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NOTICE

Medicine is an ever-changing science. As new research and clinical experience
broaden our knowledge, changes in treatment and drug therapy are required. The
authors and the publisher of this work have checked with sources believed to be
reliable in their efforts to provide information that is complete and generally in
accord with the standards accepted at the time of publication. However, in view of
the possibility of human error or changes in medical sciences, neither the authors
nor the publisher nor any other party who has been involved in the preparation or
publication of this work warrants that the information contained herein is in every
respect accurate or complete, and they disclaim all responsibility for any errors or
omissions or for the results obtained from use of the information contained in this
work. Readers are encouraged to confirm the information contained herein with
other sources. For example and in particular, readers are advised to check the prod-
uct infomation sheet included in the package of each drug they plan to administer
to be certain that the information contained in this work is accurate and that
changes have not been made in the recommended dose or in the contraindications
for administration. This recommendation is of particular importance in connection
with new or infrequently used drugs.
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PREFACE

A swell of enormous advances swept across the field of myology since the second edition
of Myology was published in 1994. In the basic sciences, the molecular aspects of the devel-
opment, organization, and function of muscle have been greatly extended. Myriad compo-
nents have been added to the list of proteins that constitute the contractile, metabolic, and
regulatory machinery of skeletal muscle. At the same time, the clinical significance of some
of the heretofore unknown molecules was revealed by pathologic effects of their mutant
alleles in both previously identified and newly recognized diseases.

Building on the pioneer discoveries of the past, recent research on muscle differentiation
has painted a complete picture of the regulatory genes, signaling networks, and celtular
mechanisms that control the embryonic origins of muscle progenitors and their subsequent
differentiation to form mature muscle fibers (Chapter 1). That precise coordination and
appropriate timing of developmental events are essential for the normal development of
muscle and other tissues is now well recognized (Chapter 2). A disruption or inappropri-
ate activation of this stereotyped developmental program in muscle and other tissues is a
recurrent theme in the congenital muscular dystrophies and in the myofibrillar and con-
genital myopathies (Chapters 42, 43, and 54). The recent discovery of stem cells (other than
satellite cells) in muscle and other tissues has raised hopes that stem cells derived from
muscle or bone marrow could be used for therapeutic intervention; however, the thera-
peutic potential of stem cells remains unrealized (Chapters 3 and 34).

Intrinsic and environmental (including hormonal) factors shape the destiny of the mus-
cle fibers, so that they become tuned to their varied roles in motor activity. Awareness of
these developmental strategies provides a framework for understanding the reactions and
adaptations of muscle in disease (Chapters 4 and 5).

The extraocular muscles harbor subcategories of muscle fibers highly specialized for
extremely fast as well as slow, tonic movements. These muscles are either preferentially
involved or spared in a variety of neuromuscular diseases. Their vulnerability in neuro-
muscular junction diseases and mitochondrial myopathies, and in oculopharyngeal dys-
trophy is well known, yet they are spared in most other muscle diseases (Chapter 6).

The building blocks of the muscle fiber—myofibrils, the accompanying membrane sys-
tems, and the cytoskeletal network that binds them together—have revealed unexpected
complexities of composition and structure. The recent additions to the muscle protein cat-
alogue reveal that appropriate muscle function depends directly on functional integration
of all major and minor components of the muscle fiber (Chapter 7). For example, 12 muta-
tions of major structural and regulatory myofibrillar components result in hypertrophic
cardiomyopathy; and myosin heavy-chain isoforms are implicated in a form of inclusion
body myopathy and hyaline body myopathy (Chapters 8, 48, and 54). A variety of
myopathies stem from mutations of structural proteins less directly involved in the con-
tractile functions: limb-girdle muscular dystrophy type 2G (telethonin), limb-girdle mus-
cular dystrophy type 1A (myotilin), desminopathy, and nemaline myopathy (see below)
(Chapters 37, 43, and 54).

Knowledge of the number, functional properties, and molecular aspects of plasmalem-
mal ion channels and pumps has greatly expanded in recent times. Chapter 10 reviews the
classical channels responsible for excitatory activity and the equally important channels
that contribute to the resting membrane potential, volume regulation, and signal transduc-
tion. Understanding the functional role of these channels sets the stage for grasping the
complexities of the myotonias, periodic paralyses, and neuromyotonias (Chapters 36, 46,
and 47). Muscle activation and the control of muscle fiber activity require a complex
machinery based on specialized membrane systems that may occupy a third or more of the
fiber volume (Chapters 11-14). Advances in this area have revealed how calcium channels
in plasmalemma (the dihydropyridine receptors) and in the sarcoplasmic reticulum (the
ryanodine receptors) cross talk and thus influence each other’s ctivity. This close functional
interaction may well explain that mutations in either channel can cause malignant hyper-
thermia (Chapter 59). Phospholamban (PLN) is an accessory protein that regulates the
activity of the sarcoplasmic reticulum (SR) Ca?t pump (SERCA) in slow skeletal and car-
diac muscle. By decreasing the affinity of SERCA 2a for Ca®*, PLN has dramatic beneficial

XXi
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effects on cardiac function. Thus modifying PLN/SERCA 2a interaction sites may be a promis-
ing therapeutic approach to heart failure (Chapter 14).

