
treatment plan based on responses to therapeutic interventions as well as
patient tolerance. Although there are a number of effective therapeutic
options, the art of managing MG lies in identifying the treatment plan that
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maximizes the likelihood of attaining remission of symptoms at the lowest
possible risk.

VIII. CLINICAL MANAGEMENT IN SPECIFIC SITUATIONS

A. Exacerbations

Exacerbation of MG may occur under a variety of circumstances including
systemic infection, surgery, thyroid hormone imbalance, pregnancy, exposure
to drugs that affect neuromuscular transmission, and too rapid tapering of
immunosuppressant medications. Thus, in managing an exacerbation, it is
important to identify the trigger for the worsening of symptoms. If the trigger

Figure 4.4 Algorithm for the therapy of generalized MG. The therapeutic ap-
proach must be individualized based on disease severity (as shown in the figure)
and other factors described in the text. Consideration should be given to thymec-
tomy in nonthymomatous, generalized MG primarily in patients with disease onset
before the age of 50 (C and D). The therapeutic approach is similar in late-onset
nonthymomatous MG (A and B) with the exception of thymectomy, which is not a
first-line therapeutic intervention in these patients. Dotted line indicates short-term
immunotherapy as preparation for thymectomy.
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is modifiable (i.e., antibiotic treatment for a systemic infection) the appro-
priate action/treatment should be initiated. Drugs that adversely affect neu-
romuscular transmission should be discontinued. If the exacerbation is severe
and produces bulbar or respiratory muscle impairment, hospitalization for a
course of plasmapheresis will produce rapid improvement while the chronic
immunosuppressive regimen is modified. In general, if a worsening is due to a
decrease in an immunosuppressive medication, the dose prior to the worsen-
ing (at a minimum) should be reinstituted. It may be necessary to use a higher
dose to ensure complete control of symptoms in patients with a moderate to
severe exacerbation.

B. Myasthenic Crisis and Intensive Care of the MG Patient

Myasthenic crisis is defined as a severe worsening of symptoms involving
bulbar and/or respiratory muscles, and requiring intubation for either res-
piratory failure or airway protection. There is an extreme variability in the
reported incidence of myasthenic crisis ranging from 8% to 63% of patients
with MG (120–126). Crisis is usually triggered by a specific antecedent event,
although crises may occur without a clear precipitating cause, particularly
early in the course ofMG.Crisis occurs during the first 2 years of disease onset
in the majority of patients (18). Rarely, a crisis occurs in a patient receiving
high-dose cholinesterase inhibitors in which case the exacerbation of symp-
toms may represent a cholinergic crisis. This situation is rare, and it may be
more likely that these patients have experienced a severe MG exacerbation
that was made worse by the increased bronchial and oral secretions induced
by cholinesterase inhibitors.Whatever the case, once a patient is intubated for
MG crisis, cholinesterase inhibitors should be stopped as will be discussed
below.

In general, respiratory assistance is required in anMG patient when the
forced vital capacity is less than 15mL/kg body weight. However, forced vital
capacity measurements may be technically challenging since most of these
patients have significant facial weakness preventing them from being able to
maintain an adequate seal on the spirometer mouthpiece. Thus, bedside
assessments, including the strength of cough and inspiratory sniff, are
valuable aids in determining the need for intubation. As previously discussed,
arterial blood gas measurements are a relatively insensitive measure of
impending respiratory failure in MG.

Once it has been determined that a patient is in crisis, intubation and
institution of mechanical ventilation should not be delayed. Cholinesterase
inhibitors should be discontinued to prevent accumulation of excessive
secretions. A search for a precipitating cause for the myasthenic crisis should
be made. Any systemic infection that is identified should be treated aggres-
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sively with antibiotics, with care taken not to use agents known to worsen
neuromuscular transmission (see Chapter 8).

Patients who are intubated due to severe exacerbations of MG are
usually treated with a course of plasmapheresis or IVIg in an effort to improve
respiratory and bulbar strength as rapidly as possible. High-dose cortico-
steroids are also given to maintain improvement on a long-term basis. Since
the patient is intubated, there is no concern regarding corticosteroid-induced
worsening of symptoms. If a patient experiences crisis while on cortico-
steroids, the dose should be increased and consideration should be given to
starting other immunosuppressive treatments such as azathioprine, cyclo-
sporine, or mycophenolate mofetil. It is important to realize that these agents
have a delayed onset of beneficial effect, and another form of therapy (high-
dose corticosteroids) must be instituted to maintain disease stability until the
effects of these agents become manifest.

Patients should be examined daily to assess for improvement of muscle
strength. Frequently, improvement in other muscle groups coincides with
respiratory muscle improvement. Although examination of intubated pa-
tients in the intensive care unit is frequently limited, selection of specific sen-
tinel muscles may be useful to follow the progress of an MG patient in crisis.
For example, the ability to raise the head off the pillow may be assessed se-
rially. With severe respiratory and bulbar weakness, the neck flexors are of-
ten quite weak and patients will be unable to lift their heads against gravity.
The return of the ability to lift the head signifies a significant improvement
in these patients. Respiratory mechanics may also be used to determine if ex-
tubation should be considered. An inspiratory pressure greater than �20 cm
H2O and an expiratory pressure greater than 35–40 cm H2O are indicators
that extubation should be attempted. Patients may be weaned from the ven-
tilator for short periods of time increasing as tolerated. If patients complain
of shortness of breath or fatigue during weaning, extubation should be de-
layed regardless of the inspiratory or expiratory pressures.

Prior to 1955, myasthenic crisis was fatal in up to 80% of cases. This
situation has improved substantially as demonstrated by a more recent study
(127) in which 3 of 73 patients (4%) died during crisis and four others died
after extubation. All deaths in this series were due to serious medical
comorbidities. Surprisingly, the authors reported that the median duration
of intubation had changed remarkably little since the 1960s and suggested
that prevention of complicationsmay be the best strategy to improve outcome
in the future. However, medical complications are closely associated with
prolonged mechanical ventilation, and minimizing the duration of intubation
is certainly a crucial factor in determining outcome. Until randomized, con-
trolled clinical trials are performed to determine if plasmapheresis, intra-
venous immune globulin, or other forms of immunotherapy truly shorten the
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duration of crisis, clinicians must rely on judgment and anecdotal data to
guide treatment decisions.

Another controversial issue is the preventability of myasthenic crisis.
Does the incidence of crisis correlate with the aggressiveness of early immu-
notherapy, or will patients who are destined to have a crisis have one regard-
less of therapy? If the former is true, this may explain the wide range of crisis
incidences among different reports and institutions. The majority of myas-
thenic crises occur after clinical worsening of MG symptoms. The interval
between the onset of these symptoms and the onset of crisis ranges from 1 to
21 days, andmost frequently occurs between 1 and 3 days (120). Thus, if these
symptoms are recognized and managed in a timely manner, it is conceivable
that crisis may be averted in these patients. Clearly, certain patients experi-
ence severe and acute exacerbations that will lead to crisis no matter what
course of treatment is instituted. However, the incidence of crisis may be a
measure of the effectiveness of therapy, and it is probably prudent to consider
crisis as a preventable event requiring clinical vigilance leading to the prompt
institution of therapy and/or the removal of triggering factors.

C. MG and Thymoma

Roughly 15% of patients with autoimmune MG have an underlying thy-
moma. It is well accepted that thymectomy should be performed in virtually
all patients with thymoma. The only exceptions are patients with widespread
locally invasive disease, patients who are very poor surgical risks, and elderly
patients with small tumors whomay be treated medically while the tumor size
is monitored by serial chest computed tomography. Patients with significant
bulbar or respiratory muscle weakness should be pretreated with a course of
plasmapheresis until maximum improvement is attained. Thymectomy
should follow within a week of the final exchange. Postoperative irradiation
is performed on patients who have tumor spread beyond the thymic capsule.
Subsequent (postsurgical) treatment of patients with thymoma is the same as
for nonthymomatous MG.

CASE 4.3 A 58-year-old man presented to the emergency room with
a 1-week history of progressive limb weakness, dysphagia, dyspnea, and
ptosis. He had a transsternal thymectomy for resection of a ‘‘malignant
thymoma’’ 5 weeks previously. He had no symptoms of weakness prior
to the thymectomy. The thymoma was discovered by chest X-ray ob-
tained as part of the workup for an upper respiratory infection. He
received no postoperative radiotherapy and was on no medications
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other than analgesics at the time of discharge. He recently saw a neu-
rologist who ‘‘did some blood tests’’ and placed him on pyridostigmine
at a dosage of 60 mg every 3 h.

On examination, he was in obvious respiratory distress with a
respiratory rate of 28. He had bilateral, asymmetric, fatigable ptosis
and ophthalmoparesis most prominently affecting the medial and
superior rectus muscles. Eyelid closure and cheek puff were very weak,
as was neck flexion which could be overcome using two fingers. He
had an inaudible inspiratory sniff and a poor cough. There was diffuse
weakness in the extremities graded at 4/5, more prominent in proximal
muscle groups.

A diagnosis of myasthenic crisis was made and the patient was
immediately intubated. His pyridostigmine was stopped, plasmapher-
esis was initiated, and he was started on high-dose daily cortico-
steroids. Within 10 days, his strength improved and he was able to be
extubated. The histopathologic slides from his thymectomy were ob-
tained and reviewed. He indeed had a malignant thymoma with exten-
sion beyond the thymic capsule, and he received a course of radiation
therapy. He continued to improve and by 5 months from the date of
his presentation, was essentially in pharmacologic remission on an
alternate-day prednisone regimen (50 mg every other day). Computed
tomography (CT) of the chest was obtained and there was no evidence
for thymoma recurrence.

A steroid-sparing agent (azathioprine) was added and his pred-
nisone dose was slowly decreased without return of myasthenic symp-
toms. Two years from the date of his original presentation, he presented
to the emergency room with severe chest wall pain. Chest imaging
revealed recurrence of thymoma with metastases to the pleura and peri-
cardium which was judged to be ‘‘inoperable.’’ He received chemo-
therapy and radiation, but expired 3 months later.

Discussion This case illustrates a number of important points. First,
it is important to realize that patients with thymoma who do not have
obvious signs of MG may have asymptomatic, subclinical disease that
is prone to exacerbations particularly after significant stressors such as
surgery. This is almost certainly what happened with this patient. The
most common precipitant for MG exacerbation is surgery, particularly
thymectomy, and it is not unusual for these exacerbations to be severe
(often culminating in myasthenic crisis) and to occur several weeks af-
ter the surgical procedure.

Second, this patient had a malignant thymoma with disease be-
yond the thymic capsule, so plans for postoperative radiotherapy
should have been arranged after his thymectomy. Once his condition
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It is reasonable to perform chest CT at least yearly in MG patients after
invasive thymoma resection. An exacerbation of MG that does not respond
adequately to immunosuppressive therapy may be evidence for thymoma
recurrence. On the other hand, malignant thymomas may recur without
significant exacerbation ofMG (128). Thymoma recurrencesmay occurmany
years after thymectomy suggesting that surveillance should be prolonged.
Furthermore, recurrences of encapsulated tumors have been rarely reported
suggesting that postoperative surveillance should include patients with
tumors limited to the thymic capsule (129).

Antibodies to muscle antigens (i.e., striational, titin, ryanodine) have
been used to predict the presence of a thymoma but are of limited utility, as
discussed in Chapter 3. When combined, the presence of ryanodine and titin
antibodies is 70% sensitive and 70% specific for the presence of thymoma
(130), with sensitivity and specificity improving in younger onset disease.
Thus, in patients with early-onset MG, the presence of antimuscle antibodies
is reasonably predictive of thymoma. However, in the majority of these cases,
thymectomy is likely to be performed regardless. In late onset patients, the
presence or absence of antimuscle antibodies is not useful in determining the
presence of thymoma.

D. ‘‘Seronegative’’ MG

Approximately 15–20% of MG patients do not have detectable antibodies to
AChR. Patients without AChR antibodies are more likely to have mild
disease, ‘‘ocular MG’’ (see below), less likely to have thymoma, and more
frequently have a normal thymus or thymic atrophy (131). Seronegative
patients are otherwise clinically very similar to AChR-positive patients, and
their treatment is no different. The diagnosis of autoimmune MG in these
patients is usually based on single-fiber electromyography demonstrating a
primary defect in neuromuscular transmission.

There is strong evidence that seronegative MG is caused by autoanti-
bodies. Treatment of these patients with immunosuppressive medications
results in clinical improvement. Immunoglobulin from affected patients

was stabilized, he underwent a course of radiation and a follow-up
chest CT was obtained 6 months later to determine if there was residual
or recurrent thymoma. He subsequently (18 months later) developed
recurrent malignant disease during a time when his myasthenia was
under good control, emphasizing the importance of regular monitoring
by chest CT even if there is clinical remission of MG symptoms. Tumor
progression was not associated with disease deterioration in this case,
as is usually expected.
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causes a defect in neuromuscular transmission when transferred tomice (132),
and sera from patients with seronegative MG inhibits the function of AChRs
(133). There are three possible explanations for seronegative MG cases: (a)
antibodies could be bound to the endplates without detectable circulating
antibodies; (b) variation in antigenic determinants might result in antibodies
that do not react with the assay antigen but still cause symptoms; or (c) the
available assays are not sensitive enough to detect low levels of circulating
antibody. More than one of these possibilities may be applicable depending
on the individual case. SeronegativeMG patients are clinically heterogeneous
and may include patients with purely ocular symptoms, patients with mild
generalized disease, or patients with severe generalized MG. It is likely that
the reason for seronegativity differs among these individuals.

As noted in Chapter 3, antibodies to the muscle-specific receptor tyro-
sine kinase (MuSK) have been demonstrated in approximately 70% of sero-
negative MG patients with generalized symptoms, but not in patients with
AChR-positive disease (134). MuSK is required for the normal formation
and development of the neuromuscular junction, but its role in mature mus-
cle is not clear. Thus, it is not known how the antibodies to MuSK affect
neuromuscular transmission and lead to myasthenic weakness in these pa-
tients. Nevertheless, patients with MuSK antibodies appear to account for a
significant number of seronegative patients with generalizedMG, and disease
pathogenesis in these patients differs from that of seropositive MG, suggest-
ing a distinct disease entity. On the other hand, seronegativity in mild or
purely ocular disease may more likely be explained by low-level disease activ-
ity, combined with the enhanced physiologic susceptibility of the extraocular
muscles to mild disturbances in neuromuscular function.

E. ‘‘Ocular MG’’

Ptosis and diplopia are among the most common symptoms in MG. In
approximately 10–15% of patients, symptoms remain confined to the ocular
muscles for an extended period. Roughly 50%ofMGpatients will have solely
ocular symptoms at the time of presentation (135), and approximately 49–
70% of these patients will develop generalized symptoms (18,135). The risk
of generalization decreases with increasing duration of purely ocular symp-
tomatology and is highest during the first 2 years from onset of symptoms.
However, there are no clear clinical or electrophysiologic features that
accurately predict generalization, including seropositivity. In other words,
seropositive patients with purely ocular weakness are no more likely to go on
to develop generalized disease than seronegative patients.

There are a number of factors that may explain the ‘‘selective’’ involve-
ment of ocular muscles in MG, including the hypothesis that the auto-
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immune attack may be focused on distinct antigenic determinants unique to
these muscles. Extraocular muscles have significant physiologic as well as
immunologic differences compared to skeletal muscle (136). It may be likely
that ‘‘ocular MG’’ represents a very mild form of autoimmune MG and that
the ocular muscles are physiologically more sensitive to the effects of mildly
impaired neuromuscular transmission.

Treatment of the MG patient with purely ocular symptoms requires an
accurate assessment of the functional impairment and its effect on the
patient’s life. The physician needs to educate the patient regarding the
possible complications of immunosuppressive treatment, particularly corti-
costeroids. These risks likely outweigh the benefits if treatment is being
considered for purely cosmetic reasons. However, in other patients with
diplopia having a profound bearing on their livelihood (i.e., pilots, surgeons),
the risk–benefit ratio becomes more balanced. Patients should be started on
cholinesterase inhibitors and the dose should be titrated for optimal control
of symptoms. Cholinesterase inhibitors may control symptoms adequately in
some patients. In others, corticosteroids are required, and should be started at
a dose of 20mg/day with gradual increases every 2–3 days until symptoms are
controlled.Many patients experience a recurrence of symptoms with tapering
of corticosteroids. If this occurs at a moderately high dose (i.e., greater than
25 mg every other day), a steroid-sparing agent should be added. Cortico-
steroid treatment may reduce the risk of generalization (137), but this
observation needs to be confirmed.

F. MG and Pregnancy (Transitory Neonatal MG)

Pregnancy is not contraindicated in MG. However, the outcome may be
affected by the course of the disease and its management. The course of MG
is variable during pregnancy, but approximately 47% of women experience
onset of disease or worsening during the first trimester or in the immediate
postpartum period (138). Cholinesterase inhibitors and prednisone are safe
to use in pregnancy. However, azathioprine and cyclosporine are potentially
teratogenic and the effects of plasmapheresis and intravenous immune
globulin are largely unknown, although there are case reports of plasma-
pheresis being used successfully during pregnancy (139). This makes for
a number of challenging therapeutic decisions that are unique to this group
of patients.

Immunosuppressive agents such as azathioprine and cyclosporine
should be avoided when possible. When contemplating becoming pregnant,
a woman with MG should have a discussion with her neurologist regarding
the risk to herself and the fetus of various changes in her treatment regimen.
Patients on azathioprine or cyclosporine may be taken off these medications
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prior to conception. In the case of azathioprine, it may be necessary to be
completely off treatment for 6 months to effectively minimize risk. Patients
in remission or with minimal clinical manifestations may be observed for
worsening of symptoms. If worsening occurs, weakness can be controlled
using cholinesterase inhibitors, corticosteroids, and/or plasmapheresis. The
concerns regarding plasmapheresis involve the risk of removing the circu-
lating factors important for the maintenance of a normal pregnancy, and
the risk of the transient anticoagulated state predisposing to spontaneous
abortions.

Although most MG experts advise discontinuance of azathioprine if a
woman with MG becomes pregnant, there are reports of its use without
significant fetal risk in transplantation patients (140). Discontinuing azathio-
prine may pose a greater risk to the mother and fetus than the potential
teratogenicity due to disease exacerbation and respiratory compromise. A
thorough discussion of the options for management of the potential risks of
both continuing and stopping azathioprine should be initiated with the
patient. It is also very important to communicate the agreed upon plan to
the patient’s obstetrician.

Since the uterus is composed of smooth muscle, it is not weakened by
MG, and most women withMG have a normal vaginal delivery. Intravenous
cholinesterase inhibitors may precipitate uterine contractions and should not
be used. Magnesium sulfate is contraindicated due to its adverse effect on
neuromuscular transmission. Postpartum exacerbation of MG symptoms
should be anticipated, and patients should be monitored carefully because
weakness can advance quite rapidly. In severe cases, postpartum exacerba-
tion may lead to myasthenic crisis. The treatment of exacerbation or crisis
in the postpartum period is the same as for exacerbation or crisis due to any
other precipitating event.

Transient neonatal MG develops in approximately 20% of children
born to myasthenic mothers (141). Antibodies to the AChR are transferred
frommother to infant in all pregnancies ofmothers with seropositiveMG, but
neonatal MG does not occur in the majority of cases. The pathogenic role of
these antibodies is therefore questionable. In addition, transient neonatalMG
also occurs in children ofmothers with seronegativeMG. There are no clinical
or serologic features that are predictive of the development of transient
neonatal MG. Affected infants will present with a weak cry, hypotonia, or
respiratory failure. Symptoms usually begin within a few hours after birth,
but may be delayed for up to 3 days. Accordingly, all infants born to
myasthenic mothers should be carefully monitored for signs of myasthenic
weakness for the first 3–4 days of life. The diagnosis is straightforward when
the mother is known to have MG but may be difficult in asymptomatic
mothers not carrying the diagnosis. There is evidence to suggest that anti-
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bodies to fetal AChR may be important in the development of transient
neonatal MG (142). Once the diagnosis is made, supportive treatment is
indicated since symptoms typically last for about 3 weeks, although recovery
may not be complete for up to 2 months (141). Ventilatory support and naso-
gastric feeding may be necessary in severe cases. Anticholinesterase agents
given prior to feedings may facilitate oral intake. Plasma exchange treatments
have rarely been used and may accelerate clinical improvement (143).

G. Juvenile/Childhood MG

The occurrence of autoimmune MG prior to age 18 is well established
(144,145). Childhood or juvenile MG patients account for approximately
10–15% of all patients with autoimmune MG (146). Fluctuating, fatigable
weakness affecting the ocular, bulbar, respiratory, and extremity muscles is
the hallmark of the disease, as is the case for adult-onset MG. AChR bind-
ing antibody levels are usually elevated in generalized disease. However, the
highest proportion of ‘‘seronegativity’’ (36–50%) occurs among the youngest
(prepubertal) patients (147). This makes diagnosis difficult because it is
precisely these patients in whom the distinction between autoimmune MG
and a congenital myasthenic syndrome is most difficult. Electrodiagnostic
studies can help to identify a defect in neuromuscular transmission but can-
not always distinguish between an autoimmune and congenital cause (see
Chapter 6). A beneficial response to plasmapheresis or intravenous immune
globulin may help to establish a diagnosis of autoimmune MG in some
children where the diagnosis is not clear.

The options for management of childhoodMG are not significantly dif-
ferent than those available for management of the adult disease. Treatment
is initiated with pyridostigmine at an initial dose of 1mg/kg every 4–6 h, which
is then titrated to the optimally effective and tolerated dose. If symptoms are
controlled, it is reasonable to continue to treat symptomatically and observe.
Spontaneous remissions are relatively common particularly in prepubertal
patients (144), so that subsequent treatment decisions require careful consid-
eration of the risks and benefits. Several studies have indicated that thymec-
tomy is generally effective in childhood MG, with remission rates ranging
from 11% to 75% (144,145,148–151). However, given the rate of spontaneous
remission in prepubertal disease, thymectomy likely produces little added
benefit in this group of patients. In peripubertal or pubertal patients, it is
reasonable to offer thymectomy within the first year of disease onset as a
treatment option. Concern regarding enhancement of autoimmunity and the
development of immune incompetence in neonatal mice undergoing thymec-
tomy does not appear to be applicable to humans (152). Plasmapheresis is an
effective short-term immunotherapy that can be used to prepare moderate to
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severely affected patients for thymectomy. The decision to initiate steroid
treatment either prior to or after thymectomy needs to be made on an
individual basis. Steroid-induced growth retardation is correlated with
cumulative exposure and is maximal in peripubertal boys (153). Other forms
of immunosuppression are used in more severe and refractory cases in a
manner similar to that described in adult MG.

H. Late-Onset MG

Onset of autoimmune MG after the age of 50 has become more prevalent
and is more common in males. The presenting features are no different than
young-onset disease. The main immunologic difference is the increased
finding of antibodies to non-AChR muscle proteins (titin and ryanodine)
which can be detected in approximately 50% of patients with late-onset MG
(154). Obviously, life expectancy and concurrent illnesses are important
considerations in deciding on a treatment plan. If symptoms are not con-
trolled with cholinesterase inhibitors, one may add azathioprine in patients
who are relatively stable and do not require a more rapid onset of benefit.
Mycophenolate mofetil monotherapy may turn out to be a very useful
treatment strategy in elderly patients. The onset of benefit of mycophenolate
mofetil appears to be shorter than that of azathioprine, and the side effect
profile is attractive particularly in elderly patients. Alternatively, high-dose
daily prednisone may be used as the initial immunosuppressive agent as has
been described, followed by steroid-sparing agents (i.e., azathioprine, myco-
phenolate) if needed.

I. Medications/Situations to Avoid

A number of prescription and nonprescription drugs may potentially worsen
symptoms ofMG. A list of the implicated drugs may be found in Chapter 8. It
is good practice to advise patients to be alert for any change in their MG
symptoms following institution of a new medication regardless of whether
that medication is on the list. The stress of surgery and some of the drugs used
in the operating room may exacerbate myasthenic weakness. First of all,
neuromuscular blocking agents should be used sparingly if at all because of
the risk of prolonged paralysis in MG patients exposed to these agents. In
general, it is preferable for a procedure to be performed under local anesthesia
if possible. If general anesthesia is required, inhalation anesthetic agents
without neuromuscular blocking drugs should be used. Patients with well-
controlled MG usually tolerate most surgical procedures without difficulty
and without the need for specific changes in theirMGmedication. Patients on
prednisone should receive a ‘‘stress’’ dose of corticosteroids equivalent to
twice their daily dose prior to surgery.
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J. Familial Autoimmune Myasthenia Gravis and Other
Genetic Factors

A minority of patients (3%) have family members with a history of auto-
immune MG (155). Familial autoimmune MG is otherwise no different from
the nonfamilial forms in terms of clinical manifestations and response to
treatment. An association with autoimmune thyroid disease or other auto-
immune illnesses is occasionally present (see below). All clinical manifesta-
tions ofMGmay occur, and different disease types and severities may be seen
within families (156).

It is likely that several genetic and environmental factors are important
in conferring a susceptibility to MG. Along these lines, associations between
certain human leukocyte antigen (HLA) class II alleles and MG have been
observed. In particular, HLA-A1, B8, and DRw3 alleles have been found in
Caucasian MG patients with early-onset disease and no thymoma (157,158).
Conversely, increased frequencies of HLA-A3, B7, and DRw2 have been
demonstrated in older myasthenic with low AChR antibody levels (157,158).
It is clear that the immunogenetics of MG is not linked to a single allele, and
this genetic heterogeneity is likely responsible for the clinical and immuno-
pathologic heterogeneity observed in MG patients.

K. Other Autoimmune Illnesses

Autoimmune thyroid disease is the most common associated autoimmune
disease in MG patients. Onset or exacerbation of thyroid disease usually
results in clinical worsening of MG. This is important since treatment of the
thyroid derangement usually results in improvement of MG. Approximately
9–14% of MG patients develop other autoimmune diseases (159), including
systemic lupus erythematosus, rheumatoid arthritis, Sjögren’s syndrome,
pernicious anemia, and polymyositis. MG patients with thymoma may have
myositis, neuromyotonia, and myocarditis (160). MG patients may also have
elevated serum levels of organ-specific autoantibodies in the absence of
clinical manifestations of other autoimmune illnesses (161). These cases
may best be explained by a basic, genetically determined predisposition to
the development of immune dysregulation.

IX. OVERVIEW

Myasthenia gravis is one of the best understood human autoimmune diseases.
Its signs and symptoms are caused by an autoimmune attack directed toward
the AChRs of skeletal muscle, resulting in impaired function of these
receptors and clinical muscle weakness. The recognition of the characteristic
signs and symptoms of fatigablemuscle weakness affecting the ocular, bulbar,
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respiratory, and limb muscles forms the basis for the diagnosis of MG.
Treatment of patients with MG may be divided into symptomatic treatment
and immunosuppressive treatment, which in turn may be divided into short-
and long-term approaches. The selection of therapeutic agents in MG
requires a careful consideration of the expected benefits of therapy vs. the
potential adverse effects, and should be individualized based on disease
course, severity, age of onset, and medical comorbidities. The prognosis of
MG is very good, and with the appropriate treatment most patients achieve
and maintain nearly complete control of myasthenic symptoms.
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5

Lambert-Eaton Syndrome

I. INTRODUCTION

Lambert-Eaton syndrome (LES) is a rare acquired autoimmune disease in
which pathogenic autoantibodies are directed against the voltage-gated
calcium channels (VGCCs) on the presynaptic nerve terminal. As discussed
inChapter 1, the opening of these calcium channels is required for the influx of
calcium into the presynaptic terminal, which leads to the exocytosis of
synaptic vesicles and the release of acetylcholine. The pathogenic VGCC
antibodies compromise presynaptic function by impairing the quantal release
of acetylcholine.

LES is characterized clinically by the triad of muscle weakness, de-
pressed muscle stretch reflexes, and autonomic dysfunction. There are two
main groups of LES patients: (a) those with underlying neoplasms (small cell
lung cancer in most) in which the autoimmune dysregulation is part of a
paraneoplastic syndrome, paraneoplastic LES (P-LES); and (b) those without
an underlying neoplasm in which the trigger for the autoimmune dysregula-
tion is not known, nonparaneoplastic LES (NP-LES).

II. HISTORY

The first report of the occurrence of amyasthenic syndrome in a patient with a
pulmonary neoplasm was published in 1953 (1). A 47-year-old man with
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fatigable proximal extremity weakness and absent tendon reflexes who
experienced prolonged apnea after administration of succinylcholine was
the subject of this report. The authors concluded that ‘‘such neoplasms might
give rise to an unusual form of peripheral neoropathy, possibly similar to
myasthenia gravis’’ (1). The first case series followed in 1956 with a report by
Lambert, Eaton, and Rooke (2) and in 1957 with an article by Eaton and
Lambert (3). The patients in these initial reports had fatigable muscle weak-
ness that differed from the weakness of myasthenia gravis in its distribution
and the associated clinical features of areflexia and autonomic dysfunction.
By 1961, Lambert and colleagues had collected 17 cases (4), of which 7
involved small cell lung cancer (SCLC) and 3 involved other intrathoracic
malignancies. Included in this case series were 7 patients who had no signs of
cancer despite extended follow-up.

The pathophysiology of LES was first described by Elmqvist and
Lambert (5,6) who demonstrated the presynaptic localization of dysfunc-
tion associated with reduced quantal release of acetylcholine. Doctor Lam-
bert and colleagues also defined the clinical features and electrodiagnostic
findings in a series of patients. The hypothesis that LES was an autoimmune
disease was initially proposed by Gutmann et al. (7), who noted the occur-
rence of other autoimmue diseases in NP-LES. Other pertinent reports re-
garding the pathophysiology of LESwill be discussed in the section ‘‘Etiology
and Immunopathogenesis.’’

Vroom and Engel first reported a beneficial effect of corticosteroids in
LES (8). In 1979, Lundh and colleagues reported clinical improvement in the
symptoms of muscle weakness using 4-aminopyridine in six patients withMG
(9). An analogue of 4-aminopyridine, 3,4-diaminopyridine (3,4-DAP), was
reported to induce improvement in LES with fewer side effects due to its
limited penetration into the central nervous system (10). Further experience
with the use of 3,4-DAP in the management of LES was subsequently re-
ported by McEvoy et al. in 1989 (11) and Sanders et al. in 1993 (12) Im-
munomodulating therapy in the form of plasmapheresis (13), intravenous
immune globulin (IVIS) (14), and chronic immunosuppressive agents (13)
were also reported to be effective in some LES patients.

III. EPIDEMIOLOGY AND NATURAL HISTORY

LES is a rare disease, and its true prevalence can only be estimated. It has
been estimated that LES occurs in approximately 6% of all patients with
small cell lung cancer (SCLC) (15–17), which would result in an annual
incidence of LES associated with SCLC of roughly 8 per 1 million (18). Since
roughly half of all LES patients have an underlying SCLC, the incidence of
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LES should be twice this number, but in fact LES is diagnosed much less
frequently. This is likely due to the fact that the disease probably goes un-
diagnosed in a significant number of patients. Particularly in P-LES (but also
in NP-LES) the presenting symptoms may be dismissed and attributed to
depression, deconditioning, or cachexia. This error is often encouraged by
the finding of minimal weakness on physical examination (see below).

The natural history of LES obviously depends onwhether or not there is
an associated malignancy. The outcome for SCLC is poor with median
survival of 10–16 months for patients with limited disease and 7–11 months
for patients with extensive disease (19,20). Although SCLC is responsive to
chemotherapy, most patients relapse and die from their disease, with a 5-year
survival rate of 15% (2). In most patients, weakness does not affect muscles
severely, and the main determinant of prognosis is the clinical response to
management of the underlying tumor.

In LES patients without cancer, the long-term outlook is variable.
Roughly half of these patients achieve sustained remission of symptoms,
although most require substantial, long-term treatment with immunosup-
pressive medications (21). The remainder of patients have varying degrees of
long-term disability. The only predictor of long-term outcome (clinical
remission and/or independent ambulation) is the severity of weakness in
proximal limb muscles. Prognosis is also determined by the side effects of
immunosuppressive agents and the presence and severity of other auto-
immune conditions.

IV. ETIOLOGY AND IMMUNOPATHOGENESIS

A. Immunopathogenesis and Pathophysiology of LES

Lambert-Eaton syndrome is an antibody-mediated neurologic disease in
which the presumed autoantigen is the VGCC on the presynaptic nerve
terminal VGCCs are found associated with all excitable tissues. A diagram of
the structure of VGCCs is shown in Fig. 5.1. There are different types of
VGCCs based on their pharmacology and biophysical properties (L type, N
type, P/Q type, etc.), which are in a large part determined by the pore-forming
a1 subunit (22,23). The release of acetylcholine at the mammalian neuro-
muscular junction appears to bemediated by calcium influx through P/Q-type
VGCCs (24), which are also present at preganglionic autonomic synapses.

