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Preface

This book contains chapters by internationally recognized experts and covers two currently very important topics: muscle aging, and sporadic inclusionbody myositis, the most common aging-associated
muscle disease. Also described are hereditary inclusion-body myopathies, which are genetically determined disorders pathologically rather similar to sporadic inclusion-body myositis but which become
clinically manifest in early, or sometimes later,
adulthood.
Human muscle aging causes a gradual enfeeblement of older persons, and is progressively evident from about age 40 onwards. It causes muscle
weakness and frailty of the elderly, resulting in
falling and ensuing complications. The cost of caring
for weakening older persons in the USA and around
the world is escalating. There is a striking paucity of
information related to human muscle aging.
This book is focused on various aging-associated
neuromuscular disorders at the cellular and clinical
levels. These are exempliﬁed by the characteristic
histochemical abnormalities seen in older patients’
muscle biopsies, and in a number of clinical vignettes
of representative aging patients.
Emphasis is given to various treatable, and notyet-treatable, human conditions associated with aging. We stress that the phrase “you are just getting
old” is not an acceptable medical diagnosis, and that
aging is not a satisfactory explanation for the cause of
neuromuscular symptoms. Nevertheless, aging certainly is a risk factor for a number of disorders. A full
neuromuscular evaluation is needed to properly analyze and diagnose a neuromuscular problem in an
aging patient, as the basis for providing the best
possible treatment. Herein we describe some examples of successful treatments, but much more remains to be done to help aging neuromuscular

patients. Presented are the current knowledge of
these aspects and new concepts intended to help
development of innovative treatments. For the notyet-treatable neuromuscular disorders associated
with aging, the goal should be to not only stop their
relentless progressive weakness, but to provide
enduring improvement.
Sporadic inclusion-body myositis is the most common progressive muscle disease of older persons, age
50 and above. As the world population ages, sporadic inclusion-body myositis is becoming more
prevalent and a signiﬁcant health hazard. It causes
increasingly severe muscle weakness, leading relentlessly to pronounced disability, including frequent falls and resultant injuries, inability to arise
from a chair or toilet, or to grip a fork, spoon, or
drinking glass. Swallowing difﬁculties and choking
can occur. Sporadic inclusion-body myositis is generally underdiagnosed, and it is often misdiagnosed.
In this book are presented numerous details of the
newest molecular mechanisms involved in the pathogenesis of sporadic inclusion-body myositis. These
remarkable discoveries have not yet led to enduring
treatment, but they are providing important leads
toward that goal. Of urgent importance, therefore, is
further clariﬁcation of the molecular pathogenesis
of this disease, including learning the ultimate
upstream cause, as well as details of the downstream
muscle-destroying cellular molecular mechanisms.
Also of special interest – to general neurologists,
neuroscientists, and gerontologists, as well as to
internists and general physicians, nurses, and physical therapists, and to especially-curious patients,
caregivers, and members of the general public – are
the very intriguing, remarkable similarities between
the special pathologic features of muscle ﬁbers in
sporadic inclusion-body myositis and pathologic
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xii

Preface

features of brains of patients with Alzheimer disease
and Parkinson disease. The similarities between sporadic inclusion-body myositis and those two most
common neurodegenerative diseases of older persons suggest that aspects of the molecular pathogenic mechanisms may be extremely similar, or
even in some aspects the same.
Speciﬁcally, the similarities of sporadic inclusionbody myositis with the Alzheimer brain include
accumulations of amyloid-b, phosphorylated tau
and numerous other “Alzheimer diseasecharacteristic” proteins. The similarities of inclusion-body myositis with Parkinson disease include
accumulations of a-synuclein, parkin, DJ-1, and
other abnormalities. These similarities suggest
that (a) the aging-associated degenerative-muscle
and degenerative-brain diseases may share certain
pathogenic steps and (b) knowledge of one disease
might help elucidate the cause and treatment of the
others. And, despite the remarkable molecular sim-

ilarities in those very different tissues, muscles and
brain (the movers and the thinker), the separate
muscle and brain diseases appear to never cross into
the territory of the other. What protects the sporadic
inclusion-body myositis patient’s brain from succumbing to
the same degeneration as in his muscle ﬁbers, and what
protects Alzheimer and Parkinson patients from having the
same abnormalities in their muscles as in their brain?
These are dramatic, very intriguing phenomena,
understanding of which might very well contribute
to ﬁnding cures.
The Editors are pleased to acknowledge their
gratitude to various collaborators, including many
clinical and research fellows, whose dedication and
hard work greatly contributed to the results described in this book.
Valerie Askanas, MD, PhD
W. King Engel, MD

Plate 7.1 Engel trichrome staining of s-IBM muscle biopsy. On a 10 mm transverse section, this staining demonstrates
typical vacuolated muscle ﬁbers. The vacuoles are of various sizes; most contain ﬂoccular pinkish material, and some appear
empty. Magniﬁcation: 2600.

Plate 7.2 Immunohistochemistry of Ab42, a-synuclein, cellular prion protein, and p-tau in s-IBM muscle biopsy. Those
proteins are accumulated within the abnormal muscle ﬁbers. Ab42, a-syn, and cellular prion protein (PrPc) are accumulated
in the form of roundish, plaque-like inclusions, and p-tau identiﬁed with AT8 antibody, is accumulated in the form
of elongated inclusions. Magniﬁcation: (a,b) 1900; (c,d) 2400.

Plate 7.3 Double-labeling of Ab42 plus Congo red (CR), and p-tau plus Congo red on transverse sections of s-IBM muscle

biopsies. Both Ab42 and p-tau are congophilic as demonstrated by their colocalization with Congo-red-stained
amyloid on the same sections. While immunohistochemistry of Ab42 and Congo red staining demonstrates their close
colocalization in the form of a plaque-like inclusion (a,b), p-tau is congophilic in the form of delicate linear inclusions (c,d).
Magniﬁcation: (a–d) 2600.

Plate 7.4 Double-label immunohistochemistry of p62 plus p-tau in s-IBM muscle ﬁber. (a) p62 identiﬁed by green
ﬂuorescence; (b) p-tau identiﬁed by monoclonal AT100 antibody, which identiﬁes p-tau of PHFs in Alzheimer brain (red).
There is a close colocalization between p62 and p-tau as evident in the merged picture (c). Magniﬁcation: (a–c) 2600.

Plate 7.5 a-Syn and parkin in ragged-red ﬁbers. (a) A ragged-red ﬁber identiﬁed with Engel trichrome staining (E-TR); the

peripheral deep-red color typically is due to collections of abnormal mitochondria. (b) Parkin staining performed on a closely
adjacent serial section to (a) shows parkin immunopositivity at the periphery of the ragged-red ﬁber shown in (a). (c,d)
Double-labeling of a-syn and parkin on the same section indicates a ragged-red ﬁber positive for both proteins; while
immunostaining of both proteins is stronger on the periphery of the ﬁber, a-syn also shows strong immunopositivity
throughout the interior of the ﬁber. Magniﬁcation: (a–d) 1800.

Plate 10.6 Engel trichrome, Congo red, and crystal violet staining of s-IBM muscle biopsies. (a–c) Engel trichrome (E-TR)
staining demonstrates various-sized and various-shaped vacuoles, and in (a) mononuclear cell inﬂammation. (In (c), a
vacuolated muscle ﬁber appears to be invaded by mononuclear cells.) (d,e) Congo red (CR) staining visualized with
ﬂuorescence illumination and Texas red ﬁlters. Plaque-like and squiggly Congo-red- positive inclusions are present in s-IBM
muscle ﬁbers. (f) A very abnormal, atrophic muscle ﬁber with large inclusions identiﬁed as b-pleated-sheet amyloid by their
pink crystal violet (CV) positivity. Magniﬁcation: (a) 1100; (b–f) 2600.

Plate 10.7 p62 and alkaline phosphatase stainings in s-IBM muscle biopsies. (a,b) p62 is strongly immunoreactive in the
form of very dark, squiggly, and dotty inclusions in s-IBM abnormal muscle ﬁbers. (c,d) Alkaline phosphatase (Alk Phos)
staining is not evident in the s-IBM biopsy (c), whereas in the polymyositis (PM) biopsy (d) it is strong in perimysial
regions and slight to moderate within several regenerating/degenerating (regen-degen) muscle ﬁbers. Magniﬁcation:
(a) 1100; (b) 2600; (c,d) 800.

Plate 10.8 h-IBM due to GNE mutation. (a–c) Engel trichrome (E-TR) staining visualizes vacuolation of muscle ﬁbers.

Vacuoles are of various sizes, and only one vacuole in (b) appears “rimmed.” (d) p62 immunostaining visualizes distinct,
squiggly cytoplasmic inclusions in two abnormal muscle ﬁbers. (e) TDP-43 immunostaining shows very small, roundish
cytoplasmic inclusions. Magniﬁcation: (a–d) 2600.

Plate 10.9 h-IBM due to VCP mutation. (a) Engel trichrome (E-TR) staining shows a ﬁber containing various-sized

nonrimmed vacuoles. (b) TDP-43 immunostaining appears in the form of rather large oblong inclusions. (c) The p62
inclusions seem to be mainly located within muscle-ﬁber nuclei. Magniﬁcation: (a,c) 2600; (b) 1900.

Plate 13.10 (a,b) Double-labeling experiment using a monoclonal anti-NCAM antibody (a; red) or a monoclonal anti-PSANCAM antibody (b; red) in conjunction with a-bungarotoxin (aBT; green) that binds to the postsynaptic end of the
neuromuscular junction (NMJ). This shows that in h-IBM muscle ﬁbers the NCAM protein that is present postsynaptically at
the NMJ is normally sialylated. (c,d) Two nonregenerating muscle ﬁbers (arrowheads) and two regenerating muscle ﬁbers
(arrows; desmin immunostaining on serial section not shown). Only the NCAM that is expressed by regenerating muscle
ﬁbers appears to be normally sialylated, as suggested by immunoreactivity with the anti-PSA-NCAM antibody. On the
contrary, the NCAM that is expressed by the two nonregenerating muscle ﬁbers appears to be nonsialylated, as suggested by
absent immunoreactivity with the anti-PSA-NCAM antibody. (e) Western-blot analysis of NCAM in muscle biopsies and
primary cultivated myotubes of h-IBM and sporadic inclusion-body myositis (s-IBM). In the biopsied muscle of a h-IBM
patient NCAM migrates as a discrete band of 130 kDa, whereas in s-IBM, as in other myopathies (not shown), NCAM migrates
as a broad band of 150–200 kDa. On the contrary, in cultured myotubes no difference in the electrophoretic mobility of NCAM
can be detected between h-IBM and controls. This suggests normal sialylation of the NCAM expressed by h-IBM myotubes.
(f) Double-labeling immunocytochemistry showing h-IBM myotubes stained by both the anti-NCAM and anti-PSA-NCAM
antibodies. In particular, NCAM is detected as a diffuse cytoplasmic staining whereas PSA-NCAM is also strongly represented
along the plasma membrane. Hoechst staining is used to identify nuclei. Scale bars: (a,b,f) 5 mm; (c,d) 20 mm.

Plate 15.11 Hematoxylin and eosin staining of biopsy of right quadriceps skeletal muscle showing rounded ﬁbers with

increased variability in ﬁber size due to atrophy and hypertrophy (diameter 5–160 mm) consistent with a moderately severe,
chronic-active myopathy. Atrophic ﬁbers contain one or more slit-like rimmed vacuoles. (Acknowledgment Dr Rabi Tawil.)

Plate 15.12 Brain pathology from patients with VCP FTD include atrophy of the frontal and temporal cortex (a),

ubiquitin-positive neuronal intranuclear inclusions (b, b inset) containing modiﬁed TDP-43 protein (c; c inset shows normal
TDP-43 staining pattern), and dystrophic neurites (d, ubiquitin; d inset, TDP-43). Gliosis, vacuolization, and caspase
induction have also been observed in some IBMPFD cases. (Reproduced with permission from Forman MS, Mackenzie IR,
Cairns NJ et al. (2006) Novel ubiquitin neuropathology in frontotemporal dementia with valosin-containing protein gene
mutations. J Neuropathol Exp Neurol 65(6), 571–581.)

Plate 16.13 Exogenous expression of disease-related VCP mutants enhances toxicity in vivo. Top panels: steromicrographs
of 1-day-old adult ﬂy eyes. Expression of wild-type (WT) or mutant dVCP is driven by GMR-GAL4. Bottom panel:
Richardson’s staining of corresponding frontal sections of 1-day-old ﬂy eyes. (Reproduced with permission from Ritson
GP, Custer SK, Freibaum BD et al. (2010) TDP-43 mediates degeneration in a novel Drosophila model of disease caused by
mutations in VCP/p97. J Neurosci 33, 7729–7739.)

Plate 16.14 VCP mutant mice develop muscle weakness and histological signs of a myogenic pattern of myopathy.