The mechanism of a protein’s action is best understood after its architecture is deciphered at
the atomic level. This is dramatically illustrated in Color Plates 1-5. In 1994, understanding of
mechanochemical transduction by myosin cross-bridge action had just been revolutionized by
the first crystal structures of the myosin molecule. Since then, the structure of other sarcomeric
proteins in various functional states has been resolved (Chapters 7-9 and 13, and Color Plates
1-3). The first atomic models of large intramembrane proteins—the SR Ca®*" pump, voltage
gated ion channels, and the extracellular part of the acetylcholine receptor—are now also avail-
able (Chapters 10, 14, 17, and 66, and Color Plates 4-6). The selectivity filter of the potassium
channel, seen in its fine detail (Color Plate 5), is a marvel worthy of the 2003 Nobel prize; and
the conformational changes in the SR Ca®* pump that accompany the active transport of two
Ca?* jons involve impressively large to-and-fro movements in cytoplasmic domains of an
innately flexible molecule (Color Plate 4).

Understanding the cytoskeletal network of muscle has been revolutionized by the realization
that several macromolecular complexes initially thought to act independently are closely inter-
twined. Thus, the internal desmin scaffolding and its association with the plasmalemma are
intimately linked to dystrophin- utrophin- and spectrin-based networks as these connect
through the plasmalemma to the extracellular matrix (Chapters 19a and 19b). This has rein-
forced the notion that maintenance of sarcolemmal integrity is not limited to dystrophin and
dystrophin-associated proteins but involves other components of the subplasmalemmal
cytoskeleton and associated integral membrane proteins (Chapters 34 and 37).

The extracellular matrix plays a complex role as an “insoluble” network of proteins that traps
bioactive molecules, contributes to fiber differentiation, and dictates specializations at the neu-
romuscular and myotendinous junction (Chapter 20). An exciting development of the past
decade has been that defects in the extracellular matrix have pathogenic effects. Thus, muta-
tions in laminin a2 (Chapter 44) and collagen VI (Chapters 39 and 44) cause muscular dystro-
phies; perlecan defects underlie the Schwartz-Jampel syndrome (Chapter 63); and mutations in
ColQ result in a congenital myasthenic syndrome (Chapter 66).

An increased understanding of the structure and function of the neuromuscular junction
(Chapters 15-18) proved to be a stepping stone to unraveling the complexities of the autoim-
mune and genetic disorders of neuromuscular transmission (Chapters 64—66).

The immense advances in the basic sciences were paralleled by a corresponding expansion of
the horizons of clinical myology. The identification of disease genes and mutations has become
increasingly important for accurate diagnosis, genetic counseling, and disease prevention. In
the dystrophinopathies, better understanding of the structure and functional domains of dys-
trophin has provided new insights into pathogenic effects of dystrophin mutations and clues for
designing constructs for possible gene therapy. Improved methods for detecting small DNA
rearrangement of the dystrophin gene and for identifying carriers have been devised. The
potentials of gene therapy with viral vectors has been explored in animal models but targeting
the entire striated musculature, efficient delivery to the host’s myofiber nuclei, and long-term
expression of the transduced gene are yet to be realized. However, at least some frameshifting
dystrophin mutations may be amenable to antisense-induced skipping of the mutant exon,
aminoglycosides may suppress some stop codon mutations, and myostatin blockade may mit-
igate the course of the disease (Chapter 34).

The classic form of myotonic dystrophy (DM1) caused by a CTG,, expansion in the 3’ untrans-
lated region of the DMPK gene is now matched by myotonic dystrophy type 2 [DM2, or proximal
myotonic myopathy (PROMM)] caused by a CCTG, expansion in the ZNF9 gene. The multi-
system effects of both disorders have been traced to repressed expression of other genes by the
expanded mRNAs. In DM, this effect has now been attributed to sequestration of nuclear tran-
scription factors of selected genes by the abnormal DM1 mRNAs (Chapter 36).

The mechanism by which deletion of an integral number of repeats in the telomeric region of
chromosome 4 causes facioscapulohumeral dystrophy (FSHD) has been debated over the past
decade. Current evidence, based on detailed microarray studies, indicates FSHD-specific alter-
ations in at least 27 genes. Several of these genes are targets of MyoD, suggesting a defect of
myogenic differentiation; others are involved in response to oxidative stress (Chapter 38).