The initial studies of Elmqvist and Lambert (3), in which detailed
electrophysiologic studies were performed on a single patients, characterized
the pathophysiology of LES. These findings were subsequently confirmed in
a larger group of patients (4). Detailed microelectrode recordings revealed
the nature of the neuromuscular transmission defect. Miniature endplate
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potential (MEPP) frequency and amplitude were normal, but the quantal
content and subsequently the endplate potential (EPP) amplitude were
reduced, causing a decrease in the safety margin of neuromuscular trans-
mission (see Chapter 2). The EPP amplitudes increased with high-frequency
nerve stimulation or bathing in high-calcium solutions. Furthermore, the
electrophysiologic abnormalities found in LES patients closely resembled the
experimental findings in neuromuscular junctions bathed in low-calcium
solutions, suggesting that calcium flux was involved in the pathogenesis of
the disorder.

The role of the VGCCs in the disease was elucidated by Fukunaga and
colleagues, who described ultrastructural abnormalities of the motor nerve
terminal in LES patients (25). They found that the density of the active zones
on the presynaptic nerve terminal was reduced in LES patients. Recall from
Chapter 1 that the active zones and active zone particles of the nerve terminal
seen on electron microscopy contain the VGCCs. Normally, the active zone
particles are arranged in parallel arrays on the presynaptic nerve membrane.
In patients with LES, these arrays are disrupted (Fig. 5.2), and the active
zones cluster and are reduced in number. These findings indicated that a

Figure 5.1 Schematic representation of the voltage-gated calcium channel
(VGCC). VGCCs form pores across the cell membrane and consist of a1, a2-y
complex, and h subunits. VGCCs in skeletal muscle also have a membrane-
spanning g subunit. The subunits have different functions, but it is the a1 subunit
that forms the transmembrane pore.
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reduction in the number of functional VGCCs was involved in the patho-
genesis of LES and that the VGCCs were the likely target of the disease.

The hypothesis that LES was an autoimmune disease preceded Fuku-
naga’s report of the probable autoantigen by more than 10 years (7). This
hypothesis was initially based on the association of LES and other auto-
immune disorders, such as autoimmune thyroid disease and pernicious ane-
mia. Additional observations in favor of an autoimmune etiology included
the disease’s favorable response to plasma exchange and other immunosup-
pressive medications. More direct evidence is the ability to transfer clinical,
electrophysiological, and morphological features of the disease to mice using
serum from affected patients (26). The finding of autoantibodies binding to
the VGCCs in the majority of patients with LES solidified the autoimmune
argument. Subsequently, the blocking effect of anti-VGCC antibodies on
calcium influx in cells expressing the a1A subunit of the VGCC (as found on P/
Q-type VGCCs) suggested that this subunit was the relevant autoantigen in
the disease (27).

Since we have seen that there are clear morphological alterations
that occur on the presynaptic membrane in LES, the binding of anti-
VGCC antibodies must do more than simply block conductance through
the channel pore. In fact, the interaction of the anti-VGCC antibodies with

Figure 5.2 Freeze-fracture electron micrographs of presynaptic membrane from
normal muscle (A), and from a patient with LES (B). Note the multiple, double
parallel rows of membrane particles (arrows) representing the voltage-gated
calcium channels in the normal presynaptic membrane. In contrast, the pre-
synaptic membrane from the patient with LES shows scattered clusters of mem-
brane particles without the normal double parallel row arrangement. Reproduced
from Ref. 25.
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their target antigen may set into motion a series of events (perhaps similar
to myasthenia gravis in which there is cross-linking and internalization of
receptor proteins) that eventually leads to depletion of the number of
functional calcium channels. As a consequence, the influx of calcium into
the nerve terminal is impaired resulting in a decreased quantal release of
acetylcholine. Maneuvers that increase the calcium concentration in the
nerve terminal (repetitive nerve stimulation or brief sustained exercise)
improve neuromuscular transmission in LES, and underlie the charac-
teristic and often diagnostic electrophysiological findings (see below and
Chapter 3).

The prominent autonomic symptoms frequently observed in LES may
be understood by examining the role of VGCCs in autonomic neuroeffector
transmission. Transmitter release from autonomic neurons is dependent on
calcium entry through mainly N-type (but also P/Q- and/or R-type) VGCCs
(28). The relevant channel subtype varies according to the transmitter
released and the specific tissue involved. Table 5.1 is a partial list of the
distribution of VGCC subtypes in the human nervous system. At auto-
nomic synapses, it is believed that LES immunoglobulin impairs transmitter
release at sympathetic and parasympathetic neurons through down-regula-
tion of one or more subtypes of VGCCs (P/Q, N, etc.) (29). This down-
regulation inhibits autonomic transmission and likely underlies the symptoms
of autonomic dysfunction observed in LES. Only a minority of LES patients
with autonomic symptoms (31%) are seropositive for antibodies to the
N-type VGCCs, arguing against a pathogenic role for these antibodies (30).
In contrast, the vast majority of these patients are seropositive for antibodies
to the P/Q-type VGCCs, as are the majority of LES patients in general.
Neither of these antibodies is correlated with the severity of autonomic
dysfunction.

Table 5.1 Distribution of Voltage-Gated Calcium
Channel Sub-Types in the Nervous System

Site L type N type P/Q type

Brain � + +
ANS � + +
NMJ � � +
Muscle + � �
NMJ, neuromuscular junction; ANS, autonomic nervous

system; +, present; �,absent.
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B. LES and Cancer

The association of LES with an underlying cancer (particularly SCLC) was
apparent from the initial reports describing the syndrome. Cancer is present at
the time of diagnosis of LES or is subsequently found in approximately 40%
of cases (Fig. 5.3). In the vast majority of cases, this is SCLC, but other
malignancies have been associated with LES including hematologic (31–33),
breast (34), prostate (35,36), and neuroendocrinemalignancies (37,38), as well
as malignant thymoma (39,40). Today LES is the most common and one of
the best characterized paraneoplastic syndromes. Paraneoplastic neurolog-
ical syndromes are believed to be triggered by the presence of a tumor, most
often SCLC (41). The tumor is believed to express ‘‘onconeural’’ antigen,
which share features with molecules normally expressed in tissues composing
the nervous system (neurons, axons, muscle, etc.). In rare instances, it is
believed that the immune response initially mounted against the tumor ‘‘spills

Figure 5.3 Incidence of malignancy associated with LES in four large patient
series. C LES = LES with documented malignancy, NC LES = LES without evi-
dence of cancer. Numbers at top of each column indicate total number of patients
in each study.
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over’’ to attack tissues of the nervous system expressing similar or related
antigens (42).

There are several solid lines of evidence that support the above
mechanism in P-LEMS: (a) the P/Q-type VGCCs are the primary mediators
of acetylcholine release at the neuromuscular junction (43); (b) functional P/
Q-type VGCCs are expressed in SCLC cells (44,45); (c) autoantibodies from
LEMS patients immunoprecipitate the same VGCC subtype (46); and (d)
imunoglobulin obtained from LEMS patients down-regulates P/Q-type
calcium channels in SCLC cells (47). This evidence suggests that SCLC cells
(specifically P/Q-type calcium channels) provoke a cross-reactive autoanti-
body response targeted to the P/Q type VGCCs on the presynaptic nerve
terminal. Clinical support for this hypothesis is the observation that patients
with LEMS may have striking remission of symptoms of muscle weakness
and fatigue with management of the underlying SCLC (48). Interestingly,
the prognosis of SCLC appears to be better in patients with LES compared to
patients without (49). This may be explained by a more effective immuno-
logical response to the cancer, which leads to the development of LES but also
improves survival. On the other hand, the presence of LES allows for early
detection of an underlying carcinoma, and this may contribute to the more
favorable outcome in these patients.

C. LES in the Absence of Malignancy

If this is the mechanistic explanation for P-LES, what is the provoking trigger
in NP-LES? One possibility is that patients with NP-LES in fact have an
underlying tumor that remains undetected for an extended period. This seems
unlikely because there have been patients with LES who have no detectable
tumor after many years of follow-up. Both NP-LES and P-LES have an
increased association with other autoimmune illnesses, which was the obser-
vation that initially led to the hypothesis that LES is an autoimmune disease.
O’Neill et al. (34) found a personal or family history of autoimmune disease in
34% of their patients (Fig. 5.4). Lennon and colleagues (50) found that the
incidence of detectable organ-specific antibodies (thyroid, gastric, and/or
skeletal muscle) in the serum of LES patients was increased in comparison
with a matched control population. In patients without detectable cancer,
these autoantibodies were found in 52% of patients compared with 28% of
patients with a known tumor. An increased association with human leukocyte
antigen (HLA) B8 and an increased frequency of IgG heavy chain markers
have also been reported in NP-LES patients (51).

These data indicate that there is evidence for immune dysregulation in
patients with NP-LES that may predispose them to developing the disease.
However, there are no major distinguishing clinical, serological, or patho-

Chapter 5164



logical differences that separate NP-LES from P-LES, with the exception of
the fact that elevated titers of antibodies to the P/Q-type VGCCs are more
commonly found in P-LES compared with NP-LES. In addition, there is a
male predominance and a higher age at disease onset in patients with P-LES
(52). Unfortunately, these are not features that will allow for a clear distinc-
tion. As with nonthymomatous myasthenia gravis, the specific provoking
factor in NP-LES is simply not known. This argues that there may be more
than one trigger that leads to the development of a single autoimmune disease
like LES, but once the autoimmune response is initiated the resulting clinical
syndromes are virtually indistinguishable.

In general, once a patient with LES has been symptomatic formore than
5 years without discovery of an underlying malignancy, LES is unlikely to be
paraneoplastic and is probably caused by a primary (nonparaneoplastic) au-
toimmune process.

V. CLINICAL PRESENTATION

Patients with LES typically have a characteristic presentation consisting
of progressive proximal muscle weakness prominently affecting the hip gir-
dle muscles, diminished or absent muscle stretch reflexes, and autonomic
disturbance. Despite this, the diagnosis is frequently missed or delayed,
likely due to the fact that symptoms usually begin insidiously and physical
examination findings may be minimal (particularly early in the course of

Figure 5.4 Organ specific autoimmune disease in LES. PH = personal history,
FH = family history. Data from Ref. 34.
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the disease). Many patients have symptoms for months or even years before a
diagnosis is made.

A. Symptoms

Weakness is the major symptom, with proximal muscles (particularly in the
lower extremities) more effected than distal muscles (Table 5.2). Weakness in
the hip and proximal leg muscles is most often the presenting symptom (34).
Virtually all patients complain of leg weakness at some stage during the
illness. The symptoms of weakness often affect the patient’s ability to run,
walk, climb stairs, or arise from a chair. The affectedmuscle groupsmay ache,
feel stiff, or be tender to palpation. These painful symptoms may also be
worsened by exercise, occasionally leading to the misdiagnosis of neurogenic
claudication due to lumbar canal spinal stenosis. Symptoms may be worse in
warm weather or after a hot bath.

Upper limb weakness is usually mild in comparison with the lower
extremity weakness in LES but is also more prominent in proximal than distal

CASE 5.1 A 65-year-old man complained of progressive leg weakness
and pain for the past 3 months. He had smoked two packs of cigarettes
per day for more than 40 years. Magnetic resonance images of the
lumbosacral spine showed degenerative changes at multiple levels. A
provisional diagnosis of lumbosacral spinal stenosis (causing neurogenic
claudication) was made, but the patient sought a second opinion.

Physical examination revealed mild weakness of shoulder abduc-
tors and hip flexors. The patient could not arise from a squat and could
not hold his arms above his head for more than 15 seconds. He had a
very mild right ptosis with normal extraocular muscle function. Muscle
stretch reflexes were absent. The results of repetitive nerve stimulation of
the ulnar nerve demonstrated a low compound muscle action potential
amplitude, a 20% decrement with 3 Hz stimulation, and postactivation
facilitation of 225%. A diagnosis of LES was made. Computed tomo-
graphy scan of the chest revealed a lungmass which on biopsy was found
to be small cell lung cancer. Treatment directed to the cancer resulted in
virtual remission of his symptoms of weakness.

Discussion This man presented with progressive leg weakness and
an examination that was classic for LES. The symptoms of exertional
leg pain (which may be seen in LES) led to the initial misdiagnosis
of lumbosacral spinal stenosis. His age and smoking history strongly
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muscles. Although less common than leg weakness, upper extremity weakness
occurs in the majority of LES patients. Patients may complain of difficulty
holding their arms above their heads, a complaint reminiscent of myopathy.
However, they may also complain of weakness and stiffness brought on by
repetitive use of the hand or arm.

Cranial nerve symptoms are experienced by 70% of patients (34). These
symptoms are usually mild and frequently transient. Diplopia and ptosis are
the most commonly reported. Occasionally, oropharyngeal muscles are
involved, causing dysarthria, dysphagia, difficulty chewing, or even dyspho-
nia. The cranial nerve-innervated muscles are typically not affected to the
degree seen in myasthenia gravis. Symptomatic respiratory muscle involve-
ment is uncommon, although it may rarely be the presenting symptom.

Autonomic dysfunction is a very common manifestation of LES. The
most common symptoms are drymouth, which is reported in 77%of patients,

suggested that he had an underlying lung cancer. In LES patients
with cancer, the initial therapeutic priority is management of the
malignancy, which may in certain cases result in significant improve-
ment in the symptoms of muscle weakness as seen in this patient.

Table 5.2 Symptoms and Signs in 50
LES Patients

Symptoms and Signs %

Symptoms
Lower limb weakness 100
Dry mouth 74
Fatigability with exercise 62
Diplopia 50
Ptosis 42
Muscle pain/stiffness 36
Weight loss 24

Signs
Muscle weakness 92
Lower limbs 90
Upper limbs 82
Depressed/absent reflexes 92
Cranial nerve signs 62

Source: Data from Ref. 34.
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and impotence, which is seen in 44% of men (30). Most patients complain
of dry mouth often preceding the onset of limb weakness and fatigability.
Many patients do not report the symptoms of dry mouth unless specifically
questioned. Patients occasionally complain of an unpleasant, metallic taste in
the mouth. Other less common autonomic manifestations include dry eyes,
orthostatic hypotension, and hyperhidrosis.

Weight loss or other systemic symptoms are occasionally reported.
Interestingly, there does not appear to be a significant difference in the in-
cidence of weight loss in patients with P-LES compared with NP-LES (34). A
preceding viral illness is reported by a minority of patients.

B. Signs

Muscle weakness is the most common physical examination finding in LES
(Table 5.2). Strength is usually reduced in proximal muscle groups, and the
lower extremities are usually more prominently involved than the upper
limbs. The pattern of weakness is very suggestive of a myopathy, and some
patients may even have a waddling, ‘‘myopathic’’ gait. Often, the degree of
weakness is mild compared with the severity of the patient’s complaints. The
ocular and oropharyngeal muscles may be involved in LES but usually not to
the degree seen in myasthenia gravis. Ptosis, which is usually mild, may be
seen in approximately half of LES patients. Neck weakness is also relatively
common. Facial and palatal weakness are less commonly observed. Despite
the fact that transient diplopia is a relatively common symptom in LES, clin-
ical evidence of extraocular muscle weakness is rare.

Augmentation of strength during the first few seconds of sustained
maximal effort is a feature often described in LES. This effect is observable for
such a brief period that it is frequently difficult to demonstrate conclusively on
examination. The brief period of increased strength is followed by increasing
weakness as sustained contraction produces fatigue due to depletion of the
store of readily releasable synaptic vesicles. This phenomenon is the likely
explanation for the finding of relatively mild weakness on examination com-
pared to a patient’s subjective complaints, i.e., manual muscle testing with
brief activation of a muscle during testing, is of sufficient duration to augment
strength (but not sufficient to fatigue muscles) in some patients, thus masking
the true severity of their weakness. Repeat testing of an individualmuscle over
several seconds may be more effective in eliciting observable augmentation of
muscle strength.

Muscle stretch reflexes are depressed or absent in more than 90%
of patients with LES (34), even in muscles with relatively normal clinical
strength. The reason for this disparity is not addressed in most monographs
discussing the clinical and pathophysiological features of LES. Since the
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afferent (sensory) limb of the muscle stretch reflex should be intact in LES
patients, and the efferent (motor) limb is mildly affected, why are reflexes
often absent under these conditions? In myopathies, muscle stretch reflexes
are not affected until there is severe atrophic weakness impairing the efferent
limb of the reflex. The answer requires a knowledge of the physiology of the
muscle stretch reflex. The motor endplates of gamma motor neurons supply-
ing the intrafusal muscle fibers of themuscle spindle have presynaptic VGCCs
like those of alpha motor neurons. A presynaptic block affecting these
intrafusal fibers would impair the function of these fibers, which is to adjust
the sensitivity of the spindle to the length of the muscle. This, in effect, would
‘‘desensitize’’ the spindle producing dysfunction in the afferent limb of the
muscle stretch reflex, resulting in areflexia with mild associated extrafusal
muscle weakness.

Muscle stretch reflexes in LES can frequently be augmented or pro-
voked by activating the appropriate muscle (sustaining voluntary contraction
for 10–15 seconds) or by repeatedly tapping the tendon. This potentiation of
hypoactive reflexes is virtually diagnostic of LES. Postexercise potentiation of
reflexes in LES was first reported in 1978 (53). Thirty-nine of 50 patients
(79%) exhibited this physical finding in O’Neill’s series (34), although a more
recent study reported a lower rate (31.3%) in 16 patients (54). It is likely that
postexercise potentiation of reflexes is more likely to be demonstrated in mild
LES where the effects of calcium accumulation (in the presynatic nerve ter-
minal of gamma motor neurons) are sufficient to reverse the presynaptic
block. On the other hand, in severe LES the presynaptic defect is so large that
brief exercise is not sufficient to enhance the quantal content enough to fa-
cilitate the reflex.

As noted, autonomic dysfunction is a very common manifestation of
LES, with dry mouth (77%) and impotence (45% of men) representing the
most common symptoms. A sluggish pupillary reaction to light is probably
the most common physical sign of autonomic dysfunction. The results of
autonomic function testing are abnormal in most LES patients, showing evi-
dence of both sympathetic and parasympathetic involvement, even when
there are no clear clinical signs of autonomic dysfunction (30). Autonomic
failure may be more severe in older patients with an underlying malignancy.

Respiratory muscle weakness may be demonstrated in most patients
with LES by tests of respiratory mechanics (46) despite the fact that symp-
toms of dyspnea are relatively uncommon and, when present, are usually
attributable to underlying lung disease. Rarely, severe respiratory weakness
causing respiratory failure may be the presenting feature of LES (55,56).
LES may be initially discovered when prolonged paralysis and ventilator
dependence occurs after neuromuscular blocking agents are used during sur-
gery (57).

Lambert-Eaton Syndrome 169



The sensory examination is normal in most patients unless a coexis-
tent peripheral neuropathy is present, which may occur in patients with
underlying cancer. Likewise, cerebellar function is unaffected in most pa-
tients, although a concomitant paraneoplastic cerebellar degenerationmay be
seen in some patients with P-LES.

C. Distribution of Weakness: LES vs. Myasthenia Gravis

The above discussion points out several clinical differences that distinguish
LES fromautoimmunemyasthenia gravis (MG), such as depression ofmuscle
stretch reflexes and autonomic symptoms and signs. However, MG
is frequently listed as an important alternative diagnosis that should be con-
sidered in patients with suspected LES. In the majority of cases, LES may be
confidently distinguished fromMG on clinical grounds. Wirtz and colleagues
(58) compared the distribution of muscle weakness at the time of initial
presentation in 101 patients with MG and 38 patients with LES. In LES, no
patient in their group had initial ocular weakness, 5% had bulbar weakness,
and the remaining 95% had limb weakness as their initial symptom. In
contrast, 88% of their patients with MG had initial ocular or bulbar weak-
ness, with only 12% presenting with weakness in the limb muscles. Thus, in a
patient with suspected LES, initial ocular symptoms essentially exclude the
diagnosis.

However, as the disease progresses, most LES patients eventually
develop oculobulbar symptoms. In one study, oculobulbar signs or symp-
toms were present in 18 of 23 (78%) patients (59). Thus, it is the initial
distribution of symptoms and subsequent progression that are distinguishing
clinical features. In general, the weakness in LES progresses in an ascending
pattern, compared to MG which generally spreads in a craniocaudal direc-
tion. The severity of ocular symptoms in LES is practically never as func-
tionally significant as it typically is in MG. The physiology of the extraocular
muscles may help explain this difference in the degree and severity of their
involvement in these two acquired autoimmune neuromuscular junction
disorders. The ocular muscles are tonically active and fire at rapid rates,
which may predispose them to developing neuromuscular block in a post-
synaptic disorder like MG; these same characteristics could potentially
protect them from developing synaptic failure in LES because of ‘‘autofaci-
litation,’’ i.e., buildup of calcium in the presynaptic terminal at high firing
frequencies (see Chapter 2).

VI. DIAGNOSIS

The diagnosis of LES is based on recognition of the clinical triad of fatigable
proximal limb weakness, reduced or absent reflexes, and autonomic dysfunc-
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tion. Antibodies to the VGCCs are elevated in most patients and essentially
confirm the diagnosis in a patient with a suggestive clinical presentation.
However, not all patients have antibodies to the VGCCs, and the results are
often delayed for days to weeks in those who do. Fortunately, the responses to
repetitive nerve stimulation are highly distinctive and are probably the most
definitive diagnostic test available.

A. Electrodiagnostic Studies

Repetitive nerve stimulation is the most specific test to confirm the diagnosis
in patients with suspected LES (Chapter 3). The repetitive nerve stimulation
findings in LES are the diagnostic hallmark of the disease and include low-
amplitude compound muscle action potentials (CMAPs) with a decremental
response at baseline, and a marked postactivation facilitation (PAF) of
greater than 100% (Fig. 5.5). These findings are usually most pronounced
in distal hand muscles. Care must be taken not to exercise the muscle too long
as this may deplete neurotransmitter release and blunt the facilitory response.
In contrast to postsynaptic disorders in which 30 s to 1 min of exercise is best
to demonstrate PAE, 10 s is all that is required to best elicit PAF in LES.

Figure 5.5 Classic electrodiagnostic findings in LES. Repetitive nerve stimulation
(RNS) of the ulnar nerve at 3 Hz, recording from the abductor digiti minimi muscle.
(A.) RNS of resting muscle. Note low compound muscle action potential (CMAP)
amplitude, and decremental response at baseline; (B.) RNS immediately after 10 s
of voluntary exercise. Note prominent facilitation of CMAP amplitude (>300%).
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One approach to a patient with suspected LES is as follows:

1. Routine nerve conduction studies, including motor studies in at
least two distal hand muscles and one foot muscle. Look for low-
amplitude CMAPs.

2. Repetitive nerve stimulation (RNS) in two hand muscles and one
foot muscle according to the following protocol:

a. RNS, train of 9 stimuli at 3 Hz in fully rested muscle.
b. Maximal isometric exercise for 10 s.
c. RNS, train of 5–9 stimuli at 3 Hz immediately after exercise.
d. RNS, train of 5–9 stimuli at 3 Hz after several minutes of rest.
e. Repeat a–d for a total of three trials.
f. Calculate average PAF for three trials.

A rapid screening test for LES (Case 3.2) involves delivering a single
supramaximal stimulus to the nerve innervating a fully rested muscle and
measuring the amplitude of the obtained CMAP. The patient is then
instructed to maximally exercise the muscle for 10 s. Another single supra-
maximal stimulus is delivered and the amplitude of the CMAP is measured.
An increase in CMAP amplitude of greater than 100% is consistent with a
presynaptic disorder of neuromuscular transmission.

RNS at a rate of 20–50 Hz may also be used to demonstrate facilitation
in LES (Fig. 5.6). In this technique, the maximal amplitude of the CMAPs

Figure 5.6 High frequency (20 Hz) repetitive stimulation of the ulnar nerve. Note
initial decrement (arrow) followed by marked facilitation of CMAP amplitude.
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at the end of the stimulation train is compared to the CMAP amplitude at
baseline. Potentiation of the CMAP amplitude due to factors other than
changes in neuromuscular transmission (i.e., pseudofacilitation; see Chapter
3) may significantly contribute to the observed amplitude changes produced
by high-frequency stimulation. Furthermore, high-frequency stimulation is
also quite painful andmay limit the ability of some patients to fully cooperate
with testing. For this reason, it is preferable to assess for the presence of
facilitation after sustained voluntary exercise of the muscle rather than after
high-frequency RNS, since it is less painful and just as effective for demon-
strating PAF (60).

Single-fiber electromyography (EMG) demonstrates abnormal jitter in
virtually all patients with LES, usually with prominent impulse blocking.
Although this test is highly sensitive, it lacks specificity. Abnormal jitter with
blocking is indicative of a defect in neuromuscular transmission but does not
allow one to distinguish between pre- and postsynaptic localizations. Jitter

CASE 5.2 A 65-year-old man complained of a 6-month history of
progressive muscle weakness and fatigue. He had no associated ocular,
bulbar, or sensory symptoms. His physical examination was remarkable
only for symmetrical hyporeflexia andminimal ptosis. Electrodiagnostic
studies showed a decrement of 15%onRNS of the ulnar nerve recording
from the abductor digiti minimi (ADM) muscle. Postactivation facili-
tation of 48%was also demonstrated. Acetylcholine receptor antibodies
were negative.

Three months later, he complained of dry mouth, increased weak-
ness, and severe fatigability. His examination now indicated moderate
proximal weakness and areflexia. Repeat electrodiagnostic studies
revealed a reduced baseline compound muscle potential amplitude in
the ADM with a decrement of 28% and postactivation facilitation of
300%. The diagnosis of LES was confirmed by finding elevated serum
VGCC antibodies.

Discussion This case illustrates the point that patients with early LES
may present with electrodiagnostic findings suggestive of a postsynaptic
disorder of the neuromuscular junction, i.e., myasthenia gravis. The
distribution of weakness and absence of ocular or bulbar symptoms
made the clinical presentation more consistent with LES than myasthe-
nia gravis in this case.
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typically decreases with increasing firing rate in LES, although this finding
may not be entirely specific and is not seen in all patients (61,62).

Although the predominant clinical feature of LES is proximal lower
extremity weakness, the electrophysiological abnormalities are most readily
detected in the distal upper extremitymuscles.Maddison et al. (63) found that
the distal hand muscles were the most sensitive for demonstrating low resting
CMAP amplitudes and postexercise facilitation. Tim et al. (64) found that the
most sensitive electrophysiological finding in a group of 61 LES patients was a
greater than 10% decrement in a distal hand muscle, which was present in all
but one of their patients (Fig. 5.7). A reduced CMAP in at least one hand
musclewas observed in 97%of patients; 13%of patients failed to demonstrate
postexercise facilitation of greater than 100% in any of three tested muscles,
despite the fact that this is the criterion used to diagnose LES most often.

B. Voltage-Gated Calcium Channel Antibodies

Antibodies against the P/Q-type VGCC are detectable in significant titers in
up to 95% of LES patients (65). In 33% of these patients, elevated titers of
antibodies to the N-type VGCC are also found (66). The high frequency of

Figure 5.7 Sensitivity of various electrodiagnostic tests in 61 LES patients.
CMAP = compound muscle action potential, APB = abductor pollicis brevis, ADM =
abductor digiti minimi, EDB = extensor digitorum brevis. Number at top of each
column represent percent of patients with abnormal findings for the indicated test.
Data from Ref. 64.
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anti-P/Q-type VGCC antibodies suggests that it is these antibodies are
pathophysiologically important. As previously noted, VGCC antibodies are
more frequently detected in LES patients with SCLC, being present in up to
100%, compared to LES patients without underlying cancer in whom ele-
vated titers are found 50–90% of the time.

In general, there is no clear correlation between VGCC antibody titer
and disease severity. However, titers decrease in patients as the disease
improves, as a result of either immunotherapy or therapy of the underlying
cancer. Thus, testing for the presence of VGCC antibodies should be done
prior to initiating immunotherapy or cancer therapy, since titers may become
undetectable after treatment. Longitudinal studies in individual patients
indicate that there is an inverse relationship between the anti-VGCCantibody
titer and clinical state as measured by an electrophysiological parameter
(CMAP amplitude) (67).

Anti-VGCC antibodies may be detected in 18% of patients with SCLC
withoutLES, in 15–40%of patients who have paraneoplastic cerebellar ataxia
without LES, regardless of cancer type, and rarely in individuals with auto-
immune MG or other autoimmune conditions such as systemic lupus erythe-
matosus and scleroderma (65). The sensitivity and specificity of the VGCC
antibody assay are affected by the source of the antigen and the specific lab-
oratory performing the measurements.

The immunological diagnosis of LES is usually straightforward, as
long as there is a high index of clinical suspicion. It is important to recognize
that the anti-VGCC antibody titers may fall to zero after the initiation of
immunotherapy, so that patients referred for fatigable proximal muscle
weakness who had previously been misdiagnosed as having autoimmune
MG may have misleading antibody profiles. Rarely, these patients may even
have binding antibodies to the acetylcholine receptor (as described above) or
anti–striated muscle antibodies as their only serological abnormality. The
electrophysiological findings may also be misleading in early/mild LES (Case
5.2). In these cases, the initial distribution of weakness may be an important
clue in distinguishing LES from MG. An appropriate diagnosis has obvious
practical consequences in light of the potential for unnecessary thymectomy
or delayed detection of an underlying malignancy.

C. Muscle Biopsy

Muscle biopsy is not required to confirm the diagnosis of LES. A variety of
nonspecific changes are usually noted when patients with LES undergo
muscle biopsy. However, serial muscle biopsies in one patient showed
progressive atrophy and loss of type 1 muscle fibers resulting in a marked
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type 2 muscle fiber predominance (68). The authors of this report surmised
that reduced transmitter release may have deprived type 1 muscle fibers of the
low-frequency discharge rate needed to maintain their metabolic properties.

D. Differential Diagnosis

LES patients are frequently misdiagnosed at the time of initial presentation.
In one study, more than 50% of patients were initially given an erroneous
diagnosis (34). Some of the factors complicating the clinical assessment of
patients with possible LES are discussed above. Other diagnoses that should
be considered in a patient presenting with progressive proximal weakness and
muscle fatigue include polymyositis, polymyalgia rheumatica, MG, and
botulism.

In the classic presentatin of LES, the distribution of weakness is ‘‘myo-
pathic,’’ with proximal hip girdle greater than shoulder girdle weakness. Like
LES, certain inflammatory myopathies may also be associated with an un-
derlying malignancy. Additional confusion may arise when short-duration,
polyphasic motor unit action potentials are demonstrated on needle electro-
myography. While this electrodiagnostic finding is typically observed in
myopathy, it may also be seen in LES. The clinical features that distinguish
LES from myopathy include absent or depressed reflexes despite relatively
mild muscle weakness, the potentiation of these reflexes after brief voluntary
contraction of the involved muscle, and the symptom of dysautonomia (dry
mouth). The electrodiagnostic findings (particularly the responses to repeti-
tive nerve stimulation) also serve to distinguish LES from myopathy.

Occasionally, patients with LES may present with muscle pain in ad-
dition to weakness and fatigability. Generalized muscle pain of subacute
onset occurs in the rheumatological disorder polymyalgia rheumatica.
Typically, true muscle weakness and fatigability are not a part of this
syndrome, but the severity of the pain may make assessment of these signs
and symptoms difficult. Unlike LES, polymyalgia rheumatica is associated
with an elevated sedimentation rate and has a dramatic response to cortico-
steroids (69).

Other disorders of neuromuscular transmission may be mistakenly
considered in a patient with LES. In the majority of cases, the initial dis-
tribution of weakness usually helps to clarify the diagnosis. As we have seen,
ocular symptoms at the time of presentation are quite common in MG,
whereas presence of initial ocular symptoms virtually rules out the diagnosis
of LES. Initial bulbar symptoms are also much less common in LES
compared to MG. However, as LES progresses, oculobulbar symptoms be-
come more prevalent. While in most cases the electrodiagnostic and sero-
logical findings distinguish the two conditions, there are situations in which
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this distinction is difficult (see above). Although botulism, like LES, causes
progressive weakness and autonomic dysfunction, the more fulminant onset
and progression of symptoms often leading to respiratory failure
is characteristic of botulism and unusual for LES. The descending pattern of
weakness and early pupillary involvement are other potential distinguishing
features. The electrodiagnostic features are similar in LES and botulism,
although postactivation facilitation is less prominent in the latter (70).

VII. TREATMENT AND MANAGEMENT

Once the diagnosis of LES is confirmed, the first task for the clinician is to
determine whether an associated underlying malignancy exists. Next, spe-
cific cancer therapy should be initiated in those cases with an underlying
cancer. In NP-LES and in P-LES patients who have completed courses of
chemotherapy and continue to have symptomatic weakness, treatment con-
siderations may be divided into (a) pharmacological or symptomatic ther-
apy to improve neuromuscular transmission and (b) immunological therapy.
Table 5.3 summarizes the treatment and management options of the patient
with LES.