(a) Hanging-wire performance in male nontransgenic, VCP-WT, VCP-R155H, and VCP-A232E mice. (b–e) Immunostaining
of parafﬁn-embedded quadriceps from nontransgenic (b; Ntg), VCP-WT (c), VCP-R155H (d), and VCP-A232E (e) mice
with a polyclonal TDP-43 antibody. (f) Modiﬁed trichrome staining of quadriceps from a VCP-A232E mouse. Rimmed
vacuoles are indicated by arrows. (g) Immunostaining of serial section of VCP-A232E quadriceps muscle with a ubiquitin
antibody. (Reproduced from Sara K. Custer, Manuela Neumann, Hongbo Lu et al, Transgenic mice expressing mutant forms
VCP/p97 recapitulate the full spectrum of IBMPFD including degeneration in muscle, brain and bone, Hum Mol Genet,
2010; 19,1741–1755, by permission of Oxford University Press.)

PART 1

Muscle Aging

CHAPTER 1

Aging of the human neuromuscular
system: pathological aspects
W. King Engel and Valerie Askanas
Departments of Neurology and Pathology, University of Southern California Neuromuscular Center,
University of Southern California Keck School of Medicine, Good Samaritan Hospital, Los Angeles, CA, USA

Introduction
This chapter discusses both our original ﬁndings and
concepts, as well as some data of others from the
literature. It is not able to cover all aspects of this broad
topic. Selected references are presented to stimulate
further exploration of the various points discussed.

Succinct introduction to the
biology of the neuromuscular
system, for clinicians
Aging persons often have progressive fatigability,
weakness, slowness, and general frailty, accompanied
by visible atrophy of limb muscles. The weakness
frequently is a cause of falling, which can result in
serious injury, and sometimes death. Healthy muscle
is maintained by: (a) its own salutary trophic metabolic processes; (b) multifactorial trophic inﬂuences dispensed from its innervating lower motor
neuron (LMN) that are received at each muscle
ﬁber’s single neuromuscular junction; and (c) circulating trophic inﬂuences. The LMN itself is interdependent both (a) on normal trophic factors from
the numerous myelin-containing Schwann cells
surrounding its long axonal process like oblong
beads on a string, and (b) on retrograde trophic
inﬂuences acquired from its numerous muscle ﬁbers
at the neuromuscular junctions. Each LMN in the

human biceps is responsible for activating about 200
muscle ﬁbers and for the continuing trophic nurturing of good health of those muscle ﬁbers. A motor
unit refers to one LMN, its Schwann cells, and the
muscle ﬁbers it innervates. A neuromuscular disorder,
or disease, is one arising from abnormality of any
part of the motor unit.
The LMNs and lower sensory neurons have a vital
interdependence with the Schwann cells that coat
and nurture their axonal extensions: the neurons
cannot survive without the Schwann cells, and vice
versa. Just as trophic factors “emitting” from LMNs
induce and control the special type-1 versus type-2
characteristics of the muscle ﬁbers they innervate,
the LMNs probably also induce and maintain hypothetically different sets of “type-1” and “type-2”
Schwann cells, respectively, on themselves. And,
probably the Schwann cells on sensory neurons
are different from ones on motor neurons, because
clinically there can be anti-Schwann-cell dysimmune
diseases that rather preferentially affect either motor
or sensory neurons, and even preferentially involve
selectively large-diameter sensory nerve ﬁbers (fasterconducting, conveying position, vibration, and touch
sensations) or small-diameter sensory nerve ﬁbers
(slower-conducting, conveying pain signals).
A motor unit, with its arborizations, has been
likened to a tree, the leaves being compared to the
muscle ﬁbers (I think that I shall always see, a
motor unit as a tree; with apologies to Joyce Kilmer).

Muscle Aging, Inclusion-Body Myositis and Myopathies, First Edition. Edited by Valerie Askanas and W. King Engel.
 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

3

4
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In regard to its loss of “leaves,” a tree in autumn, or a
waning motor unit, can be affected in toto or
in portio [1, 2]. In toto reﬂects all of the leaves becoming “malnurtured” at about the same time, and
in portio is manifested as leaves on the more distal
twigs being affected ﬁrst, showing the ﬁrst autumnal
color changes (as is characteristic of maple trees).
The clinically evident muscle atrophy of elderly
persons, which we call atrophy of aging muscle
(AAM) (an intentionally general descriptive term),
is often assumed to be strictly myogenous (deﬁned
as meaning a process involving only muscle, but
not LMNs or their peripherally extending axons).
However, based on our evidence, it is likely that
in a number of circumstances AAM is ultimately
neurogenic, i.e. caused by malfunction of the
LMNs, or antecedently by impaired trophic inﬂuence of the Schwann cells on their LMNs. Because
of its clinical, social, and economic importance,
AAM will be discussed in regard to some facets of
the known and putative malfunctions of the motor
unit components, their causes, and their possible
treatments.
Note that we use AAM instead of the term sarcopenia. “Sarcopenia” sounds like a deﬁnitive diagnosis but it is not. It is often erroneously interpreted as
designating a singular pathogenesis. Sarcopenia
simply refers, imprecisely, to muscle atrophy in aged
animals; it does not indicate or imply any pathogenic
mechanism, of which there are a number of possibilities. AAM is usually manifest as type-2 ﬁber atrophy.
A further critique of “sarcopenia” is presented
below.
AAM is not a deﬁnitive clinical diagnosis, no
more than is anemia, or jaundice, or stroke; it is a
reason to look carefully, in each individual patient, for
a cause, and especially for a treatable cause. Several
known causes are described below and in Chapters 2
and 3 in this volume. Whether there is also an asyet-unidentiﬁed general pervasive cause (or causes)
that eventually harms the muscles of every aging
person is not known. Biochemical studies seeking a
general, nearly universal cause typically do not
intensively seek, in individual patients and in experimental animals, the possible presence of an
identiﬁable and potentially treatable primary cause
(such as peripheral neuropathy, nerve-root radicu-

lopathy, malnutrition, hyperparathyroidism, or a
myovascular component).
Aging is a risk factor for AAM, but it is not an ultimate
cause. “You’re just getting old” is not a cause of AAM,
and clinically it certainly should not be used as a
dismissive diagnosis of an older patient.

Cellular aging, in general
Despite a vast literature on cellular aging, the causes
and mechanisms are still poorly understood, and
treatment non-existent. Mature, post-mitotic muscle ﬁbers, similarly to post-mitotic neurons, seem to
be more susceptible to a chronic cellular aging than are
dividing cells. Cellular aging involves abnormalities
of various subcellular aspects, such as nuclei, mitochondria, endoplasmic reticulum, Golgi, and structural and aqueous components. Proteasome and
lysosome degradations are especially important.
Oxidative stress and endoplasmic reticulum stress
are also proposed to play important roles. The
“proteome” designates the large and varied family of
proteins of a cell, the proﬁle of which is cell-typespeciﬁc.
One can wonder whether the general aging
changes of cells are due to effects of a still-obscure
omnipotent ”master vitalostat,” such as a “master
gene” acting like a rheostat that gradually turns
down the vitality of the cell. If there is a master
vitalostat. What initiates the turning-down, what
are the key steps by which it executes that turndown, and how can it be controlled? What are the
underlying genetic factors, and/or important epigenetic mechanisms? (Philosophically, why are all living
creatures programmed from “conception” to die?) In
the atrophy process, there might be multiple stages
and pathways participating, some of which, if identiﬁable, could become amenable to not-yet-developed treatments. Hypothetically, for skeletal muscle
there might be at least two so-called master genes,
Fiber2atrophin and Fiber1atrophin, that are normally
inhibited, but when activated by an atrophy-promoting factor they instigate cascades of other genetic
activations and inhibitions, resulting in preferential
atrophy of type-2 or type-1 muscle ﬁbers respectively. Preferential type-2 ﬁber atrophies are discussed
below. (Preferential atrophy of type-1 ﬁbers is seen
in myotonic dystrophy type-1, a disease caused by
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expansion of CTG trinucleotide repeats of the gene
DMPK; and in preferential “congenital type-1 ﬁber
hypotrophy with central nuclei” [3], which in some
patients is attributable to a genetic mutation of
myotubularin,
myogenicfactor-6, or dynamin-1.)

Some unanswered questions
Is the muscle frailty associated with AAM universally inevitable, like the aging-related, more-visible
frailty and atrophy of skin, like the failure of
estrogen in menopausal women and the gradual
petering-out of testosterone in aging men, like
scalp follicles disappearing or producing only nonpigmented hairs, like vascular sclerosis, like accumulation of “wear-and-tear” lipofuscin pigment
within lower-motor neurons, other neurons, and
muscle ﬁbers? What is the most essential
mechanism that starts and perpetuates AAM? Is it
something we all ingest, or do not ingest; is it the
cumulative solar or cosmic irradiation, or Mother
Earth’s constant radon emission; or perhaps there is
something else to which we all are exposed? Is there
a gradual cellular accumulation of something
cumulatively more toxic than the accumulating
lipofuscin – such as oxidatively damaged or otherwise-toxiﬁed misfolded proteins – that gradually
“rusts” beneﬁcent cellular functions and activates
“atrophy processes”? Why can’t any of the pathogenic mechanisms putatively contributing to AAM
be prevented or treated now? Much work needs to be
done before we can prescribe an elixir to make the
elderly intellectually brilliant and vigorous.
Indeﬁnable are the terms “normal aged person” or
“normal-control aged person.” In muscle biopsies of
aging persons we nearly always have observed
different combinations and various degrees of
denervation atrophy and/or type-2 ﬁber atrophy
(see below).

Neuromuscular histology
Normal skeletal muscle is the most abundant of
human tissues. It is composed of muscle ﬁbers that
are very long cylinders. Their length is about 1000
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times their typical diameter of about 45–65 mm
(in the biceps). Transverse histochemical sections
of muscle biopsies are diagnostically more informative than longitudinal ones. The universally used
stain for general evaluation of muscle-biopsy histochemistry is the Engel trichrome [4, 5]. (It stains
myoﬁbrils green and their Z-disks red; mitochondria,
t-tubules, longitudinal endoplasmic reticulum,
and plasmalemma red; and DNA and RNA dark blue.
It also stains the protein component of Schwann
cell myelin red and neuronal axons green.) The
histochemical types of human muscle ﬁbers are
most distinctively delineated by two myoﬁbrillar
ATPase reactions: (a) the regular ATPase (regATPase) incubated at pH 9.4 [6], and (b) the acidpreincubated reverse-ATPase (rev-ATPase) [7].
(Some myopathologists also use antibodies against
different types of myosin for ﬁber-type deﬁnition.)
In normal adult human and mammalian animal
muscle, ﬁbers lightly stained with reg-ATPase and
reciprocally dark with rev-ATPase are arbitrarily
designated type-1 ﬁbers [4, 7–10], while the ﬁbers
oppositely stained are type-2 ﬁbers. The type-1 ﬁbers
are high in most of the mitochondrial oxidativeenzyme activities (e.g. cytochrome oxidase (COX),
succinate dehydrogenase (SDH), and hydroxybutyrate dehydrogenase), as well as myoglobin and
triglyceride droplets; and they are low in the anerobic glycolysis enzymes myophosphorylase and
UDPG-glycogen transferase, in glycogen, and in the
aqueous sarcoplasmic enzyme lactate dehydrogenase. The type-2 ﬁbers are oppositely stained with
those reactions. (Interestingly, the very useful mitochondrial oxidative enzyme menadione-mediated
a-glycerophosphate dehydrogenase (men-aGPDH)
is stronger in type-2 ﬁbers.) Type-1 ﬁbers have
more capillaries adjacent to them and are better
equipped for oxidative metabolism, and clinically
are utilized for prolonged muscle activity. The type-2
ﬁbers are better equipped for anaerobic glycolysis,
and clinically are utilized for short bursts of more
intense activity. In some neuromuscular disorders
there is a rather selective involvement of one ﬁber
type, and in other disorders the involvement is
nonselective [11]. (A muscle biopsy, done as an
outpatient procedure with local, not general
anesthesia, must be from a muscle not recently needled
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for electromyography, therapeutic injection, or
“acupuncture therapy”: these can produce confounding focal myopathy [12].)
During normal development, each LMN induces
and trophically maintains the distinctiveness and
uniformity of histochemical and functional ﬁber
type and subtype of its approximately 200 muscle
ﬁbers controlled by it as members of its motor unit.
We have therefore hypothesized that there are,
respectively, type-1 and type-2 LMNs, and A and
B subtypes of each. (In the cat anterior horns, we
were not able to histochemically distinguish the
different types of LMNs from each other [13–15]
but we could demonstrate that the large a-motor
neurons are rich in phosphorylase and glycogen
and poor in mitochondrial SDH, while the small
neurons, namely the gamma efferents, renshaw
neurons and interneurons have the opposite histochemical proﬁle.) Muscle ﬁbers denervated from
any cause gradually atrophy. If only some ﬁbers in
a muscle are denervated, they become small angular
ﬁbers when viewed in transverse sections
(Figure 1.1a–e), progressing to become pyknotic nuclear clumps (Figure 1.2a). At some indeﬁnable point,
the atrophying ﬁbers become incapable of attracting
and/or accepting reinnervating nerve sprouts, but
before that point of no return, they can be rescued by
reinnervation. Muscle ﬁbers can “switch” their histochemical type when denervated and then reinnervated by the type of LMN opposite to their
original type of innervating LMN (i.e., foreign
reinnervation) [16]. Denervated muscle ﬁbers
apparently can promiscuously accept comforting
reinnervation from any type or subtype of LMN, a
phenomenon commonly occurring in chronic
neurogenic diseases that we have demonstrated
experimentally in nerve-crush þ reinnervation
experiments [16–20]. In human muscle, This seemingly random foreign reinnervation results in typegrouping (Figure 1.3), which is evident as smaller or
larger groups of the same histochemical ﬁber type
replacing the normal, rather even inter-mixture of
type-2 and type-1 ﬁbers. When seen in a patient’s
diagnostic muscle biopsy, type-grouping is considered a manifestation of “established reinnervation”
(Figure 1.3), namely previously denervated orphaned
muscle ﬁbers having been successfully reinnervated by