Oculopharyngeal muscular dystrophy is now known to be caused by short (GCG,_,5)
expansions of alanine codons in the first exon of the PABPT that encodes the nuclear polyadeny-
late-binding protein. Polymerization of the polyalanine domains results in formation of charac-
teristic intranuclear filaments that may trap mRNA (Chapter 40).

The number of genetically defined limb-girdle dystrophies has increased from one dominant
and three recessive forms in 1994 to six dominant and 10 recessive forms in 2004 (Chapter 37).
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During the same period, the number of genetically distinct congenital muscular dystrophies
grew from three to 10 and, with the exception of integrin «7-deficient muscular dystrophy,
they all involve the muscle fiber basement membrane. Aberrant O-glycosylation of a-dys-
troglycan has been identified in five congenital muscular dystrophies, highlighting the cru-
cial role of a-dystroglycan in maintaining basement membrane function in different organs,
and especially in muscle and brain (Chapter 44). Both the autosomal dominant Bethlem
myopathy and the autosomal recessive Lilrich’s congenital muscular dystrophy were traced to
mutations in collagen type VI (Chapters 39 and 44).

Different types of X-linked vacuolar myopatlies, one with excessive autophagy and one
with cardiomyopathy and mental retardation (Danon disease), are now recognized. Danon
disease results from defects in the lysosome-associated membrane protein 2 (LAMP2), and
is reproduced in mice by targeted disruption of lamp2 (Chapter 41).

Among the distal myopathies, the genetic basis of tibial muscular dystrophy has been
traced to mutations in titin. The chromosomal loci of the distal myopathies named after
Welander and after Laing have been identified but the disease genes and their mutations
are not yet known (Chapter 42).

The term myofibrillar myopathy (MFM) has been applied to disorders associated with
characteristic changes in trichromatically stained frozen sections, ectopic accumulation of
multiple proteins in abnormal fiber regions, disintegration of myofibrils that begins at the
Z-disk and, frequently, distal as well as proximal weakness, cardiomyopathy, and periph-
eral neuropathy. A small proportion of MFM patients carry disease-associated mutations in
desmin, aB-crystallin, or myotilin. In most patients, however, the molecular basis of the
disease awaits discovery (Chapter 43).

In the congenital myopathies the genetic basis of nemaline myopathy has been traced to
mutations in thin-filament associated proteins (nebulin, a-actin, a- and B-tropomyosin, and
slow-troponin-T). The typical form of multiminicore disease is caused by mutations in
selenoprotein N, which is also implicated in a form of the rigid spine syndrome; and the
cause of hyaline body disease resides in the slow 3 cardiac myosin heavy-chain (Chapter 54).

Two eloquent messages emerge from these chapters: First, a decade ago only defects in
dystrophin, a-sarcoglycan, and laminin a2 were recognized as proteins associated with
muscular dystrophy. Today, an array of other proteins—in the plasmalemma, the internal
and external cytoskeleton, the sarcomere as well as a chaperone protein, enzymes, and
defects in RNA metabolism—are implicated. Second, the molecular and the phenotypic
distinctions between congenital dystrophies, limb-girdle dystrophies, and some congenital
myopathies are becoming blurred.

At least two genetically distinct forms of hereditary inclusion body myopathies have
emerged: A dominant form caused by mutations in heavy myosin chain IIA is associated
with early contractures, ophthalmoplegia and proximal weakness; and a recessive form
caused by mutations in UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase, encoded by GNE, a bifunctional key enzyme in sialic acid synthesis. Interestingly,
GNE mutations spare the quadriceps muscle in middle-eastern Jews but not in Japanese
patients (Chapter 48).

The immunopathogenesis of T-cell-mediated inflammatory myopathies is now investigated
by laser-assisted dissection of single inflammatory cells combined with single-cell PCR
amplification of the sequences of the T-cell receptor. However, the antigen(s) recognized by
the autoaggressive T cells remain unidentified (Chapter 49). The etiology of sporadic inclu-
sion body myositis remains elusive despite numerous tantalizing clues that relate it to
Alzheimer disease, and the observation that expression of the small-heat shock protein, aB-
crystallin, is upregulated in numerous nonvacuolated fibers.

Novel glycogenoses caused by defects in aldolase A and in B-enolase were discovered,
branching enzyme deficiency is turning out to be more heterogeneous than was thought,
and the pathogenesis of Lafora disease (polyglucosan storage disease) is becoming clarified
(Chapter 55). In acid maltase deficiency, no fewer than 70 mutations have been identified
over the past decade, and enzyme replacement therapy of infantile patients is off to a prom-
ising start (Chapter 56). The concept of mitochondrial encephalomyopathies has also expanded.
Mitochondrial DNA (mtDNA) is now known to harbor more than 150 mutations (com-
pared to about 30 in 1994), and a number of nuclear mutations instigating defects in the
respiratory chain or in intergenomic communication have been identified. The basis of
mtDNA depletion and of multiple mtDNA deletions has been related to alterations of the
nucleotide pool (Chapter 58).