A. The Search for an Underlying Malignancy

All adult patients with LES must undergo a thorough investigation for
underlying cancer. In general, lung cancer must be the focus of the inves-

Table 5.3 Management of LES

Symptomatic
3,4-Diaminopyridine
Pyridostigmine
Guanidine hydrochloride

Immunotherapy
Severe weakness:
Plasma exchange
Intravenous immunoglobulin

Weakness not controlled with symptomatic agents
Prednisone
Azathioprine
Cyclosporine
Mycophenolate mofetil
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tigation, but the possibility of an associated lymphoproliferative disorder
should also be considered. Thus, CT of the chest for cancer detection should
be performed. A complete blood count, serum chemistries, and serum
electrophoresis are obtained to screen for a hematological malignancy. If
imaging of the chest is negative in a patient with a substantial risk of having
lung cancer (i.e., significant history of tobacco use), bronchoscopy should be
performed. Cancer may be found on bronchoscopy even after results of CT
and/or magnetic resonance imaging of the chest are normal. If both
bronchoscopy and chest imaging are negative, these studies should be
repeated at least every 6 months in high-risk individuals. Malignancy
surveillance should probably continue for at least 5 years because in most
patients with P-LES the cancer is discovered within 5 years after onset of LES
symptoms.

The importance of a thorough evaluation for an associated lung cancer
cannot be overemphasized. Although SCLCs are rapidly growing and
widely disseminating carcinomas with a poor prognosis, outcome is signifi-
cantly better in limited disease than in extensive disease (71). The majority of
these tumors are unresectable at the time of diagnosis, but early detection
may increase the chance of resectability. In limited disease, thoracic radio-
therapy further improves survival (71)—an option that is not available for
tumors with regional or distant metastases. As previously noted, it appears
that SCLC patients with LES have an improved survival in comparison with
SCLC patients without LES, likely due to an effective immune-mediated
attack mounted against the tumor that ‘‘spills over’’ to involve neural ‘‘self’’
tissues.

B. Management of the Underlying Malignancy

The diagnosis of LES should not preclude prompt treatment of the un-
derlying cancer. In fact, antitumor therapy often results in clinical im-
provement in the signs and symptoms of muscle weakness and fatigability.
Chalk et al. (48) reported that 7 of 11 LES patients with SCLC who sur-
vived specific treatment for their malignancy (consisting of surgical resec-
tion, chemotherapy, and local radiotherapy) experienced progressive
improvement in their neurological symptoms. Presumably, resection of
the tumor and prevention of recurrence reduces, or even eliminates, the
antigenic driving of the autoimmune response. If management of the tumor
results in remission of symptoms of weakness, no further intervention is
necessary.

In some patients, however, symptoms of weakness persist and are
functionally disabling even after successful management of small cell lung
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cancer. In these patients, other forms of therapy (see below), either sympto-
matic or immunomodulatory, are required.

C. Specific Symptomatic and Immune Therapy of LES

1. Symptomatic Treatment

Treatment with 3,4-diaminopyridine (3,4-DAP) produces symptomatic
improvement in most patients (c80%) with LES. The mechanism of action of
this drug is blockade of voltage-gated potassium channels prolonging the
duration of the action potential at nerve terminals and lengthening the open
time of the VGCCs (72). This results in increased influx of calcium thereby
facilitating the release of transmitter. 3,4-DAP has been used in the manage-
ment of LES for over 20 years in Europe. Despite this, it has never been
approved for clinical use in theUnited States and therefore is not available for
general clinical use.

The efficacy and relative safety of 3,4-DAP in the management of LES
has been well documented (73). A randomized trial of 3,4-DAP in LES
showed that patients who received 3,4-DAP had a significantly greater
improvement in quantitative muscle strength test results and in the summated
amplitude of CMAPs recorded from three limb muscles than patients
receiving placebo (74). All but one of 26 LES patients who received 3,4-
DAP in the subsequent open-label phase of this study showed significant
clinical improvement.

The optimal dosing schedule of 3,4-DAP varies considerably between
patients and is empirically determined based on the clinical response. The
usual starting dose is 5 mg three times daily. This dose is gradually increased
by 5 mg/day and titrated to optimize the clinical response. It is usually not
necessary to dose more frequently than four times per day. Therapeutic
doses may vary from 15 to 100 mg/day. Patients should notice the onset of
effect within 30 min after taking a dose, and this beneficial effect typically
lasts for 2–4 h. Many patients notice a cumulative effect of repeated fixed
doses. The beneficial effect of 3,4-DAP can often be enhanced by concurrent
administration of low doses of pyridostigmine (30–60 mg).

In general, 3,4-DAP is very well tolerated when doses between 15 and
60 mg are used. Patients very frequently complain of circumoral paresthesias
within several minutes after taking doses greater than 10 mg. These symp-
toms are transient (typically lasting for 5–10 min) usually do not require any
dose change, and are more likely to occur when 3,4-DAP is taken on an
empty stomach or when it is taken with pyridostigmine. The use of 3,4-DAP
with pyridostigmine may aggravate the latter drug’s gastrointestinal side
effects leading to abdominal cramping and diarrhea. These symptoms can
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usually be minimized by reducing the dosage of pyridostigmine. Some
patients have insomnia when 3,4-DAP is taken within 2 h of bedtime. Final-
ly, caution is required in patients with asthma because 3,4-DAP may induce
asthma attacks.

Since they act on central as well as peripheral synapses, the amino-
pyridines [3,4-DAP and 4-aminopyridine (4-AP)] may cause seizures. 3,4-
DAP has significantly less risk in this regard since it has limited cerebrospinal
fluid penetration. Rarely, seizures may be observed in patients taking doses
approaching 100 mg/day (75). The risk is obviously greater in patients with
brain metastases, a possibility which must be considered given the associa-
tion with SCLC. In general, doses greater than 100 mg/day should not be
used, and doses greater than 60 mg/day should be used with caution
particularly in the elderly.

Cholinesterase inhibitors used alone usually do not produce significant
improvement in muscle weakness in LES, although some patients may note
improvement in their symptoms of dry mouth in response to treatment.
Guanidine hydrochloride, which increases the release of acetylcholine from
the presynaptic terminal by inhibiting uptake of calcium by subcellular
organelles, has been used with some success in patients with LES, but its
use is limited by potentially severe side effects. Low-dose guanidine (less than
1000 mg/day) in combination with pyridostigmine is reportedly effective and
may have amore favorable safety profile (76). This regimenmay be used as an
alternative approach to symptomatic treatment when 3,4-diaminopyridine is
not readily available.

2. Immunotherapy of LES

Patients whose symptoms are not adequately controlled by the symptomatic
agents described above are candidates for immunotherapy. Severe weakness,
particularly with bulbar and/or respiratory muscle involvement, requires
consideration of plasmapheresis or IVIg. Plasmapheresis may induce a
short-term benefit when a course of at least five daily exchanges is given
(77). The clinical response to plasmapheresis occurs at about 10 days and lasts
for about 6 weeks. The time course of improvement is notably slower than
that observed for management of MG. Alternatively, IVIg may be used. In a
double-blind crossover trial of IVIg infusion (2 g/kg administered over 2 days)
in LES, significant increases in strength were noted in the IVIg-treated
patients compared with placebo (78). This clinical effect was accompanied
by reductions in anti-VGCC antibody titer. Improvement was first observed
at 2 weeks and lasted for 6–8 weeks. Both plasmapheresis and IVIg appear to
be comparably effective short-term treatment strategies. Plasmapheresis may
be preferable in patients with initial respiratory depression (55). There is no
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evidence for any cumulative benefit of repeated treatments for either plasma-
pheresis or IVIg.

Chronic immunosuppressive treatment with prednisone should be
instituted when symptomatic, antitumor, and short-term treatments fail to
result in remission of symptoms. Prednisone may induce improvement in
LES and is not contraindicated in patients with an active malignancy. Doses
of 0.75–1.0 mg/kg/day are typically used, and are gradually tapered as
tolerated. As is the case for MG, either daily or alternate-day regimens have
been used. Prednisone may be initiated at a high daily dose (60–80 mg/day)
and then switched to alternate-day dosing (100–120 mg every other day)
when improvement is seen. This dose is then gradually decreased over many
months until the minimal dose required to maintain benefit is identified.
High-dose alternate-day prednisone treatment may also result in a complete
clinical remission of symptoms, although the clinical response is usually slow
(77). Azathioprine can produce symptom remission when combined with
prednisone and may allow for more successful tapering of the prednisone
dose. The efficacy of prednisone combined with azathioprine has been
demonstrated in a retrospective study (77), and this regimen may be an
appropriate long-term treatment for NP-LES (see below). Azathioprine is
started at 50 mg/day and the dose is increased by 50 mg weekly to a total of
2–3 mg/kg/day. Complete blood counts and liver function tests should be
performed weekly for the first month, then monthly for the next 6 months,
then every 2–3 months thereafter provided a stable dose has been main-
tained. In patients who cannot tolerate azathioprine, cyclosporine at a
dosage of 3–5 mg/kg/day divided into twice-daily administration should be
considered (79). The role of mycophenolate mofetil in the management of
LEMS has not been investigated.

3. Tailoring Therapy: P-LES vs. NP-LES

The decision to initiate immunotherapy in patients with LES is impacted by
the presence/absence of an underlying malignancy. In patients with a known
cancer, management of the underlying cancer is the priority. Patients with
persistent weakness after cancer therapy should be treated with 3,4-DAP
(with or without pyridostigmine) as described above. Prednisone may be
safely used in patients with P-LES, although one must be cognizant of the
many side effects of this medication. Immunosuppressive medications such as
azathioprine and cyclosporine should be avoided because of the theoretical
possibility that such treatment will accelerate tumor growth by impairing the
immune system’s antitumor response. This applies to both patients with a
known malignancy and those who are at an increased risk of having a
malignancy, i.e., those patients with a smoking history who have had
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symptoms of LES for less than 5 years. It should be noted that patients with
LES who do not respond adequately to symptomatic treatment or high-dose
prednisone rarely become functionally normal in response to even highly ag-
gressive immunosuppressive treatment.

In patients without an underlyingmalignancy, 3,4-DAPwith or without
pyridostigmine is the first line of treatment. If this results in adequate
symptom control, no further therapy is necessary. In those with persistent
functionally limiting symptoms, treatment with prednisone alone or predni-
sone with azathioprine (if symptoms are more than mild) should be com-
menced. Plasmapheresis or IVIg is used to manage severe symptoms. A
management algorithm for LES is shown in Fig. 5.8.

Figure 5.8 Treatment algorithm. The first step is to determine if there is an
underlying malignancy. Malignancy surveillance in patients who have no
detectable malignancy at the time of diagnosis should continue for five years.
Plasma exchange (Plex) and intravenous immune globulin (IVIg) should be used
to treat severe symptoms particularly bulbar or respiratory weakness. In patients
who are refractory to treatment, it is important to thoroughly investigate for the
presence of an undetected malignancy in patients without known cancer, and to
consider tumor recurrence in patients with known, treated cancer.
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VIII. SPECIAL CIRCUMSTANCES

A. ‘‘‘‘‘‘‘‘Overlap Syndromes’’’’’’’’

Rare reports of patients presenting with combined features of LES and MG
(80,81) have been published. These reports are primarily based on mixed
electrophysiological and/or immunological features. Newsom-Davis and
colleagues described two patients with clinical features of LES who had
both VGCC antibodies and acetycholine receptor antibodies (82). Lennon
et.al. (65,83) have reported that a small number of patients with clinically
defined LES may have elevated acetylcholine receptor antibodies as their
only serological abnormality. Katz and colleagues (84) reported two such
patients who had clinical and electrodiagnostic findings classic for LES,
with no clinical evidence for MG. Although the presence of acetylcholine
receptor binding antibodies is generally highly specific forMG, as many as 5–
13% of LES patients may have these antibodies (50,65). However, until the
demonstration of a true overlap syndrome based on ultrastructural and
microphysiological techniques is clearly documented, the acetylcholine
receptor antibodies in these cases must be viewed as a nonpathogenic epi-
phenomenon.

B. LES in Children

There are few case reports of LES occurring in patients prior to the age of 18
(85–87). A 10-year-old boy with leukemia was the first child observed with
LES in 1974 (87). A handful of cases with and without underlying cancer
have been subsequently reported. The diagnosis in most of these cases was
determined by the characteristic electrodiagnostic features, but the presence
of antibodies to the VGCCs was not tested. More recently, Tsao et al. (88)
reported two children with LES and positive VGCC antibodies without evi-
dence of underlyingmalignancy. Both patients responded to immunotherapy.
The presence of VGCC antibodies and the response to immunosuppressive
treatment are important features distinguishing autoimmune LES from con-
genital LES (see Chapter 6).

C. Medications that May Exacerbate Symptoms in LES

Drugs that compromise neuromuscular transmission may exacerbate weak-
ness in patients with LES. The curare-like agents often have an exaggerated
and/or prolonged effect in these patients. As previously mentioned, it is not
unusual for the initial diagnosis of LES to occur when prolonged weakness or
ventilator dependence follows the use of these agents as part the anesthetic
regimen for surgical procedures. As for MG, the aminoglycosides and certain
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of the antiarrhythmics (quinidine and procainamide) should not be used
because of their neuromuscular blocking effects. Although the main mecha-
nism of action of calcium channel blocking drugs is inhibition of L-type
calcium channels, there are a few reports of severe worsening of weakness in
LES patients receiving calcium channel antagonists (89,90). Therefore, drugs
like verapamil and diltiazem should probably be used with caution in patients
with LES.

IX. OVERVIEW

Lambert-Eaton syndrome is a rare autoimmune disorder in which the auto-
immune attack is targeted to the VGCCs on the presynaptic nerve terminals
of motor axons. The clinical presentation is usually characterized by pro-
gressive proximal muscle weakness, hyporeflexia, and autonomic dysfunction
(particularly dry mouth). In roughly 40–50% of patients with LES, an as-
sociated malignancy (usually SCLC) either predates the onset of LES or is
discovered subsequently (usually within 5 years). Regular surveillance (chest
CT every 6months) for an underlying lungmalignancy is an important part of
the clinical management of LES.

The diagnosis of LES is readily confirmed by the characteristic electro-
physiological findings of reduced CMAP amplitudes, a decremental response
at slow stimulation rates, and a prominent facilitation of CMAP amplitudes
(>100%) with high-frequency stimulation or immediately after sustained vol-
untary activation. Roughly 80% of patients will have elevated serum VGCC
antibodies, and these antibodies are more likely to be positive in patients with
an underlying SCLC.

Management of LES may be divided into (a) symptomatic forms of
treatment and (b) immunotherapy. The choice of therapy is influenced on by
the presence or absence of an underlying malignancy. 3,4-DAP with or
without pyridostigmine is an effective treatment for most patients with LES
with or without malignancy. Prednisone, plasmapheresis, or IVIg may like-
wise be used in P-LES andNP-LES. The latter two choices are used tomanage
severe muscle weakness. Azathioprine with prednisone is appropriate long-
term treatment for NP-LES patients who are not adequately treated with 3,4-
DAP alone. Immunosuppressive agents such as azathioprine should be
avoided in P-LES.
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6

Congenital Myasthenic Syndromes

I. INTRODUCTION

Congenital myasthenic syndromes (CMSs) are inherited disorders of neuro-
muscular transmission that do not involve immunologic mechanisms. The
mutations that produce CMSs alter the expression and function of ion chan-
nels, receptors, enzymes, or other accessory molecules that are needed to
maintain the safety margin of neuromuscular transmission. In addition to a
neuromuscular transmission defect, some CMSs are associated with secon-
dary degenerative changes of muscle (i.e., endplate myopathy). Most CMSs
are autosomal recessive disorders although at least one subtype, the slow-
channel syndrome (SCCMS), is typically autosomal dominant. Ultrastruc-
tural, physiologic, and molecular genetic techniques have been used to define
and classify the various CMSs (Table 6.1) and to design treatment strategies.
Although these highly specialized studies are often necessary to make a spe-
cific diagnosis, correlation of these data with clinical manifestations and
findings on electrodiagnostic studies, as well as increasing availability of ge-
netic probes for specific mutations, has made it possible to diagnose and
accurately classify many patients with CMS without the need for intercostal
or anconeus muscle biopsy.
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II. MOLECULAR BASIS OF NEUROMUSCULAR
TRANSMISSION

Abrief overview of concepts that are important to the understanding of CMS
is presented below. The reader is referred to Chapter 1 for a more compre-
hensive review of the anatomy of the neuromuscular junction (NMJ) and the
physiology of neuromuscular transmission. The NMJ is a specialized chol-
inergic synapse that is designed for efficient and reliable generation of a
muscle fiber action potential each time a nerve action potential invades the
motor nerve terminal. The direct coupling between the nerve and muscle
action potential is maintained even at high discharge rates by the safety
margin of neuromuscular transmission. The size of the safety margin depends
on presynaptic, synaptic, and postsynaptic factors (Table 6.2, Fig. 6.1).

The major source for acetylcholine (ACh) synthesis is the nerve
terminal where choline acetyltransferase (ChAT) is the rate-limiting enzyme
responsible for synthesis of ACh from recycled choline and acetyl-CoA (Fig.
6.1). Storage and mobilization of ACh rely on energy-dependent vesicle
uptake and transport mechanisms that involve a number of cytoskeletal
proteins and other molecules (e.g., synapsin-1, calcium calmodulin-depend-
ent kinase-2). Release of ACh vesicles from the active zone of the nerve
terminal also depends on a variety of vesicle membrane–, cytoplasmic, and
nerve terminal membrane–associated proteins (e.g., synaptobrevin, synap-
totagmin, synaptophysin, synaptosome-associated protein of 25,000 daltons
(SNAP-25),N-ethylmaleimide-sensitive ATPasePage (NSF), rab-3, etc). This

Table 6.1 Classification of Congenital Myasthenic Syndromes

Presynaptic defects
CMS with episodic apnea (endplate choline acetyltransferase)
Paucity of synaptic vesicles
Lambert-Eaton syndrome–like CMS

Synaptic defects
Endplate acetylcholinesterase deficiency

Postsynaptic defects
Primary AChR kinetic abnormality with or without AChR deficiency
Slow-channel CMS
Fast-channel CMS

Primary AChR deficiency with or without kinetic abnormality
Reduced AChR expression due to AChR mutations
Reduce AChR expression due to rapsyn mutations
Reduced AChR expression with plectin deficiency

Sodium channel CMS (mutations of perijunctional sodium channels)

CMS, congenital myasthenic syndrome; AChR, acetylcholine receptor.
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complicated process of ACh release relies on the influx of calcium into the
nerve terminal through PQ-type voltage-gated calcium channels (Cav2.1) (1).
The anatomic configuration of the synaptic cleft concentrates ACh receptor
(AChR) at the site of ACh release and provides for rapid diffusion and
metabolism of ACh after detachment from the receptor. The acetylcholines-
terase (AChE) molecule is concentrated in the synaptic clefts, where the
globular catalytic subunits are anchored into the basal lamina by a collagen-
like tail (Fig. 6.1). The adult isoform of the nicotinic AChR is a ligand-gated
ion channel consisting of five subunits 2a, 1h, 1y, 1q (Fig. 6.2). The q subunit
is replaced with the g subunit in the fetal isoform. Each subunit is encoded by
different genes on one of two chromosomes (Table 6.3).

The structure of the AChR is homologous. Each subunit consists of
four transmembrane domains (M1–M4) with a large extracellular amino ter-
minal segment and a smaller extracellular carboxy terminal segment (Fig.
6.3). When folded in three dimensions, the subunit associate to form a glob-
ular glycoprotein transmembrane pore containing two binding sites for
ACh on the a subunit (C192-193 of the amino terminal segment). The M2
segment lines the pore of the channel and is important for channel gating.
The intracellular segment linking M3 and M4 stabilizes the gating mecha-
nism, contains phosphorylation sites that are important for desensitization,
and serves to attach the AChR to cytoskeletal proteins such as utrophin.
Postsynaptic AChRs undergo regular turnover, a process that is under the
influence of the motor nerve terminal. Rapsyn, a 43-kDa postsynaptic pro-
tein, plays an essential role in clustering of AChR in the postsynaptic mem-
brane. Other nerve-derived factors, such as agrin and muscle-specific kinase
(MuSK), are involved in clustering and linkingAChR to cytoskeletal proteins
(2). Activation of the AChR requires binding of ACh in two locations, one

Table 6.2 Factors That Determine the Safety Margin of Neuromuscular Transmission

Presynaptic
1. Synthesis, storage, and mobilization of ACh
2. Concentration of ACh vesicles (quanta) in active zones of the nerve terminal
3. Probability of ACh release primarily dependent on the number and function of P/Q-type

voltage-gated calcium channels (Cav2.1) (1)

Synaptic/Postsynaptic
1. Anatomic integrity of the synaptic cleft including postsynaptic folds of muscle fiber
2. Concentration and function of AChE
3. Expression and function of AChR
4. Expression and function of perijunctional voltage-gated sodium channels (Nav1.4)

ACh, acetylcholine; AChE, acetylcholinesterase; AChR, acetylcholine receptor.
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at the interface between the a and q subunit (g in the fetal isoform) and one
at the a–y interface. Thus, amino acid residues in this region of the a, q, g, and
y subunits often affect the binding affinity and activation of the AChR.

Binding of two ACh molecules opens the AChR channel allowing con-
ductance of sodium and other cations into the muscle fiber. A single open
episode or burst actually consists of one or more openings due to oscillation
of the receptor between the open and closed state. The amplitude and dura-
tion of single AChR currents correlate directly with the amplitude and dura-

Figure 6.1 Overview of neuromuscular transmission. The numbers represent
documented mechanisms affecting neuromuscular transmission in various sub-
types of congenital myasthenic syndromes (CMSs). 1, Reduced synthesis of ace-
tylcholine (ACh) caused by congenital choline acetyltransferase (ChAT) deficiency
(CMS with episodic apnea); 2, congenital Lambert-Eaton–like syndrome; 3, con-
genital endplate acetylcholinesterase (AChE) deficiency; 4, primary ACh receptor
(AChR) deficiency due to mutations that affect expression or kinetics of AChR; 5,
AChR deficiency secondary to rapsyn mutations (failure of proper AChR aggre-
gation); 6, sodium channel myasthenia (mutations of voltage-gated perijunctional
sodium channels; Nav1.4); SNARE, complex of vesicle, cytoplasmic, and neuronal
membrane–associated proteins that lead to docking, fusion, and release of ACh-
containing vesicles.
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tion of the miniature endplate current (MEPC) generated by spontaneous
release of individual quanta of ACh from the nerve terminal. With the ex-
ception of the number of ACh molecules per vesicle (i.e., quantal size), the
amplitude and duration of the MEPC (as well as the miniature endplate po-
tential, MEPP) primarily depend on synaptic/postsynaptic factors. These in-
clude the anatomic configuration of the synapse, as well as the expression and
function of the AChR and AChE molecules. The endplate current (EPC)
or potential (EPP) is the graded receptor response attributable to the release
of quanta generated by a single motor nerve action potential. The amplitude
and duration of the EPC (and EPP) depend on all of the synaptic/postsyn-
aptic factors that determine the MEPC (or MEPP), as well as two important

Figure 6.2 Nicotinic acetylcholine receptor. Glycoprotein with molecular weight
of 250 kD made of five subunits [2a, h, g (fetal isoform), q (adult isoform), y]. The
subunits are arranged like staves of a barrel around the central pore.

Table 6.3 Genes Encoding Subunits of the Acetylcholine
Receptor

Subunit Gene Locus (OMIM ref.)

a CHRNA1 C2q24-23 (100690)
h CHRNB C17p12-11 (100710)
y CHRND C2q33-34 (100720)
g CHRNG C2q33-34 (100730)
q CHRNE C17p13-12 (100725)

OMIM, Online Mendelian Inheritance of Man.
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presynaptic factors: the immediately available stores of ACh in the active
zones and the probability of release (primarily determined by the Cav2.1).

III. DIAGNOSTIC METHODS

A. Clinical Manifestations

Like autoimmune myasthenia gravis, the CMSs are typically associated with
a combination of static and exertional weakness. Involvement of ocular, bul-
bar, axial, and limb muscles is common, with some subtypes having a fairly
characteristic distribution of weakness (e.g., neck and digit extensors in
SCCMS, pupillary involvement in AChE deficiency). Manifestations that
raise suspicion of CMS are a history of myasthenic symptoms from birth or
early childhood, siblings or other family members with similar symptoms, a
family history of sudden infant death syndrome (SIDS) skeletal deformities
(e.g., high-arched palate, scoliosis or exaggerated lumbar lordosis when
standing, pectus deformities), and small underdeveloped muscles. In some

Figure 6.3 Schematic of AChR a subunit with binding site of ACh at C192-193 of
the extracellular N-terminal segment. The M2 segment lines the channel pore. The
cytoplasmic loop between M3 and M4 links the AChR to cytoskeletal proteins and
participates in desensitization.
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CMSs static weakness is prominent, making it difficult to differentiate CMS
from a congenital myopathy, muscular dystrophy, or metabolic myopathy.
Most CMSs respond to cholinesterase inhibitors, but no response or worsen-
ing of myasthenic symptoms occurs in congenital endplate AChE deficiency
or in SCCMS. Atypical cases that make diagnosis difficult include those that
occur sporadically and those that present later in life. These cases are often
misdiagnosed as seronegative autoimmunemyasthenia gravis or a myopathy,
and a high index of suspicion is required to make the correct diagnosis of
congenital myasthenia in these situations.

B. Laboratory

By definition, all CMSs have negative tests for AChRs, other ion channels
(e.g., Cav2.1, potassium channels), or other recently defined endplate targets
for autoimmunity (e.g., MuSK). Serum levels of creatine kinase and other
muscle enzymes are normal in congenital myasthenia. Additional laboratory
studies that are performed in all suspected cases include electrodiagnostic
studies (nerve conduction study, NCS; and needle electromyography, EMG)
and standard muscle biopsy. In some cases, the diagnosis of a specific subtype
of congenital myasthenia can be established on the basis of clinical, electro-
diagnostic, and standard muscle biopsy data. In others, additional morpho-
logic, histochemical, electrophysiologic, and molecular genetic studies are
required to make a specific diagnosis. These studies require special expertise
and are only performed at a few academic centers.

1. Electrodiagnostic Studies

Since many patients with suspected CMS are children, the electrodiagnostic
studies are best performed under conscious sedation, particular under the age
of 10–12 years. A variety of sedatives (midazolam, ketamine) and anesthetics
(propofol, nitrous oxide) are administered by a nurse anesthetist or anes-
thesiologist with appropriate cardiorespiratory monitoring. In many cases it
is best to perform the standard concentric needle examination first when the
patient is able to voluntarily activate muscles, and then perform NCS and if
needed single-fiber EMG under deeper levels of sedation.

Standard NCS are usually normal in CMS. The compound muscle
action potential (CMAP) is reduced in size in some cases, particularly when
there is static weakness due to poor muscle development (hypotrophy), an
endplate myopathy, or an associated muscular dystrophy. In CMSs associ-
ated with prolonged open time of the AChR (AChE deficiency or SCCMS),
there is typically one ormore repetitive compoundmuscle action potential (R-
CMAPs) that follows themain CMAP after delivery of a single supramaximal
stimulus (Fig. 6.4). The R-CMAP results from persistent elevation of the EPP
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above threshold in some muscle fibers beyond the refractory period of the
initial action potential. The persistent elevation of the EPP is produced by its
prolonged duration. This can be induced pharmacologically in normals with
cholinesterase inhibitors, where R-CMAPs are also observed. The R-CMAP
is smaller than themain CMAPbecause the EPP remains just above threshold
in a limited number of muscle fibers. This creates a tenuous situation and
accounts for the observation that R-CMAPs decrement faster than the main
CMAP with slow rates of repetitive stimulation and disappear completely at
faster stimulation rates or with exercise.

Repetitive stimulation is a very useful diagnostic tool in the evaluation
of suspected CMS. Although a few cases of CMS with normal repetitive
stimulation studies have been observed, the vast majority have abnormal
studies, particularly when performed in areas of clinical weakness. When
multiple nerves are tested using slow and fast rates of stimulation (and
exercise when feasible), the absence of a decrement on repetitive stimulation
studies does not exclude but rather raises doubt about the diagnosis of CMS.
The pattern of CMAP decrement observed with slow rates (2–5Hz) in CMS is
nonspecific and inmost cases is indistinguishable from the pattern observed in
autoimmune myasthenia gravis. The initial CMAP is normal and is followed
by a tapering decrement affecting the subsequent three or four potentials,
which is then followed by a gradual repair of the decrement if the train of
potentials is carried out beyond four or five stimuli. Following exercise or
brief periods of tetanic stimulation there is partial or complete repair of the
decrement, which then worsens 1–3 min afterward due to postactivation ex-
haustion.With higher rates of repetitive stimulation (10–50Hz), most types of
CMS are associated with a progressive CMAP decrement, which increases
with the rate of stimulation (Fig. 6.5). This rate-dependent pattern of

Figure 6.4 Repetitive stimulation of ulnar nerve at 2 Hz recording from surface
electrodes over the abductor digiti minimi muscle in a patient with slow-channel
congenital myasthenic syndrome (SCCMS). Note the repetitive compound muscle
action potentials (R-CMAPs) that follow the main CMAP by about 6 ms. The R-
CMAPs are smaller and decrement to a greater degree than the main CMAP. Sen-
sitivity is in millivolts (mV).
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decrement differs from the typical pattern of repair or mild facilitation
observed in autoimmune myasthenia gravis, and can help distinguish CMS
from immune-mediated myasthenia gravis.

Severe ‘‘postsynaptic’’ cases of CMS (e.g., AChR deficiency) can have a
‘‘presynaptic’’ pattern on repetitive stimulation studies. These cases as well as
some forms of presynaptic CMS (e.g., Lambert-Eaton–like syndrome) are
associated with a low amplitude baseline CMAP that exhibits facilitationwith
higher frequency repetitive stimulation. Likewise some presynaptic disorders
(e.g., CMS with paucity of synaptic vesicles) are associated with a ‘‘post-
synaptic’’ pattern on repetitive stimulation studies with a CMAP decrement
at low rates that is partially repaired but does not display facilitation at higher
rates or following exercise. Other presynaptic CMSs (i.e., ChAT deficiency)
may exhibit a decrement only after prolonged repetitive stimulation at
intermediate rates (10–15 Hz). It is clear from these observations that the

Figure 6.5 Rate-dependent decrement observed in congenital endplate acetyl-
cholinesterase (AChE) deficiency and the slow-channel congenital myasthenic
syndrome (SCCMS). Repetitive stimulation is applied at frequencies of 20 and 50
Hz to the ulnar nerve, recording over the abductor digiti minimi (ADM) muscle in a
patient with AChE deficiency (top two traces). Repetitive stimulation is applied at a
frequency of 20 Hz to the median nerve recording over the abductor pollucis brevis
muscle in a patient with SCCMS (bottom trace).
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pattern of findings on repetitive stimulation does not always predict the site of
the neuromuscular transmission defect in CMS.

Standard concentric needle examination is useful in assessing patients
with suspected CMS. Since they are so rare in CMS, the observation of fibril-
lation potentials and other forms of spontaneous activity suggests an alter-
native diagnosis such as muscular dystrophy, an acquired myopathy, or a
neurogenic disorder. Motor unit potentials are small, relatively simple in
configuration, and display prominent variation in amplitude on consecutive
discharges. Highly polyphasic motor unit potentials are rare but may be ob-
served in CMSs associated with a muscular dystrophy, e.g., plectin deficiency
(3), or an endplate myopathy, e.g., SCCMS or AChE deficiency.

Single-fiber EMG is a very sensitive but nonspecific indicator of a defect
of neuromuscular transmission. It is useful as a diagnostic tool when standard
NCS, repetitive stimulation studies, and standard concentric needle exami-
nation are normal. Mild abnormalities on single-fiber EMG should be inter-
preted with caution in suspected cases of CMS, as they may also occur in
conditions such as congenital myopathies in the setting of a normal standard
electromyograms. Most CMSs are associated with prominent abnormali-
ties on single-fiber EMG with increased jitter and blocking. Some cases of
AChE deficiency have displayed a fairly unique pattern with greatly in-
creased jitter but very little blocking (4). Voluntary single-fiber EMG can be
performed in older children or adults, while in younger children stimulated
single fiber is done along with other electrodiagnostic studies under seda-
tion. Measuring the effect of stimulation rate on jitter and blocking can
sometimes help distinguish between presynaptic and postsynaptic defects of
neuromuscular transmission.