neurite sprouts from nearby relatively healthy LMN
axons of the opposite (foreign) type.
In abnormal human muscle, two situations produce muscle ﬁbers of intermediate degree of staining
with both ATPases: (a) partially converted ﬁbers that
are in the process of being “switched” due to foreign
reinnervation, which is typically a neuropathic phenomenon (although in a myopathy there can sometimes be “myogenous de-innervation” due to
muscle-ﬁber abnormality at or near the neuromuscular junction with survival of the more distal portion of the ﬁber thereby cut off from the innervation
inﬂuence and thus able to accept foreign
reinnervation); and (b) regenerating/degenerating
(“regen-degen”) muscle ﬁbers (RNA-positive, often
alkaline-phosphatase-positive, and sometimes
slightly acid-phosphatase-positive), which are usually evident in the setting of a myopathy, although a
few of them can occur in the setting of prominent
denervation (Engel, unpublished results) and in
infantile spinal muscular atrophy [21].
Physiologically, type-1 ﬁbers are considered to
be slow-twitch and rather fatigue-resistant, while the
type-2 ﬁbers are fast-twitch and fast-fatiguing, as
found in normal mammalian muscle [22, 23] and
corroborated in human muscle [24, 25]. The
designations slow-twitch and fast-twitch were introduced [4, 8, 9, 26] to distinguish the twitch
properties of mammalian twitch-muscle ﬁbers from
amphibian non-twitch, extremely slow tonic ﬁbers
of the thigh adductor clasp muscles.
Relative paucity of one type of muscle ﬁber in a
patient’s biopsy can be caused, hypothetically, by
(a) preferential impairment of the corresponding type
of LMNs or Schwann cells; (b) if both LMN types are
equally abnormal, preferentially more successful sprouting and reinnervation ability of the opposite type of
LMNs; (c) if there are large groups of both types of
muscle ﬁbers in a chronic reinnervation situation,
biopsy sampling could produce a non-representative
impression of paucity; or (d) preferential myopathic
loss of that type of muscle ﬁber. (We use the term
ﬁber-type paucity and not ﬁber-type predominance
because it is more likely that the muscle ﬁbers that
are too few reﬂect the abnormal status.)
In our muscle biopsies of elderly patients, we have
observed that type-1 ﬁber paucity (Figure 1.3d) is
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Figure 1.1 (a–e) Recent denervation without

innervation, evidenced by small dark angular
muscle ﬁbers; (a,b) amyotrophic lateral sclerosis;
(c–e) dysimmune peripheral neuropathy. Also,
moderately atrophic muscle target ﬁbers each with a pale
small central regions and often having three concentric
zones of staining; (d,e) one large two-zoned muscle
targetoid-core ﬁber (possibly a pre-target ﬁber);
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Dark dots within some normal ﬁbers in (a) indicate
esterase-positive lipofuscin collections. (a–c) Pan-esterase
staining; (d,e) NADH-tetrazolium reductase staining.
Magniﬁcation: (a) 2000; (b) 1330; (c) 1830;
(d) 4330; (e) 4170. Note that Figures 1.1–1.4, except
Figure 1.2b, are transverse sections of fresh-frozen human
biopsies. Muscle ﬁbers are stained with various
histochemical reactions.
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Figure 1.2 (a) End stage of “recent” denervation, evidenced by very atrophic muscle ﬁbers with their clumps of pyknotic
nuclei (with the NADH-TR stain such end-stage atrophic ﬁbers typically would show high activity), peripheral neuropathy,
Engel trichrome stain. (b) Greater atrophy of the dark type-2 ﬁbers 27 weeks following experimental denervation, guinea
pig [22], regular ATPase. Magniﬁcation: (a) 3330; (b) 500.

evident more often than type-2 ﬁber paucity. In
aging humans it is uncertain whether there is a
gradual loss of spinal cord LMNs. If there is, possibly
the type-1 ﬁber paucity could be due to an agingassociated gradual loss preferentially of type-1
LMNs.
More structurally labile are the type-2 muscle
ﬁbers, and especially the type-2B ﬁbers. In human
skeletal muscle: (a) they are more prone to selectively atrophy, which occurs in various conditions
such as experimental pan-denervation [19, 20]
(Figure 1.2b), glucocorticoid toxicity, disuse, cachexia, remote-effect of a neoplasm, and male castration; and (b) they are more prone to hypertrophy
with work, especially in men. In normal young adult
men the diameter of type-2 ﬁbers is larger than of
type-1 ﬁbers, but in normal young adult women
type-2 ﬁbers are smaller (the gender difference has
been attributed to more testosterone in men). There
are two subtypes of normal type-2 ﬁbers, 2A and
2B [27]. The 2B ﬁbers are the more labile regarding
atrophy and hypertrophy. At a less acidic acidpre-incubation for rev-ATPase staining, the 2B ﬁbers
have properties intermediate between the 2A ﬁbers
and the type-1 ﬁbers. In some type-2-ﬁber atrophies
the subtype-2B ﬁbers are the more prone to atrophy.
There are also two subtypes of type-1 ﬁbers, 1A and
1B [28].

Atrophy in aging human muscle:
description and new concepts
The topic of type-2 ﬁber atrophy is large, multifaceted, and complex, and the subject of numerous
experimental animal studies (selected references are
given). Some of our personal concepts and general
principles will be discussed here, but this is not a
complete review of all possibly pertinent studies.
The causes of type-2 atrophy are multiple, and even
in an individual patient the cause can be
multifactorial.
In contrast to a large body of literature regarding
muscle aging in animals, there is a paucity of information regarding human muscle aging. The clinical
and experimental muscle atrophies associated with
cachexia, hyponutrition (starvation), remote (paraneoplastic) neoplasm, experimental (and probably
human) total denervation without successful reinnervation (Figure 1.2b), glucocorticoid “myotoxicity”,
and disuse all involve preferential type-2 ﬁber atrophy,
and they have a number of their molecular degradative steps in common [29–37].
General questions include: what makes the type-2
ﬁbers relatively susceptible to these atrophogenic
processes? And what relatively protects type-1 ﬁbers
from them? Another question is why do muscle ﬁbers
(cells) have such an elaborate protein-catabolizing
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Figure 1.3 (a–c) Established reinnervation, indicated

by muscle ﬁber type-grouping, in three adult males
with chronic dysimmune peripheral neuropathy.
Darkly-stained type-2 ﬁbers and lightly-stained type-1
ﬁbers are type-grouped, in contrast to what normally
would be a rather even intermixture of ﬁber types
(not illustrated). The successfully “foreign reinnervated”
ﬁbers among the type-grouped type-1 ﬁbers
have retained, or re-achieved, their normal diameter.
In (a,b) there is also rather diffuse type-2 ﬁber atrophy
of moderate degree, because in these adult males the dark
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type-2 ﬁbers normally would have been of somewhat
larger diameter than the light type-1 ﬁbers. (c) Very large
type-groupings, and also a very few tiny atrophic muscle
ﬁbers. (d) Prominent paucity of type-1 ﬁbers (dark),
possibly caused by a sampling phenomenon of a very
large type-grouping (or, hypothetically, by a selective loss
of type-1 lower motor neurons or type-1 Schwann cells).
(a–c) Regular ATPase, incubated at pH 9.4 [4–6]; (d) acidpreincubated at pH 4.35 and then the ATPase staining
at pH 9.4 [7]. Magniﬁcation: (a,b) 830; (c) 1500;
(d) 1330.
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complex, namely to unleash “atrogenes” controlling
self-destructing molecular systems? Is it to provide
rapid-response hypertrophy, or atrophy martyring?
Most important medically, can we prevent or treat
the crippling atrophy in aging persons?
There are two major categories of muscle-ﬁber
atrophy: (a) ordinary denervation atrophy
(Figures 1.1–1.3) and (b) type-2 muscle ﬁber atrophy (Figure 1.4), and other less frequently seen
atrophies, including vacuolar atrophies. Conceptu-

ally, type-2 ﬁber atrophy can be either neurogenous or
myogenous, or both. Determining which applies to
each speciﬁc patient is essential to establishing
patient-speciﬁc treatments. We propose that the
putatively neurogenous type is much more common
(see below).
Mechanisms of muscle-ﬁber atrophy involve:
. Greater catabolism than synthesis of muscle-ﬁber
proteins, especially catabolism of myoﬁbrillar proteins, which occurs mainly through two subsystems:

Figure 1.4 Type-2 ﬁber atrophy in four males. Many of the

in (a) and slight paucity of type-1 ﬁbers in (d). The patients
in (a–c) have a chronic dysimmune peripheral neuropathy,
and in (d) a chronic glucocorticoid toxicity. Regular
myoﬁbrillar ATPase, pH 9.4. Magniﬁcation: (a) 830;
(b) 2000; (c) 830; (d) 2500.

darker-stained type-2 ﬁbers are of smaller diameter than
the lighter-stained type-1 ﬁbers, whereas in normal men
the type-2 ﬁbers should have a larger diameter than the
type-1 ﬁbers There is also a concurrent slight type-grouping

Human Neuromuscular Aging: Pathology
proteasomes involving ubiquitinated proteins and
autophagy/lysosomes (see Chapter 7 for details).
. Less certain is the possibility that there might also
be decreased synthesis of muscle protein in the
atrophy of aging, as occurs in some forms of “cellular
senescence.”

Neurogenic atrophy
Neurogenic
changes
include
denervation,
“dysinnervation,” and reinnervation. While these
are not restricted to older persons, they are the most
common pathologic changes found in the atrophying
muscle of aging persons.

Denervation
This is a complete loss of LMN inﬂuences on its muscle
ﬁbers, and that produces weakness.
Dysinnervation
This is our hypothetical concept of only partially
impaired, incomplete loss of neural inﬂuence, especially of molecular neurotrophic factors, some of
which are still able to be produced from crippled but
alive motor neurons. Our putative “dysinnervation”
phenomenon can be conceptualized as having some
aspects similar to a persistence of the early stages of
ordinary “recent denervation,” to which it appears
histochemically similar.
Pan-denervations and pan-dysinnervations
in regard to type-2 ﬁber atrophy
These are postulated as adversely inﬂuencing mainly
the type-2 ﬁbers (or sub-preferentially the type-2B
ﬁbers). Hypothetically, “pan-denervations” are due
to (a) abnormality of both type-2 and type-1 LMNs
or of their intimately related, respectively type-2
and type-1 Schwann cells (which are nurturing the
LMNs and being nurtured by them). This results in
lack of trophic inﬂuence on “all” the muscle ﬁbers,
either: (i) fully (in pan-denervations) or (ii) partially
deﬁcient – quantitatively or qualitatively – (in pandysinnervations), to which the type-2 muscle ﬁbers
(or sub-preferentially type-2B ﬁbers) are more susceptible; or (b) hypothetically, relatively selective
abnormality at the level of the presumed type-2
LMNs, or of their closely associated Schwann cells
that we designate as “type-2 (or type-2B) Schwann
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cells.” Whereas in denervation diseases the loss of each
individual LMN’s trophic inﬂuence on its muscle
ﬁbers is, by this deﬁnition, total. In dysinnervations
there can be a hypothetical quantitative partial loss
impairing all of the LMN’s trophic inﬂuences to some
degree or qualitative loss affecting only a fraction of the
presumably several “trophic factors” originating
from the affected LMNs. Denervation always produces weakness, the degree being related to the
number of muscle ﬁbers denervated.
The dysinnervations can occur in disorders of the
following.
. LMNs, at the level of the soma, axon, root, proximal
axon or distal axonal twigs. One putative example is
“axonal” hyperactivity, which produces fasciculations,
macrocramps, and multi-microcramps [38]. The discomforting and disabling multi-microcramps are
presumably due to lability and persistent aberrant
ﬁrings of distal axonal twigs – each twig innervating a
few abnormally contracting/microcramping muscle
ﬁbers – caused by molecular abnormality essentially
at (a) the axons themselves, or (b) at their enveloping
Schwann cells. Dysinnervations can produce fatigue
and weakness in relation to the quantity and quality
of the neural impairment.
. Schwann cells: Schwann cell trophism to LMNs is
vital for the normal function and survival of those
LMNs. Dysschwannian peripheral neuropathies are
the result of abnormal Schwann cells causing a
secondary involvement of the proximal or distal
portions of their encompassed axons, retrograde of
the neuronal somas. Examples of dysschwannian
neuropathies include: (a) diabetes-2 (type-2 diabetes) dysimmune neuropathies, (2) geneticodiabetoid-2 dysimmune neuropathies, (3) other
dysimmune dysschwannian neuropathies, and (4)
various non-dysimmune neuropathies (such as
genetic and toxic ones). The ﬁrst three are types of
chronic immune dysschwannian polyneuropathy
(CIDP).