In myasthenia gravis (MG), the muscle specific protein kinase (MUSK) has emerged as a
novel autoantigen, but an animal model based on immunization with MUSK or detailed
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analysis of end plate pathology and physiology in a series of MUSK-antibody-positive MG
patients is unavailable (Chapter 65). The congenital myasthenic syndrones (CMSs) are now
known to arise from defects in five end-plate-associated proteins (choline acetyltransferase,
the acetylcholine receptor, acetylcholinesterase, rapsyn, and the skeletal muscle sodium
channel Na_1.4) that harbor no fewer than 144 mutations. Clinical, morphologic, and elec-
trophysiology clues now allow rational therapy for most CMSs (Chapter 66).

Among the niotor neuron diseases, it is now realized that mutations in the telomeric form
of the SMNT gene underlie all three forms of spinal muscular atrophy, and that the number
of centromeric SMIN? copies modulate disease severity (Chapter 67). And now, the
serendipitous observation that SMN2 protein level is upregulated by valproic acid has
raised hopes that juvenile and adult cases of spinal muscular atrophy may become thera-
peutically accessible. Mutations in three proteins—superoxide dismutase 1, alsin, and dyn-
actin—have been implicated in familial forms of amyotrophic lateral sclerosis (ALS).
Analysis of the deleterious effects of the mutant alleles may eventually provide clues to the
cause, pathogenesis, and treatment of sporadic ALS. Of further interest, one-half of ALS
patients have detectable reverse transcriptase in serum, pointing to a possible retroviral
instigator (Chapter 68).

The clinical spectrum and molecular diversity of hereditary motor and sensory as well
autonomic neuropathies have also expanded over the past decade. New methods have been
devised to assess sensory and autonomic dysfunction and loss, and specific prevention and
therapy have become available for a number of metabolic and immune neuropathies.

But the miraculous progress of the past decade has also challenged the traditional classi-
fication and categorization of neuromuscular diseases. Mutations in diverse genes can have
converging functional and pathologic effects and, conversely, different mutations in a given
gene can produce divergent clinical phenotypes. As examples, consider mutations in dys-
ferlin, myotilin, or caveolin causing limb-girdle dystrophy or distal myopathy; mutations
in lamin A/C resulting in Emery-Dreifuss dystrophy, cardiac conduction defect, lipodys-
trophy, axonal neuropathy, mandibuloacral dysplasia, or progeria; mutations in Na 1.4
causing different forms of periodic paralysis, myotonia, or a CMS; and mutations in either
Na, 1.4 or Ca,1.1 causing hypokalemic periodic paralysis. Thus neither the traditional clas-
sification of diseases by their clinical or morphologic phenotype, nor their categorization
by the mutated gene, the altered protein and, still less, by an ever increasing number of
alphanumeric labels, is entirely satisfactory.

The third edition of Myology is organized in two volumes, comprising three parts. Part 1
(Chapters 1-24) deals with the development, differentiation and diversity of skeletal mus-
cles, muscle contraction, the control of muscle fiber activity, neuromuscular transmission,
and muscle as a tissue. Part 2 (Chapters 25-33) focuses on the general approaches to neu-
romuscular diseases. Part 3 (Chapters 34-70) presents the various disorders of muscle. Here
the traditional phenotype-based classification of muscle diseases is retained, because phe-
notypic features of a given patient are the starting point for further studies and the subse-
quent molecular diagnosis. The biochemical aspects of glycogen, lipid, and mitochondrial
metabolism, presented as separate chapters in Part 1 in the second edition, are now pre-
sented in the context of the corresponding clinical chapters in Part 3. Most chapters were
thoroughly revised or written de novo, and eight new chapters were added. The new titles
are: Extraocular Muscles (Part 1), Immune Mechanisms in Muscle Diseases (Part 2),
Bethlem Myopathy, X-Linked Vacuolar Myopathies, Myofibrillar Myopathies, Cardio-
myopathies Associated with Muscular Dystrophies, Generalized Peripheral Nerve Hyper-
excitability, and Hereditary Inclusion Body Myopathies (Part 3).

We are grateful to the 97 contributing authors whose hard work has brought the third
edition of Myology to life. Cleo Schaefer provided secretarial assistance. The Muscular
Dystrophy Association and the National Institutes of Health were generous in their sup-
port of our laboratories during the period that this book was written. We also thank the
staff at McGraw-Hill—Karen Davis, Muza Navrozov, and Isabel Nogueira—for their expert
and devoted assistance in editing and producing this book.
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