When abnormalities are noted on standard electrodiagnostic studies,
administration of pharmacologic agents can assist in the diagnosis and deter-
mine potential effectiveness of therapy in various subtypes of CMS. Admin-
istration of edrophonium is frequently associated with an increase in the
number and amplitude of R-CMAP in SCCMS but has no effect in AChE
deficiency. Repair of the CMAP decrement with cholinesterase inhibitors
and/or 3,4-diaminopyridine suggests that these medications will provide clini-
cal benefit in individual subtypes of CMS.

2. Muscle Biopsy

The abnormalities on standard muscle biopsy in all subtypes of CMS are
minimal and typically confined to type 2muscle fiber atrophy. If endplates are
identified, then qualitative histochemical or immunofluorescence analysis can
be performed to assess the presence and abundance of AChR, AChE, agrin,
utrophin, rapsyn, and components of complement at the endplate. The pre-
sence of C3 and C5b9 complement proteins suggests the diagnosis of sero-
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Table 6.4 Information Obtained from Microelectrode Studies in Congenital
Myasthenic Syndromes

Technique/modality Interpretation

Conventional microelectrode studies
MEPP/MEPC
Frequency Reduced in some

presynaptic disorders (e.g., LES)
Amplitude Reduced in most

synaptic/postsynaptic disordersa

Duration (decay time constant) Increased with prolonged
AChR open timeb

EPP/EPC
Amplitude Reduced in presynaptic,

synaptic/postsynaptic disordersc

Duration Increased with prolonged
AChR open timeb

Quantal release per impulse (m) Reduced in presynaptic
disorders

Number of readily
releasable quanta (n)

Reduced in some
presynaptic disorders
(e.g., ChAT deficiency)

Probability of quantal release (p) Reduced in presynaptic
disorders affecting Cav2.1d

Single-channel patch-clamp studies
Amplitude, duration
channel openings

Increased in SCCMS,
AChE deficiency,
fetal AChR expression

Decreased in FCCMS
Stability of open/closed states Increased/decreased in SCCMS

Decreased/increased in FCCMS

a Can also be reduced in disorders that reduce the number of ACh per vesicle (quanta).
b Can occur with SCCMS, congenital or acquired AChE deficiency, overexpression of fetal
AChR.
c EPP amplitude defines the safety margin of NMT. Reduction of the EPP with preservation of

the MEPP amplitude suggests a presynaptic disorder. Reduction of both the EPP and MEPP

suggests a postsynaptic or mixed disorder.
d Disorders of other components of vesicle release mechanism will also reduce the probability

of release.

CMS, congenital myasthenic syndromes; MEPP, miniature endplate potential; MEPC, minia-
ture endplate current; EPP, endplate potential; EPC, endplate current; LES, Lambert-Eaton

syndrome; AChR, acetylcholine receptor; Cav2.1, P/Q-type voltage-gated calcium channel;

ChAT, choline acetyltransferase; SCCMS, slow-channel congenital myasthenic syndrome;

FCCMS, fast-channel congenital myasthenic syndrome; NMT, neuromuscular transmission.
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negative autoimmune myasthenia gravis. Electron microscopy of the NMJ
may provide useful information in selected cases. Degenerative changes in
endplate region of themuscle are seen in the endplatemyopathy that occurs in
SCCMS and some cases of AChE deficiency. Ultrastructural studies may
reveal changes in size of nerve terminal, density and size of synaptic vesicles,
size of the synaptic cleft, and other compensatory changes in endplate mor-
phology.

Intercostal or anconeus muscle biopsy is performed when in vitro elec-
trophysiologic studies are required to confirm the diagnosis and define the
mechanism of neuromuscular transmission defect in suspected cases of con-
genital myasthenia. Since endplates are abundant, this type of specimen is also
ideal for ultrastructural and histochemical studies including quantitative
analysis of AChR density using 125I-a-bungarotoxin. The types and utility
of information obtained from microelectrode studies are listed in Table 6.4.

3. Molecular Genetic Studies

More than 100 mutations in various structural proteins, enzymes, and other
regulatory molecules have been reported to cause CMS. The majority of
reported mutations involve the AChR molecule causing reduced expression
of the adult receptor and/or abnormal receptor kinetics by alteration of the
adult AChR or overexpression of the fetal receptor. Mutations in AChE,
ChAT, rapsyn, and in perijunctional sodium channels have also been reported
to cause various subtypes of CMS.

Most CMS mutations have been discovered after morphologic and
electrophysiologic studies suggest a defect in a particular gene product or
gene. Once potential candidate genes are identified, then expression of the
genetically engineered mutant allele in human cell lines can be done to study
the pathogenicity of the mutation and to test the effect of candidate drugs for
potential management of the condition.

Molecular genetic screening for diagnosis is available for some CMS
syndromes with a restricted number of mutations. However, genetic hetero-
geneity, particularly in the case of AChR mutations, continues to limit the
utility of genetic testing as an initial diagnostic tool.

IV. CONGENITAL MYASTHENIC SYNDROME SUBTYPES

A. CMS with Episodic Apnea (Endplate Choline
Acetyltransferase Deficiency)

1. Definition and Genetics

CMS with episodic apnea (CMS-EA) is an autosomal recessive disorder
associated with deficiency of endplate ChAT, in which the early course is
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dominated by recurrent episodes of severe generalized, respiratory, and
bulbar weakness that may produce sudden death or require hospitalization
for airway protection and respiratory support. All reported cases of CMS-EA
with molecular genetic studies have been associated with mutations in the
CHAT gene (C10q11.2), which codes for ChAT, the rate-limiting enzyme in
the synthesis of ACh from recycled choline and acetyl-CoA (5). These
mutations produce a defect in synthesis of ACh within the motor nerve
terminal. The syndrome could theoretically result from other defects of
synthesis and vesicular uptake of ACh, but none of these other mechanisms
have been documented.

CMS-EA was initially reported by Greer and Schotland in 1960 (6) and
later given the name ‘‘familial infantile myasthenia’’ by Conomy et al. (7). In
2001, Ohno et al. proposed the name ‘‘congenital myasthenic syndrome
with episodic apnea’’ (CMS-EA) and reported the association withmutations
in the CHAT gene (5). CMS-EA emphasizes the important clinical feature
of episodic crises of generalized weakness often associated with respiratory
insufficiency, whereas ‘‘ChAT deficiency’’ refers to the only known cause of
CMS-EA that has been documented to date.

2. Clinical Manifestations

The onset of CMS-EA is typically in the infantile or early childhood period
with generalized hypotonia and weakness involving bulbar, limb, and respi-
ratory muscles. The baseline weakness is punctuated by acute crises precipi-
tated by excitement or infection. A history of SIDS in siblings is a common
and important diagnostic clue (8). In patients who survive the infantile period
or in those cases where the onset is delayed to later childhood, there is often
gradual improvement of the generalized weakness. Patients may present as
adolescents or young adults with symptoms and signs of mild ptosis, bulbar
and limb weakness. In these cases, CMS-EA is often incorrectly diagnosed as
seronegative autoimmune myasthenia gravis. Again, a history of crises early
in life or a family history of SIDS in cases of seronegative myasthenia should
raise suspicion of CMS-EA. At all stages of the illness the symptoms are
responsive to cholinesterase inhibitors, but as expected no benefit is observed
with immunomodulation therapy.

3. Laboratory

Serologic tests for AChR antibodies and serum creatine kinase are normal. In
patients with generalized weakness, electrodiagnostic studies show normal or
slight reduction in the size of the baseline CMAP and a mild to moderate
CMAP decrement with 2- to 5-Hz repetitive stimulation. Exercise or a higher
rate of repetitive stimulation produces transient repair of the decrement fol-
lowed by pronounced postactivation exhaustion. These findings are similar
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to those in autoimmune myasthenia gravis, except that in CMS-EA, post-
activation exhaustion is severe and prolonged especially when exercise is
extended for 5–10 min as opposed to the typical 30- to 60-s period. In CMS-
EA, the CMAP amplitude remains depressed and 2- to 5-Hz repetitive stimu-
lation produces a prominent decrement for 5–10 min or longer after exercise,
while in autoimmune myasthenia the period of postactivation exhaustion
is usually under 5 min duration (Harper, Engel, unpublished observation).
In older patients with CMS-EA who are mildly affected, standard repetitive
stimulation studies may be normal. In these cases, prolonged exercise (5–10
min) or continuous repetitive stimulation at 10 Hz for 5–10 min elicits a fall
in the baseline CMAP amplitude and an increase in the decrement in re-
sponse to 2-Hz repetitive stimulation (Fig. 6.6). Similar findings may occur

Figure 6.6 Prolonged repetitive stimulation of the peroneal nerve, recording
the compound muscle action potential (CMAP) with surface electrodes over the
tibialis anterior muscle in a patient with congenital myasthenic syndrome with epi-
sodic apnea (CMS-EA) caused by a deficiency of choline acetyltransferase (ChAT).
The procedure was performed under sedation with intravenous midazolam and
ketamine. The top trace shows repetitive stimulation at 2 Hz (train of 4 super-
imposed) prior to the start of prolonged repetitive stimulation (no decrement). The
middle three traces illustrate a gradual decline in the CMAP amplitude with con-
tinuous stimulation at 10 Hz for 5 min. The bottom trace shows repetitive stimulation
at 2 Hz (train of 4 superimposed) 1min after prolonged stimulation was discontinued
(50% decrement).
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in autoimmune myasthenia gravis or other forms of CMS, but the extended
period of recovery from postactivation exhaustion strongly suggests the
diagnosis of CMS-EA. Standard concentric needle EMG in CMS-EA reveals
normal insertional activity and small varying motor unit potentials of simple
configuration. Single-fiber EMG demonstrates increased jitter and blocking
commensurate with the degree of motor unit variation of standard EMG.

The routine muscle biopsy is normal or shows only type 2 fiber atrophy.
Morphologic and histochemical analysis of the endplate is normal. Micro-
electrode studies show a normal MEPP amplitude and quantal content of
the EPP (m) at rest but a steady decrease in both with prolonged repetitive
stimulation at 10 Hz (5,9). This pattern mimics the effect of hemicholinium in
vitro (9) and is associated with a gradual reduction in the number of quanta
available for ready release (n). This pattern confirms the presynaptic origin
of the neuromuscular transmission defect and could be produced by ‘‘an
alteration of choline reuptake or resynthesis, or by packaging or mobilization
of ACh stores.’’

4. Treatment

Cholinesterase inhibitors produce a modest benefit in CMS-EA by prolong-
ing the presence and effect of ACh within the synaptic cleft. Drug-induced
desensitization is uncommon because of the progressive reduction in quantal
content associated with CMS-EA secondary to ChAT deficiency. 3,4-Diami-
nopyridine has been tried in CMS-EA but, as expected, the benefit is transient
because the drug tends to rapidly worsen the already depleted stores of ACh.

CASE 6.1 This female patient was the product of a normal pregnancy
and delivery. Immediately after birth she experienced respiratory dif-
ficulty and required apnea monitoring during the neonatal and early
childhood period. At age 15 months, in the setting of acute otitis media,
she developed severe generalized weakness, feeding difficulties, and res-
piratory insufficiency requiring intubation. She recovered after 1 week.
Tests for AChR antibodies were negative and a EMG, including repeti-
tive stimulation studies on multiple nerve, produced normal results.
Two of six siblings died of SIDS during childhood infections. Exami-
nation of the patient at age 5 years showed mild ptosis but no clear
weakness. She complained of being ‘‘tired’’ after 5 min of ‘‘playing,’’
which included a mixture of walking, running, and climbing activities.

Routine motor and sensory nerve conduction studies were nor-
mal. Repetitive stimulation of the ulnar peroneal and facial nerves at 2
Hz was normal. Routine needle examination was normal. Under
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B. Paucity of Synaptic Vesicles

1. Definition and Genetics

CMS secondary to a paucity of synaptic vesicles and reduced quantal release
is a rare disorder with only one well-defined case described in the literature
(10). Since the case was isolated, an autosomal recessive pattern of inheritance
is most likely, but confirmation awaits better understanding of the molecular
origin of the disorder. The disorder is named after the characteristic findings
of reduced density of synaptic vesicles on ultrastructural studies of the
endplate.

2. Clinical Manifestations

In the only well-described case of CMS secondary to a paucity of synaptic
vesicles, the onset of symptoms was in the infantile period with generalized
hypotonia and feeding difficulties (10). Ptosis, bulbar and limb weakness
developed by early childhood, and by the time the patient was studied at 23
years of age the pattern of clinical involvement resembled typical seronegative

conscious sedation with medazolam and nitrous oxide, continuous
repetitive stimulation of the peroneal nerve at 10 Hz for 5 min revealed
a gradual decrement of the tibialis anterior CMAP, which eventually
reached 40% of the baseline amplitude. Repetitive stimulation at 2 Hz
performed after the period of prolonged repetitive stimulation at 10 Hz
revealed a decrement of 25% between the first and fourth response. The
CMAP amplitude returned to normal and the decrement disappeared
gradually over the ensuing 15–20 min.

An intercostal muscle biopsy was performed. Microelectrode
studies showed normal MEPP amplitude and quantal release per nerve
impulse at 1 Hz. Repetitive stimulation at 10Hz for 5min showedapro-
gressive 90%decreaseof theEPPamplitude followed by a slow return to
baseline over the next 7 min. TheMEPP amplitude recorded over 5 min
after stimulation was reduced to about 50% of normal. Patch-clamp
recordings from endplates showed no kinetic abnormality of the AChR
channel. Electronmicroscopy showed a normal concentration of AChR
at the endplate and normal endplate morphology. Mutational analysis
revealed two mutations in the CHAT gene (L210P and S498L). Both
mutations markedly reduce the catalytic efficiency of ChAT.

The patient was treated with pyridostigmine with subsequent
improvement in physical endurance and no recurrence of respiratory
‘‘crises’’ to date.
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autoimmune myasthenia gravis. There was no history of myasthenic crises
and the symptoms were moderately responsive to cholinesterase inhibitors.

3. Laboratory and Treatment

Serum assays for AChR antibodies are negative. Electrodiagnostic studies
reveal a pattern indistinguishable from moderately severe seronegative auto-
immune myasthenia gravis with a normal baseline CMAP, a decrement with
slow rates of repetitive stimulation, and partial repair of the decrement with
exercise or high-frequency stimulation (10). Edrophonium produces partial
repair of the decrement as well. Needle examination reveals small, rapidly
recruited motor unit potentials that are simple in configuration and display
prominent amplitude variation on consecutive discharges. Single-fiber EMG
findings have not been reported. Ultrastructural studies are normal except for
an 80% reduction in the density of synaptic vesicles in the motor nerve
terminal (10). Microelectrode studies show a commensurate 80% decrease in
the quantal content (m) of the EPP and the number of readily releasable
quanta (n), with normal probability of release ( p). The presumed pathogene-
sis of this disorder lies in impaired synthesis or recycling of synaptic vesicles.
The only patient described reported a moderate clinical benefit from pyrido-
stigmine (10). No other medications have been tried.

C. Lambert-Eaton Syndrome–Like CMS

1. Definition and Genetics

This is an ill-defined group of rare autosomal recessive or sporadic disorders
that share a common pattern on electrophysiologic studies with autoimmune
Lambert-Eaton syndrome. The first case reported by Albers et al. in 1984 (11)
and all cases reported since have presented in the infantile period (12,13).

2. Clinical Manifestations, Laboratory, and Treatment

Manifestations include hypotonia and severe generalized weakness with poor
motor development. Respiratory muscle weakness can be severe enough to
require mechanical ventilation. Electrodiagnostic studies show a low-ampli-
tude baseline CMAP, a decrement of the CMAP with low rates of repetitive
stimulation, and facilitation of 200% or more with high-frequency stimula-
tion. Needle examination shows small varying motor unit potentials with
increased jitter and blocking that may improve at higher rates on stimulated
single-fiber EMG. Morphologic studies have been essentially normal and
microelectrode studies mimic the results observed in autoimmune Lambert-
Eaton syndrome. The MEPP amplitude is normal and the quantal content of
the EPP is reduced because of a decreased probability of quantal release ( p).
In three cases of presynaptic CMS, attempts to identify a mutation in the
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Cav2.1 were unsuccessful (14). Defects in other components of the synaptic
vesicle release complex could produce the same type of defect as a calcium
channel mutation. Cholinesterase inhibitors, guanidine, and 3,4-diaminopyr-
idine have been used for treatment with variable improvement.

D. Endplate Acetylcholine Esterase Deficiency

1. Definition and Genetics

Endplate AChE deficiency is an autosomal recessive CMS caused by a defi-
ciency in the asymmetric heteromeric AChE molecule at the motor end-
plate. Complete deficiency produces a more severe phenotype than partial
deficiency. Clinical characteristics that suggest AChE deficiency include gen-
eralized weakness, muscle hypotrophy, a slow pupillary response to light,
and no response or worsening with cholinesterase inhibitors. The AChE defi-
ciency is caused by mutations in the gene for ColQ, a triple-stranded protein
that anchors the globular catalytic subunit of AChE to the basal lamina of the
postsynaptic membrane (15–17).

Endplate AChE deficiency was originally described by Engel et al. in
1997 (18). Hutchinson et al. defined the clinical spectrum of endplate AChE
deficiency in 1993 (19). In 1998 the molecular pathogenesis was defined when
recessive mutations in the COLQ gene were identified in patients with AChE
deficiency (15). Twenty mutations in 24 kinships have been described since
(15–17).

2. Clinical Manifestations

When the AChE deficiency is complete, the patient presents as an infant with
hypotonia, skeletal deformities, and muscle hypotrophy. Severe generalized
weakness, feeding difficulties, weak cry, and respiratory insufficiency are also
observed. When AChE deficiency is partial, the onset tends to be later in life
and manifestations are less severe. Older children and adults have fatigable
ptosis, weakness of extraocular muscles, a delayed and incomplete pupillary
light reflex, dysarthria, dysphagia, and generalizedmuscle weakness. Scoliosis
and lumbar lordosis are common and often worsen after several minutes of
standing. Cholinesterase inhibitors either produce no benefit or cause the
symptoms to worsen.

3. Laboratory and Treatment

Tests for AChR antibodies are negative and the serum creatine kinase is
normal. Nerve conduction studies reveal one or more (R-CMAPs) that
follow the main CMAP by 3–6 ms, decrement faster than the main CMAP
on repetitive stimulation, disappear complete after exercise or higher fre-
quency repetitive stimulation, and are unchanged by administration of
cholinesterase inhibitors (Fig. 6.7). The R-CMAP is produced by a prolonged
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EPP, which remains above threshold beyond the action potential refractory
period in a portion of muscle fibers. The R-CMAP is most readily observed in
small hand and foot muscles because of their relatively short CMAP
duration. Repetitive stimulation studies show a rate-dependent decrement
(i.e., increase in magnitude as the rate of repetitive stimulation is increased;
Fig. 5, which is caused by desensitization of AChR and depolarization block

Figure 6.7 Repetitive stimulation of the ulnar nerve recording over the abductor
digiti minimi muscle in a patient with congenital endplate acetylcholinesterase
(AChE) deficiency. Stimulation rate is 2 Hz with four superimposed consecutive
sweeps. Top and bottom groups were obtained before and 30 s after adminis-
tration of 1 mg of tensilon intravenously. Notice that there is no change in the
amplitude or number of repetitive compound muscle action potentials (R-CMAP)
after Tensilon administration.
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of the muscle membrane (secondary to the long EPP). Standard needle
examination shows abundant small, polyphasic, varying motor unit poten-
tials with rapid recruitment and normal insertional activity. The motor unit
potentials are smaller and more polyphasic than in other CMS (with the
exception of SCCMS) because of the associated endplate myopathy. Single-
fiber EMG demonstrates increased jitter with blocking, although the block
may be less than expected, presumably because the rise time of the EPP is
affected more than the overall amplitude (4).

Ultrastructural studies show small nerve terminals, encroachment of
Schwann cells over the nerve terminals, and degeneration of the postsynaptic
folds and associated cytoplasm (19). The changes in the nerve terminal are
thought to be compensatory and result in a secondary decrease in quantal
content. The changes in the muscle are in response to excess flow of calcium
through AChR into the muscle and constitute the ‘‘endplate’’myopathy that
is responsible for the staticweaknessobserved inAChEdeficiency.Histochem-
ical studies show reduced concentration of AChE at the endplate. Micro-
electrode studies show MEPPs and EPPs of reduced size and prolonged
duration.Patch-clampstudiesconfirmtheprolongedAChRopenepisodes(19).

Genetic heterogeneity has made the use of molecular genetic testing as a
diagnostic tool difficult. The characteristic clinical and electrodiagnostic
features along with histochemical studies confirming the reduction in AChE
concentrations at the endplate are usually sufficient to confirm the diagnosis
of the CMS secondary to endplate AChE deficiency.

Unfortunately, no highly effective treatments have been described for
this CMS subtype. Cholinesterase inhibitors do not help and may make
symptoms worse. Ephedrine produces subjective benefit in some patients. In
one severe case, counteracting desensitization of the AChR by intermittent
administration of a controlled infusion of a short-acting neuromuscular
blocking agent produced temporary benefit (20).

CASE 6.2 Thismale patientwas a product of a normal pregnancy and
delivery. At age 3 months he was noted to have restricted eye move-
ments. He sat and walked on time but was slow and behind his peers in
all motor activities. His sister of 5 years younger age was noted to have
similar symptoms. No family members were affected in other gener-
ations. He complained of generalized weakness that worsened on exer-
tion. On examination at age 13 years there was mild ophthalmoparesis
without ptosis, slowed pupillary light reflexes, and normal speech.Man-
ual muscle testing demonstrated diffuse moderately severe weakness of
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E. Slow-Channel CMS

1. Definition and Genetics

SCCMS is an autosomal dominant disorder with variable expression that is
caused by gain of function mutations in the AChR. It is the only CMS to date
that has been shown to follow an autosomal dominant pattern of inheritance.
The disorder was initially described and characterized both clinically and
electrophysiologically by Engel et al. in 1982 (21). Subsequently mutationsin
theAChR that produce SCCMShave been found in thea,h, and q subunits of
the AChR (22–29). Most slow-channel mutations are found in the M2 pore-
lining segment of the receptor. Mutations produce their effect by either
stabilizing the open state of the receptor or increasing the affinity of AChR
for ACh. It has been shown that open-channel blockers such as quinidine
sulfate and fluoxetine benefit SCCMS clinically (30–32).

neck muscles and of proximal upper and lower limb muscles. Deep
tendon reflexes and sensation were normal. Forward arm elevation was
limited to 30 s and he was unable to perform a deep knee bend.

Nerve conduction studies showed clear R-CMAPs in the median
and ulnar motor studies. The R-CMAPs disappeared following brief
exercise or at repetitive stimulation rates of 1–5Hz. At 2 Hz, there was a
25–35%decrement of themain CMAP, which increased up to 75%with
50-Hz repetitive stimulation. There was no repair of the decrement and
no change in the number or size of the R-CMAP after the adminis-
tration of intravenous Tensilon. Needle examination showed small
varying motor unit potentials with no fibrillation potentials.

An intercostal muscle biopsy was performed. Microelectrode
studies showed slight reduction in the amplitude of the MEPP and
MEPC, with a twofold prolongation of theMEPC decay time constant.
The number of quanta released was markedly reduced (due to compen-
satory reduction in the size of the motor nerve terminals). Histochem-
istry confirmed the absence of AChE at the endplate and electron
microscopy showed small nerve terminals encased in Schwann cells as
well as degeneration of the postsynaptic folds indicating an endplate
myopathy. Mutational analysis confirmed a missense mutation in the
proline-rich domain of the ColQ gene, which prevents the attachment of
the catalytic subunits of AChE to the ColQ tail that anchors the enzyme
to the basal lamina.

Attempts to treat the patient with cholinesterase inhibitors, mex-
iletine, and quinidine have been unsuccessful.
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2. Clinical Manifestations

The clinical presentation of SCCMS is highly variable. Some patients are
asymptomatic but have abnormal electrodiagnostic studies. Severe cases tend
to present earlier in life and develop severe disability by the end of the first
decade. Others are mildly affected and may not present until the seventh or
eighth decade of life. The distribution of weakness in SCCMS is fairly char-
acteristic with prominent weakness involving neck extensors, wrist and digit
extensors, and intrinsic hand muscles. There is often atrophy of the intrin-
sic hand muscles. Other manifestations that are common include variable
ptosis, ophthalmoparesis, dysarthria, dysphagia, proximal limb weakness,
and respiratory insufficiency. Respiratory involvement can be clinically oc-
cult until the first episode of decompensation is triggered by a respiratory
infection or some other illness. Nocturnal hypoxemia may contribute to the
fatigue and weakness associated with SCCMS and other forms of congenital
myasthenia. Asymmetric weakness is common in SCCMS. In severe cases and
as the disease progresses, static weakness and muscle atrophy become more
prominent due to progression of the endplate myopathy associated with
SCCMS. All symptoms characteristically become more severe when patients
with SCCMS are given cholinesterase inhibitors.

3. Laboratory

Tests for AChR antibodies are negative and serum creatine kinase is normal
in SCCMS. Like AChE deficiency, routine NCS reveals the presence of R-
CMAPs in the majority of cases. The characteristics of the R-CMAP in
SCCMS and AChE deficiency are identical (see ‘‘Laboratory’’ section under
AChE deficiency), except that cholinesterase inhibitors increase the number
and size of R-CMAPs in the SCCMS but have no effect on the R-CMAPs in
AChE deficiency (Fig. 6.7 and 6.8). Like AChE deficiency, a rate-dependent
decrement of the main CMAP is also observed in SCCMS (Fig. 6.9). The R-
CMAPs in SCCMS result from a prolonged EPP whereas the rate-dependent
decrement is caused by depolarization block. Needle examination in SCCMS
shows normal insertional activity and short-duration, polyphasic, varying
motor unit potentials with rapid recruitment. The severity of needle exami-
nation findings correlates with the severity of the endplate myopathy.

Ultrastructural studies show degeneration of the postsynaptic folds and
subsarcoplasmic regions of the muscle fiber in the endplate region (33). The
endplate myopathy is often associated with a secondary decrease in the
concentration of the postsynaptic AChR. Microelectrode studies show pro-
longed endplate currents secondary to prolonged opening events of individual
AChRs (33). The prolonged opening events are caused by increased affinity of
AChRs for ACh, stabilization of the open state, or destabilization of the
closed state of the receptor.
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4. Treatment

SCCMS gets worse with cholinesterase inhibitors as they enhance the pro-
longed openings and promote desensitization and depolarization block of the
AChR. Prolonged treatment with cholinesterase inhibitors may worsen the
endplate myopathy by promoting the influx of calcium to the muscle fiber.
Long-lived open-channel blockers such as quinidine sulfate and fluoxetine
have been shown to reduce the channel open time in vitro (30) and improve
objective clinical as well as electrophysiologic measures of function in
SCCMS (31,32).

Figure 6.8 Repetitive stimulation of the ulnar nerve recording over the abductor
digiti minimi muscle in a patient with congenital slow channel myasthenic syndrome
(SCCMS). Stimulation rate is 2 Hz with 4 superimposed consecutive sweeps. Top
and bottom groups were obtained before and 30 seconds after administration of 1
mg of Tensilon intravenously. Notice that there the amplitude and number of
repetitive compound muscle action potentials (R-CMAP) is increased after Tensilon
administration.
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F. Fast-Channel CMS

1. Definition and Genetics

Fast-channel CMS (FCCMS) is the ‘‘mirror’’ image of SCCMS. FCCMS is
an autosomal recessive disorder caused by mutations in the AChR that

CASE 6.3 This female patient was a product of a normal pregnancy
anddelivery.Shortlyafterbirthshewasnotedtohavemildhypotoniaand
weakness. In childhood she experiencedmoderate generalized weakness
as well as mild diplopia, ptosis, dysarthria, and dysphagia. Multiple
family members in multiple generations were noted to have a similar
disorder. At 23 years of age her examination revealed mild weakness of
proximal limbmusclesaswell asextraocular, facial,masseter,andtongue
muscles. There was moderately severe weakness of the neck flexors and
extensors, as well as finger extensors and intrinsic handmuscles. Cholin-
esterase inhibitors caused her weakness to worsen, and calcium channel
blockers as well as ephedrine produced minimal subjective benefit.

Nerve conduction studies showed clear R-CMAPs on the median,
ulnar, and radial motor studies. There was noR-CMAPobserved on the
facial motor conduction study. Repetitive stimulation at 2 Hz produced
decrements of the main CMAP ranging from 5% to 15%, with the
greatest decrement in facial muscles. Increasing the stimulation rate to
50% increased the decrement in the ulnar CMAP from 12% to 38%.
The number and amplitude of R-CMAPs was increased following the
administration of intravenous Tensilon. Needle examination showed
small varying motor unit potentials in proximal muscles.

An intercostal muscle biopsy was performed for morphologic and
electrophysiologic assessment. Microelectrode studies showed sig-
nificant prolongation of the MEPC decay time constant but preserva-
tion of the MEPC amplitude. Single-channel recording documented
a receptor population with four times the normal channel opening
time, confirming the diagnosis of ‘‘slow-channel’’ syndrome. Electron
microscopy showed simplification and degeneration of the postsynaptic
folds indicating an endplate myopathy. Mutational analysis showed
a mutation in the extracellular domain of the a subunit (aG153S) near
the binding site for ACh.

The patient was placed on quinidine sulfate with significant
improvement in muscle strength and reduction in the decrement on
repetitive stimulation studies. She continues to improve gradually after
4 years of continuous quinidine therapy.
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shorten the opening episodes of the receptor by decreasing its affinity for
ACh, destabilizing the open state or stabilizing the closed state of the receptor
(34–36). The first mutation associated with FCCMS was discovered in the
extracellular domain of the q subunit of AChR by Ohno et al. in 1996 (34).
Subsequently, two additional mutations that act by different mechanisms to
produce FCCMS have been described (33,35–37).

2. Clinical Manifestations, Laboratory, and Treatment

Patients with FCCMS typically present in infancy or early childhood with
generalized weakness, fatigue, dysphagia, dysarthria, ptosis, and ophthalmo-
paresis (33). The picture is indistinguishable from autoimmune myasthenia
gravis or many other subtypes of AChR. The symptoms respond to cho-
linesterase inhibitors. The findings on electrodiagnostic studies are also

Figure 6.9 Repetitive stimulation of the ulnar nerve recording over the abductor
digiti minimi muscle in a patient with slow-channel congenital myasthenic syn-
drome (SCCMS). Stimulation rate is 50 Hz. The CMAP amplitude and area both
decrement by 50%. The decrement with 2 Hz stimulation was 15% (not shown).
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indistinguishable from mild to moderate autoimmune myasthenia gravis. On
NCS, there are no R-CMAPs with single stimuli, and with repetitive
stimulation there is a decrement of the main CMAP at low rates that shows
postactivation repair and exhaustion following exercise or fast rates of
repetitive stimulation. No rate-dependent decrement has been reported in
FCCMS. Needle examination is nonspecific with small varying motor unit
potentials on standard EMG and increased jitter and blocking on single-fiber
EMG. Ultrastructural studies are typically normal or show a reduction in the
density of AChR on the postsynaptic membrane.

Microelectrode studies show a small MEPP with short duration MEPP
and EPP. Single-channel studies and molecular genetic analysis have defined
three separate mutations and mechanisms underlying the FCCMS pheno-
type. In cases with the qP121L mutation in the extracellular domain of
AChR, the symptoms are moderate to severe and single-channel kinetics
show decreased affinity of AChR for ACh (33,34). The aV285I mutation in
the M3 segment of the AChR reduces the AChR expression and alters the
gaiting mechanism (manifested as a decrease in the opening rate and an
increase in the closing rate of the AChR) (33,37). Symptoms are relatively
mild in this form of FCCMS. The third subtype of FCCMS is caused by
mutations that alter the mode-switching kinetics of AChR, causing it to open
and close rapidly and inefficiently (35).

In addition to cholinesterase inhibitors, the FCCMS responds to 3,4-
diaminopyridine, either alone or in combination with cholinesterase inhib-
ition (38).

CASE 6.4 This female patient had good health until late childhood
when she began to complain of intermittent diplopia and generalized
fatigue. She was noted to have severe restriction of her extraocular
movements. She developed fluctuating generalized weakness and dysp-
nea on exertion, difficulty chewing, and dysphagia. She experienced
intermittent exacerbation of symptoms lasting several days to weeks.
During these periods she experienced increased generalized weakness,
dyspnea on exertion, orthopnea, and dysphagia. Her symptoms were
partially responsive to pyridostigmine. On examination at 29 years of
age, there was near-complete ophthalmoplegia, mild ptosis and facial
weakness, and mild-moderate generalized weakness.