Recent denervation without reinnervation
compared to type-2 ﬁber atrophy
When slightly to moderately evolved, recent denervation without reinnervation (Figure 1.1a–e) is
manifest (in transversely cut muscle ﬁbers) as small
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angular-contoured (“angular”) ﬁbers, which are
often, but not always, excessively dark with the
NADH-TR and/or pan-esterase and/or the menaGPDH reaction; sometimes those ﬁbers are low in
myophosphorylase and/or COX reactivity (Askanas
and Engel, unpublished results) [4]. (The denervated type-1 ﬁbers are more likely to be excessively dark
with the NADH-TR, SDH, and pan-esterase reactions
and the denervated type-2 ﬁbers more likely excessively dark with the men-aGPDH reaction.) Slightly
or moderately small “roungulated” (shape between
rounded and angulated) (Figure 1.4a–c), often “preangular,” muscle ﬁbers can indicate either early
recent denervation or type-2 ﬁber atrophy, the latter
evidenced in its early and mid stages as more roungulated than angular atrophy. Three-zone “target
ﬁbers” (Figure 1.1d,e) in muscle are another sign of
impaired innervation [4, 39], and they are often
associated with an improvable dysschwannian neuropathy (Engel, unpublished results). Two-zone
“targetoid ﬁbers”(Figure 1.1e) are probably of the
same neurogenic pathogenesis as target ﬁbers but,
because they are, individually, often histochemically indistinguishable from central-core disease ﬁbers,
they are called “targetoid-core ﬁbers.”
In early and mid stages of recent denervation, e.g.
from amyotrophic lateral sclerosis (ALS) or peripheral neuropathy, on transverse sections typically
there are scattered (not grouped) small, angularcontoured ﬁbers, whose angularity seems to be due
to their being slightly indented by the adjacent
normal ﬁbers, which apparently have greater internal hydrostatic turgidity pressure than the denervated ﬁbers. By contrast, in early and mid stages of
type-2 ﬁber atrophy, many of the type-2 ﬁbers (or
the 2B subset of ﬁbers) are in about the same stage
atrophy, and they are more likely to be roungulated.
In nearly total recent denervation (pan-denervation), e.g. in the acute neuropathy of Guillian–Barre
disease, the denervated ﬁbers are roungulated,
probably because there are no normally turgid muscle ﬁbers to compress them. The ultrastructure of
type-2 ﬁber atrophy resembles that of denervation
atrophy [40].
(Regarding type-2 ﬁber atrophy, in what seem to
be an advanced stage of atrophy, some ﬁbers have
become very small, dark and angular. Arbitrarily, in

a setting of type-2 ﬁber atrophy we consider those
small angular ﬁbers and pyknotic nuclear clumps as
evidence of a denervation aspect. In the advanced
stage of type-2 ﬁber atrophy associated with small
dark angular muscle ﬁbers, the situation in that
biopsy sample can be proposed to reﬂect (a) that all
those atrophic type-2 ﬁbers are the result of a dysinnervation process, which we favour or (b) it is
“strictly a myogenous” process (if such actually exists) eventuating into atrophic ﬁbers with denervation-like properties.) Seemingly relevant is that
Goldberg et al. has reported that in rodents biochemical changes are similar between denervation atrophy and atrophy caused by cancer cachexia, starvation, disuse, and corticosteroid atrophy [29–37]. It
should also be emphasized that experimental surgical pan-denervation of a muscle, plus preventing
reinnervation, produces type-2 ﬁber atrophy, as we
have shown [19, 20] (see below).
Accordingly, the neurogenic kind of type-2 ﬁber
atrophy is proposed to be a dysinnervation evolving into
denervation.

Pan-denervation or pan-dysinnervation
hypothetically can be manifest as type-2
ﬁber atrophy
This can be without or with manifestation of associated ordinary recent denervation and/or established reinnervation. When there is coexisting
type-2 ﬁber atrophy and atrophic small dark
angular ﬁbers like those of recent denervation, it
can be difﬁcult to decide whether the interpretation
is: (a) two separate processes consisting of type-2
ﬁber atrophy plus recent denervation, or (b) the
small angular ﬁbers represent the advanced state of
the type-2 ﬁber atrophy. The latter interpretation
would be especially likely if that patient’s type-2 ﬁber
atrophy is considered to be the result of a neurogenic
pan-denervation or pan-dysinnervation process.
In the early and mid stages of type-2 ﬁber atrophy
the atrophying type-2 ﬁbers retain their normal,
relative lighter-staining with NADH-TR vis-
a-vis
the darker type-1 ﬁbers, for example in glucocorticoid-induced atrophy of humans, and they
retain their distinctive reg-ATPase and rev-ATPase
appearances throughout the type-2 atrophy [4, 9,
41–43].
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Both type-2 ﬁber atrophy and recent
denervation
Both type-2 ﬁber atrophy (which often seems to be
due to dysinnervation) and recent denervation
(with or without established reinnervation) exist
concurrently in muscle biopsies of many aging
patients (see details above and below).
Established reinnervation following
previous denervation
This is manifest by muscle ﬁber type-grouping
(detailed above) [4, 9, 16–18, 42, 43].
End-stage non-reinnervation following
previous denervation
This is evident as “pyknotic nuclear clumps”
(Figure 1.2a) of extremely atrophic muscle ﬁbers.
With the NADH-TR stain such “end-stage” atrophic
ﬁbers typically show high activity, indicating that
they are still alive. These end-stage, apparently alive
atrophic ﬁbers can have long-persisting pyknotic
nuclei, some of which can show certain features of
apoptosis, such as DNA fragmentation by Tunel
staining [44]. Because this atrophying process is
extremely slow compared to the rapid cellular
deterioration of ordinary apoptosis, we have called
it “apoptosis lente.”
Hypoactivity (“disuse atrophy”) is manifest
as type-2 ﬁber atrophy
This atrophy can be attributed to net reduction of
overall neural activation, which triggers catabolic
processes within the muscle ﬁbers. Causes include:
supra-segmental central nervous system disorders,
experimental de-afferentation of LMNs, general illnesses, cast on a limb, arthritic joint pains, and
psychosocial factors, such as depression or interminable television.
General neuropathic mechanisms that could
cause type-2 ﬁber atrophy
Because the neuromuscular system is complex,
there are several hypothetical neuropathic
mechanisms:
1 unlimited pan-neuropathic: disorders (including
supra-segmental disorders) affecting all type-2
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LMNs plus all type-1 LMNs, but a disorder to which
the type-2 ﬁbers are more susceptible;
2 unlimited dysschwannian pan-neurogenic: LMN
malfunction secondary to disorders affecting all
type-2 plus type-1 Schwann-cells, but disorders to
which the type-2 muscle ﬁbers are more susceptible
(Figure 1.2b) [19, 20];
3 limited type-2 neurogenic: disorders affecting only
type-2 LMNs;
4 limited dysschwannian neurogenic: secondary to
disorders affecting only type-2 Schwann-cells.
In each of these four situations, the disorder of
each individual cell involved (LMN or Schwann cell)
can be complete (resulting in denervation) or partial
(resulting in dysinnervation).
Type-2 ﬁber atrophy is, after ordinary denervation and reinnervation, the second most common
pathology we ﬁnd in muscle atrophy of the aging.
Different human conditions are associated with
type-2 ﬁber atrophy, implying various possible pathogenic mechanisms. In the individual patient, determining which cause of the type-2 atrophy is most
inﬂuential might lead to an appropriate treatment.
In the various conditions, is there a “ﬁnal common path” to the type-2 ﬁber atrophy? This is not
certain, but several of the conditions associated with
type-2 ﬁber atrophy have the same major players,
such as: ubiquitin ligases and the ubiquitin-proteasome proteolytic system; the autophagy proteolytic
system; the FoxO3 system that coordinates the two
proteolytic systems [32, 34, 35, 45]; JunB [29]; and
myostatin (see below). Even if there is a ﬁnal common pathogenic path, ﬁnding a ﬁnal common elixir
must be a long and winding road.
Experimentally, certain maneuvers have
been reported to allegedly prevent or retard, or
even reverse, type-2 ﬁber-associated atrophy, such
as: peroxisome proliferator-activated receptor
(PPAR) co-activator 1a or 1b overexpression [32];
probably increasing puromycin-sensitive aminopeptidase [30]; decreasing insulin-like growth factor 1 (IGF-1)-phosphinositide 3-kinase (PI3K)Akt signaling and its activation of mammalian
target of rapamycin (mTOR) and FoxO3
pathways [33]; increasing peroxisome proliferator-activated receptor g coactivator 1a (PGC-1a;
by suppressing FoxO3 action and atrophy-speciﬁc
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gene transcriptions [34]); enhancing JunB transcription factor [29]; and antagonizing ActRIIB
[31]. If conﬁrmed, these might provide clinical
therapeutic leads.

Type-2 ﬁber atrophy: further
comments
In an individual patient the cause of type-2 ﬁber
atrophy can be multifactorial. For example, possibilities are: (a) in arthritic muscle atrophy, in which
the commonly associated muscle-ﬁber atrophy is
typically type-2 ﬁber atrophy [46], but whether the
mechanism(s) is, speculatively, related to hypofunction/disuse, or a putative pain reﬂex decreasing
LMN function, and/or, in rheumatoid arthritis, a
concomitant dysimmune mechanism; (b) in HIV the
atrophy could be dysschwannian dysimmune neuropathic, dysneuronal neuropathotoxic, cachectic,
or possibly viral-myotoxic, or a combination of
these.
Neuropathic mechanisms causing type-2 ﬁber
atrophy are discussed above.

“Myopathic” mechanisms causing type-2
ﬁber atrophy

General comments
“Atrogenes” are a common set of genes whose
expression is coordinately induced or suppressed
in muscle during generalized wasting states
(such as fasting, cancer cachexia, renal failure, and
diabetes) [36, 45]. These can be activated by intrinsic
or extrinsic muscle-ﬁber abnormalities.
Atrophy: “Protectosome” Versus Atrogenes
Hypothetically, aging changes might be considered a
“wearing out” or a “weariness” of the cellular protective mechanisms. The normal muscle ﬁber, like
all cells, has what we are calling a protectosome, i.e. a
group of factors that normally inhibit expression of
atrophy-producing “atrogenes;” thereby the protectosome is holding in abeyance the atrophogenic
mechanisms with which the muscle ﬁbers of all of us
are normally equipped. However, those atrophogenic factors are constantly ready to be unleashed
to produce self-erosion, self-catabolization, a sort of
self-cannibalization; this putatively occurs when a