Routine motor and sensory nerve conduction studies were nor-
mal. No R-CMAPs were observed. Repetitive stimulation of the ulnar,
median, spinal accessory, and facial nerves revealed decrements ranging
from 15% to 28%, which repaired to <10% with brief exercise or
separate administration of either Tensilon or 3,4-diaminopyridine.
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G. Primary AChR Deficiency

1. Definition and Genetics

This is a heterogeneous group of autosomal recessive disorders that result in
reduced expression of the AChR at the motor endplate. Some mutations
exclusively reduce AChR expression while others have minor effects on
AChRkinetics as well (33). AChRkinetics can also be alteredwhenmutations
in the q subunit lead to compensatory expression of the fetal g subunit. The
AChR deficiency is caused by homozygous and heterozygous autosomal
recessive mutations. More than 50 different mutations have been shown to
cause the CMS secondary to primary AChR deficiency (33,39–55). The
mutations are of many types including null, frameshift, and missense muta-
tions in structural or regulatory portions of the gene. The majority of
mutations affect the q subunit, but mutations causing AChR deficiency have
also been described in the a, h, and y subunit genes and in the gene which
codes for rapsyn (55), a molecule that regulates aggregation and expression of
AChR at the muscle endplate.

2. Clinical Manifestations

The onset and severity of symptoms varies greatly in primary AChR de-
ficiency (33). Some patients present in infancy with severe hypotonia and

Needle examination showed small varying motor unit potentials in
proximal muscles.

An intercostal muscle biopsy was performed for morphologic and
electrophysiologic assessment. Microelectrode studies showed a 20%
reduction in the amplitude of the MEPP and MEPC. The MEPC time
constant showed a biexponential decay with one normal component
shorter than normal. The number of acetylcholine receptors per end-
plate, as determined by 125I-a-bungarotoxin binding, was reduced to
5% of normal. Electron microscopy showed mild simplification of the
postsynaptic folds and reduced expression of AChR on the junctional
folds. Mutational analysis revealed two mutations: (a) a frame-shifting
mutation in the extracellular domain of the epsilon AChR subunit
(q553de17), and (b) a point mutation (qR311W) in the N-terminal re-
gion of the long cytoplasmic loop of the q subunit. Expression studies
and patch-clamp analysis showed that these mutations produced ‘‘fast-
channel’’ properties (short open times). The patient was treated with
a combination of 3,4-diaminopyridine and pyridostigmine with signi-
ficant improvement in muscle strength and decrement on repetitive
stimulation studies.
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generalized weakness, which includes bulbar and respiratory muscles. Others
present in childhood with manifestations that are indistinguishable from
autoimmune myasthenia gravis. Common cranial manifestations include
variable ptosis, ophthalmoparesis, dysphagia, dysarthria, and chewing diffi-
culties. Weakness also typically affects neck, proximal limb, and respiratory
muscles. As with autoimmune myasthenia gravis the weakness is variable and
worsens with exertion; in addition, most patients with CMS have some static
weakness and their muscles are generally smaller than those of normal
subjects of similar age. Clinical clues to the diagnosis of AChR deficiency
CMS include the presence of symptoms in early childhood or infancy,
association with skeletal anomalies such as high arched palate and scoliosis,
history of a similar disorder in siblings, and a beneficial response to cholin-
esterase inhibitors. AChR deficiency has been observed in association with
muscular dystrophy secondary to plectin deficiency (3).

3. Laboratory

Tests for AChR antibodies are negative and creatine kinase levels are normal
[except in rare cases associated with plectin deficiency (3)]. The findings on
clinical electrodiagnostic studies are variable and depend primarily on the
severity and distribution of weakness. There are no R-CMAPs with single
stimuli. In severe cases the baseline CMAP is reduced in size and may
facilitate more than 200% with exercise or high frequency stimulation
(Fig. 6.10). This pattern demonstrates that the severity of the neuromuscular
transmission defect is a greater determinant of the pattern of findings on
repetitive stimulation studies than is the site or mechanism of the defect.
Milder cases produce findings on repetitive stimulation studies that are
identical to autoimmune myasthenia gravis. The CMAP amplitude is normal
at baseline but displays a decrement of 10–50% with low-frequency stim-
ulation. The decrement is repaired with exercise or high-frequency stimula-
tion and then worsens for several minutes due to postactivation exhaustion.
The decrement is frequently repaired with either cholinesterase inhibitors or
3,4-diaminopyridine (Fig. 6.11). In mutations that are associated with a
kinetic abnormality of the AChR, the CMAP may decrement rather than
repair with higher frequency stimulation. In mild cases the abnormalities on
repetitive stimulation may be confined to facial muscles or be seen only in the
phase of postactivation exhaustion, even when there is mild generalized mus-
cle weakness. Standard needle EMG shows small varying motor unit poten-
tials. In cases associated with plectin deficiency, fibrillation potentials and
other forms of abnormal spontaneous activity can be observed. Single-fiber
EMG shows increased jitter and blocking.

Routine muscle biopsy is normal except for atrophy of type 2 fibers.
Ultrastructural studies show faint staining for AChR, increased number of
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endplates per muscle fiber, and simplification of the postsynaptic membrane
(33). Quantitative staining for AChR with a-bungarotoxin confirms reduced
expression of AChR. Microelectrode studies show reduced MEPP and EPP
amplitudes with normal quantal content. The duration of endplate currents
and single-channel openings is sometimes prolonged, but this is less prom-
inent than in SCCMS. The abnormal kinetics result directly from mutations
that alter AChR activation or from overexpression of the g subunit in cases of
severe loss of the q subunit.

4. Treatment

The response to treatment in cases of primary AChR deficiency is highly
variable. Almost all cases improve somewhat with cholinesterase inhibitors.

Figure 6.10 Repetitive stimulation of the ulnar nerve at 2 Hz before and imme-
diately after 10 s of isometric exercise in a patient with severe congenital acetyl-
choline receptor (AChR) deficiency. Microelectrode studies in this patient showed
reduced miniature endplate potential amplitudes with normal quantal release, and
mild prolongation of the AChR open time consistent with expression of the fetal
receptor (g subunit). Note that the amplitude of the initial compound muscle action
potential (CMAP; top group of traces) is below normal. After exercise there (bottom
group of traces) there is facilitation of the CMAP amplitude and repair of the
decrement.
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Addition of 3,4-diaminopyridine also benefits some patients (38). Medica-
tions that increase the availability of ACh to the AChR (i.e., cholinesterase
inhibitors or 3,4-diaminopyridine may produce desensitization and worsen-
ing of symptoms in cases of severe AChR deficiency. Thus, the effect of
cholinesterase inhibitors and 3,4-diaminopyridine effect is sometimes short
lived and is followed by subjective worsening of symptoms. As a result, pa-
tients should be started on low doses with gradual titration and close moni-
toring for signs of worsening myasthenic symptoms. For the same reason,
some patients with primary AChR deficiency benefit from an intermittent
‘‘drug holiday,’’ which may minimize receptor desensitization. Ephedrine
also produces subjective benefit in AChR deficiency CMS; however, the
mechanism of action is unknown.

H. Sodium Channel CMS (Mutations of Perijunctional
Sodium Channels)

Sodium channel CMS is a new syndrome that was recently described as a
single case studied by Tsujino et al. in 2002 (56). The patient presented in early
adulthood with mental retardation and a history of recurrent acute episodes
of respiratory insufficiency and weakness of bulbar muscles since birth. The

Figure 6.11 Repetitive stimulation of the facial nerve at 2 Hz before and 1 h after
administration of 15 mg of 3,4-diaminopyridine (DAP) in a patient with mild congen-
ital AChR deficiency. The compound muscle action potential is recorded over the
nasalis muscle. The facial nerve was the only nerve to exhibit a decrement in this
patient. Note repair of the decrement following administration of DAP.
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episodes typically lasted several minutes but no longer than 30 min and
recurred several times per month. Nerve conduction studies were normal
including brief trains of repetitive stimulation at 2 and 50 Hz. No change was
noted after brief exercise. When 10- or 50-Hz repetitive stimulation was
continued for 1 min or more, the CMAP amplitude fell dramatically by up to
85% of baseline, and subsequent brief trains of 2-Hz repetitive stimulation
elicited a significant decrement. These changes in the CMAP repaired rapidly
within several minutes.

An intercostal muscle biopsy was performed and revealed normal
ultrastructure of the endplate. Microelectrode studies showed no abnormal-
ities of theMEPP or EPP, or AChR kinetics. However, the muscle fibers were
electrically unexcitable. Subsequent genetic studies revealed twomutations in
the skeletal muscle sodium channel gene SCN4A, S246L in the cytoplasmic
linker between S4 and S5, and V1442E in the S3-S4 extracellular linking
segment. Expression of the latter mutation in human embryonic kidney cells
showed enhancement of fast inactivation of the sodium channel very close to
the resting membrane potential and inactivation of the channel with high-
frequency stimulation. This defect in perijunctional sodium channels was felt
to explain the clinical and electrodiagnostic findings in this novel case.
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7

Neurotoxicology of the Neuromuscular
Junction

I. INTRODUCTION

The neuromuscular junction (NMJ) is uniquely sensitive to the effects of
neurotoxins. Unlike the blood–brain barrier that protects the brain and spinal
cord and the blood–nerve barrier that protects peripheral nerve, there are no
barriers to protect the NMJ from the deleterious effects of these agents.
Worldwide, the most common neurotoxicity of the neuromuscular junction
results from envenomation. All forms ofNMJ neurotoxicity are characterized
by progressive, typically symmetric muscle weakness. Muscles of eye move-
ment or the eyelids are most often involved as are muscles of neck flexion and
the pectoral and pelvic girdles. In more severe situations there may be
involvement of bulbar and/or respiratory musculature. Cognition and sensa-
tion are usually spared unless other elements of the 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 muscle weakness is severe.

II. CLOSTRIDIAL NEUROTOXINS

The clostridial neurotoxins are gram-positive, anaerobic, spore-forming
bacteria found ubiquitously in the environment. The neurotoxins of clostri-
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dial organisms produce botulism and tetanus by the inhibition of neuro-
transmitter release, although the site of action and subsequent clinical picture
of each is quite different (1). The clostridial neurotoxins are the most toxic
substances known to mankind. The neurotoxins produced from Clostridium
botulinum are the result of food poisoning, although there are rare incidents
of wound botulism and a colonizing infection of neonates. Humans are usu-
ally exposed to the neurotoxin produced by Clostridium tetani as a result of
wounds, and this remains a serious public health problem in developing
countries around the world. However, nearly everyone reared in the Western
world is protected from tetanus toxin as a result of the ordinary course of
childhood immunizations.

A. Botulism

Historically, Justinus Kerner of Germany reported in 1820 cases of what we
now know as botulism from ingestion of improperly smoked sausage and
later found that ingestion of an extract from the sausage reproduced clinical
botulism (2). However, it was Emile van Ermengen of Ghent who identified
the bacterial toxin to be the cause of botulism after isolating an anaerobic
bacterium from ham and reproducing the disease in laboratory animals fol-
lowing injection of the toxin produced by the bacteria (3). The term botulism is
derived from the Latin word botulus, meaning sausage.

1. Pathogenesis

Botulinum toxin is ubiquitously found in soil and survives under anaerobic
and alkaline conditions. The toxin itself is heat labile, but its spores are capa-
ble of surviving extreme weather conditions, are very heat resistant, and may
survive for decades (4–6). Eight immunlogically distinct serotypes of the toxin
exist (A, B, Ca, Ch, D, E, F, and G). Type A is distributed worldwide and
predominates in the western part of theUnited States, Russia Asia, and South
America. Type B is also distributed worldwide but is most common in the
eastern part of the United States, Europe, and Russia. Types C and D are
responsible for outbreaks in animals only. Type C botulism occurs princi-
pally in waterfowl and other birds living in an aquatic environment, but other
species of mammals have been infected. Type E has been associated with
outbreaks in northern Europe, Scandinavia, Canada, Alaska, Japan, and
Russia, usually in association with the consumption of fish (7). Type F is very
uncommon and has been associated with two outbreaks: one in Denmark
and the other in the United States (8). Type G was found in Argentina, but
no outbreaks have been recognized (9).

All forms of the toxin block ACh release at the presynaptic motor nerve
terminal, parasympathetic and sympathetic ganglia as initially described in
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1949 (10). The intracellular target of botulinum toxin appears to be a pro-
tein of the ACh vesicle membrane. Like tetanus toxin, botulinum toxin is
introduced inside the nerve terminal through a receptor-mediated endocy-
tosis process (11). There is internalization, membrane translocation, and sub-
sequent cytosolic targeting (1). The toxin is a zinc-dependent protease that
cleaves protein components of the neuroexocytosis apparatus, thus impairing
the docking and fusion of synaptic vesicles to the terminal membrane (12).
Different toxin isoforms exert their effects on different proteins (13–16). Type
A and E toxins hydrolyze synaptosomal-associated protein-25 (SNAP-25),
type B, D, F, and G toxins cleave synaptobrevin, and type C toxin cleaves
both SNAP-25 and syntaxin (see Chapter 1). Considered the most potent of
neurotoxins, lethality may be seen following exposure doses of 0.05–0.10 ps.

2. Clinical Features

Clinical botulism occurs as five entities: classic or food-borne botulism,
infantile botulism, wound botulism, hidden botulism, and iatrogenic botu-
lism. The classic form of botulism occurs after the ingestion of food con-
taminated by a preformed neurotoxin of C. botulinum. Most cases are caused
by type A, B, or E. All three forms may cause death. Type E botulism is
associated with the ingestion of contaminated seafood. Clinical presenta-
tions of type A, B, and E are similar. Type A poisoning is often more severe
and longer lasting than type B or E poisoning (17). Infrequent cases of hu-
man botulism are caused by type F toxin, and type G organisms have been
recovered from human tissues at autopsy (18). Toxin types C and D cause
disease in animals (19). The clinical pattern of weakness is stereotypical to
all categories, i.e., beginning with cranial nerve dysfunction followed by a
descending pattern of weakness. However, the pathogenesis of weakness
differs for the various forms. Classic botulism is caused by the ingestion of
preformed toxin. In contrast, infant, hidden, and wound botulism are infec-
tious forms of botulism. In the infant and hidden forms, ingested organisms
colonize the digestive tract and produce toxin, whereas in wound botulism,
bacteria generate toxin following proliferation in the wounds. The iatrogenic
form is observed among patients who receive botulinum toxin for therapeu-
tic purposes.

Classic (Food-Borne) Botulism Within hours (usually 2–36) of in-
gestion of contaminated food, most patients develop signs and symptoms
of ocular and bulbar muscle weakness: blurred vision, diplopia, ptosis, oph-
thalmoplegia, dysarthria, and dysphagia. These symptoms are quickly fol-
lowed by a descending pattern of muscle weakness affecting the upper limbs,
then lower limbs and, in severe cases (most), respiratory muscle weakness.
Weakness is usually bilateral but can be asymmetric. Sensation and cognition
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are typically preserved. Because botulinum toxin inhibits ACh release at
cholinergic motor nerve terminals, parasympathetic and sympathetic ganglia
signs and symptoms include constipation (most commonly), dry mouth,
postural hypotension, urinary retention, and pupillary abnormalities.

Advances in critical care management have reduced the fatality rates
to less than 10% (19). Death usually results from the complication of long-
term ventilatory support. Recovery from botulism is prolonged and usually
complete, but symptoms of general fatigue and autonomic dysfunction can
persist for months after normal muscle strength is regained (20). The long
recovery process (many months) results from the necessity for nerve terminal
sprouting at motor endplates and axonal reinnervation.

Infantile Botulism First identified in the mid-1970s, infantile botulism
has become the most frequently reported form of botulism (21). Spores of
C. botulinum are ingested and germinate in the intestinal tract in infantile
botulism. The source of toxin is not identified in most cases. The toxin sub-
sequently is absorbed and carried by the bloodstream to peripheral cholin-
ergic synapses. In contrast to adults, the infant’s intestinal tract lacks the
protective bacterial flora and the clostridium-inhibiting bile acids. Con-
sequently, the infant intestinal tract is more susceptible to colonization by
toxin-producing C. botulinum. Most cases occur before the age of 6 months.
Typically constipation is the initial symptom, and often the infant has list-
lessness, lethargy, a weak cry, difficulty feeding or sucking, and weakness of
bulbar and limb muscles. Epidemiologic studies implicate honey consump-
tion as a significant risk factor for infant botulism (22). Microbiological
analysis of honey products indicates the presence of clostridial spores (mostly
type B) in up to 25% of products (23,24). For these reasons, the American
Academy of Pediatrics suggests that honey should not be fed to children
younger than 1 year.

Wound Botulism Wound botulism, initially reported in 1943, has pre-
viously been a rare disorder occurring in patients with traumatic wound
complications. However, it has increased dramatically in frequency since the
early 1990s in intravenous drug users (25–29). C. botulinum has been recov-
ered from abscesses forming at injection sites in drug abusers and has also
been recovered from the nasal passages of cocaine sniffers (30). The clinical
features of wound botulism are identical to those of the classic form of the
disease. Similarly, treatment is the same along with the appropriate manage-
ment of the specific wound (31).

Hidden Botulism A small number of patients with clinical botulism
show no obvious source of toxin. In these cases, there is no known food
contamination, no wound, and no history of drug abuse (32,33). For this
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reason, such patients stated to have the hidden form of botulism. They are
felt to represent adult variations of infant botulism, i.e., adults who ac-
commodate toxin-producing clostridial bacteria in their intestinal tract.
Epidemiologically there is an abnormality of the gastrointestinal tract, such
as prior diverting surgery, achlorhydria, Crohn’s disease, or recent antibiotic
treatment (34).

Iatrogenic Botulism There is potential for symptomatic complications
from excess botulinum toxin as this toxin has become increasingly utilized
for focal dystonia, spasticity, and, most recently, cosmetic purposes. Its effect
is both local at the site of injection in muscle and (to a lesser degree) remote
from the site of injection (35). Dysphagia is a common side effect of botuli-
num injection for laryngeal dysphonia, typically lasting for about 2 weeks.
On occasion the dysphagia is severe, especially when patients report some
degree of pretreatment dysphagia or when both sternocleidomastoid mus-
cles are injected with large doses of toxin (36,37). A prospective study of
botulinum toxin injection complications for cervical dystonia showed that
prior to treatment 11% of patients had symptoms of dysphagia while 22%
had radiologic evidence for abnormal peristalsis. After injections of botu-
linum toxin new symptoms of dysphagia developed in an additional 33% of
patients, and 50% developed new peristaltic abnormalities by radiographic
study (37). Single-fiber EMG (SFEMG), the most sensitive marker of dis-
turbed synaptic transmission, of the forearm muscle following treatment of
cervical dystonia and hemifacial spasm shows abnormal increase in mean
jitter. Studies performed 6 weeks after treatment noted an increased fiber
density indicating reinnervation (38). In addition, mild abnormalities of car-
diovascular reflexes suggest distant effects on autonomic function. Lambert-
Eaton syndrome (LES) has been unmasked in a patient following therapeutic
botulinum toxin injection (39). Myasthenic crisis has been reported following
injections of botulinum toxin (40).

Bioterrorism The potential for intentional poisoning with botulinum
toxin has become a major concern in the 21st century. In 1996 at least 17
countries were suspected to include or to be developing biological agents in
their offensive weapons programs (41). This number has more than doubled
since the initial ratification in 1972 of the Convention on the Prohibition of the
Development, Production and Stockpiling of Bacteriological (Biological) and
Toxin Weapons and on Their Destruction treaty (42). Four of the countries
listed by the U.S. government as ‘‘state sponsors of terrorism’’ (Iran, Iraq,
North Korea, and Syria) have developed, or are believed to be developing,
botulinum toxin as a weapon of mass destruction (43). With the economic
difficulties in Russia after the demise of the Soviet Union, some of the
thousands of scientists formerly employed by its bioweapons program have
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been recruited by nations attempting to develop biological weapons (44).
The increased interest in botulism as a weapon of terror is in part due to
the relative ease in which the toxin can be produced, and because of its high
lethality in small quantities. The LD50 is estimated to be 0.001 Ag/kg (45). The
ability to disseminate large quantities of the toxin by aerosols can produce
mass casualties.

Development and use of botulinum toxin as a biological weapon began
in the 1940s (46). The head of the Japanese biological warfare group admitted
to feeding cultures of C. botulinum to prisoners with lethal effect during that
country’s occupation of Manchuria in the 1930s (47). The U.S. biological
weapons program first produced botulinum toxin duringWorldWar II due to
concerns that Germany had weaponized botulinum toxin (48). RISE, a
terrorist group of the early 1970s, reportedly planned to introduce botulinum
toxin into the Chicago water supply (49). Iraq revealed to the United Nations
that during the Persian Gulf War 19,000 L of concentrated botulinum toxin
was prepared of which 11,200 L was loaded into specially designed SCUD
missile warheads (50,51). This total amount is more than three times what is
necessary to annihilate the entire human race. Furthermore, Aum Shinrikyo,
the apocalyptic cult that used sarin in the 1995 terrorist attack on the Tokyo
subway system, had produced and stockpiled quantities of botulinum toxin
and other biological agents (52). Despite being one of the signatories of the
1972 Biological and Toxin Weapons Convention, the then–Soviet Union
subsequently produced botulinum toxin for use as a weapon. Botulinum
toxin was one of several agents tested at the Soviet site Aralsk-7 on
Vozrozhdeniye Island in the Aral Sea (53).

3. Differential Diagnosis

The differential diagnosis of botulism includes other disorders of neuro-
muscular transmission, e.g., myasthenia gravis and LES (Table 7.1). It is
suggested by the combination of a descending pattern of weakness in
association with autonomic dysfunction. The diurnal variability in symptoms
and findings will often distinguish these disorders from botulism. Landry-
Guillain-Barré (LGB) syndrome, tick paralysis,Miller-Fisher variant of LGB
syndrome (MFV), and diphtheritic neuropathy are also considerations. The
latter two entities are often the most difficult to distiguish from botulism. The
pattern of descending weakness is a clinical feature of botulism that distin-
guishes it from the classical form of LGB, which usually presents with
ascending weakness. The MFV of LGB syndrome, with ocular and bulbar
abnormalities, may present a more difficult diagnostic challenge. The preser-
vation of deep tendon reflexes would be more in keeping with botulism than
with LGB and MFV. The pharyngeal-cervical-brachial variant of LGB has
clinical features similar to botulism. In contrast to botulism, however,
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patients with the pharyngeal-cervical-brachial variant of LGB have serum
antiganglioside antibodies. Infants with suspected botulism must be assessed
for the myriad of other causes of hypotonia as well as poliomyelitis and spinal
muscular atrophy. In many instances, the rapidity of the course of illness will
be the defining feature. The diagnosis of wound botulism should be consid-
ered whenever a patient with a wound develops bulbar signs and a rapidly
evolving descending pattern of weakness.

4. Laboratory Diagnosis

A diagnosis of botulism can be established with the detection of C. botulinum
organism in the stool or of botulinum toxin in the patient’s serum, stool, or
wound.C. botulinum is found in the stool of 60%of patients with botulismbut
virtually never in the stools of healthy adults (33). Rarely C. botulinum can be
isolated from the stool of normal infants (54). The toxin type can be identified
using mouse bioassay studies with antitoxin neutralization. The suspected
food, if available, should also be tested for toxin and bacteria at the Centers

Table 7.1 Differential Diagnosis of Botulism

Disease entity Characteristic features

Botulism Initial oculobulbar then rapid
descending pattern of weakness,
autonomic involvement

Landry-Guillain-Barré
syndrome

Rapid ascending pattern of
weakness; loss of muscle
stretch reflexes, elevated
CSF protein

Myasthenia gravis Variable weakness of ocular, limb
and bulbar muscle groups;
preserved reflexes

Lambert-Eaton syndrome Variable weakness (often less than
MG); absent or diminished
reflexes, autonomic involvement

Tick paralysis Ascending pattern of weakness;
typically children

Diptheritic neuropathy Tonsilar exudates; peripheral
neuropathy (late)

Poliomyelitis Acute, rapid, asymmetric
weakness, CSF pleocytosis
with elevated protein

Miller-Fisher variant of LGB See Landry-Guillain-Barré syndrome;
ataxia
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for Disease Control (CDC) or appropriate state health facility (19). Labo-
ratory studies are not confirmatory in all instances. This is especially true
when the collection of the specimens is deferred for days after the onset of
symptoms. If the delay in securing serum samples is more than 2 days after
ingestion of the toxin, the chances of obtaining a positive test are less than
30%. Only 36% of stool cultures are positive after 3 days (55).

Electrodiagnostic studies may provide presumptive evidence of botu-
lism in patients with suspected botulism in whom bioassay studies for botu-
linum toxin and stool cultures or when test results are pending during the
early phase of the illness (56–58). The typical electrophysiologic abnormal-
ity is a reduced compound muscle action potential (CMAP) amplitude in
response to single supramaximal nerve stimulation in clinically affected mus-
cles. Motor conduction velocities are preserved and sensory studies are nor-
mal. A decremental response may be seen with slow rates (2 Hz, 3 Hz) of
repetitive nerve stimulation. A modest facilitatory response is seen with
following brief (10 s), vigorous volitional exercise or following rapid rates
(>40 Hz) of stimulation. The degree of facilitation in botulism is usually
between 30%and 100%and is often less than that seen in LES (58,57). Needle
EMG examination demonstrates an increased number of fibrillation poten-
tials and short-duration, polyphasic motor unit potentials. SFEMG studies
reveal increased neuromuscular jitter and impulse blocking, which become
less marked after activation (59–61).

5. Management

The primary treatment for severe botulism is high quality intensive care with
special attention to respiratory function and, subsequently, an aggressive
rehabilitation program. Careful observation of patients for progression of
limb and respiratory muscle weakness is mandatory. Recovery in severe cases
may take many months because regrowth of nerve and regeneration of new
motor endplates is required (62). Other treatments are less effective or spec-
ulative. The role of antitoxin administration is controversial. Lack of effi-
cacy has been demonstrated in many cases. Numerous complications have
followed including allergic reactions (63,64). Serious side effects occur in as
many as 20% of patients (19). A 2% rate of anaphylaxis has been reported,
which is high compared to most other equine products (63). Most commer-
cially available botulinum antitoxins are of equine origin, and allergic re-
sponses are attributed to antibody products of nonhuman origin. Beneficial
effects are more likely with treatment for type E botulism than with types A
or B. Efficacy is diminished in many cases because of the time lag in admin-
istration of the antitoxin. To be of benefit, antitoxin must be given early,
before the toxin is bound to and translocated into the nerve terminal. Admin-
istration after the onset of clinical symptoms is not protective (65).
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Because the incidence of botulinum poisoning is so low in the United
States, vaccination of the general public is unwarranted. Because of the
possible use of botulinum toxin as a biological warfare agent, the U.S. Army
has developed vaccine and antiserum to botulinum toxin and nearly all stocks
of these products are presently held by the military. The vaccine, developed in
the 1950s by the military at Fort Detrick, Maryland, protects from serotypes
A–E (66).

Guanidine and the aminopyridines (4-AP, 3,4-diaminopyridine) are
reported to improve ocular and limb muscle strength in some patients (67–
74). Unfortunately, the aminopyridines have little or no effect in reversing
respiratory muscle weakness (75). Similarly, the aminopyridines were inef-
fective in treating mice exposed to botulinum toxin and their use only pro-
longed the time to death (76,77). Both drugs facilitate the release of ACh
from nerve terminals. The aminopyridines are potassium channel–blocking
agents that increase calcium influx through presynaptic voltage-gated mem-
brane channels. Aminopyridine therapy can be complicated by the develop-
ment of seizures and insomnia (78,79). The serious side effects of guanidine
(bone marrow suppression and nephritis) are dose and time related, thus
limiting the use of this drug (69,80).

B. Tetanus

The word tetanus is derived from the Greek tetanos, which is derived from
the term teinein, meaning ‘‘to stretch.’’ Tetanus has been recognized since
the 5th century B.C. when discovered by Hippocrates but the modern era of
understanding tetanus begins in 1884 (81). Carle and Rattone first produced
tetanus in animals by injecting them with pus from a deceased human teta-
nus patient in 1884. During the same year, Nicolaier produced tetanus in
animals by injecting them with samples of soil. In 1889, Kitasato isolated the
organism from a human victim, showed that it produced disease when
injected into animals, and reported that the toxin could be neutralized by
specific antibodies. In 1897, Nocard demonstrated the protective effect of
passively transferred antitoxin, and passive immunization in humans was
used during World War I. Tetanus toxoid was developed by Descombey in
1924, and the effectiveness of active immunization was demonstrated in
World War II (81).

Tetanus is caused by the neurotoxin tetanospasmin that is produced by
C. tetani, a gram-positive, spore-forming, motile, obligate anaerobic organ-
ism. The organism has a distinctive drumstick-like appearance due to the
terminal formation of the spore. Tetanospasmin abolishes the inhibitory
spinal reflex arcs, allowing excitatory reflexes to predominate (1). This results
in increased muscle tone and spasms that are the cardinal manifestations of
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the disease. Tetanus is predominantly seen in neonates and children in
developing countries where immunization programs remain inadequate
(82–85). In the Western world, tetanus is most often encountered in patients
older than 50 years, often after a minor injury acquired outdoors, and in drug
addicts (86–88). Tetanus occurs in three clinical forms: localized, generalized,
and cephalic.

1. Pathogenesis

Clostridium tetani is a worldwide ubiquitous organism. The spores are rela-
tively resistant to drying and various disinfectants (e.g., phenol, formalde-
hyde, and chloramine) require more than 15 h to kill the spores. Autoclaving,
aqueous iodine and 2% glutaraldehyde at pH 7.5–8.5 are destructive. How-
ever, the spores ofC. tetanimay survive for decades, especially in manure-rich
soil. Spores may also be found in animal and human feces and in domestic
dust. Spores germinate into the vegetative form under appropriate anaerobic
conditions, particularly in wounds associated with necrosis. Two exotoxins,
tetanolysin and tetanospasmin, are elaborated by the vegetative form.

Tetanolysin is not thought to be involved in the pathogenesis of teta-
nus. Tetanospasmin, a zinc metalloprotease, is formed under plasmid control
as a single 1315- amino-acid polypeptide chain that is cleaved by bacterial
protease to form a heterodimer consisting of a 100-kD heavy chain and a 50-
kD light chain joined by a disulfide bond (89). Biophysical studies indicate
that the toxin is similar to other three-dimensional toxins (e.g., diphtheria
toxin) and is folded into three functionally distinct domains that have im-
portance in the role of cell intoxication (90). The carboxyl terminal of the H
chain in primarily responsible for neurospecific binding, the amino terminal
of the same chair is responsible for cell penetration and the L domain is re-
sponsible for the blockade of neurotransmitter exocytosis (1).

Cell intoxication occurs in four steps: cell binding, internalization,
membrane translocation, and targeted cell dysfunction (91). When tetano-
spasmin is released in infected wounds, the C fragment binds to specific
axonal membrane gangliosides (GDIb and GT) predominantly at the termi-
nals of amotor and, to a lesser extent, autonomic neurons. The toxin is then
internalized inside the lumen of synaptic vesicles after vesicle reuptake. It is
translocated from the endosomes to the cytosol where it is then transported
by retrograde transsynaptic axonal transport to the cell bodies of inhibitory
interneurons in the spinal cord and brainstem. The light-chain fragment
causes proteolytic cleavage of the synaptosomal-associated protein com-
plexes, particularly the synaptobrevin vesicle-associated membrane protein,
and prevents neurotransmitter release [glycine in the spinal cord and g-amino-
butyric acid (GABA) in the brain]. This disinhibition results in uncontrolled
excessive efferent discharge of motor and autonomic neurons resulting in
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muscle rigidity, spasms, and autonomic dysfunction characteristic of tetanus.
The amino acid structures of botulinum toxin and tetanospasmin, are
partially homologous. The estimated human lethal dose of tetanospasmin is
less than 2.5 ng/kg.

2. Clinical Features

Three clinical forms of tetanus exist: localized, generalized, and cephalic. The
incubation period for tetanus is usually 7 days after injury but varies from 3
to 21 days although the syndrome may appear as early as 24 h or may be
delayed for several months (92). The incubation period is directly related to
the distance of the injury from the central nervous system. Injuries to the
head and neck are likely to be associated with significantly shorter incuba-
tion periods than injuries to the lower extremities. Incubation time is a prog-
nosticator of ultimate outcome. The shorter the incubation period, the greater
the likelihood of death. In Western society, tetanus is a disease of older in-
dividuals and typically due to a small puncture wound. It is a disease of
infants and children in developing countries primarily due to the lack of
immunization programs.

Localized Tetanus Localized tetanus is uncommon in humans and is
generally mild in severity (93). It accounts for 13% of cases in one reported
series but has not been well characterized in the literature (86). Localized
tetanus produces painful muscle spasms in a restricted area in proximity to
the site of injury. Death occurs in less than 1% of cases. The muscle spasms
may persist for several weeks to a few months before spontaneously sub-
siding. In some instances, they may be the first manifestation of general-
ized tetanus.

Generalized Tetanus Generalized tetanus is the most common form.
Typically the illness starts with spasms of the muscles of mastication, pro-
ducing trismus or ‘‘lockjaw.’’ This is quickly followed by involvement of
other muscles of the head and neck causing dysphagia, and proceeding to
involvement of the axial muscles, shoulders, hips, and limbs. Symptoms
abate in reverse order. Abdominal involvement produces a rigid abdomen
and sustained contraction of the facial muscles produces the classic grimace
called risus sardonicus. The sustained contraction of paraspinal musculature
produces the characteristic opisthotonus position, a finding that occurs early
in the disease perhaps due to the short length of the nerve innervating these
muscles. Death as the result of asphyxia due to laryngospasm may occur.
Auditory or tactile stimuli often produce paroxysmal, generalized, repetitive
spasms (tentanospasms) that become exhausting to the patient.

Autonomic dysfunctionmay occur, particularly in severe cases. Cardiac
and vasomotor instability and thermoregulatory disturbances are common.
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Labile or sustained hypertension, hyperpyrexia, excessive sweating, tachy-
cardia, and other arrhythmias may occur. Severe cardiac instability may lead
to cardiac arrest and death.

Cephalic Tetanus Cephalic tetanus is rare (94). It occurs following
localized infections about the head and neck, typically in the distribution
of the facial nerve. It is characterized by unilateral facial paralysis, trismus,
nuchal rigidity, pharyngeal spasms causing dysphagia, frequent laryngeal
spasms, and facial stiffness on the unaffected side. There is a risk of death from
asphyxia. There may be associated involvement of other cranial nerves: glos-
sopharyngeal, vagus, and rarely, the oculomotor nerves. The incubation pe-
riod is short and may progress to generalized tetanus.

3. Differential Diagnosis

Tetanus should not be confused with other disorders so long as the clinician
has thought of it. The differential diagnosis of tetanus depends on the clinical
pattern of presentation (Table 7.2). Those patients presenting with trismus
should also be evaluated for the presence of dental caries, peritonsilar and
retropharyngeal abscesses, tonsillitis, parotid gland abnormalities, and tem-

Table 7.2 Differential Diagnosis of Tetanus

Disease entity Characteristic features

Tetanus Initial oculobulbar then rapid
descending pattern of weakness,
autonomic involvement

Retropharyngeal or
dental abscess

Pseudotrismus, localized findings
to the jaw; fever

Meningitis CSF pleocytosis with elevated
protein

Encephalitis Sensorial clouding; CSF pleocytosis
with elevated protein

Rabies Trismus is not present; usually
incubation period is longer.
CSF pleocytosis

Hypocalcemic tetany
Phenothiazine-induced
dystonia

Known exposure to drug; multifocal
dystonic posturing

Epilepsy Witnessed seizure, incontinence,
postictal state

Strychnine poisoning Trismus appears late; low
serum calcium

Chapter 7238



promandibular dysfunction (95–102). Less commonly, trismus may be seen
with meningitis and encephalitis (103–105). Trismus is not associated with
hypocalcemic tetany and in this disorder, the trunk is often spared and the
patient will exhibit Trousseau and Chvostek signs. Syndromes of continuous
muscle fiber activity (stiff-person syndrome) evolve more insidiously and typ-
ically only rarely involve the muscles of the face. However, other elements of
the disorder are similar with axial stiffness and spasms provoked by a variety
of stimuli (106–108). Antibodies to glutamic acid decarboxylase may be pre-
sent. Electrodiagnostic features also help to differentiate between the two.

4. Laboratory Diagnosis

There are no laboratory findings characteristic of tetanus. The diagnosis is
entirely clinical and does not depend on bacteriologic confirmation. Clues
to the diagnosis include awound or recent history of a wound, no clear history
of tetanus toxoid immunization, headache, low-grade fever, irritability, and
restlessness. However, the absence of a wound should not preclude a diag-
nosis of tetanus, and the illness has been reported in those who have been
previously immunized (109). Clostridium tetani is recovered from the wound
in only 30% of cases and, not infrequently, is isolated from patients who do
not have tetanus. Routine blood work is typically normal as is the cerebro-
spinal fluid. Electrodiagnostic studies demonstrate bursts of motor unit
potentials, similar to voluntary contraction, during tetanospasim. Character-
istically, there is a shortening or absence of the silent period after supra-
maximal nerve stimulation (110–113).

5. Management

The primary treatment for tetanus is directed at the elimination of the source
of toxin; the cleansing and thorough debridement of the wound; the use of
appropriate antibiotics; the neutralization of circulating unbound toxins and
adequate immunization to prevent infection. Modern critical care units has
decreased the fatality rates significantly in developed countries (114–117).
Human tetanus immunoglobulin should be given immediately at the time of
diagnosis to prevent further spread of the toxin. Tetanus antitoxin does not
cross the blood–brain barrier and has no effect on toxin already bound to
neurons. Intrathecal antitoxin administration has yet to be of proven benefit.

Tracheostomy and ventilatory support are often necessary when there is
laryngeal spasm. Sedatives, muscle relaxants, and a quiet environment are
used to reduce rigidity and control tetanospasms. Typically, diazepam is given
at a dosage of 0.5–1.0mg/kg per day either by infusion or in divided doses. An
alternative is the intravenous infusion of midazolam (118). Larger doses run
the risk of respiratory depression. Baclofen, intravenously, has the advantage
of managing spasms and preserving voluntary movement and respiration
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(119–121). Dantrolene and propofol have been used in small series with var-
iable results (120). Neuromuscular blockade may be necessary when spasms
are refractory to other measures.

The management of the autonomic disturbances may be very problem-
atic (122–125). Hypotension can be managed with fluid load and, if needed,
inotropic support. Hypertensive episodes can be treated with short-acting h-
blockers, such as an intravenous infusion of esmolol or with labetalol (126).
However, the use of h-blockers is not without risk particularly in those pa-
tients whose blood pressure and heart rate vary widely and are likely to be-
come either hypotensive or bradycardic (120).

The key to the management of tetanus is prevention. Tetanus immuni-
zation, usually combined with diphtheria and pertussis, is recommended
for all children older than 6 who have no contraindication to vaccination.
Three of the doses are administered usually at 6- to 8-week intervals while
the last is delayed for at least 6 months after the third injection. Booster in-
jection should be administered upon entry to school (age 5–6) and at 10-year
intervals thereafter. Individuals who have simple wounds should receive
tetanus vaccine if they have not been previously in the past 10 years or if
the vaccination history is not known. If the wound is severe the same recom-
mendations are employed except that the interval since last immunization is
shortened to 5 years.

C. Envenomation

Most biological toxins of animal origin affect the cholinergic system and
either facilitates the release of neurotransmitter from the presynaptic nerve
terminal or block the AChR. In general, bites from snakes, scorpions, and
ticks are more common during summer months when they are inadvertently
encountered. In contrast, exposure to marine toxins may occur at any time as
they are acquired through ingestion and less rarely by injection or penetra-
tion. 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 geography
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.

1. Arthropods

The venoms of the phylum Arthropod have been known since antiquity and
are used to incapacitate prey for feeding or as a defense against predators
(127). Few of the arthropods, however, produce toxicity at the NMJ. The
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toxicity at the NMJ occurs by three mechanisms (Table 7.3). In the first there
is an initial augmentation of ACh release followed by presynaptic depletion
of neurotransmitter. The second causes a facilitation of ACh release without
a subsequent presynaptic depletion of neurotransmitter. The third mech-
anism causes a depletion of ACh release without a subsequent presynaptic
depletion of neurotransmitter. Where once these envenomation carried a
12–25% mortality; in the last few decades these intoxications are rarely
fatal with the improvement of critical care facilities (128,129).

Spider Bites Only a few spider venoms affect theNMJ. The funnel web
spider and the redback spider of Australia are the most dangerous spiders
in this group. In North America, only the bite of the black widow spider
(Lactrodectus) is of concern. The most common victims of a black widow
spider bite are small boys, perhaps because of their inquisitiveness around
nooks and crannies.

Lathrotoxins found in the venoms from Latrodectus cause systemic
lathrodectism. These toxins produce a marked facilitation in neurotransmit-
ter release by depolarization of the presynaptic nerve terminal and increasing
Ca2+ influx into the nerve terminal at all neurosecretory synapses including
the NMJ (130–132). There is subsequent depletion of neurotransmitter from
the nerve terminal resulting in a blockade of synaptic transmission. It has
been demonstrated that this toxin exerts its effects on the presynaptic nerve
terminal by several mechanisms. The toxin binds to neurexin and thereby
activates the presynaptic protein complex of neurexin, syntaxin, synapto-
tagmin, and the N-type calcium channel to massively facilitate ACh release
(133). Neurotransmitter release in nerve–muscle preparations, as measured
by MEPP frequency, increases several hundred fold within a few minutes
(134). There is a subsequent depletion of synaptic vesicles, disruption of the
highly organized active zone region of the presynaptic nerve terminal thus
inhibiting the docking of synaptic vesicles to the terminal membrane, and
effective recycling of vesicular membrane (135–140).

Symptoms from a black widow spider bite begin within minutes of the
bite and reflect the massive release of neurotransmitter from peripheral,
autonomic, and central synapses (141). Severe muscle rigidity and cramps
precedes generalized muscle weakness due to the depolarizing neuromuscular
blockade. A black widow spider bite is rarely fatal but cardiovascular collapse

Table 7.3 Mechanisms of Arthropod Blockade of Synaptic Transmission

1. Facilitation of ACh release with subsequent exhaustion of neurotransmitter
2. Facilitation of ACh release without subsequent exhaustion of neurotransmitter
3. Depletion of ACh release with subsequent exhaustion of neurotransmitter
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may occur in elderly persons or in young children. Treatment is primarily
supportive. The administration of calcium gluconate may be helpful in alle-
viating the severe muscle cramps and rigidity (142). Magnesium salts may
be beneficial by reducing neurotransmitter release (141). The administration
of a horse serum antivenom is very effective in rapidly reversing the neuro-
toxic effects (143).

Tick Paralysis Tick paralysis is a worldwide disorder that was first
described at the turn of the 20th century in North America and Australia,
although there is vague reference to an earlier case in 1824 (129,144–146). It
is one of several kinds of neuromuscular disorders that may result from
tick venom exposure. Tick paralysis results from the introduction of a neu-
rotoxin from one of more than 60 tick species (147,148). In North America,
the Dermacentor andersoni, D. variabilis, D. occidentalis, Amblyomma amer-
icanum, and A. maculatum are toxic. The vectors in Europe and the Pacific
are Ixodes ricinus and I. cornuatus and in Australia it is I. holocyclus. Geo-
graphically, tick paralysis is more common in states west of the Rocky
Mountains and in British Columbia and Alberta (149).

The symptoms are stereotypical.Within 5–6 days of attachment, there is
a prodrome of paresthesiae, headache, malaise, nausea, and vomiting. The
prodromal period parallels the feeding pattern of the tick. Over the next 24–48
h an ascending paralysis occurs. It begins symmetrically in the lower ex-
tremities and progresses to involve the trunk and arms. In most instances
when a tick is found, it is fully engorged. In contrast to the vectors foundmost
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 symptoms 24–48 h following the
removal of the tick (150). Sensation is preserved, but muscle stretch reflexes
are often diminished or not present suggesting the LGBSyndrome (Table 7.4),

Table 7.4 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
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a common misdiagnosis (151). There is no demonstrable response to cho-
linesterase inhibitors (152,153). There is some indication of an association
between the proximity of the site of attachment to the brain and the severity of
the disease. Resolution of symptoms 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
those paralyses due to the Dermacentor species and continues over several
days. Antitoxin may be of benefit in some situation, but the high frequency of
acute allergic reactions makes their widespread use less feasible (154).
However, prolonged weakness has been reported (155). Death may occur
due to respiratory failure from severe bulbar and respiratory muscle weak-
ness, and the clinical picture may be clouded by the presences of CNS findings
(156,149).

The improvement in critical care facilities over the last few decades
make envenomation intoxications rarely fatal; previously they carried a 12–
25%mortality (128,129). Children aremore prone to the disorder than adults.
This may be due in part to their play habits or 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 the site of attach-
ment. Some studies suggest that girls are more often affected because their
long hair allows the tick to remain hidden for longer periods and therefore
allows prolonged feeding (151,157). The identification of the presence of a tick
bite is often delayed. This results in the misdiagnosis of the problem and has
been confused with LGB syndrome, myasthenia gravis, spinal cord disease,
periodic paralysis, diphtheria, heavy-metal intoxication, insecticide poison-
ing, porphyria, and hysteria (151,158). In many instances, the tick is located
by the nurse, the house officer, the mortician, or at the time of autopsy (128,
151,159). Careful, systematic inspection of the scalp, neck, and perineum,
often with a fine-toothed comb, is necessary to locate the tick.

In most instances, the characteristics of the toxin from various species
are not known. Radiolabeling studies with monoclonal antibodies have
demonstrated the presence of toxin in salivary glands (160). The most potent
toxin is from the Australian tick, Ixodus holocyclus. The mechanism by which
weakness occurs following tick envenomation remains controversial. Holo-
cyclotoxin, isolated from the salivary glands of female ticks, causes a temper-
ature-dependent blockade of neurally evoked release of ACh from the nerve
terminal (161). Others also have suggested a block of neuromuscular trans-
mission (162). The tick paralysis of theDermacentor species is understood less
well. Some authors feel that there is no direct abnormality of synaptic
transmission; rather, they postulate an abnormality due to impaired depola-
rization of the nerve terminal with secondary impairment of ACh release
(163,164). There are variable reports of prolonged distal motor latencies,
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slowed nerve conduction velocities, and reduced CMAP amplitudes (6,148,
165–167).

Scorpion Bites The peptides contained in scorpion neurotoxins may
cause a variety of neurologic effects, the most significant of which are those
that modulate Na+ and K+ channel function. However, some affect the
neuromuscular junction and produce an enhanced presynaptic depolarization
resulting in release of neurotransmitter from synaptic vesicles (168). Increased
excretion of catecholamines has been demonstrated after scorpion sting and
may relate to the primary effect of the venom or to a secondary sympathetic
adrenergic surge. Treatment is nonspecific and focuses on maintaining
respiratory and cardiac as well as coagulation function. Antivenom does
not appear to have any efficacy (169,170).

2. Snakebites

Envenomation by snakebite occurs from four major groups; Viperidae (true
vipers) Crotalidae (rattlesnakes and pit vipers), Elapidae (American coral
snake, cobras, kraits, mambas), and Hydrophiodae (sea snakes). Neuromus-
cular blockade occurs primarily from the Elapidae andHydrophiodae species
(171–173). One Crotalidae species, Croatulus durissus terrificus, a South
American rattlesnake, has a very potent neuromuscular blocking venom.
Other rattlesnakes and pit vipers act through hematologic and cardiovascular
mechanisms. Venom is produced and stored in salivary glands, and inocu-
lation occurs through fangs or modified premaxillary teeth (171).

An in-depth discussion of the pharmacology of snake toxins is beyond
the scope of this chapter. These may act either presynaptically or postsynap-
tically. Presynaptic toxins, h-neurotoxins (h-bungarotoxin, notexin, and tai-
poxin), act to inhibit the normal release of ACh from the presynaptic cell
of the NMJ. Often, there is an initial augmentation of ACh release followed
by presynaptic depletion of neurotransmitter. They tend to be more potent
than postsynaptic toxins. Postsynaptic neurotoxins, a-neurotoxins, produce
a curare-mimetic, nondepolarizing neuromuscular block but vary in the de-
gree to which the block is reversible in the laboratory. Most venoms are
chemically an admixture of both types of neurotoxins, although one typemay
predominate in a given venom. For example, the venom of the Thai cobra is
composed primarily of a single postsynaptic neurotoxin (174). In contrast, the
venom of Bungarus multicintus contains h-bungarotoxin, four other presy-
naptic toxins, a-bungarotoxin, and two other postsynaptic toxins (175). The
venoms ofHydrophiodae species is more toxic than land snakes although the
amount of toxin injected by sea snakes is smaller than that injected by land-
based snakes (176,177). The a-neurotoxins (postsynaptic), like curare, bind to
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the nicotinic AChR of muscle. They have a slower onset of action, a longer
duration of effect, and are 15–40 timesmore potent than d-tubocurarine (178).
There are numerous subforms of h-neurotoxins (presynaptic). Most have a
phospholipase component that is essential for the presynaptic effects of the
toxin. All suppress the release of ACh from the nerve terminal although there
is some variability in the precise mechanism by which this occurs. In
experimental preparations, toxins from different species will potentiate each
other, suggesting different binding sites at the NMJ (179). Taipoxin from the
Australian and Papua New Guinean taipan snake is unique. In addition to
its potent presynaptic blockade of synaptic transmission, it also has a direct
myotoxic component. This produces rapid muscle necrosis and degenera-
tion. There is species variation in the susceptibility to toxin exposure. The
venom of the Australian mulga snake is fatal in humans, will produce ptosis
in monkeys, and does not appear to produce a neuromuscular block in the
rabbit (180,181).

The clinical course of snake envenomation follows a specific pattern.
After the bite of a pit viper or cobra, there is local pain. Pain is often absent
following the bite of other Elapidae and Hydrophiodae organisms. Swelling
typically occurs within 1 h following bites from Viperidae, Crotalidae, or the
cobra but is not seen following bites from other Elapidae (mambas, kraits,
coral snakes) and Hydrophiodae. This is followed by a preparalytic stage
whose signs and symptoms include headache, vomiting, loss of conscious-
ness, parasthesiae, hematuria, or hemoptysis (182). These symptoms are not
common after envenomation by cobras or mambas. The time period between
snakebite and the development of paralytic signs and symptoms may vary
from 0.5 to 19 h (183). 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 development of ocular and periocular muscle weakness
(184). Limb, diaphragmatic, and intercostal weakness follows and may con-
tinue to evolve for up to 2–3 days (171,185). Cardiovascular collapse, sei-
zures, and coma ensue without appropriate treatment. There is no sensory
abnormality other than that which occurs around the bite itself. Other sys-
temic effects of neurologic importance relate to coagulation deficits. Cerebral
and subarachnoid hemorrhage have been reported after bites from many
species of these snakes and is the leading cause of death following viper bites
in several regions of the world (186,187).

Treatment consists of the use of antivenoms, and these aremost effective
in bites that do not contain significant amounts of phospholipase, a compo-
nent of presynaptic neurotoxins (184,188,189). If the type of snake is known, a
high-titer monovalent type is administered. However, often the type of snake
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is not known and polyvalent antivenom is necessary. The goal of antivenom is
to shorten the duration of weakness. Other respiratory, cardiovascular, and
hematologic support measures may be required. Supportive measures are the
mainstay of care for most victims of coral snake bite. Intensive care treatment
and airway maintenance is similar to patients with myasthenia gravis. Some
authors recommend treatment with cholinesterase inhibitors in those cases
that are predominantly caused by a postsynaptic abnormality and suggest
that electrodiagnostic testing may be useful in determining whether they will
be effective (190,191).

3. Marine Toxins

The rapid rise in marine pollution has spurred a renewed interest in marine
toxins. Previously they were only of interest to physiologists and pharma-
cologists who used them as tools for the investigation of biological systems.
Examples of marine neurotoxicology are scattered throughout the literature
dating to biblical times (Exodus 7:20-21). The reader is referred to Southcott’s
paper for an excellent review of the subject (192). Marine neurotoxins affect-
ing the neuromuscular junction are rare and come 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 fact that there is an
increase in the concentration of toxin though successive predatory transvec-
tion up the food chain.

Dinoflagellates are single-celled, biflagellated, 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 neurologic effects. Those that affect the NMJ are rare and
indirect. They include paralytic shellfish poisoning (PSP) which results from
neurotoxins produced by less than 1% of the 2000–3000 species of known
dinoflagellates and diatoms (193). The toxin is rapidly absorbed through
the gastrointestinal tract and symptoms begin within 30 min of ingestion.
Characteristically, there is an initial burning or paresthesia of the face and
mouth, spreading quickly to involve the neck and limbs. Slowly, these sen-
sory symptoms abate and are replaced with numbness, some ataxia, and, in
severe cases, progressive generalized weakness and respiratory failure. Over-
all, the mortality approaches 10%. Most neurotoxins from dinoflagellates
and diatoms are sodium channel blockers (e.g., saxitoxin and tetrodotoxin).
Brevetoxin, a milder neurotoxin that causes nonlethal neurotoxic shellfish
poisoning, depolarizes cholinergic systems by opening sodium channels to a
lesser extent. Neuromuscular transmission is altered indirectly as a result.

Conontoxins are a diverse group of toxins from predatory cone snails
that inject their venom via a small harpoon-like dart (194). It is only the fish-
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predatory species (Conus geographus, C. textile, C. marmoreus, andC. omaria)
of this mollusk that appears dangerous to man (195–197). The effects of these
toxins are variable among andwithin species. Several have direct effects on the
NMJ. The a-conotoxins block the binding of ACh to the ligand binding site
(198–200). These venoms function similarly to the snake a-neurotoxins
described earlier. The N-conotoxins block the voltage-gated calcium channel
of the presynaptic nerve terminal (201). The latter toxin has played an
important role in our understanding of LES and serves as the basis for
the currently used antibody assay (202,203). Following the injection of toxin
there is intense local pain quickly followed by malaise, headache, and within
30 min a 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 one’s pocket
because the dart may penetrate cloth (192). Treatment is directed to respira-
tory and cardiovascular support. There is no antivenom available. There is no
literature discussing the potential efficacy of cholinesterase inhibitors. More
than 60% of stings have been fatal (197,204).

The most venomous fish is the stonefish (Synanceja horrida, S. traachy-
nis, S. verrucosa) found in the Indo-Pacific oceans and Red Sea and the genus
Inimicus found off the coast of Japan (205). 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 occurs as the result of
the induced neurotransmitter release with depletion of ACh stores, similar to
that of other presynaptic toxins (206,207). Envenomation results in immedi-
ate, excruciating pain that may last for 1–2 days. Severe edema occurs due to
the actions of hyaluronidase, which promotes the rapid spread of venom
through the tissue, and tissue necrosis may occur (192). In addition to
gastrointestinal, autonomic, and cognitive difficulties, the victim may expe-
rience generalizedmuscle weakness due to themechanism noted above. Death
results from cardiotoxicity. Treatment is supportive and in some cases the use
of a specific antitoxin may be helpful.

4. Plant Toxins

There are very rare instances in which plant neurotoxins affect the NMJ of
humans. They are more likely to affect animals. Their neurotoxicity is
dependent on 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 that often results in death. Sensory abnormalities are common and
prominent (208). It has been associated with the death of Socrates (209).
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The mechanisms of action of this piperidine alkaloid neurotoxin are not
completely understood. There is evidence to show that at least part of the
toxin acts as a curare mimetic, blocking the postsynaptic function of the
NMJ (210).

III. OCCUPATIONAL NEUROTOXINS

A. Heavy Metals

Numerous polyvalent cations affect neuromuscular transmission, but these
effects are seen in physiology and pharmacology laboratories where they have
been used as tools to study the basic mechanisms of synaptic transmission.
Nearly all of these intoxicants have multiple effects on synaptic transmission.
They predominantly block the release of ACh from the presynaptic nerve
terminal. All of them also facilitate the spontaneous quantal release of
neurotransmitter. These include barium, erbium, cadmium, cobalt, gadoli-
nium, lanthium, manganese, nickel, praseodymium, triethyltin, and zinc
(211–223). The mechanisms by which they exert their effects include their
ability to block the flux of Ca2+ through voltage-gated calcium channels and
to disrupt intracellular stores of Ca2+ (224).

Heavy-metal intoxication is a rare cause of clinical NMJ toxicity.
Interest in this topic arose from the 1971 contamination of grain with a
methylmercury fungicide. Despite appropriate warnings, the grain was fed to
animals, ground for flour, and used for making bread (225). Symptoms began
within a month of consumption ultimately affecting more than 6500 people
and killing nearly 8% of them (226). Patients experienced ataxia, fatigue,
generalized muscle weakness, and occasionally optic atrophy. While one of
the expected abnormalities following mercurial poisoning is a peripheral
neuropathy (based on the Minamata experience), extensive electrodiagnostic
examinations of the affected Iraqi population did not demonstrate this
(227,228). Repetitive nerve stimulation studies demonstrated a decremental
response that was partially reversible with cholinesterase inhibitors (229).
Similar abnormalities have been demonstrated in experimental animals (230).

There are reports that gadolinium acutely reduced the strength of
myasthenic patients (217,231).

B. Organophosphate and Carbamate Poisoning

Organophosphates are a class of compounds that irreversibly inhibit cho-
linesterases includingAChE (232). Exposure to organophosphate compounds
occurs in the workplace, in food, drinking water, and in the environment.
They are widely used in the agricultural, manufacturing, and pharmaceutical
industries and as weapons of mass destruction (233,234). The earliest use of a
cholinesterase inhibitor as a neurotoxin is probably attributed to tribesmen in
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Africa who used the Calabar bean in a right of passage or as an ‘‘ordeal
poison’’ (235). Organophosphate intoxication is uncommon in the United
States since organophosphate-containing insecticides are not readily avail-
able. However, they are commonly used in many other countries, including
those in Europe, where intoxication most commonly results from attempted
suicide by ingestion of insecticides, as well as by indiscriminate handling and
storage by poorly educated workers (236–239).

The physiochemical properties of these compounds vary. They may be
solid, liquid, or gaseous and soluble in various media. Some are highly cor-
rosive, others are not; some are highly volatile whereas others are not. They
may be absorbed through dermal contact, respiratory inhalation, and gas-
trointestinal absorption. These various physiochemical properties lend them-
selves to the various applications noted above as well as to the inherent
dangers of their use (240).

Four neuromuscular toxicologic syndromes occur from organophos-
phate poisoning: an acute cholinergic crisis (type 1 and 2), an intermediate
syndrome, a myopathy, and a delayed neuropathy (241). Only the type 2
cholinergic crisis and the intermediate syndrome are the result of NMJ
toxicity. Organophosphate compounds exert their NMJ toxicity by the irre-
versible inhibition of AChE. This results in the excessive accumulation of
ACh at the NMJ as well as at other cholinergic synapses of the central, pe-
ripheral, and autonomic nervous systems (242). The excessive accumulation
of ACh produces a depolarizing neuromuscular block at the NMJ that is
followed by desensitization of the AChR (243–245). Electrodiagnostic studies
demonstrate normal nerve conduction studies, reduced CMAP amplitudes,
a decremental response to repetitive nerve stimulation, and CMAP after-dis-
charges to a single nerve stimulus (238,246).

Carbamate salts and esters are synthetic analogues of the alkaloid
physostigmine (eserine). They are used primarily as pesticides. They may
directly or indirectly affect the NMJ. Like the organophosphate compounds,
carbamates also inhibit the action of AChE at cholinergic synapses. They are
easily absorbed into the CNS because of their lipid solubility characteristics.
Unlike organophosphate compounds, the effects of carbamate agents are
reversible. However, the symptoms of carbamate poisoning are indistinguish-
able from those organophosphate poisoning.

Neurotoxicity occurs rapidly following significant exposure to both
classes of compounds. Death is usually the result of respiratory paralysis,
occurring in 40%of poisoned victims, and carries with it a very highmortality
rate (247).

1. Pesticides

Organophosphorus chemistry had its origin around 1820 when Lassainge
synthesized triethyl phosphate, but it was not until the turn of the century that
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these compounds were recognized for their insecticidal properties. The
organophosphate insecticides are all derivatives of phosphoric acid. There
are many subclasses within this group of compounds, and their various
moieties (e.g., sulfur, amides) confer variation in their overall toxicity.Despite
recognition of their toxicity, their use is continuing to rise, particularly in
developing countries where the demand was predicted to more than double in
the last decade (248). Most fatal intoxications occur as the result of suicidal
ingestion (236–239,249–252).

Documented cases of carbamateNMJ toxicity are few (253). The largest
episode of carbamate poisoning occurred in 1985 when aldicarb was illegally
used as an insecticide on watermelons (254). Seventy-seven percent of 1376
exposed individuals were poisoned, with each exhibiting a dose-related spec-
trum of nicotinic and muscarinic cholinergic receptor toxicity. Fatalities are
rare and only occur at very high levels of exposure (255–258). Symptoms
appear rapidly, often within an hour, peaking in 2–3 h and recovering fully
within 72 h (259).

2. Agents of War and Terrorism

The highly dangerous toxicity of organophosphate compounds was recog-
nized in 1932 leading to the discovery of GB (sarin) and GA (tabun) in 1937,
GD (soman) in 1944 and VX (venomX) in 1952 (260). Little is known about a
Russian agent, coded VR-55 (261). Great Britain ceased nerve gas weapons
research in 1959 and the United States transiently discontinued their efforts
between 1969 and 1981 (262). Other countries have continued to develop their
weapons programs through the present. Recent examples of the use of nerve
gas as an offensive weapon exist. It is speculated thatGAwas used in the 1980s
during the Iraq–Iran conflict causing innumerable deaths (261). Terrorist
attacks in Japan resulted in the exposure of civilians toGB andVX (263–267).

The effects of nerve agents depend upon route of exposure (Table 7.5).
Symptoms of inhalation exposure to a nerve agent vapor begin within seconds

Table 7.5 Comparative LCt50 and LD50 to Nerve Agents in Human
Exposure

Nerve agent Inhalation (LCt50) Cutaneous (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 dose of vapor necessary to cause death in 50% of the exposed population

where C is concentration and t is time; LD50 dose of cutaneous exposure
necessary to cause death in 50% of the exposed population.
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to minutes depending on the concentration of vapor. Maximal effects occur
within a fewminutes. The effects of dermal exposure are delayed compared to
inhalation exposure. The effects are dependent on dose, body site of exposure,
temperature, and humidity. Local effects (sweating, mucosal irritation) occur
within seconds to minutes, and in severe exposure paralysis and apnea may
occur so quickly that the individual does not recognize what is happening. In
some instances the individual may be asymptomatic for up to 18 h only to be
followed by the precipitant development of symptoms (268).

C. Treatment

Treatment is directed to the prevention of chemical exposure by appropriate
clothing and the decontamination of exposed victims (269). Aggressive car-
diopulmonary support is necessary. Atropine is an effective antidote to block
the excessive cholinergic activity at muscarinic receptors in both organophos-
phate and carbamate intoxications. The use of AChE reactivators [oximes
such as praoidoxime (2-PAM)] and anticholinergics are often helpful for
acute organophosphorus intoxications but appear to have little effect in re-
versing the weakness caused by the intermediate syndrome. Oximes dissociate
the toxic phosphate moiety from the esteratic site on AChE, thus reactivating
esterase and restoring themechanisms of normal neuromuscular transmission
(270). Soman is the least responsive of the nerve agents to oxime therapy
because the agent–enzyme complex rapidly undergoes ‘‘aging,’’ the process
whereby the compound undergoes a time-dependent conformational change
that is no longer responsive to reactivators (271). In contrast to organophos-
phate intoxications, oxime reactivators are contraindicated in carbamate poi-
soning as these compounds enhance the effects of the carbamate and promote
further junctional toxicity (272). In cases where the offending compound is
not known, it is possible to assay the reactivation ofAChE activity in vivo and
possibly differentiate between organophosphate and carbamate poisonings
(273). Neuromuscular blockade with curariform drugs will block the repet-
itive discharges, although it is not clear whether there is any clinical benefit to
their use (274).

Because nerve agents can cause severe and potentially lethal effects
within minutes of exposure, treatment with a postexposure antidote is se-
verely limited. In the face of a chemical exposure, even well-trained personnel
will not be uniformly successful in performing self-injection tasks of nerve
agent antidotes and the ‘‘aging’’ phenomenon of organophosphate-AChE
interaction make oxime therapy much less effective (275). For this reason,
the carbamate pyridostigmine was used as a ‘‘pretreatment’’ for organophos-
phate poisoning during Operation Desert Storm in 1991. It was the first use
of prophylactic treatment for organophosphate exposure in a wartime
situation. It was believed that a previously administered AChE compound
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would protect the enzyme from the subsequent exposure to some nerve agents
and provide partial protection for 6–8 h. Their use remains controversial.
While studies have shown that a 40% inhibition in AChE activity by phy-
sostigmine protected experimental animals from the acute cholinergic toxic-
ity following exposure to the nerve agent soman, such findings have not been
conclusively demonstrated for pyridostigmine (276). The use of pyridostig-
mine was complicated by higher than expected gastrointestinal side effects
with nearly 50% of 41,650 military personnel developing excessive flatus,
loose stools, and abdominal cramps (277). Lesser but significant numbers
experienced urinary urgency and frequency. Future efforts are being directed
to the development of macromolecules and high-affinity monoclonal anti-
bodies that will inactivate specific nerve agents (278–282).
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8

Pharmacologic Neurotoxicology
of Neuromuscular Transmission

I. INTRODUCTION

The previous chapter discussed the unique sensitivity of the neuromuscular
junction (NMJ) to a variety of neurotoxins including biological, environ-
mental, and chemical substances. Of more concern to the clinical neurologist
are those situations that result from the direct effects of various pharmaco-
logic agents routinely used in the practice of medicine that produce significant
aberrations of neuromuscular transmission in susceptible individuals (e.g.,
those with disorders of neuromuscular transmission). Such deleterious events
may be encountered in the outpatient arena as well as in the hospital setting.
In some instances, the use of such drugs may seemingly precipitate a neuro-
muscular syndrome in a patient in whom the disorder was subclinical or in
whom the disease was not previously recognized.