beneﬁcent protective system falters in an aging
cellular environment, or other circumstances that
cause type-2 ﬁber atrophy. The myoﬁber’s internal
protective systems include control of endogenous
free radicals and of misfolded proteins.
Myostatin
Myostatin is a negative regulator of muscle mass in
normal development, and it is an important factor
limiting the size of mature muscle ﬁbers [47–53].
A normal level of myostatin is sufﬁcient to inhibit
myoﬁbrillar synthesis rate and phosphorylation of
S6K and rpS6 [54]. In normal human muscle, it is
not known which ﬁber type expresses more myostatin, because with the antibodies used no immunoreactive myostatin was detectable in normal
ﬁbers of either type. In human type-2 muscle ﬁber
atrophy associated with aging, myostatin protein/
precursor–protein (Mstn/MstnPP), but not the
mRNA, was quantitatively increased, and it was
immunohistochemically increased preferentially in
the atrophying type-2 muscle ﬁbers [55]. It was also
increased quantitatively in the weakening muscle
of sporadic inclusion-body myositis (s-IBM), which
is an aging-associated myopathy (see [55]). We
propose that increased myostatin is an important
pathogenic component of the type-2 ﬁber atrophy
associated with “aging,” but of yet-undetermined
mechanism. Mstn/MstnPP might play an adverse
role in the pathogenic cascade of type-2 muscle ﬁber
atrophy in various situations. Quantitative increase
of myostatin and its mRNA has been reported by
others in human atrophic muscle associated with
arthritis, with HIV, and with glucocorticoid myotoxic type-2 ﬁber atrophy (see [55]). Elevated
serum myostatin levels occur in end-stage liver
diseases, in which patients have profound muscle
wasting [56]. In normal animal muscle there seems
to be a pool of extracellular pro-myostatin [57]. In
animal models of chronic heart failure, skeletal
muscle myostatin is increased, and treadmill exercise can mitigate that myosin protein expression [58]. The actual mechanisms by which myostatin protein is pathologically increased could be
a therapeutic target. IGF-1 inhibits the effects of
myostatin and tends to preserve skeletal muscle in
mouse models of cachexia. Administration of
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ACVR2B-Fc inhibited myostatin and muscle wasting
in two models of cancer cachexia, without affecting
tumor growth [59]. Three days of lower-limb suspension in humans causes the unloaded (“disused”)
muscles to increase myostatin mRNA and protein
[60], and acute antibody-directed myostatin inhibition atenuated similar disuse muscle atrophy and
weakness in mice [61].
In aneurally cultured muscle ﬁbers, tumor necrosis factor alpha (TNFa)-induced expression of
myostatin through a p38 mitogen-activated protein
kinase (MAPK)-dependent pathway [58]. In rats,
fenﬁbrate, a PPARa agonist, reportedly decreased
atrogenes and myostatin expression, and improved
adjuvant-arthritis-induced muscle atrophy: not discussed was the hypothetical possibility that the
adjuvant, collaterally, also has an unrecognized
myotoxic effect [62]. That adjuvant-arthritis-associated muscle atrophy could also be attenuated
by systemically administrated IGF-1, which also
decreased atrogin-1 and insulin-like growth factorbinding protein 3 (IGFBP3) [63].
Clinical arthritis is associated with muscle atrophy, which may be multifactorial, involving disuse
and perhaps myotoxic cytokines [46]. Terracciano
et al. [46] found type-2 ﬁber atrophy in patients with
osteoporosis or osteoarthritis (more prominent in
the former), that was associated with increased
circulating “inﬂammatory mediators,” namely
interleukin-6, C-reactive protein, and TNFa.
Ubiquitin-proteasome System
This is considered a major site of protein catabolism
in muscle-ﬁber atrophies, and the activity is upregulated by ubiquitin ligases: muscle RING-ﬁnger 1
(MuRF1) and MAFbx (atrogen-1). They target particular protein substrates for degradation via the
ubiquitin-proteasome pathway. The growth factor
IGF-1 can block that upregulation. MuRF substrates
include components of the muscle sarcomeric thick
ﬁlaments, especially the myosin heavy chain.
In denervation or fasting muscle atrophy, there is
loss of: myosin-binding protein c and myosin
light chains 1 and 2 from the myoﬁbrils before any
measurable decrease of myosin heavy chain. This
selective loss requires MuRF1. Myosin heavy chain
(MyHC) in myoﬁbrils is relatively protected from
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ubiquitination by its associated proteins. Because
the targeted proteins stabilize the myosin-containing
thick ﬁlaments, their selective ubiquitination may
facilitate thick ﬁlament disassembly (the ﬁlament
components are decreased by a mechanism not
requiring MuRF) [37]. Others agree that during
muscle atrophy, thick (myosin), but not thin (act),
ﬁlaments are degraded by MuRF1-dependent
ubiquitination.
FoxO3 Signaling
This coordinates activation of both autophagy/lysosomal and the proteasome catabolic pathways
by FoxO3, a transcription factor that produces rapid
loss of muscle mass with disuse, and systemically
with fasting, cancer, and other disorders due to its
causing overall accelerated breakdown of muscle
proteins [33, 64–69]. Activation of the transcription
factor FoxO3 is essential for muscle atrophy,
via transcription of a set of atrophy-related genes
(atrogenes) including critical ubiquitin ligases, as well
as autophagy-related genes. FoxO3 coordinately
activates both proteolytic systems, but especially
autophagy/lysosomal proteolysis. FoxO3 is necessary
and sufﬁcient for the induction of autophagy in
skeletal muscle, and FoxO3 is said to control the
transcription of autophagy-related genes Bnip3
and LC3. Activated FoxO3 stimulates autophagy
through, transcription-dependent mechanisms, increasing transcription of many autophagy-related
genes, which are also induced in mouse muscle
atrophying due to denervation or fasting. In atrophying muscle, decreased IGF-1-PI3K-Akt signaling
stimulates autophagy not only through TOR,
but also more slowly by FoxO3-dependent transcription, thereby coordinating regulation of
proteasome and lysosome systems. Elevated PGC1a or PGC-1b [34, 70, 71] was reportedly
“therapeutic,” as manifested in several ways. It prevented the accelerated proteolysis induced by
starvation or by FoxO3 transcription factors. In
mouse muscle, it inhibited denervation atrophy
by preventing FoxO’s induction of autophagy
and atrophy-speciﬁc ubiquitin ligases, and it
decreased inhibition of ubiquitin ligase’s induction
of transcription by nuclear factor kB (NFkB).
In myotubes, it caused increased protein content
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and decreased overall protein degradation without
altering protein synthesis.

Altruistic martyring
The type-2 ﬁbers, and especially the 2B ﬁbers, more
readily atrophy in a number of different clinical
situations, but the reasons are not known. In general, atrophying type-2 ﬁbers are undergoing
self-cannibalization and can be considered either
victims or martyrs.
Martyring type-2 ﬁbers can be thought of as,
survivalistically, selﬂessly giving up their protein,
especially their myoﬁbrillar protein, to be broken
down into its component amino acids, which then
are utilized by other cells that are more essential for
survival of the patient or animal, such as brain, liver,
kidney, and blood cells. The muscle amino acids are
used (a) via the alanine shunt, for synthesis by the
liver into glucose that is circulated for wider utilization, or (b) for building cellular peptides and
proteins. This martyring occurs in states of hyponutrition and cachexia, which are often induced by a
chronic illness such as cancer or renal, pulmonary,
cardiac or infectious disease. Autophagy, through
bulk degradation of muscle-ﬁber protein and organelles by lysosomal enzymes and proteasomal proteolysis, helps other cells and the animal to survive
during starvation.
Cancer cachexia (cachexia being the loss of lean
body mass) impairs the patient’s quality of life and
response to antineoplastic therapies, and reportedly
accounts for a least 20% of the deaths in cancer
patients. Cachectic atrophy is, contraversally,
deﬁned by some as muscle wasting that cannot be
reversed nutritionally, while others, and ourselves,
consider malnutrition muscle atrophy also as
cachexia. One analytical difﬁculty clinically is that
many cachectic patients are undernourished due
to decreased food intake, which they often deny.
Provoked by a cancer or other chronic disease, toxic
cytokines can be released into the circulation and
then probably can: (a) have a direct toxic/cachectic
effect on muscle ﬁbers; (b) acting via intermediate
cells, including LMNs, have an indirect myoatrophying effect; and (c) suppress the appetite. Cachectogenic toxic cytokines include TNFa and interleukins
1b, 6, 8, 12, and 23, and these can be released by

neoplastic cells, macrophages, and adipocytes. Released by adipocytes, leptin is appetite-suppressing
and adiponectin is appetite-stimulating. Some of
these factors in some test systems can be blocked
by the following: an NFkB inhibitor SN50; antiTNFa drugs etanercept, inﬂiximab, and adalimumab; an anticytokine effect of thalidomide; and
anti-IL12 and anti-IL23 drug ustekinumab (independently of a TNFa effect).
Treatment of cancer cachexia experimentally is
to attack: the mediators, including cytokines and
tumor-derived factors including TNFa and their
receptors; androgen receptor inhibitors; proteolytic
pathways (ubiquitin-proteasome and autophagy
paths), intracellular signaling pathways NFkB, AP1,
FoxO, and PKP, and the negative modulators of
muscle growth/hypertrophy (myostatin, glycogen
synthase kinase 3b (GSK3-b)) [72]. In tumor-bearing
mice, there is marked muscle wasting and weight
loss, associated with increased phospho-extracellularsignal-regulated kinase (pERK) and decreased myosin
heavy chain: this is prevented by ERK inhibition
and return of atrogin-1 expression to normal [73].
But despite “beneﬁts” to some experimental animals,
there is no good treatment for cachectic muscle
atrophy in patients (see IGF-1, below).
Is there a hypothetical cachexia lente in many
aging persons, due to a variable, additive multifactorial combination of low-grade systemic illness,
hyponutrition, hypoactivity, and, possibly lowgrade ischemia from anywhere in the vascular tree,
including the capillaries?

Myotoxic phenomena: glucocorticoid
atrophy
Muscle biopsies of glucocorticoid (corticosteroid)treated patients having muscle weakness show what
we ﬁrst identiﬁed as preferential atrophy of type-2
ﬁbers (the glycolytic, fast-twitch ﬁbers) [4, 8, 10,
41]. In animal experiments, glucocorticoid is considered to act directly on muscle ﬁbers to cause the
now well-known type-2 ﬁber atrophy. (Hypothetically, perhaps with glucocorticoid toxicity there
could also be a concurrent toxic neuropathic mechanism contributing directly to the atrophy, including
the possibility of neuropathically susceptibilizing
the muscle ﬁber to the glucocorticoid toxicity.)
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Glucocorticoid treatment can cause insulin resistence
of muscle ﬁbers, and often aggravates diabetes-2
or makes manifest type-2 diabetes in genetically
predisposed and/or obese patients.
In glucocorticoid atrophy, muscle proteolysis is
especially through the ubiquitin-proteasome system,
which is considered to have the major role in that
catabolism. It is mediated through increased expression of several atrogenes, genes involved in muscle
atrophy (such as atrogen1 and MuRF1, which are two
ubiquitin ligases involved in targeting proteins to be
degraded by the proteasome machinery). Glucocorticoids are, according to some investigators, also antianabolic, blunting muscle protein synthesis. Some
aspects of the glucocorticoid atrophy may result from
a demonstrated decreased production of IGF-1 and
increased myostatin. IGF-1, by inhibition through
the PI3K-Akt pathway, antagonizes the catabolic
action of glucocorticoid. The activity of the transcription factor FoxO is a major activation switch for the
stimulation of several atrogenes [74]. Glucocorticoid
increases myostatin expression, and in mice myostatin gene deletion prevents glucocorticoid-induced
muscle atrophy. Glucocorticoid increases mRNA of
enzymes involved in proteolytic pathways (atrogen1, MuRF1, and cathepsin-L), and it increases
chymotrypsin-like proteasomal activity [48, 52,
75]. Glucocorticoid- and sepsis-induced muscle
wasting are associated with down-regulating the
expression of the nuclear cofactor PGC-1b in skeletal
muscle, suggesting that this contributes to the muscle
wasting [71]. In glucocorticoid-linked muscle atrophy, the myosin heavy chain is preferentially lost.

Other extrinsic triggering mechanisms
or associations of muscle atrophy in aging
persons
. Hormonal abnormalities: high glucocorticoid;
low androgen; high parathyroid hormone; low
growth hormone; insulin resistance (e.g. from high
glucocorticoid); high thyroid hormone; diabetes-2
dysimmune and genetico-diabetoid-2 dysimmune
neuropathic mechanisms; possibly high parathyroid-related-protein (sometimes released from
tumor cells).
. Abnormal immune complexes and/or toxic
antibodies, as follows.
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1 In dermatomyositis we have described deposition of toxic immune complexes in small blood
vessels of muscle, which is typically associated with
perifascicular atrophy (meaning the atrophic muscle ﬁbers, which are often vacuolated, tend to be
located at the periphery of fascicles of muscle
ﬁbers), and location of that atrophy is probably
due to ischemia, caused by those vascular deposits.
2 In myasthenia gravis, which is caused by
toxic antibodies against the nicotinic receptor at the
post-synaptic (muscle side) part of the neuromuscular junction, we have found muscle-biopsy features of recent denervation and/or type-2 ﬁber
atrophy in every myasthenia gravis patient [76]. This
mechanism of atrophy is literally a myopathic dysreception and might be multifactorial, resulting from
both hypoactivity and possibly impaired concurrent
dysreception of trophic-factors from the LMN.
Additionally, there is probably some binding of toxic
antibody to the nicotinic receptors located at the
pre-synaptic neural tips of the LMNs, evident by
a-bungarotoxin binding [77], thereby causing an
additional true neuropathic component. (Those presynaptic acetylcholine receptors are probably the
mediators of pyridostigmine-provoked fascicilations
in myasthenics and normals; Engel, unpublished
results.) (Two other possibly pathogenically relevant
phenomena area-bungarotoxin-delineated: (a) neoappearance of nicotinic receptors on denervated human muscle ﬁbers [78], and (b) presence of nicotinic
receptors on human thymic epithelial cells [79].)
3 Circulating toxic auto-antibodies can result in
type-2 ﬁber atrophy in dysimmune neuropathies:
these are dysschwannian more often than
dysneuronal type (see above).
. Putative prion, or “prionoid”, and other misfolded,
“sticky” abnormal proteins, originating intracellularly or extracellularly, could be capable of disrupting normal cellular function.
. Neurogenic “susceptibilization:” in individual persons with “elder-atrophy,” it is unknown whether
or not hypothetical denervation or dysinnervation
is occurring and susceptibilizing the muscle ﬁbers
to undergo atrophy from a concurrent myopathic
mechanism.
. Other external hypothetical susceptibilization
mechanisms for muscle atrophy. These could
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include impaired supply of blood, oxygen, glucose,
or other vital factors.

The speculative likelihood of type-2 ﬁber
atrophy “altruism” being important in
different conditions
Likely
Hyponutrition/starvation: the mechanism, in principle, could be increased catabolism affecting: (a) an
aspect that is more active in type-2 ﬁbers, or decrease
of a normal mechanism that is more important in
type-2 ﬁbers (such as anerobic glycolysis or mitochondrial a-glycerolphosphate dehydrogenase);
or (b) an aspect having a narrower margin of error
in type-2 ﬁbers, meaning being closer to being
insufﬁcient (for example, mitochondrial oxidative
metabolism, such as affecting COX or SDH).

cause dysphagia and hyponutrition; (c) myasthenia
gravis (before hyponutrition), possibly involving
both hypoactivity and insufﬁcient neurotrophic
factors; (d) pain, local or regional (arthritis, osteoand rheumatoid, causing hypoactivity and/or a
putative “dolorogenic atrophy”); (e) surgical or pharmacological castration of normal males; and (f)
the “feminosity” aspect of normal women having
type-2 ﬁbers smaller than type-1 ﬁbers. (We do
not know the gender-speciﬁc diameters of muscle
ﬁbers in species of spiders in which the female is
much larger and typically eats the male right
after copulation.)