II. PHARMACOLOGIC BLOCKADE OF NEUROMUSCULAR
TRANSMISSION

Categorically, four clinical situations are encountered in which these drugs
produce a worsening of neuromuscular function (Table 8.1). First, there is the
direct and augmented deleterious effects of the drug on synaptic transmission
in an otherwise apparently normal individual; second, there are those related
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to a drug-induced disturbance of the immune system that results in the
development of myasthenia gravis (MG); third, there is the unmasking of
subclinicalMG or the worsening of muscle strength in patients with disorders
of neuromuscular transmission [MG, Lambert-Eaton syndrome (LES),
botulism]; and fourth, there are those with delayed recovery of strength,
particularly respiratory function, following general anesthesia during which
neuromuscular blocking agents may or may not have been used.

Preexisting circumstances, such as altered drug clearance due to renal or
hepatic disease, concomitant drug administration, electrolyte disturbances,
or direct toxicity, may predispose the patient to neuromuscular weakness in
the first situation. Such an example would be the patient with chronic renal
failure, undergoing a surgical procedure during which he or she was given a
neuromuscular blocking agent and an aminoglycoside antibiotic. The second
situation is most commonly encountered in D-penicillamine (D-P)–induced
MG and there are a few reports of similar occurrences in patients receiving
tiopronine, pyrithioxine, hydantoin drugs, trimethadione, and possibly chlo-
roquine. In the third situation, the failure of the neuromuscular manifesta-
tions to resolve following the discontinuation of the drug implies that the
disorder was subclinical and brought forth by the use of the pharmalogic
agent. This has been seen in otherwise asymptomatic patients given D-P in
whom the clinical symptoms and findings did not resolve following discon-
tinuation of the drug.

The adverse effects of drugs on synaptic transmission may be classified
in three ways (Table 8.2). They may act presynaptically, with a reduction in
acetylcholine (ACh) release secondary to local anesthetic-like activity on the
nerve terminal, an alteration or impairment of calcium flux into the nerve
terminal, or a hemicholinium effect. They may act postsynaptically, with an-
tibody-like blockade of ACh receptors (AChRs), or have a curare-like effect

Table 8.1 Mechanisms of Pharmacologic Blockade at the Neuromuscular
Junction

1. Direct deleterious effects on synaptic transmission in an otherwise normal
individual

2. Drug-induced disturbance of the immune system with the resulting development
of myasthenia gravis

3. Unmasking of subclinical disease or the worsening of muscle strength in
patients with disorders of neuromuscular transmission

4. Delayed recovery of strength, particularly respiratory function, following general
anesthesia during which neuromuscular blocking agents may or may not have
been used
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or potentiation of depolarizing or non-depolarizing neuromuscular blocking
agents. In some instances the effects may occur with varying degrees of both.
Each of these pharmacologic interactions may result in any of the situations
described above (Table 8.1). Since the publication of the summaries of
Howard, Argov, Swift, and Kaeser describing disorders of neuromuscular
transmission occurring as the result of adverse drug reactions, many more
reports have surfaced adding to the list of potentially dangerous agents (1–4).
Unfortunately, much of the literature is anecdotal, often involving isolated
cases of patients experiencing increased weakness in the setting of use of a
particular drug, and there are only a few comprehensive in vitro evaluations of
selected drugs on the effects of neuromuscular transmission in animal or
human nerve–muscle preparations. As such, it is difficult to know with cer-
tainty the cause-and-effect relationship between the drug and increasing MG
weakness. The potential adverse effects of these medications must be taken
into consideration when deciding which drugs to use in managing other
diseases in patients who also have disorders of synaptic transmission. For
most drugs the actual incidence of adverse effects is unknown because we do
not knowhowmany patientswith disease of theNMJhave used the same drug
without side effects. The problem is further complicated by the fact that some
in vitro studies and animal studies may suggest an adverse drug effect, but
these observations may not correlate with clinically significant side effects.
While it is most desirable to avoid drugs that may adversely affect neuro-
muscular transmission, in certain instances they must be used for the manage-
ment of other illness. In such situations a thorough knowledge by the
physician of the deleterious side effects can minimize their potential danger.
When possible it is wise to use that drug within a class of drugs that has been
shown clinically or at least experimentally to have the least effect on neuro-
muscular transmission.

With the possible exceptions of D-P, botulinum toxin, and perhaps
interferon-a, there are no drugs that are absolutely contraindicated in pa-
tients with MG and LES. There are, however, numerous drugs that can and
will interfere with neuromuscular transmission and will exacerbate the weak-
ness of these patients or prolong the duration of neuromuscular blockade in
patients receiving muscle relaxants. Drug-induced disturbances of synaptic

Table 8.2 Mechanisms by Which Drugs Affect Synaptic Transmission

1. Reduced release of ACh from the presynaptic nerve terminal
2. Potentiation of depolarizing or nondepolarizing neuromuscular blocking

agents
3. Blockade of postsynaptic AChRs
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transmission resemble MG with varying degrees of ptosis, as well as ocular,
facial, bulbar, respiratory, and generalized muscle weakness. Treatment
includes discontinuation of the offending drug and when necessary reversing
the neuromuscular blockade with intravenous infusions of calcium, potas-
sium, or cholinesterase inhibitors.

While these problems are uncommon, the literature suggests that the
most common situation encountered is prolonged muscle weakness and res-
piratory embarrassment postoperatively, although it is this author’s experi-
ence, dealing with a large neuromuscular population, that themost frequently
encountered problems are the effects of antibiotics (aminoglycoside and mac-
roglides) and h-adrenergic blocking agents acutely worsening the strength
of patients with MG. This chapter will review the adverse reactions of major
classes of drugs on synaptic transmission. An extensive bibliography is pro-
vided so that the reader may have access to the anecdotal experiences of
others. It is beyond the scope of this chapter to address known anesthetic com-
plications of synaptic transmission.

A. Analgesics

The narcotic analgesics, in therapeutic concentrations, do not appear to
directly depress neuromuscular transmission in myasthenic muscle (5,6). We
have routinely used morphine sulfate for analgesia in our postthymectomy
patients, without difficulty. However, they should be used with extreme care
given their potential for respiratory depression. Cholinesterase inhibitors may
potentiate the analgesic effects of morphine, hydromorphone, codeine, and
opium alkaloids (7). Grob has reported acute death within hours of receiving
morphine sulfate (8).

B. Anesthetics: General

There are no controlled studies addressing the advantages or disadvantages of
the use of general anesthetics in patients with disorders of neuromuscular
transmission. There may be a potentiation of neuromuscular blocking agents
in patients with MG (9). The current practice of pretreating the myasthenic
patient with, for example, corticosteroids and/or plasma exchange to achieve
a state of marked improvement or remission prior to surgery has obviated
much of the earlier concern about prolonged postoperative ventilatory fail-
ure (10–12). In our experience, the majority of patients receive combinations
of ethrane and nitrous oxide without the use of neuromuscular blocking
agents. It is the very rare patient who requires postoperative ventilation
some the majority of patients are extubated when fully awake in the operat-
ing room or the recovery room. The reader is referred to Foldes for an old
but comprehensive review of this topic (13).
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There is a single case report of the unmasking of a subclinical case of
MG in a nurse anesthetist who had routinely administered the inhalation
anesthetic methoxyflurane (13,14). Fatigue, weakness, and ptosis occurred
repeatedly on exposure to the anesthetic and waned in severity 2–3 h follow-
ing the cessation of exposure. Similar symptoms produced by a direct chal-
lenge to the agent were readily reversed by neostigmine.

Experimental studies have shown that inhalation anesthetics alter the
postjunctional sensitivity to ACh, alter ionic conductances, and cause a
shortening of channel open time following activation by ACh (15).

C. Anesthetics: Local

Local anesthetics in and of themselves are unlikely to cause neuromuscular
weakness in otherwise normal individuals. However, intravenous injections
of lidocaine, procaine, and similar local anesthetic agents are capable of
potentiating the effects of neuromuscular blocking agents. Themechanisms of
action appear varied with both pre- and postsynaptic effects and may be
ascribed to an impairment of the propagation of the nerve action potential in
the nerve terminal with a reduction in ACh release (16). In addition, others
have demonstrated a reduction in the sensitivity of the postjunctional
membrane to ACh (17). Procaine has been reported to produce an acute
myasthenic crisis although this has been contested by others (18). An acute
myasthenic crisis in a young women undergoing a brachial plexus block using
large amounts of lidocaine as the anesthetic for shunt placement has been
observed (Howard JF, personal observation).

D. Antibiotics

The earliest report of antibiotio-induced neuromuscular blockade in humans
was in 1956 although in 1941 it was demonstrated that tyrothricin, one of the
first antibiotics, produced respiratory weakness in animals (19,20). Pridgen
reported four patients without prior evidence of neuromuscular disease who
developed apnea (resulting in death in two) when given intraperitoneal
neomycin sulfate. To date there are several hundred case reports of purported
neuromuscular weakness resulting from antibiotic effects on the NMJ in
otherwise normal patients, those receiving neuromuscular blocking agents,
those with MG, those with other diseases that alter the pharmacokinetics of
the drug, and in patients receiving other drugs known to be toxic to the NMJ
(21–26).

As a group the aminoglycoside antibiotics are well recognized for
producing neuromuscular weakness irrespective of the route of administra-
tion (24). The weakness is related to dose and the serum levels and is reversible
in part by cholinesterase inhibitors, calcium infusion, and the aminopyridines
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(27–29). Experimental nerve–muscle preparations have demonstrated that
these drugs act pre- and postsynaptically, many with elements of both. For
example, tobramycin has predominantly presynaptic effects similar to those
reported with high concentrations of magnesium with inhibition of ACh
release, and netilmicin is predominantly postsynaptic with blocking of ACh
binding to receptor, similar to curare (30–32). Neuromuscular toxicity data
exist for several of the antibiotics, including amikacin, gentamicin, kanamy-
cin, neomycin, netilmicin, streptomycin, and tobramycin (33–39). Of the
group neomycin is the most toxic; tobramycin the least (30).

Clinically, only gentamicin, kanamycin, neomycin, tobramycin, and
streptomycin have been implicated in producing muscle weakness in non-
myasthenic patients (4). The weakness of infant botulism is potentiated by
these drugs (40,41). The first case reports of myasthenic exacerbation by
antibiotics were described in 1964 byHokkanen citing the acute deterioration
of strength in patients receiving a variety of aminoglycoside antibiotics (42).
The degree of weakness varied from minimal to ventilatory failure.

Occasionally, myasthenic patients given erythromycin report a mild ex-
acerbation of their weakness though detailed physiologic examinations have
not been carried out (Howard JF, personal observations). Erythromycin ther-
apy in normal volunteers demonstrated a facilitatory response with repeti-
tive nerve stimulation studies suggestive of a presynaptic neuromuscular
block, though this has not been confirmed with more sensitive techniques to
assess synaptic transmission (43). Similarly, myasthenic worsening has also
been reported with azithromycin, and telithromycin (44, JF Howard, per-
sonal observations).

Neuromuscular blockade is not limited to the aminoglycoside antibi-
otics. The polypeptide and monobasic amino acid antibiotics, penicillins,
sulfonamides, tetracyclines, and fluoroquinolones have been reported to
cause transient worsening of myasthenic weakness, to potentiate the weak-
ness of neuromuscular blocking agents, or to have a theoretical basis for
blocking synaptic transmission. Lincomycin and clindamycin, monobasic
amino acid antibiotics, are slightly different in sturcture from the amino-
glycosides but differ considerably in their effects on synaptic transmission
(45,46). Both drugs can cause neuromuscular blockade that is not readily
reversible with cholinesterase inhibitors. Both have pre-and postjunctional
effects causing reductions in miniature endplate potential (MEPP) frequency,
evoked transmitter release, and postjunctional ACh sensitivity (47). The
neuromuscular blocking effects of lincomycin may be reversed by increasing
the calcium concentration or by administering one of the aminopyridines
(48). Cholinesterase inhibitors may worsen the effect. Clindamycin appears
to block muscle contractility directly, as well as having a local anesthetic
action (49).
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Vancomycin may potentiate the neuromuscular blockade of succinyl-
choline (50).

Polymyxin B, colistimethate, and colistin have also been reported to
produce neuromuscular weakness, particularly in patients with renal dis-
ease or when used in combination with other antibiotics or neuromuscular
blocking agents (51–56). Experimental studies have shown the effects of
these drugs to be mixed, with a reduction in ACh release and, to a lesser
degree, postjunctional block of the AChR (57–59). Decker reported acute
ventilatory failure in a myasthenic patient given a single intramuscular in-
jection of colistimethate (60). Colistin is also reported to acutely exacerbate
the strength of myasthenic patients (61).

Tetracycline analogues, oxytetracycline and rolitetracycline, have also
been reported to exacerbate MG though the mechanism is unclear (62,63).
It has been suggested that the mechanism may be due to the magnesium in
the diluent causing a reduction in ACh release from the nerve terminal (63).
Others have reported no adverse reactions with tetracycline or alteration of
neuromuscular transmission in nerve–muscle preparations (30,42).

More recently, it has been suggested that ampicillin may aggravate
the strength of patients with MG or worsen the decrement of repetitive
nerve stimulation in rabbits with experimental autoimmune myasthenia
gravis (EAMG) (64). Girlanda and coworkers have demonstrated in vivo
changes of synaptic transmission in healthy volunteers by single-fiber
electromyography (SFEMG), the most sensitive technique to assess syn-
aptic efficacy (65,66). The mechanism of action for the neuromuscular
block is not known; bath application of this antibiotic to nerve–muscle
preparations has not produced an abnormality of neuromuscular trans-
mission (64).

There are a few case reports suggesting that quinolones may acutely
worsen the strength of patients with MG. Ciprofloxacillin, perfloxacin, and
norfloxacin have been implicated (67–70). In the author’s experience, there
are some MG patients who tolerate ciprofloxacillin without difficulty, yet
others who experience substantial worsening of their strength. The mecha-
nism of this effect is not known.

E. Anticonvulsants

Diphenylhydantoin (DPH) has been shown to depress both pre- and post-
synaptic mechanisms of neuromuscular transmission in experimental systems
(71–73). Symptomatic MG has been reported to occur in previously asymp-
tomatic patients receiving a variety of anticonvulsant medications including
phenytoin, mephenytoin, trimethadione, and gabapentin (73–78). In some
individuals weakness has reversed following discontinuation of the drug,
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suggesting that there is a direct neuromuscular blocking effect of these drugs.
Experimentally phenytoin has been demonstrated to reduce quantal release
from the nerve terminal and to simultaneously increase spontaneous neuro-
transmitter release (MEPPs). This has been explained by a reduction in the
amplitude of the nerve action potential or an antagonism of calcium influx
into the nerve terminal and its intracellular sequestration. In addition,
phenytoin also exerts postsynaptic effects; reducing the amplitude of MEPPs
by presumably desensitizing the endplate (72). Osserman has also reported
that barbiturates could aggravate myasthenic strength (79). Experimentally
it has been shown that barbiturates and ethosuximide will produce a post-
synaptic neuromuscular block and carbamazepine exerts most of its effects
presynaptically (80,81). Another recent report emphasized the presence of a
defect of neuromuscular transmission as demonstrated by a decremental
response at high-frequency repetitive stimulation in children who had re-
ceived an overdose of carbamezapine (82). To date there have been no clini-
cal reports of adverse reactions with ethosuximide.

It has been suggested that trimethadione may induce an autoimmune
disorder directed to the NMJ. This is suggested by the development of other
autoimmune diseases (systemic lupus erythematosus, nephrotic syndrome) in
patients receiving this drug; the demonstration of other autoantibodies
against skeletal muscle, nuclear antigens, and thymic tissue; and the pro-
longed recovery following discontinuation of these agents (76,77,83,84).

In the experience of this author, there has been no acute clinical
worsening of strength in those few patients who have required phenytoin
therapy for seizures.

F. Cardiovascular Drugs

Many cardiovascular drugs have been implicated in adversely affecting the
strength of patients with MG and LES and they, along with the antibiotics,
account for the majority of adverse drug reactions in patients with neuro-
muscular disorders. Certain ones, including quinine, have in the past been
used as a diagnostic test for MG (85,86).

1. B-Adrenergic Blocking Agents

h-adrenergic blocking agents, despite their clinical usefulness, may cause
serious side effects; in particular, some are implicated in causing symptomatic
worsening of strength in patients with MG. Even those drugs instilled
topically on the cornea are capable of producing such weakness (see Section
K below). The h-blockers oxprenolol, propranolol, practolol, and timolol
have been previously reported to potentiate weakness inMGpatients (87–91).
Weber cites several cases of transient diplopia in patients receiving a variety
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of h-blockers though extensive evaluation of neuromuscular transmission
was not performed (92). In this author’s experience, two patients given timo-
lol maleate, one patient given betaxolol for glaucoma, and one patient given
pindolol for hypertension experienced abrupt worsening of their strength
(Howard JF, personal observation). Furthermore, the onset of myasthenic
symptoms coincided with the initiation of drug therapy with the h-blockers
propranolol and nadolol in four other patients (Howard JF, personal ob-
servations). However, others have disputed this observation (93). To date,
much of the previous experimental work has examined the effects of various
h-blockers on changes in muscle twitch tension (94–101). There is only one
comprehensive study using intracellular electrophysiologic techniques to
measure the effects of h-blockers on the pre-and postsynaptic mechanisms
of neuromuscular transmission. Atenolol, labetolol, metoprolol, nadolol,
propranolol, and timolol cause a dose-dependent reduction in the efficacyof
neuromuscular transmission in normal rat skeletal muscle and human
myasthenic intercostal muscle biopsies (Howard JF, unpublished observa-
tions) (102). Different h-blockers have reproducibly different pre- and post-
synaptic effects on neuromuscular transmission at motor endplates. The
reduction in MEPP amplitude caused by all of these drugs suggests a post-
synaptic site of action. Additional presynaptic effects of these drugs are
suggested by the relatively large reductions in endplate potential (EPP) am-
plitude as compared to MEPP amplitude reduction, drug-induced altera-
tions in MEPP frequency caused by all of the h-blockers other than timolol,
and the reduction in quantal content caused by metoprolol and propranolol.
Propranolol is the most effective h-blocker for impairing neuromuscular
transmission. Compared to propranolol, the other h-blockers had weaker
effects on neuromuscular transmission. Atenolol had the least effect of these
drugs on neuromuscular transmission.

Themolecular mechanisms of h-blocker-induced neuromuscular block-
ade have yet to be elucidated. One possibility is that these drugs specifically
block h-adrenergic receptors whose activation is important for neuromuscu-
lar transmission. Another source of natural adrenergic agonists might be the
motor nerve terminals themselves. It has been shown that enzymes respon-
sible for the synthesis of catecholamines are present in human and rat nerve
terminals (103). h-Receptor stimulation has been implicated in having
important functional roles in neuromuscular transmission (104). Adrenaline
has been shown to modulate the Na+, K+ pump, and this effect can be
blocked by propranolol (105). Pump activity is suggested to control endplate
depolarization by ACh agonists through its electrogenic effects and to con-
trol AChR sensitivity by regulating the phosphorylation state of the receptor
(106,107). In addition, h-receptors appear to be involved in the modulation
of transmitter release from mammalian motor nerve terminals; noradrena-

Pharmacologic Neurotoxicology 271



line and isoprenaline enhance neurally evoked transmitter output, and this is
blocked by propranolol and atenolol (108). Other alternative mechanisms of
action for these drugs other than specific blocking of h-adrenergic receptors
could include competitive curare-like actions, channel blockade, reduction
of single-channel conductance, and general anesthetic effects (109). The facts
that h-blockers had qualitatively different effects on MEPP frequency which
were also concentration dependent and that not all drugs had the same qual-
itative effects on MEPP and EPP time courses suggests that at least some
of their effects are not related to h-receptor blockade. Of course, h-blocker-
specific and more general effects of these drugs could both contribute to the
quantitative and qualitative concentration dependent effects that have been
described.

2. Bretylium

Bretylium is a quaternary ammonium compound used previously for refrac-
tory ventricular arrhythmias. In high concentrations it is reported to cause
significant weakness and to significantly potentiate the neuromuscular block
of competitive neuromuscular blocking agents (104,110).

3. Calcium Channel Blockers

The effects of calcium channel blockers on myocardial muscle have been
extensively characterized, but their effects on skeletal muscle are less well
understood. Studies to date have resulted in conflicting information. Some
have demonstrated neuromuscular blockade with postsynaptic curare-like
effects, presynaptic inhibition of ACh release, and both pre- and postsynap-
tic effects (94,111–115). The oral administration of calcium channel blockers
to cardiac patients without neuromuscular disease did not produce any
evidence of altered neuromuscular transmission by SFEMG (116). There
is one reported case of a patient with Duchenne muscular dystrophy who
had an acute exacerbation of weakness with respiratory failure following
the intravenous administration of verapamil (117). Precise details are not
known but it was postulated that the patient had end-stage muscle disease,
and even minimal alteration of synaptic efficacy was enough to acutely
decompensate the patient. Krendel has reported the temporal association of
acute respiratory failure in a patient with LES and small cell carcinoma of
the lung who was given oral doses of verapamil (118). One patient with
moderately severe, generalized myasthenia developed acute respiratory
failure following verapamil initiation (Howard JF, unpublished observa-
tions). Elderly myasthenic patients have experienced worsening of their
strength after receiving felodipine and nifedipine for arterial hypertension
(119). Low doses of verapamil or its timed-release preparation have been
used successfully for the management of hypertension in patients with MG
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receiving cyclosporine (Howard JF, unpublished observations; Phillips JT,
personal communication). Others have also reported safe use of these drugs
in myasthenic patients (93).

4. Procainamide

Procainamide (Pronestyl) is reported to produce acute worsening of strength
in patients with MG (120,121). The rapid onset of neuromuscular blockade
and the rapid resolution of symptoms following discontinuation of the drug
suggest that the drug has a direct toxic effect on synaptic transmission rather
than the induction of an autoimmune response against the NMJ. The
postulated mechanism of action is primarily at the presynaptic membrane
with impaired formation of ACh and/or its release though it is known to have
postsynaptic blocking effects as well.

5. Quinine and Quinidine

The earliest report of quinidine (the stereoisomer of quinine) administration
aggravating MG was by Weisman (122). There are several reports of the
unmasking of previous unrecognized cases of MG following treatment with
quinidine (121,123,124). It has been demonstrated that the neuromuscular
block is both presynaptic, impairing either the formation or release of ACh,
or, in larger doses, postsynaptic with a curare-like action (125). Sieb et al.
studied the effects of quinolone derivatives on neuromuscular transmission
using conventional microelectrode and patch-clamp techniques. All three
derivatives reduce quantal content of the endplate potential by 37–45% and
decrease the amplitude and decay time constant of the MEPP and miniature
endplate current (126). At progressively larger concentrations the MEPP
becomes undetectable. The effects were not reversed by neostigmine. Single-
channel patch-clamp analysis of quinine effects demonstrate a long-lived
open-channel and a closed-channel block of the AChR. The literature
suggests that the ingestion of small amounts of quinine, in a gin and tonic,
will acutely worsen myasthenic symptoms though this can not be substanti-
ated with objective reports (127–129). Quinidine is also capable of potentiat-
ing the weakness of non-depolarizing and depolarizing neuromuscular
blocking agents (130,131). Quinolone drugs adversely affect both presynaptic
and postsynaptic aspects of neuromuscular transmission at concentrations
close to those employed in clinical practice. Myasthenic patients receiving
standard doses of quinine for management of leg cramps may develop
markedly increased weakness within hours to days of starting the medication.
Therefore, these drugs should not be used, or should be used only with
extreme caution, in disorders having a reduced safety margin of neuro-
muscular transmission (Pascuzzi, R, personal communication).
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6. Trimethaphan

There are isolated case reports that trimethaphan, a ganglionic blocking agent
used in hypertensive emergencies, dissecting aortic aneurysms, cerebral
aneurysm surgery, and for decreasing cardiac afterload in patients with
myocardial infarction, can produce neuromuscular weakness. It has been
reported to cause acute respiratory paralysis probably due to curare-like
action at the NMJ (132). In addition, it has been reported to potentiate the
neuromuscular block in patients receiving both non-depolarizing neuro-
muscular blocking agents and depolarizing neuromuscular blocking agents
(133–135).

G. Hormones

1. Estrogen and Progesterone

Estrogen therapy has been reported to acutely worsen the strength of a patient
with MG though the details of this case are subject to question (136). Par-
enteral progesterone has been reported to aggravate the strength of myas-
thenic women after a delay of 3–5 days (137). There is an isolated case report
of MG occurring in a woman taking birth control pills, but there are no
data to suggest that their use increases the incidence of MG or worsens the
strength of patients with MG (138). The mechanism of acute worsening in
these patients has yet to be elucidated.

2. Thyroid Hormone

The relationship of the thyroid gland to MG is well recognized (139). The
older literature states that thyroid hormone and antithyroid medications can
aggravate the strength of patients with MG perhaps through a reduction in
the release of ACh, although this has not been felt to be a problem of late with
newer modes of therapy (140–142).

H. Immune Modulators

Patients treated with interferon-a develop a variety of autoantibodies and
autoimmune diseases includingMG. The initial reports of interferon-induced
MG occurred in 1995 when a 66-year-old man was reported to develop se-
ropositive generalized MG about 6 months after starting interferon-a ther-
apy for leukemia (143). Subsequently, MG has developed in other patients
during interferon-a 2b treatment for malignancy (144,145). Patients treated
for chronic active hepatitis C with interferon-a have also developed auto-
immune MG with onset from 6 to 9 months after starting treatment. In one
case MG symptoms persisted for at least 7 months following cessation of
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drug (146,147). Fulminating myasthenic crisis may occur after interferon-a
therapy (148).

Regarding the mechanism of interferon-induced MG, the expression of
interferon-g at motor endplates of transgenic mice results in generalized
weakness, abnormal NMJ function, and improvement with cholinesterase
inhibitors. Immunoprecipitation analysis indicates that a previously uniden-
tified 87-kD target antigen is recognized by sera from those transgenic mice
and also from human MG patients. Such studies suggest that the expression
of interferon-g at motor endplates in these transgenic mice provokes an
autoimmune humoral response, similar to that which occurs in human MG
(149). While the number of anecdotal case reports has increased to suggest a
cause-and-effect relationship between interferon-a and MG, recent reports
have also suggested that MG may occur independently in association with
hepatitis C (150–153).

I. Magnesium

Hypermagnesemia is an uncommon clinical situation associated with the use
of magnesium-containing drugs (154). Magnesium (Mg2+) is contained in
some antacids and laxatives. Magnesium sulfate (MgSO4) is used in the
management of pre-eclampsia and eclampsia, for hemodynamic control
during anesthesia and the early postoperative period, and in patients depleted
of Mg2+ (such as in chronic alcoholism) (155). Normal serum magnesium
runs 1.5–2.5 mEq/L (2–3 mg/dL) which is stabilized through exchange with
tissue stores in bone, liver, muscle, and brain; also, serum Mg2+ concen-
tration is maintained via renal excretion. Patients having renal failure are
predisposed to developing hypermagnesemia, and should avoid magnesium-
containing antacids and laxatives for this reason (156,157). Elevated serum
magnesium levels due to oral use of magnesium-containing compounds is
very uncommon, so long as the patient has normal renal function (158,159).
Hypermagnesemia is occasionally seen with use of enemas, but this usu-
ally occurs in patients with an underlying gastrointestinal tract disorder
(158,160). In the management of preeclampsia, hypermagnesemia occurs
commonly due to administration of high doses of parenteral MgSO4, at times
resulting in serious side effects in the mother or the newborn (161–163). The
clinical features of hypermagnesemia correlate fairly well with the serum
magnesium levels (158,164,165). In treating patients with pre-eclampsia, the
neuromuscular transmission effects are monitored and used as a limiting
factor in dosage.With serum levels above 5mEq/L, themuscle stretch reflexes
become reduced, while levels of 9–10 mEq/L are associated with absent
reflexes and clinically significant weakness. In treating patients with pre-
eclampsia, muscle stretch reflexes are tested serially, and magnesium admin-
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istration is stopped if the reflexes disappear (162). Serum levels between 3.5
and 7 mEq/L are usually associated with no significant adverse effects in pre-
eclamptic women, but clinical weakness is commonwith levels greater than 10
mEq/L and death from respiratory failure can occur (161,162). Serum levels
above 14 mEq/L can induce acute cardiac arrhythmia including heart block
and arrest. Additional symptoms from autonomic nervous system involve-
ment include dry mouth, pupil delations urinary retention, hypotension, and
skin flushing thought to be caused by presynaptic blockade at autonomic
ganglia (166). Although patients can develop severe weakness, mental status
is usually not directly affected (165). Reduced level of consciousness may
occur indirectly as a result of hypoxia, hypercarbia, or hypotension. The
muscles of ocular motility tend to be spared.

Magnesium interferes with neuromuscular transmission by inhibiting
the release of ACh by competitively blocking calcium entry at the motor
nerve terminal (167). There may also be a more mild postsynaptic effect. Clin-
ically, hypermagnesemia resembles LES more so than autoimmune MG
(168). In addition, magnesium can potentiate the action of neuromuscular
blocking agents, which has been emphasized in women who had cesarean
section after treatment with Mg2+ for preeclamsia (169,170). Patients with
underlying junctional disorders are more sensitive to Mg2+-induced weak-
ness. Patients with MG and LES have been reported to exacerbate in the
setting of Mg2+ use in spite of normal or only mildly elevated serum levels
(171–175). Typically, increased MG symptoms occur with parenteral magne-
sium administration, but on occasion is seen with oral use (175). Therefore,
parenteral Mg2+ administration should be avoided and oral Mg2+ prepara-
tions used with caution in patients with known disorders of synaptic trans-
mission (e.g. MG, LES, botulism, etc.).

The effect of standard parenteral doses of MgSO4 on neuromuscular
transmission of preeclamptic or preterm labor patients is significant though
largely subclinical. Train-of-four (TOF) recordings obtained from the thenar
muscles before and 30 min after MgSO4 infusion shows an increase in tension
of the contractile response in the control or baseline recordings, but the
postinfusion TOF shows no increase but rather fading of the response (176).
These data suggest that in this patient population clinically relevant infusions
of MgSO4 produced significant changes in neuromuscular transmission as
manifested by loss of the ‘‘treppe phenomenon’’ and diminished TOF
response to nerve stimulation. MgSO4 (60 mg/kg) effects on residual neuro-
muscular block after administration of vecuronium is also significant (155).
Patients givenMg2+ immediately upon recovery from vecuronium block or 1
h later demonstrate rapid and profound recurarization as measured by EMG
and TOF studies.

Chapter 8276



Treatment of the hypermagnesemic patient depend on the severity of
clinical symptoms. Discontinuation of magnesium is the first step; if the
patient is significantly weak, administration of intravenous calcium gluco-
nate, 1 g over 3 min, can produce rapid but temporary improvement (so long
as the patient has normal renal function typical for a patient being treated for
pre-eclampsia). If hypermagnesemia is more severe or if there are life-threat-
ening side effects such as cardiac arrhythmia or renal failure, hemodialysis
is indicated (177). If patients have MG or LES, they will respond poorly
to calcium. Such patients may respond better to cholinesterase inhibitors
(172).

J. Neuromuscular Blocking Drugs

It is common to categorize themuscle relaxants as depolarizing agents or non-
depolarizing agents depending on their effects on the muscle membrane
potential. The actions of these neuromuscular blocking agents are modified
by a number of factors, including the degree of neuromuscular blockade,
associated disease states, acid–base status, and electrolyte imbalance (178).
Competitive, non-depolarizing neuromuscular blocking agents can be many
times more sensitive in their effects in myasthenic and presumably LES pa-
tients than in those individuals without these diseases. As such, small amounts
of these drugs may produce a greater degree of and a more prolonged pe-
riod of neuromuscular blockade. Depolarizing agents such as succinylcho-
line also must be used with caution; the inhibition of hydrolysis by cholines-
terase inhibitors prolongs its duration of action (13). In addition, patientswith
MGare less sensitive to this drug, being lulled into a sense of false security and
thus ending up with prolonged blockade because of the larger amount of
drug used. The occasional unmasking of MG in patients given these drugs is
recognized by those seeing large numbers of myasthenic patients and has been
reported (Howard JF, personal observations; 14). In addition to the effects of
disease, the pharmacologic effects of these neuromuscular blocking agents
are potentiated by a number of different drugs (see above), including anti-
biotics, general anesthetics, local anesthetics, and antiarrhythmics. While
the newer neuromuscular blocking agents are of much shorter duration, the
same concerns and guidelines would apply when used in patients with MG
or LES. Prolongedmuscle weakness has been reported inmyasthenic patients
receiving these drugs. Benzing reports a myasthenic child who developed
severe, generalized muscle weakness that persisted for 6 weeks after receiving
muscle relaxants for 1 week while requiring ventilator support (179).

Prolonged apnea and muscle weakness in patients given depolarizing
neuromuscular blocking agents may also occur in situations where plasma
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cholinesterase levels are reduced, either by plasma exchange or in patients
with genetic abnormalities of plasma cholinesterase (180,181).

K. Ophthalmic Drugs

The h-adrenergic blocking eye drops Timoptic (timolol maleate) and Betopic
(betaxolol hydrochloride) (Howard JF, unpublished observations) have been
reported to be associated with the temporal exacerbation of MG (89–91).
Their mechanism of neuromuscular blockade is as described above (see
Section F above). Ecothiophate, a long-acting cholinesterase inhibitor used
in the management of open-angle glaucoma, is reported to produce muscle
weakness and fatigue that resolved following the discontinuation of the
drug (182). While the mechanism of weakness was not determined it is pos-
sible that the use of a long-acting cholinesterase inhibitor could produce
additive effects, i.e., cholinergic weakness, in patients with MG currently
receiving cholinesterase inhibitors or potentiate the weakness induced by
depolarizing neuromuscular blocking agents (183).

L. Psychotropic Drugs

1. Phenothiazines

Chlorpromazine was first reported to produce an acute exacerbation of
muscle weakness following the administration of this drug in a myasthenic
schizophrenic patient by McQuillen and colleagues (184). This finding con-
firmed previous pharmacologic studies on nerve-muscle preparations that
chlorpromazine produces a postsynaptic block with a reduction in MEPP
and EPP amplitudes without alteration in quantal content or MEPP fre-
quency, although others have suggested that there are presynaptic effects as
well (185). Phenothiazines (chlorpromazine and promazine) can antagonize
applied ACh and may prolong the effects of succinylcholine. Anecdotal
reports exist of prolonged neuromuscular blockade in patients given depola-
rizing neuromuscular blocking drugs while receiving promazine and phenel-
zine (186,187).

2. Lithium

Long-term lithium carbonate administration has been reported to produce
varying degrees of muscle weakness, although in the majority of instances
the mechanism for such occurences are not known. The experimental liter-
ature is conflicting; some investigators have postulated a progressive accu-
mulation of lithium inside the presynaptic nerve terminal where it functions
as a competitive cation for calcium resulting in an inhibition of ACh synthe-
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sis and a reduction in quantal release (188,189). Others have demonstrated a
reduction in the number of ACh receptors in denervatedmuscle preparations,
suggesting that lithium selectively increases the rate of receptor degradation
without altering their synthesis (190). Several anecdotal reports of prolonged
neuromuscular blockade in patients receiving long-term lithium therapy and
neuromuscular blocking agents have appeared (191–193). Neil describes the
best account of the development of fatigable weakness responsive to cho-
linesterase inhibitors and electrophysiologic abnormalities consistent with the
diagnosis of MG (194). Granacher reports the development of ptosis and
weakness within 48 h of receiving lithium, although that patient did not
respond to cholinesterase inhibitors and decremental responses were not seen
with repetitive nerve stimulation (195). Acute worsening of the decremental
response to repetitive nerve stimulation has been observed in a patient
recovering from the hidden form of botulism who was given lithium for her
bipolar disorder (Howard, JF, unpublished observations).

3. Others

Argov and Mastaglia have also implicated amitriptyline, amphetamines,
droperidol, haloperidol, imipramine, paraldehyde, and trichloroethanol as
all being capable of interfering with synaptic transmission under experimental
systems (2).

M. Rheumatologic Drugs

1. Chloroquine

Chloroquine is used primarily as an antimalarial but in higher doses is also
used in the management of several collagen vascular disorders including
rheumatoid arthritis, discoid lupus erythematosus, and porphyria cutanea.
It may produce a number of neurologic side effects among which are myop-
athies and disorders of neuromuscular transmission. The reported mecha-
nisms of action for the latter have been both presynaptic, with a reduction in
EPP amplitude resulting from a decrease in the amplitude of nerve action
potentials and ACh release, and postsynaptic, with competitive postjunc-
tional blockade (196,197). In addition, it is reported that chloroquine will
directly suppress the excitability of the muscle membrane.

There is some evidence to suggest that chloroquine may alter immune
regulation and produce a clinical syndrome of MG similar to that reported
withD-P. Two cases are reported, onewith rheumatoid arthritis and the other
with systemic lupus erythematosus. In both cases, following prolonged
treatment with chloroquine the patient developed the typical clinical, phys-
iologic, and pharmacologic signs of MG. Antibodies to the AChR were
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present and subsequently slowly disappeared, as did the clinical and electro-
physiologic abnormalities, with discontinuation of the drug (198,199).

De Bleeker reports a case of persistent MG following the intermittent
use of antimalarial (200). Robberecht and colleagues report the transient
development of a postjunctional disorder of neuromuscular transmission
following a week of chloroquine therapy (201). In this case, AChR antibodies
were not demonstrated, and the rapid resolution of symptoms suggested that
this syndrome was related to a direct toxic effect at the NMJ rather than a
derangement of immune function as mentioned above. That this drug could
have both effects of neuromuscular transmission is not unheard of; the
hydantoin drugs exert their effects similarly.

2. D-Penicillamine

D-Penicillamine is used in the management of rheumatoid arthritis (RA),
Wilson’s disease, and cystinuria. A number of autoimmune diseases occur in
patients receiving D-P, including immune complex nephritis, pemphigus,
polymyositis, systemic lupus erythematosus and, most frequently, MG (202–
210). The myasthenia induced by D-P is usually mild and may be restricted to
the ocular muscles. In many patients the symptoms are not recognized and it
may be difficult to demonstrate mild weakness of the limbs in the presence
of severe arthritis. The diagnosis can be confirmed by the response to
cholinesterase inhibitors, EMG abnormalities and elevated serum AChR
antibodies (211–213). In our experience, repetitive stimulation studies are
abnormal less often than is SFEMG, reflecting the relatively mild degree of
neuromuscular abnormality present in most of these patients. Intercostal
muscle biopsy studies have shown reduced MEPP amplitude as seen in
acquired MG (212).

In normal rats, D-P given in doses equivalent to the human therapeutic
dose produces no neuromuscular abnormality (214). In guinea pigs, chronic
administration of doses more than 10 times the therapeutic level produced a
mild degree of neuromuscular blockade (215). These studies provide no
evidence that D-P produces a direct, clinically significant effect on neuro-
muscular transmission. It is unlikely that D-P has a direct effect on neuromus-
cular transmission. MG begins after prolonged D-P therapy in most patients
and has a relatively low incidence in patients receiving D-P for Wilson’s
disease compared to those receiving it for RA. D-P has been reported to
produce a variety of other autoimmune disorders (210,211). It is more likely
that D-P induces MG by stimulating or enhancing an immunologic reaction
against the NMJ.

Similarly, tiopronine and pyrithioxine have been reported to induce
MG after prolonged administration of the drug (216,217). In each, antibodies
to the AChR were demonstrated and the time course of resolution was
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prolonged. This suggests that the effects of these drugs are not due to direct
toxicity to the NMJ but rather that an alteration of immune function occurs,
as is the case with D-P.

It is not rare to see MG and RA in the same patient. When myasthenia
begins while the patient is receiving D-P, it remits in 70% of patients within a
year after the drug is discontinued (218). As the myasthenia improves, the
AChR antibody titer falls and the electromyographic abnormalities improve
or disappear altogether (212,213,218; Sanders DB, Howard JF, unpublished
observations). In a few patients the MG persists after D-P is discontinued,
implying that a subclinical myasthenic state existed prior to the initiation of
D-P (Howard JF, personal observations).

N. Miscellaneous

D,L-Carnitine, but not L-carnitine, has been reported to acutely worsen the
strength of patients with MG undergoing dialysis (219). The precise mecha-
nism of neuromuscular blockade is not known but postulated to be a pre-
synaptic block similar to that produced by hemicholinium or a postsynaptic
block by the accumulation of acylcarnitine esters (220).

Diuretics have been suggested to aggravate the strength of patients with
MG, probably by potassium wasting (221). It has been long recognized that
myasthenic patients are uniquely sensitive to hypokalemia or even low-
normal levels of serum potassium.

Emetine, originally used as an amebicide and the principal ingredient of
ipecac syrup, has been reported to produce acute neuromuscular weakness in
nonmyasthenic patients receiving the drug as an amebicide (222,222). One of
the postulatedmechanisms of action in experimental preparations is to inhibit
indirectly elicited action potentials that are not reversed with cholinesterase
inhibitors (223).

Hutchinson has reported acute crisis in MG patients given enemas
preparatory to radiographic procedures. This has not been confirmed by
others (224), but it could be postulated that the abrupt removal of cholines-
terase inhibitors from the gastrointestinal tract could precipitate acute my-
asthenic worsening in the brittle patient or a large magnesium load could
reduce ACh release from the nerve terminal.

The intravenous infusion of iodinated contrast agents has been reported
to acutely worsen the strength of patients with MG or precipitate a myas-
thenic crisis (225,226). Others have not found such problems in a retrospective
study of their patient population though the recommendation for caution was
made (227). The mechanism of these adverse reactions in MG patients is not
known. There is one report of a single patient with LES who developed
transient, severe respiratory insufficiency following the intravenous infusion
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of iodinated contrast material (228). The postulated mechanism of action is
an acute hypocalcemia due to direct binding by the contrast agent resulting in
further presynaptic blockade with a reduction in ACh release.

The intravenous infusion of sodium lactate is reported to worsen the
strength, including respiratory function, in patients with MG (127). The
mechanism for this is not known but is postulated to be related to transient
hypocalcemia resulting in impaired neurotransmitter release from the nerve
terminal.

There is a single case report of myasthenic weakness following admin-
istration of tetanus antitoxin (229).

Trasylol, a proteolytic enzyme inhibitor that is no longer available, is
reported to potentiate the action of suxamethonium and tubocurarine (230).

Trihexiphenidyl (Artane) is reported to unmask andworsen the strength
of a single patient with MG. In this case report it is stated that the con-
centration of AChR antibody paralleled the degree of weakness when chal-
lenged with this drug (231).

Botulinum neurotoxin, when used therapeutically for treatment of focal
dystonias, has unmasked subclinical LES (232). Myasthenic crisis or wors-
ening of muscle strength has been reported following injections of botulism
toxin (233,234). The use of botulinum toxin is considered to be a relative
contraindication in patients with a known defect of neuromuscular trans-
mission.

Numerous drugs have been demonstrated to produce or exacerbate a
neuromuscular block in experimental situations. To date there are no
known reports of clinical adverse reactions with these drugs in patients
with neuromuscular disorders or the precipitation of muscle weakness in
otherwise normal patients. Amantadine appears to reduce the postjunc-
tional sensitivity to inotophoretically applied ACh by interacting with the
ionic channel of the AChR (235). Ironically, azathioprine, often used as
treatment for MG, has been shown to potentiate the neuromuscular block
of succinylcholine in cat nerve–muscle preparations but to antagonize the
neuromuscular block of curare (236). Like theophylline, it has been found
to inhibit the action of phosphodiesterase, the enzyme that hydrolyzes
cyclic AMP. The increased concentration of cyclic AMP produces
increased neurotransmitter release. It has been postulated that such an
effect occurs because of the inhibition of phosphodiesterase in the motor
nerve terminal. In this author’s experience, there have been no untoward
neuromuscular blocking effects in myasthenic patients receiving this drug as
part of their treatment. Diphenhydramine has been shown to potentiate the
neuromuscular block of barbiturates and neuromuscular blocking agents,
and to reduce the amount of neurotransmitter released from the NMJ
(237).
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binding, 90–91, 114
blocking, 92, 114

false positive, 91
modulating, 92, 114

Acetylcholinesterase (AChE)

location at the endplate, 8–9, 9f
role in neuromuscular transmission,

25

Acetylcholinesterase inhibitors
ambenonium chloride (Mytelase),

118, 119t
edrophonium, 114–115

equivalent doses, 118–119, 119t
in Lambert-Eaton syndrome, 180
in myasthenia gravis, 117–119

in neonatal myasthenia gravis,
143
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[Acetylcholinesterase inhibitors]

neostigmine bromide (Prostigmine),
117, 119t

pyridostigmine bromide (Mestinon),

117–119, 119t
side effects, 118

Action potential

muscle fiber, 27–29
nerve, 15

Active zones

and release of acetylcholine, 5–6
Alendronate, 126
Ambenonium chloride (Mytelase),

118–119, 119t

Aminoglycosides
and neuromuscular transmission,

15–16

neuromuscular toxicity of, 268
Amyotrophic lateral sclerosis (ALS),

38, 40–41

Analgesics, use of in neuromuscular
junction disorders, 266

Anesthetics
general, use of in neuromuscular

disorders, 266–267
local, use of in neuromuscular

junction disorders, 267

Antibiotics
neuromuscular junction toxicity of,

267–269

Antibodies
acetylcholine receptor (see Acetyl-

choline receptor antibodies)

anti-MuSK (muscle-specific receptor
tyrosine kinase), 93, 140

anti-ryanodine, 92
anti-striated muscle (striational),

91–92
anti-titin, 92
anti-voltage gated calcium channel,

93–94, 174–175
Anticonvulsants, neuromuscular

junction toxicity of,

269–270
Autoimmunity, 53–55

Azathioprine

for Lambert-Eaton syndrome, 181
for myasthenia gravis, 126–127

dosing, 126

duration of therapy, 127
indications, 126
neoplasia, risk of, 127

side effects, 126–127
toxicity, monitoring for, 126
use in pregnant women,

141–142

Baclofen, for tetanus, 239
Basement membrane, 4–5

B cells, 53–55, 104–105
Beta (h) adrenergic blocking agents

exacerbation of neuromuscular

junction disease, 270–272
topical (on cornea) use, 270–271
mechanisms of neuromuscular

blockade, 271–272
Binding antibody test in myasthenia

gravis (see Acetylcholine
receptor antibodies)

Bioterrorism
botulism, 231–232
organophosphate compounds,

250–251
Blocking antibody test in myasthenia

gravis (see Acetylcholine

receptor antibodies)
B lymphocytes (see B cells)
Botulinum toxin, causing myasthenic

crisis or worsening, 282
Botulism

bioterrorism, 231–232
clinical features, 229–232

diagnosis
differential, 232–233, 233t
laboratory, 233–234

compound muscle action potential
(CMAP) amplitude in, 234

food-borne, 229–230

hidden, 230–231
iatrogenic botulism, 231
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[Botulism]

infantile, 230
pathogenesis, 228–229
repetitive nerve stimulation in,

77–80
serotypes, 228
treatment, 234–235

vaccination, 235
wound, 230

Bretylium, potentiation of

neuromuscular block, 272
Bronchoscopy in diagnostic work-up,

178

Calcium
accumulation in posttetanic

facilitation, 20–21

influx into nerve terminal, 15–22
supplementation, with corticosteroid

treatment, 125, 125t

Calcium channels, voltage-gated
in active zone, 6
antibodies to, 93–94, 174–175
in Lambert-Eaton syndrome,

159–162
in neuromuscular junction, 6
structure of, 160f

Calcium channel blocking drugs
effect on neuromuscular

transmission, 272–273

in Lambert-Eaton syndrome, 184
Carbamate poisoning (see Organo-

phosphate and carbamate

poisoning)
Childhood myasthenia gravis,

143–144
Choline acetyltransferase, 23, 24f, 192

deficiency in, 202–205 (see Congeni-
tal myasthenic syndromes)

Cholinergic crisis, 135

due to organophosphate poisoning,
249

Chloroquine, disorders of

neuromuscular transmission
caused by, 279–280

Clostridial neurotoxins, 227–248

Clostridium botulinum (see Botulism)
Clostridium tetani (see Tetanus)
Compound muscle action potential

(CMAP) amplitude
in botulism, 234
in congenital myasthenic

syndrome with episodic
apnea, 203–204

in endplate acetylcholinesterase

deficiency, 209
in Lambert-Eaton syndrome,

171–174, 174t
recording, 67

repetitive (see Repetitive compound
muscle action potential)

in slow-channel syndrome, 212

Computed tomography (CT) in
diagnostic work-up, 177–178

Congenital myasthenic syndromes,

191–221
classification, 191–192, 192t
clinical manifestations, 196–197
congenital slow-channel syndrome,

46–47
diagnosis, 196–202

muscle biopsy in, 200–202

microelectrode studies,
201–202

molecular genetic studies, 202

repetitive compound muscle
action potential (CMAP),
197–198

repetitive nerve stimulation
studies in, 80, 197–200

single-fiber electromyography in,
200

endplate acetylcholinesterase
deficiency, 50–51,
208–210

clinical manifestations, 208
endplate myopathy, 210
genetics, 208

laboratory, 208–210
repetitive CMAP in, 209
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[Congenital myasthenic syndromes]

with episodic apnea (endplate choline
acetyltransferase deficiency),
202–206

clinical manifestations, 203
genetics, 202–203
laboratory, 203–204

muscle biopsy, 205
prolonged repetitive stimulation,

204, 204f

treatment, 205
fast-channel syndrome, 214–217

clinical manifestations, 214–216
genetics, 214–215

laboratory, 216
treatment, 216

Lambert-Eaton syndrome–like,

207–208
paucity of synaptic vesicles,

206–207

pathophysiology of, 45–46
primary acetylcholine receptor

deficiency, 217–220
clinical manifestations, 217–218

genetics, 217
laboratory, 218–219
repetitive nerve stimulation in,

218–219, 219f
treatment

3,4-diaminopyridine, 219–220

ephedrine, 220
slow-channel syndrome, 211–214

clinical manifestations, 212

endplate myopathy, 212
genetics, 211
laboratory, 212
repetitive CMAP, 212, 213f

treatment
fluoxetine, 213
quinidine sulfate, 213–214

sodium channel (mutations of
perijunctional sodium
channels), 220–221

Conotoxins and blockade of voltage-
gated calcium channels, 247

Corticosteroids

collateral program, 125t
daily vs. alternate day dosing,

123–125, 125t

induction regimens in myasthenia
gravis, 123–125

mechanism of action in myasthenia

gravis, 122–123
maintenance therapy, 124–125
side effects, 123, 123t, 125–126

steroid-induced exacerbation, 124
Curare, 64
Cyclophosphamide

in myasthenia gravis, 129–130

Cyclosporine
for Lambert-Eaton syndrome,

181

for myasthenia gravis, 127–129
dosing, 127
drug interactions, 128, 128t

mechanism of action, 127
side effects, 128–129
toxicity monitoring, 127–128

Dermacentor species, and tick
paralysis, 242–243

Diagnosis, 59–95

acetylcholine receptor antibodies (see
Acetylcholine receptor
antibodies)

algorithm for myasthenia gravis,
115f

of botulism, 233–234

of congential myasthenic syndromes,
196–202

edrophonium chloride (tensilon) test,
61–63, 62f

of Lambert-Eaton syndrome,
170–177

of myasthenia gravis

comparison of diagnostic tests,
94–95

sensitivity of diagnostic tests,

114–115, 114t
needle electromyography
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[Diagnosis]

conventional, 80–82
single-fiber, 82–90 (see also Single-

fiber electromyography)

neostigmine methyl sulfate test
(prostigmine test), 63–64

neuromuscular blocking agents,

64
repetitive nerve stimulation (see

Repetitive nerve stimu-

lation)
serologic testing, 90–94
single-fiber electromyography

(see Single-fiber

electromyography)
Diplopia
in myasthenia gravis, 107–111

in Lambert-Eaton syndrome,
167–169

Diazepam, for tetanus, 239

D-Penicillamine, myasthenia
gravis induced by, 280–281

Dysarthria
in myasthenia gravis, 108, 111

in Lambert-Eaton syndrome,
167–168

Dysphagia

in myasthenia gravis, 108, 111
in Lambert-Eaton syndrome,

167–168

Dystrophin-glycoprotein complex,
13–14

Edrophonium (Tensilon) test, 61–63,
62f

Electrical stimulation (see Repetitive
nerve stimulation)

Electromyography (EMG), 80–90
single-fiber (see Single-fiber

electromyography)

Endplate acetylcholinesterase
deficiency (see Congenital
myasthenic syndromes)

Endplate potential, 19, 26, 59–60
Enhanced ptosis, 109–110

Envenomation

arthropods, 240–241
marine toxins (shellfish), 246–247
plant toxins, 247–248

scorpion bites, 244
snake bites, 244–246
spider bites, 241–242

tick paralysis, 242–244
Ephedrine, 220
Epitope spreading, 106

Estrogen therapy, worsening of myas-
thenic weakness and, 274

Exocytosis
calcium-regulated, 17–18

of synaptic vesicles, 17–18, 17f
Extraocular muscles
selective involvement in myasthenia

gravis, 141

Facial nerve stimulation, repetitive, 71
Familial autoimmune myasthenia

gravis, 145

Familial infantile myasthenia
(congenital myasthenic
syndrome with episodic

apnea), 202–206
Fatigue in myasthenia gravis, 108
Fetal isoform of acetylcholine receptor,

9–10, 193

Food-borne botulism, 229–230

Gangliosides (GDIb, GT) at a motor
terminals, 236

Genetic heterogeneity
in endplate acetylcholinesterase

deficiency, 210
in primary acetylcholine receptor

deficiency, 217
in slow-channel syndrome, 212

Heavy metal intoxication, and the
neuromuscular junction,

248
Henle’s sheath, 4

Index 295



Hidden botulism, 230–231

Human leukocyte antigen (HLA), in
myasthenia gravis, 145

Iatrogenic botulism, 231
Immunology
B lymphocytes, 53–55, 104–105

basic mechanisms in, 53–55
clonal anergy, 53
clonal deletion, 53

clonal ignorance, 53
major histocompatibility complex

(MHC), 53–54
T lymphocytes, 53–55, 104–105

Immunotherapy (see specific disorder)
Infantile botulism, 230
Interferon-a
induction of myasthenia gravis,

274–275
mechanism of induced myasthenia

gravis, 275
Intravenous immune globulin
for Lambert-Eaton syndrome,

180–181

for myasthenia gravis, 130–131
Iodinated contrast agents
exacerbation of myasthenic weakness

and, 281

Jitter

analysis, 86–87
defined, 82
measurements, 82–86

Junctional folds, 5f
Juvenile myasthenia gravis, 143–144

Lambert-Eaton syndrome (LES),

157–184
autonomic symptoms, 162
clinical presentation, 165–170

symptoms, 166–168
dry mouth, 167–168

signs, 168–170

distribution of weakness, 170
muscle stretch reflexes in, 169

[Lambert-Eaton syndrome (LES)]

diagnosis of, 170–176
differential, 176–177

epidemiology, 158–159

as example of presynaptic failure,
49

etiology, 159–162

history, 157–158
immunopathogenesis,

160–162

in absence of malignancy, 164–165,
181–182

in children, 183
and malignancy, 163–164

investigation for, 177–178
management of, 178–179,

181–182

medications that exacerbate symp-
toms, 183–184

muscle biopsy in, 175–176

overlap syndromes, 183
repetitive nerve stimulation in, 74–77,

76f, 171–173
single-fiber electromyography in,

173–174
treatment of

algorithm, 182f

immunotherapy
azathioprine, 181
cyclosporine, 181

intravenous immunoglobulin,
180–181

plasmaphereis, 180–181

prednisone, 181
symptomatic

3,4-diaminopyridine
(3,4-DAP), 179–178

pyridostigmine, 180
guanidine, 180

Lathrotoxins, 241

LES (see Lambert-Eaton syndrome)
Lithium, effects on neuromuscular

transmission,

278–279
Lymphocyte (see Immunology)
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Magnesium

effects on neuromuscular transmis-
sion, 275–277

mechanism of neuromuscular trans-

mission block, 276
treatment of hypermagnesemic

patient, 277

Major histocompatibility complex (see
Immunology)

Mestinon (see Pyridostigmine)

Miniature endplate potential
(MEPP)

amplitude, 36–37, 36t
defined, 18

duration, 36–37, 36t
frequency, 36–37, 36t

Modulating antibody test in

myasthenia gravis (see
Acetylcholine receptor
antibodies)

Motor unit, defined, 3
Muscle fiber action potential (see

Action potential)
Muscle-specific tyrosine kinase

(MuSK), 13
antibodies, 93, 140

Myasthenia gravis (MG)

associated autoimmune disorders,
145

clinical presentation, 107–114

axial/limb muscles in,
112–114

facial muscles in, 109

fixed weakness in, 107
ocular muscles in,

109–111
oropharyngeal muscles in,

111–112
respiratory muscles in, 112

diagnosis,

algorithm, 115
comparison of diagnostic tests,

94–95

sensitivity of diagnostic tests,
114–115, 114t

[Myasthenia gravis (MG)]

epidemiology, 103
extraocular muscle weakness,

110–111

‘‘fixed’’ weakness in, 107
familial autoimmune, 145
fatigable muscle weakness, 108

history, 103–104
immunopathogenesis, 104–107
immunotherapy, 119–131, 119t

juvenile/childhood, 143–144
late-onset, 144
mechanism of neuromuscular trans-

mission defect, 105–107,

106t, 106f
medications to avoid, 144
mortality due to, 104

natural history, 104
ocular, 140–141
oropharyngeal muscle weakness,

111–112
and pregnancy, 141–143
repetitive nerve stimulation in, 73–74,

74f

respiratory muscle weakness, 112
seronegative (see Seronegative)
single-fiber electromyography in,

87–89
and thymoma, 137–139
transient neonatal, 142–143

treatment of, 116–134
long-term immunotherapy,

119–130

short-term immunotherapy,
130–131

symptomatic, 116–119
therapeutic agents, 132–133t

therapeutic approach, 131–134
unanswered questions, 102

Myasthenic crisis, 135–137

antecedent events, 135
cholinesterase inhibitors in, 135
outcomes, 136–137

treatment of, 136
Myasthenic exacerbations, 134–135
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Mycophenolate mofetil

dosing, 129
studies in patients with myasthenia

gravis, 129

side effects, 129
Mytelase (see Ambenonium chloride)

Nerve terminal, 3–6
Neuromuscular blocking agents
as diagnostic test, 64

as muscle relaxants, 277–278
Neuromuscular junction (NMJ)
components of, 3
junctional folds, 8

presynaptic region, 3–7
postsynaptic region, 7–13
synaptic cleft, 7

synaptic space, 7
Neuromuscular transmission
anatomy of, 3–14

failure, 35
postsynaptic, 39t, 46–48, 52f
prejunctional, 39t, 38–41
presynaptic, 39t, 41–45, 50f

synaptic, 39t, 45–46
physiology of, 14–29, 15t

Neurotoxicology of the neuromuscular

junction, 227–253

Ocular myasthenia gravis, 140–141

Organophosphate and carbamate
poisoning, 248–251

Pesticides (see Organophosphate and
carbamate poisoning)

Phenothiazines, and exacerbation of
weakness in myasthenia, 278

Plasma exchange (plasmapheresis)
for Lambert-Eaton syndrome,

180–181

for myasthenia gravis, 130
Postactivation exhaustion (see

Repetitive nerve stimulation)

Postactivation facilitation (see
Repetitive nerve stimulation)

Postexercise exhaustion, 46, 51

Postsynaptic desensitization, 48
Postsynaptic events in neuromuscular

transmission, 25–27

Postsynaptic region of neuromuscular
junction, 7–14

Posttetanic depression, 21

Posttetanic exhaustion, 20
Posttetanic facilitation, 19–20
Posttetanic potentiation, 20

Prednisone
in Lambert-Eaton syndrome, 181
in myasthenia gravis, 122–126

Pregnancy

and myasthenia gravis,
141–142

Presynaptic events in neuromuscular

transmission, 15–24
Presynaptic region of neuromuscular

junction, 3–7

Procainamide, neuromuscular
blockade and, 273

Prostigmine (see Neostigmine sulfate)
Pseudointernuclear ophthalmoplegia,

110
Ptosis

in myasthenia gravis, 107–108,

109–111
Pulmonary function testing in, 112
Pyridostigmine (Mestinon)

dosing, 117
for myasthenia gravis, 117–119
as pretreatment for organophosphate

poisoning, 251–252
after thymectomy, 122

Quantal content, defined, 19

Quantal release, probability of,
36, 36t

Quantal store, 36

Quantum, defined, 5
Quinidine, 273
Quinine, 64, 273–274

Quinolone derivatives, effects on neuro-
muscular transmission, 273
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Rapsyn

mutations in, causing congenital
myasthenic syndrome, 217
in neuromuscular junction, 13

Repetitive compound muscle action
potential (CMAP), 197–200,
209, 212

Repetitive nerve stimulation, 65–80
criteria for abnormality, 70
decremental response, 65–66

facial nerve, 71
high frequency in LES, 172–173
median nerve, 71
muscle selection, 71–72

musculocutaneous nerve, 71
postactivation exhaustion, 67–68
postactivation facilitation, 66–68,

171–173
provocative techniques

curare, 72

ischemia, 72
pseudofacilitation, 68–70, 69f
recording technique, 67–68
repair of the decrement, 67

in specific neuromuscular junction
disorders, 73–80

in botulism, 77–80

in congenital myasthenic
syndromes, 197–200

endplate acetylcholinesterase

deficiency, 209
endplate choline acetyltransfer-

ase deficiency, 203–204

Lambert-Eaton syndrome–like,
207

paucity of synaptic vesicles,
207

primary acetylcholine receptor
deficiency, 218–219

slow-channel syndrome, 212

in Lambert-Eaton syndrome,
171–174

in myasthenia gravis, 73–74, 74f,

115
spinal accessory nerve, 71

[Repetitive nerve stimulation]

technical considerations, 70–71
temperature effects, 76
ulnar nerve, 71

Respiratory muscle weakness
in Lambert-Eaton syndrome,

169

in myasthenia gravis, 112
Risus sardonicus, 237
Ryanodine antibodies, 92, 144

Safety factor of neuromuscular trans-
mission, 27–29, 35–36, 60

Saturating disc model, 25

Scorpion bites (see Envenomation)
Seronegative myasthenia gravis, 93,

139–140

Snake bites (see Envenomation)
Single-fiber electromyography, 82–90
activation and recording technique,

83–86
analysis, 86–87
in congenital myasthenic syndromes,

200

criteria for abnormality, 87
in Lambert-Eaton syndrome,

173–174

in myasthenia gravis, 87–89
neuromuscular jitter, defined, 82
quality control, 89–90

Small cell lung cancer (SCLC)
Lambert-Eaton syndrome and,

158–159, 163–164

voltage-gated calcium channels in,
164

SNAP-25, 17–18, 17f, 18t
Sodium channels,

blockade in shellfish poisoning,
246

mutations of, 220–221

voltage-sensitive
in pathophysiology of

neuromuscular junction

disorders, 47
on postsynaptic membrane, 9
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[Sodium channels]

role in neuromuscular
transmission, 26, 27f

Spinal accessory nerve, repetitive

stimulation, 71
Synapse, electrical vs. chemical, 1–2
Synapsin I, 17–18

Synaptic cleft (see Neuromuscular
junction)

Synaptic space (see Neuromuscular

junction)
Synaptic vesicles, 5–6
exocytosis of, 17–22
readily releasable pool, 5, 19

storage pool, 5–6,
Synaptobrevin, 18, 17f, 18t
Synaptotagmin, 18, 18t

Syntaxin, 17f, 18t

T cells, 53–55, 104–105

Tensilon test, 61–63, 62f
Tetanospasmin, in pathogenesis of

tetanus, 235–236
Tetanus

cephalic, 238
clinical features, 237–238
diagnosis

differential, 238–239
laboratory, 239

generalized, 237–238

immunization, 240
localized, 237
pathogenesis, 236–237

treatment, 239
Thymectomy
beneficial effects of, 120
perioperative mortality, 121–122

postoperative care, 122

[Thymectomy]

techniques, 121
for thymoma, 122
in treatment of myasthenia gravis,

119–122
Thymic hyperplasia, 120
Thymoma

anti-muscle antibodies and, 139
imaging for, 115
management of, 137–139

postoperative irradiation, 137–138
striational antibodies as predictive of,

115–116
Thymus

AChR expression in,
removal (see Thymectomy)

Thyroid

disease, autoimmune, 145
hormone, 274
function testing in myasthenia gravis,

115
Tick paralysis, 242–244
Titin antibodies, 144
T lymphocytes (see T cells)

Tolerance
loss of, in autoimmune disease,

104–105

loss of, in myasthenia gravis, 105
role of thymus gland, 105

Trimethaphan, curare-like action at

the neuromuscular junction,
274

Trismus (‘‘lockjaw’’), 237–238

Ulnar nerve repetitive stimulation, 71
Utrophin, 14f

Wound botulism, 230
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