Other changes in aging muscle
Mitochondrial abnormalities:
histochemical aspects

Probably not likely
(a) Hypoactivity from lassitude, or immobilization
in a cast or brace; (b) atrogenic toxins attributed to a
remote neoplasm (unless it is acting via
hyponutrition); (c) glucocorticoid toxicity (possibly
by causing insulin resistance, more so in type
2-ﬁbers); (d) HIV viral toxicity.

Diminished COX staining
Speciﬁcally this is the absence, or prominent decrease, of COX staining at a given transverse level of
a muscle ﬁber and often segmentally distributed as
multifocal absences along the long individual muscle
ﬁbers (Figure 1.5b) (see [80]). These foci are often
increased in aging human muscle, without an identiﬁed mitochondria-related mitochondrial DNA
(mtDNA) or nuclear DNA defect (Engel, unpublished results) [80]. They indicate mitochondrial
abnormality, and we suggest that they might be only
the tip of the iceberg, evoking the possibility of an
accompanying, histochemically inapparent crippling reduction or absence of COX in a portion
of the muscle ﬁber’s multitudinous mitochondria.
Because type-2 ﬁbers normally have considerably
less COX activity (and perhaps less “COX reserve”),
hypothetically they might be more likely to atrophy
from a partial impairment of COX activity. The
speciﬁc pathogenesis of multifocal COX deﬁciency and
other mitochondrial abnormalities in aging muscle
ﬁbers is unknown, and treatment not established.

Not likely
(a) Myotoxins; (b) denervation/dysinnervation diseases (e.g., ALS, peripheral neuropathy, root/nerve
mechanical pressure), although they secondarily

Speciﬁc or not-yet-speciﬁc mitochondrial
myopathies
Primary defects of mtDNA, or nuclear DNA, affecting
muscle mitochondria (with or without other cells),

Uncertain
In HIV there is often a complex pathogenesis of the
muscle atrophy, which histochemically is type-2
ﬁber atrophy with or without denervation atrophy.
It can have ﬁve components: (a) neuropathic, viz.
dysimmune dysschwannian denervation neuropathy early in the course of the disease, and virogenic
toxicity causing dysneuronal neuropathy later;
(b) often cachexia; (c) hypomotility/disuse; (d) possible nerve toxicity of anti-HIV drugs; (e) infrequently, myotoxicity from viral products. With HIV,
type-2 ﬁber atrophy in response to a hyponutritional/cachectic aspect would be altruistic, but when
in response to the other causes it would not be.
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Figure 1.5 Disturbed mitochondrial activity in patients

over age 70. (a) “Moth-eaten” and “large central
pallor” patterns in various muscle ﬁbers stained for
cytochrome-oxidase activity. At the lower right are
two longitudinally cut muscle ﬁbers showing a very
elongated distribution of central pallor within those
ﬁbers; these are an occasional ﬁnding in a chronic
peripheral neuropathy patient. (b,c) Many normaldiameter muscle ﬁbers (some indicated by asterisks)
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have complete absence of cytochrome oxidase staining
(white ﬁbers in this photograph), intermingled with
normal type-1 (very dark) and type-2 (slightly dark) ﬁbers.
(c–e) Several “ragged-red” type of muscle ﬁbers, actually
“ragged-blue” ﬁbers in these succinate dehydrogenase
stainings of mitochondria. They are excessively stained in
comparison to the other surrounding normally stained
ﬁbers. Magniﬁcation: (a) 2000; (b) 1670; (c) 3000;
(d) 3670; (e) 3670.
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associated with characteristic clinical syndromes,
can be highlighted by muscle biopsy histochemistry,
but identifying the speciﬁc defect requires special
biochemical techniques (see Chapter 4 in this volume). Not-yet-speciﬁc defects presumably underlie
the more commonly seen muscle ﬁbers having
either absent, diminished or, infrequently, excessive, staining with COX or SDH, and they are more
abundant in aging human muscle (Figures 1.5a and
Figure 1.6a–c). When unassociated with a speciﬁc
clinical syndrome, aging human muscle can have
increasingly abnormal mitochondrial biochemical
functions, to various degrees [81, 82]. Some mitochondrially focused investigators have deemed
the general aging of muscle a “mitochondrial
myopathy” (see Chapter 4) [83]. Like aging humans,
“otherwise normal” aging animals have more
fatigable muscle associated with mitochondrial
biochemical abnormalities [84]. Mitochondrial
abnormalities of aging humans are not yet treatable.

Ragged-red ﬁbers and rugged-red ﬁbers
In both of these, the accumulations of abnormal
mitochondria are bright red with the Engel trichrome
stain [4, 5, 85–87], and their mitochondriality can
be demonstrated histochemically by abnormally
dark (Figure 1.5c–e), or sometimes concurrently
absent, staining with one of these: SDH, COX,
b-hydroxybutyrate dehydrogenase, or men-aGPDH:
they are sometimes deﬁcient in one mitochondrial
enzyme accompanied by an increased amount of
others. The overall cytoarchitecture of the raggedred ﬁbers (which we ﬁrst described [88]) appears
abnormally loose, while the rugged-red ﬁbers have a
ﬁrm, fully-packed appearance. Molecular genetic
analyses in special laboratories can sometimes
identify the exact mtDNA or nuclear DNA defect
crippling the mitochondria (see Chapter 4). These
mitochondrial accumulations are often, but not always, more evident in type-1 ﬁbers (which normally
have more mitochondria). Ragged-red ﬁbers are
more frequent in aging human muscle, and especially in s-IBM (an aging-associated muscle disease)
(see Chapter 7 in this volume).
A normal variation can be the rugged-red appearance of a bright red rim of packed mitochondria in
many of the type-1 ﬁbers, especially in some persons

doing very vigorous prolonged endurance exercising such as frequent long-distance cycling. In normal human muscle, histochemistry demonstrates
that the mitochondria are qualitatively different between type-1 and type-2 muscle ﬁbers: mitochondria in type-1 ﬁbers have stronger SDH and weaker
men-aGPDH activities, and type-2 ﬁbers show the
converse [4, 8–10].

“One-way streaks” and “increase-decrease
ﬁbers”
These “mitochondrial pattern abnormalities” (Figure 1.6) are based on rearrangements of the normal
orderly array of mitochondria in a delicate pattern
amongst the myoﬁbrils. These pattern abnormalities
probably reﬂect myoﬁbrillar abnormality and/or
mitochondrial abnormality.
Secondary mitochondriopathy
This hypothetical pathogenesis might occur in an
unrecognized “noxious neighborhood,” viz. an
abnormal milieu within muscle ﬁbers that affects
mitochondrial function; for example, one involving
a glycolytic enzyme, or another nonmitochondrial
defect.
In adult-onset muscle phosphorylase deﬁciency there
are prominent histochemically-evident mitochondrial disturbances. An example was our patient
(the ﬁrst identiﬁed) who had clinical onset of
fatigue and weakness at age 48. Her muscle
biopsy showed prominent patchy absence of mitochondrial oxidative enzyme activity histochemically
(Figure 1.6d) [89]. We now hypothesize that the
mitochondria were secondarily impaired due to intracellular lack of ATP consequent to defective
anaerobic glycolysis caused by the myophosphorylase deﬁciency. By analogy, possibly other, or even
many, mitochondrial abnormalities might be due to
damage inﬂicted by a glycolytic or other nonmitochondrial biochemical abnormality (things one sees
are not always what at ﬁrst they seem to be). For
example, possibly the patchy mitochondrial activity
loss in other aging patients (Figures 1.5a,b and
Figure 1.6a–c) could have an underlying aspect of
insufﬁcient glycolysis-generated ATP. Therapeutically speculating, patients like ours with late-onset
myophosphorylase deﬁciency, and perhaps ones
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Figure 1.6 Loss of mitochondrial cytochrome oxidase

activity in various patterns of distribution, in patients
over age 70. (a) Regions of “large central pallor”
(which are much larger than the pale regions of
targetoid-core ﬁbers); this is an occasional ﬁnding, as in
this chronic peripheral neuropathy patient. (Apparentlyidentical changes were evident in muscle 14 days following
suprasegmental cordotomy [21].) (b,c) “Decreaseincrease” pattern in type-1 ﬁbers: this is a disturbed
arrangement of mitochondrial staining, due probably to
abnormality of both mitochondria and myoﬁbrils, and
possibly also of stabilizing desmin ﬁlaments. This looks
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like a “myopathic” phenomenon, but it can be
accompanying recent denervation, or type-2 ﬁber
atrophy (evidenced by the small angular lightly stained
ﬁbers in panel b). (d) Muscle ﬁbers showing regions
of complete or moth-eaten absence of mitochondrial
staining, in a patient with adult-onset myophosphorylase
activity deﬁciency (completely absent myophosphorylase
was proved histochemically and biochemically).
This suggests that the manifested mitochondrial
abnormality may be secondary to the glycolytic
defect. Magniﬁcation: (a) 2170; (b) 2000; (c) 4000;
(d) 3170.
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with another glycolytic defect, might beneﬁt from a
putative “mitochondrial therapy,” such as L-carnitine or CoQ10, or another that in the future will be
found more beneﬁcial.
In most cases of type-2 ﬁber atrophy we have
observed histochemically that the atrophic type-2
ﬁbers seem to have somewhat reduced oxidative
enzyme activity, while maintaining the usual
abundant myophosphorylase activity typical of
type-2 ﬁbers. Possible caveat: there could be
impairment of an unstudied glycolytic or other
non-mitochondrial enzyme involved in ATP
production (or other important mitochondrialsupporting function).
Intracellular amyloid-b oligomers in s-IBM: in s-IBM,
ragged-red ﬁbers are somewhat more abundant
than in similarly aged non-IBM patients, and mitochondrial functional defects occur (see Chapters 7
and 10). From Askanas’ studies, the earliest identiﬁable pathogenic step in s-IBM is intracellular increase of amyloid-b oligomers, which are considered
to be mitotoxic because their over-expression within
cultured human muscle ﬁbers produces mitochondrial abnormalities (see Chapters 7 and 10).
Uncontrolled free radicals can also damage
mitochondria.

beneﬁcial, neutral, or detrimental. It could be a
signal that various invisible, possibly toxic, misfolded
and indigestible molecules are gradually accumulating in the aging muscle ﬁber. The lipofuscin itself is
thought to be indigestible cellular detritus.

Triglyceride lipid droplets are sometimes
increased in muscle ﬁbers
These droplets (Figure 1.7a), which do not seem
to be aging-related, can result from excessive circulating triglycerides, or from impairment of their
catabolism within the muscle ﬁbers, including the
mitochondrial phase of their utilization for ATP/
energy fuel. They also seem to be more numerous
in obese persons (Engel and Askanas, unpublished
results).

Other histochemical changes in aging
muscle ﬁbers

Vacuolar myopathies of adult onset
These include the following: (a) s-IBM is a vacuolar
myopathy with protein aggregates (inclusions),
which include aggregates containing amyloid-b,
phosphorylated-tau, a-synuclein, parkin, and many
other Alzheimer- and Parkinson-type proteins in those
accumulations (see Chapters 7 and 10). s-IBM still
lacks a deﬁnitive treatment (see Chapter 7). (b) Hereditary inclusion-body myopathy is due to mutation
of the GNE or VCP gene (see Chapters 12 and 15). (c)
Adult-onset acid-maltase deﬁciency. (d) Dermatomyositis often well-treatable (see above and Chapter 3).

Increased acid phosphatase staining,
a marker of lysosomal activity
Histochemically, the major amount of enzymatically
active acid phosphatase is associated with
accumulations of lipofuscin granules, typically located beneath the plasmalemma at the periphery of
muscle ﬁbers, and especially adjacent to nuclei
(Figure 1.7b,c) (including being adjacent to any
internal nuclei). There is also a delicate multipunctate distribution of acid phosphatase (without histochemically discernable lipofuscin granules)
throughout the muscle-ﬁber cytoplasm. Acid phosphatase at both of these sites increases with aging in
everyone, but the amount in aging muscle varies
quantitatively from person to person (Engel, unpublished results). It is not established whether the
gradual increase of the lysosomal acid phosphatase is

Amyloid
Abnormal aggregations of misfolded protein molecules stainable with the ﬂuorescence Congo red
method of Askanas [90], or more simply but less
inclusively with crystal violet, are called “amyloid.”
The amyloid in skeletal muscle tissue can be:
(a) extracellular, usually in muscle connective tissue
regions or in blood-vessel walls. including blood
vessels of peripheral nerves; or (b) intracellular
(within muscle ﬁbers) of s-IBM (see Chapters 7 and
10). Muscle extracellular amyloid is often composed
of the variable portion of an immunoglobulin light
chain, or mutant transthyretin, but sometimes
other proteins are involved primarily or secondarily.
(Extracellular amyloid can be clinically identiﬁed,
noninvasively, by Mibi radioisotope scanning [91]).
We have previously postulated that cyto-disturbance
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normal-size muscle ﬁbers. With this photographic
exposure, the staining of normal ﬁbers is only faintly
evident in the lower part of the ﬁgure. Oil red O stain.
(b,c) Excessive staining of acid phosphatase activity in the
form of multiple tiny dots. The larger clumps of staining,

usually peripherally located, are closely associated with
lipofuscin granules. Although the acid-phosphatase
staining in everyone gradually increases with aging, this
amount of staining is excessive for this man’s age of 45 (it is
more like that of someone age 85). Magniﬁcation:
(a) 3330; (b) 4500; (c) 5830.

from extracellular amyloid [92] and from intracellular amyloid (see Chapters 7 and 10) is not due to
space-occupying mechanical pressure of the visible
deposits, but rather a molecular cytotoxic afﬁnity of the
misfolded amyloid precursor molecules existing as
toxic oligomers and monomers.

Rods
In adult-onset rod myopathy, which we now designate as “adult-onset rod myopathy syndrome” because
of its association with a monoclonal gammopathy
[93–95], with or without dysschwannian, probably
dysimmune, neuropathy [96]. Recently, we have

Figure 1.7 (a) Excessive triglyceride droplets in two
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successfully treated a patient with intravenous immunoglobulin (IVIG) [94], and even more effectively
when rituximab was added [96]. Interestingly, rods
in animal muscle ﬁbers can be produced by tenotomy [97]. Perhaps in the patients the autoimmune
attack is on the tendons.

Vascular aspects of aging muscle
These are discussed in Chapter 2 of this volume.

Putative animal “models”
of human “AAM”: biochemical
studies
Such studies are numerous. They will not be reviewed in detail, partly because it is not certain
which are directly relevant to the complex human
problem. Because therapy for patients is the ultimate
goal, biochemical studies of aging human muscle
would be relevant to understanding the pathogenesis of aging atrophy if, in the patients studied, the
disorder is actually primary within their muscle
ﬁbers. But if the problem is caused by a dysinnervation or denervation phenomenon, the essential
trouble needing repair is located elsewhere, farther
upstream in the motor unit.

“Sarcopenia”: critique of the
term, concept, and “diagnosis”
“Sarcopenia” simply refers to muscle atrophy in aged
animals, and it is often considered to be manifest
typically as type-2 ﬁber atrophy. However, sarcopenia
is a term we never use because it is imprecise: it is not a
deﬁnite pathogenic diagnosis. It is often erroneously
interpreted as designating a singular pathogenesis,
but it still is enigmatic. The designation “sarcopenia”
is commonly employed in experimental work, in
which it is sometimes used, pseudoprecisely, for the
broad topic of muscle atrophy in aged animals, a
phenomenon for which we prefer to use the more
direct, non-speciﬁc designation AAM. For an aging
patient complaining of muscle weakness and atrophy,
stating a diagnosis of sarcopenia is meaningless: it
adds nothing beyond the patient’s chief complaint.

So-called “sarcopenia” seems more
neuropathic than purely myopathic
If, as we postulate, there is a signiﬁcant neuropathic
component in “sarcopenia,” analyses of homogenized muscle are actually looking only at the train
wreck but not seeking the upstream cause of the derailment.
If a denervation/dysinnervation component is
indeed present, that would require moving the focus
of pathogenic interest and analysis upstream to the
LMNs, their Schwann cells, and possibly to their presynaptic afferent neurons.
Because muscle of “sarcopenic” animals reportedly shows, typically, type-2 ﬁber atrophy, the following comments are relevant.
. “Dysinnervation” is our concept of partially impaired neurotrophic inﬂuence from crippled but
still-alive motor neurons. In human type-2 ﬁber
atrophies, including those of aged persons, histochemically we often (a) identify a subtle partial- or
pan-denervation or (b) suspect a dysinnervation,
neither being primarily myogenous. In this respect,
we have strikingly demonstrated type-2 atrophy in
experimental animals by acute pan-denervation,
produced by total sciatic-nerve transection without
reinnervation [19, 20]. Likewise, it is quite possible
that in some, perhaps many examples of AAM
(so-called sarcopenia) of aging animals a neurogenic
mechanism may have a major role.
. Ideally, the AAM animals whose muscles are homogenized for biochemical and molecular-genetic
studies, should also:
1 be pre-screened “clinically,” including by electrophysiology, for identiﬁable abnormalities that
in aging humans are considered to cause muscleﬁber atrophy, especially ones causing type-2 ﬁber
atrophy. These potential abnormalities include:
overt or subtle partial or pan-denervation or
pan-dysinnervation,
hyponutrition/cachexia,
and hormone dysregulations. Without this clinical
evaluation, it is difﬁcult to be precise about the
type of pathogenesis of muscle atrophy in AAM
animals;
2 have the same experimental muscle (or
the contralateral one) concurrently studied
histochemically to visualize and correlate diagnostically the morphology and distribution of the
presumably abnormal ﬁbers one is homogenizing,
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with an awareness that different muscles have
different mixtures of muscle-ﬁber types.
. As “disease-controls” for biochemical/moleculargenetic studies of muscle atrophy of aged animals, the
same investigative techniques should be utilized to
examine in mid-adult-age animals the effects of: (a)
induced acute denervation, slow denervation and
dysinnervation; and (b) hyponutrition/cachexia.
. Because a relatively greater atrophy of myoﬁbrils
characterizes most muscle-ﬁber atrophies, including
type-2 ﬁber atrophy, denervation atrophy, and atrophic ﬁbers in the several myositides and other
myopathies, is there an absolutely unchanging denominator that should be used in studying the
various aspects of muscle atrophy in humans and
animals? Is use of the “housekeeping” gene/protein
actin absolutely reliable?

A critical question
How could one ever prove that there is not a neuropathic denervation-dysinnervation component
underlying some or many examples of the type-2
ﬁber atrophy in aged animals, or humans?

Treatment and prevention
of human AAM
There is no sure method. Considerations include the
following.

Speciﬁc treatments
Carefully seek all possibly relevant treatable diseases, and treat any identiﬁed correctable causative
disorder. e.g. dysimmune neuropathy or primary
hyperparathyroidism.

Non-speciﬁc treatments
1 Correct any hyponutrition, which, in our experience, many undernourished patients deny.
2 Consider available general treatments of “muscle
atrophy” discussed below.
3 Monitor the literature for new drugs from animal
and human studies.
4 If in a speciﬁc situation the type-2 atrophy itself is
considered to be actually beneﬁcial – e.g. altruistic
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martyring via the survivalistic muscle alanine to
liver gluconeogenesis pathway in starvation (see
above) – one might not be able to symptomatically
stop the type-2 atrophy without correcting its cause.

Results from animal and human
studies
There are numerous studies of muscle atrophy
in aging animals, but their practical relevance to
understanding and treating muscle-ﬁber weakness
and atrophy of aging humans is still being determined. They are disclosing interesting molecular
mechanisms, but as yet no successful, enduring
prevention or treatment has come from them; no
new clinically useful drugs for aging atrophy have
emerged [98–102]. Accordingly, myophysiologists
and myopharmacologists consider that currently
the only somewhat beneﬁcial measure is exercise,
preferably resistance exercise, if it can be performed
diligently.

Exercise
The dictum is “maintain a physically active life”
(see [103–105]). Despite a plethora of recent and
ongoing pharmacologic research, “exercise is the
primary therapy,” but that can be difﬁcult. Many
of the aged persons with muscle weakness and
atrophy have coexisting exercise-limiting conditions
such as: pain from arthritis, peripheral neuropathy,
radiculopathy or another cause; obesity; general
fatigue from another disorder such as cardiac, pulmonary, renal, or neoplastic disease; fatigue from
various prescription medicines; or even the weakness itself produced by the atrophying muscles.
Exercise-wise, the following should be done.
1 Exercise to the extent possible, and active resistance exercise is encouraged. The actual ongoing
amount of exercise required to develop and sustain
improved strength in aging persons is not known; in
actual studies of exercise in aged humans, usually
only short-term studies were done.
2 Reduce neuropathic and joint pain: this will also
facilitate mobility and exercising. Exercising in a
pool can be easier.
3 Reduce obesity: that will facilitate mobility and
exercising and, as an extra beneﬁt, perhaps mitigate
or prevent a type-2 diabetes status.
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Oral leucine, with or without isoleucine and
valine (branch-chain amino acids)
These are considered anabolic and utilizable
directly by the muscle ﬁbers for their protein synthesis [106]. For patients, the precise salutary
amounts and scheduling of these branch-chain amino acids are not established (see Chapter 6 in this
volume). They are somewhat difﬁcult to dissolve in
liquid.
If these substances actually beneﬁt, possible
schedules are: (a) before exercise sessions, as suggested by others; or (b) multiple times during the day
is our suggestion, especially for less mobile older
persons. However, some investigators consider that
these substances are beneﬁcial only when combined
with diligent exercise, a difﬁcult assignment for
many of the elderly.
Testosterone
Aging men without signiﬁcant illness typically
have a gradual decrease of free and total circulating
testosterone after about age 65–70. This can be
of testicular origin (associated with elevated
circulating follicle-stimulating hormone (FSH)
and luteinizing hormone (LH), or of pituitary origin
(associatedwithlowcirculatingFSHandLH).Itisnot
known whether the degree of reduced testosterone
correlates with an amount of type-2 ﬁber atrophy.
Both LMNs and muscle ﬁbers have androgen receptors responsive to testosterone/dihydrotesterone;
thus, testosterone-therapy beneﬁt could be on
LMNs, muscle ﬁbers, or both. Weekly injections of
depo-testosterone, a known masculinizing anaboloid,
insomemenwithaneuromusculardisease(e.g.ALS,
s-IBM, or myotonic dystrophy-1), have increased
skeletal muscle endurance and strength for about
4–8 days (Engel, unpublished results). (Probably
testosterone is the reason human male muscle is
stronger than female muscle.) Castration experiments, in animals, suggest that androgens are not
required for peak muscle performance in females
but are in males, where they act through the androgen receptor to regulate multiple gene pathways
that control muscle mass, strength, and resistance
to fatigue [66]. In a clinical use of depo-testosterone,
one must be mindful of the patient’s ongoing
prostate-speciﬁc antigen (PSA) status, and also

avoid giving it concurrently with a glucocorticoid
(a combination that can provoke diabetes-2).
Therapeutically, and potentially prophylactically,
the ideal amount, route (intramuscular or transcutaneous), and frequency of testosterone therapy are
not known, and must be weighed against its recognized side effects, including but not limited to:
(a) short-temper; irritability, and anger; (b) possibly
increased chance of prostate cancer; (c) possibly
aggravation of an existing diabetes-2 or a geneticor obesity-based diabetes-2 tendency, especially if
the patient is concurrently taking a glucocorticoid
or growth hormone; (d) elevation of hematocrit.
Cautious ascending-dose titration is important. Oral
androgen preparations can engender liver abnormalities. A normal aromatized metabolic product of
testosterone is a high level of estradiol: its feminizing
and/or other possible side effects on the human
male neuromuscular system are not established.
Some clinicians have considered combining an aromatase inhibitor, such as letrozole, anastrozole, or
exemestane, to sustain the beneﬁt of testosterone
and block estrogenization (but one should note that
aromatase inhibitors can have their own side effects).
Needed is development of a water-soluble, nonestrogenic androgen preparation that can be safely
given subcutaneously or orally.
In general, androgenic anabolic effects involve
early downregulation of axin and induction of
IGF-1, causing nuclear accumulation of b-catenin
(a pro-myogenic, anti-adipogenic stem-cell regulatory factor). This is related to type-2 ﬁber hypertrophy and atrophy [107]. The androgen receptor is a
ligand-dependent transcription factor, containing
binding sequences for the Mef2 family of transcription factors, suggesting a functional interaction in
skeletal muscle between the androgen receptor and
Mef2c [108].
In the future, if surreptitiously developed and used
androgens really do enhance athletic performance
(more home-runs!), and are safe, perhaps they can be
brought to light and tested for counteracting muscle
weakness of aging and other enfeebling conditions.

Growth hormone (somatropin)
This drug is US Food and Drug Administrationapproved for “HIV associated cachexia,” i.e. the HIV
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muscle atrophy (wasting) that is typically type-2 ﬁber
atrophy. The cause of the muscle weakness and
atrophy in HIV patients can be multifactorial, due
to: cachexia/hyponutrition; hypoactivity; and
virogenic-autoimmune and virotoxic peripheral
neuropathies (see above). For AAM, (an imprecise
designation, v.s.) growth hormone has not yet been
proved effective in a formal trial. Potential side effects
of growth hormone therapy must be considered.

Anti-myostatins
Intended for general treatment of muscle-ﬁber atrophy in aging and in several other settings, antimyostatins are being developed as a new approach,
but they have not yet become established for clinical
use in any human muscle atrophy.
. Follistatin is a normal, powerful inhibitor of myostatin
action. Investigatively, it is being given intramuscularly by gene transfer of an alternately spliced cDNA
of follistatin, and reportedly it has shown anti-atrophy beneﬁt in mice and monkeys [109, 110]. Very
limited human trials are in progress, but apparently
none yet for “muscle atrophy of aging”.
. ActRIIB-Fc is a myostatin/GDF-8 decoy-receptor,
now in human trials. In animals, ActRIIB-Fc reportedly can reverse cancer cachexia and muscle wasting.
In several cancer models, pharmacological blockade
of the ActRIIB pathway prevented further muscle
wasting and is said to have “completely reversed”
prior loss of skeletal muscle (as well as the cancerinduced cardiac atrophy). It also “dramatically prolonged survival” even when the tumor growth was
not inhibited. That blockage abolished induction of
the ubiquitin ligases and activation of the ubiquitinproteasome system [31].
. Other potential therapeutic targets in the adverse
catabolic pathways of muscle ﬁbers are also being
considered.
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and decreased the atrogen-1 and IGFBP-3 [63] (also,
see above).

b-Adrenergic agonists
These are experimental anabolic agents for muscle
ﬁbers, causing increased protein synthesis and
decreased catabolism. An IGF-1-independent path
activates b-adrenoreceptors, enhancing skeletal
muscle growth and producing hypertrophy of cultured C2C12 cells (a muscle-derived cell line) [111].
However, clinically signiﬁcant side effects are of
potential concern. b-Adrenergic receptors have
been demonstrated autoradiographically in human
muscle [112].
JunB
The JunB transcription factor allegedly maintains
skeletal muscle mass and can promote hypertrophy.
JunB is also a major determinant of whether adult
muscles grow or atrophy. In adult muscle, decreasing
JunB expression by RNA interference causes atrophy,
and overexpression of JunB causes independently
stimulated protein synthesis and muscle-ﬁber hypertrophy. JunB transfected into denervated muscle
“prevents” ﬁber atrophy. JunB protects atrophytargeted proteins by blocking FoxO3 binding to promoters of the ubiquitin ligases atrogin-1 and MuRF-1,
andthusreducing proteinbreakdowninproteasomes.
Thus, JunB in adult muscle is required for maintenance of muscle size: it can induce hypertrophy and
block atrophy [30]. Autophagy inhibition reportedly
can induce “atrophy and myopathy” in adult skeletal
muscles, and does not protect skeletal muscles from
atrophy during denervation and fasting [113].
Conjugated linoleic acid
Based on treatment of cultured muscle cells,
this has been suggested for treatment of cancer
cachexia [114].

Potentially salutatory molecular
components for future therapeutic
consideration

Pharmacological/biochemical
substances without established value
for human muscle atrophy of aging

IGF-1
In rats with experimental adjuvant arthritis, systemic IGF-1 reportedly counteracted the muscle atrophy

Many substances have been tried, including creatine
and DHEA, but none has yet proved effective for
AAM, partly because we do not yet understand the
essential pathogenesis, or pathogeneses.
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Finally, persons should be wary of nostrums advertised for “preventing or treating muscle aging.”
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CHAPTER 2

Aging of the human neuromuscular
system: clinical considerations
W. King Engel and Valerie Askanas
Departments of Neurology and Pathology, University of Southern California Neuromuscular Center, University of Southern
California Keck School of Medicine, Good Samaritan Hospital, Los Angeles, CA, USA

Concepts applicable to various
neuromuscular disorders
associated with aging
In this chapter we describe our experience and concepts related to clinical and pathogenic aspects of
human neuromuscular aging. There is a large literature on the topic, but this chapter is not intended to
be a review of that literature: it is a summary of
personal experience and opinions, including various
therapeutic approaches. Some relevant clinical
vignettes are presented in Chapter 3 of this volume.

General principles
When does a person’s biological “aging era” begin?
Probably about age 40 in both genders, by which time
aging-associated disorders, e.g. the female menopause, and perhaps the early phase of the andropause,
have begun. Some would emphasize that some
slow-downs become evident in the 20s.
“You’re just getting old,” or “aging,” or “just old
age” are not diagnoses, and they are not satisfactory
explanations for the cause of neuromuscular (or
other) symptoms in an aging person. These answers
block further inquiry, whereas “I don’t know” invites analytical thinking and exploration. But, aging
certainly is a risk factor for a number of age-related
disorders.

A full neuromuscular evaluation is needed to
adequately analyze the cause of a neuromuscular
problem in an aging patient, as it is in a patient of
any age. This includes detailed blood tests, nerve
conductions, electromyography (EMG), and a
muscle biopsy (performed under local anesthetic,
as an out-patient) studied by a battery of histochemical techniques. Often, cerebrospinal ﬂuid
(CSF) examination is also needed. Sometimes relevant magnetic resonance imaging is necessary.
Even though fatigue, exercise intolerance, and
falling are associated with the frailties of aging they
are not “normal in aging” and each has various
possible causes, some treatable. Findings that are
considered abnormal in early- and mid-adult life
cannot arbitrarily be considered “normal” in aged
persons, even if statistically they are more common
in the aged; for example, hypertension, shortness of
breath, peripheral and central vascular insufﬁciency, myocardial infarction, osteoarthritic joints, and
reduced testosterone or estrogen, as well as imbalance, falling, fatigue, muscle weakness, numbness/
tingling/pain of peripheral neuropathy, elevated
spinal-ﬂuid protein, slower nerve conductions, and
muscle-ﬁber atrophy. Each of these has pathologic
causes, and some are treatable.
We have sometimes found that a treatable neuromuscular disorder coexists with another neurologic,
or nonneurologic, disorder. In any patient, and
especially in an older patient, both conditions might
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be contributing to the clinical picture, and at least
one might be treatable: this possibility of concurrently multiple neuromuscular malfunctions is a
non-Oslerian, non-Occam’s razor concept that medical
insurance companies can be reluctant to acknowledge (perhaps overly focusing on an untreatable
component). However, it is not fair to the patient
to deny treatment for a treatable condition simply
because it is accompanied by a milder, untreatable
one. The physician’s duty is to seek any treatable
component existing in the patient. Examples of combinations we have encountered in our patients include the following.
. “Double neuropathy”: chronic, mild, relatively nonprogressive hereditary neuropathy from childhood,
with very high arches and steppage gait, namely a
form of Charcot-Marie-Tooth (CMT) syndrome,
also present in a sibling or parent, plus a treatable
“genetico-diabetoid-2,” diabetes-2 (type-2 diabetes),
or other dysimmune neuropathy (a concept explained below in the Clinical Comments section).
The dysimmune neuropathy can be a cause of signiﬁcant worsening of the weakness, peripheral sensory loss, and pain beginning at age 50–65 (see
vignette 15 in Chapter 3). And, in our experience
this late-onset dysimmune neuropathy is often very
gratifyingly and continuously responsive to ongoing
intravenous immunoglobulin (IVIG) treatment, upon
which the patient is dependent [1–7].
. Bulbospinal muscular atrophy (BSMA; Kennedy’s disease) plus treatable genetico-diabetoid-2 or other dysimmune neuropathy, the latter ones being very treatable
with IVIG (as explained below). Although
peripheral sensory neuropathy is sometimes considered part of the untreatable androgen-receptor
genetic mutation of BSMA, in a BSMA patient we
have found that a concurrent treatable dysimmune
neuropathy should be sought.
. Symptomatically treatable muscle cramps accompanying various disorders, especially neuropathic abnormalities, are often well controlled with clonazepam [8, 9] (see vignette 8 in Chapter 3). Most
muscle cramps are neurogenic, a few are myopathic.
Cramps can be caused by a neuropathy that might
otherwise be mild. If the neuropathy is worse than
mild, it might itself be treatable with IVIG or other
anti-dysimmune measure (see below).

.

“Pseudo-ALS” example: cervical-disk myelopathy
plus treatable myasthenia gravis. Pseudo-ALS is our
term for a clinical condition mimicking important
aspects of amyotrophic lateral sclerosis (ALS), but
due to a non-ALS condition that is sometimes treatable. In this example, the myasthenia gravis mimicked (a) the bulbar aspects of ALS by producing
severe dysphonia and dysphagia (necessitating a
gastrotomy tube), and (b) the limb weakness. All
of these aspects were well treatable to essentially
normal status with high-single-dose alternate-day
prednisone (and intentionally not using pyridostigmine/mestinon along with the prednisone) [10–13].
The concurrent cervical-disk myelopathy caused
Babinski responses and slight ALS-like hyperreﬂexia of the lower limbs, but in retrospect those
aspects were considered not progressive and not
clinically important. (Myasthenia gravis itself
can cause slightly brisk tendon reﬂexes, but not a
Babinski response.)
. Pseudo-ALS example: fasciculating dysimmune neuropathy. treatable with IVIG, plus unilateral cerebral
arteriovenous malformation in the motor area causing hyperreﬂexic hemiparesis, treated with focal
microembolization. The ipsilaterality was postulated
to be due to a vascular steal from the contralateral
brain motor area.)
. Sporadic inclusion-body myositis (s-IBM) plus
genetico-diabetoid-2 dysimmune peripheral neuropathy,
the latter very treatable with IVIG (see below).
. Chronic, very slowly progressive autosomal dominant hereditary oculopharyngeal (but anatomically
more correctly called palpebro-pharyngeal because
there is prominent eyelid ptosis without impaired eye
movements) muscular dystrophy (OPMD), evident from
teen-age in a woman and, beginning at age 61,
additional moderately progressive proximal limbmuscle weakness for the last 2 years due to treatable
polymyositis. The later, rather aggressive weakness,
was previously misinterpreted as a “late progressive
phase of OPMD” (which does not occur). We identiﬁed, by high serum creatine kinase (CK) and muscle-biopsy histochemistry, that the newly progressive
weakness was caused by newly coexisting polymyositis. That polymyositis initially was very responsive
to prednisone, but death ensued 18 months later due
to a previously undetectable metastatic cancer of
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undetermined primary site; the polymyositis was probably a dysimmune remote effect.
. Ophthalmoparesis, presumably from mitochondrial
myopathy diagnosed by a biceps-muscle biopsy, plus
a dysimmune neuropathy associated with elevated CSF
protein 120 mg/dL (upper normal is 45 mg/dL), which
was treatable with IVIG. One should not assume that
all neuromuscular aspects of a mitochondrial myopathy patient are due to an untreatable mitochondrial
or nuclear DNA mutation.
. Progressive brain and spinal-cord multiple sclerosis (MS) plus dysimmune peripheral neuropathy,
probably sharing with the MS a dysimmune
etiologic commonality and treatability, in a woman.
With IVIG treatment for >13 years, both aspects have
not only stopped progressing, but have also been
deﬁnitely improved. We had a similar clinical
combination in a man who regained the ability to
walk easily and energetically without the cane he
previously needed for his imbalance and legs
spasticity. His beneﬁt from continuing IVIG lasted
for more than a year, until his insurance stopped
the treatments.

Clinical comments on selected
neuromuscular phenomena
and diseases
Every normal motor and sensory peripheral nerve
ﬁber is, individually, an integrated “teamlet” composed of tightly apposed, very interdependent
players. The normal nerve ﬁbers (axons) transmit
the electrical signal as either (a) motor commands,
from their neuronal cell bodies situated in the
spinal cord, each to about 200 muscle ﬁbers, or
(b) sensory information from the distal axonal endings and sensory transducers back to their neuronal cell body in the dorsal-root ganglia, near the
spinal cord and thence, by cellular relay, up to
brain. Tightly encircling, and arranged along each
nerve ﬁber, like long beads on a string, are the
myelin-containing Schwann cells. The Schwann
cells supply absolutely essential trophic factors to
the axon: without those factors the axon does not
function normally, resulting in a “dysschwannian
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neuropathy.” Conversely, the Schwann cells are
themselves totally dependent on essential trophic
factors from the neuronal axon for maintaining
their normal maturity and health; impairment of
that normal inﬂuence originating from the nerve
ﬁber occurs in a primary “dysneuronal neuropathy” and results in secondary Schwann-cell
damage. Note that from a motor or sensory neuropathy, all symptoms are directly attributable to
the neuronal dysfunction, which may or may not
be secondary to a Schwann-cell dysfunction.

“Diabetic neuropathy”
A patient with peripheral neuropathy and diabetes is
still too often simply diagnosed as “diabetic neuropathy” and told there is no successful treatment
(this is, unfortunately, sometimes still being stated
in books and published articles). However, since
1992 we have been successfully treating diabetes2-associated dysimmune neuropathies with antidysimmune measures [1, 3, 4, 14]. It is now increasingly accepted that in diabetes-2 there is often a
dysimmune neuropathy, commonly with elevated CSF
protein, that frequently is very well treatable with
IVIG (see vignette 12 in Chapter 3, and [1, 14]) or
sometimes with other less-effective anti-dysimmune measures. We have proposed that: (a) the
genetic milieu of diabetes-2 predisposes to dysimmune
neuropathy (in a cause–effect relationship [4], by
a mechanism possibly not related directly to
glucose dysmetabolism); and (b) this same mechanism can produce a “genetico-diabetoid-2 dysimmune
polyneuropathy” (see below).

“Genetico-diabetoid-2 dysimmune
polyneuropathy”
Genetico-diabetoid-2 dysimmune polyneuropathy
is our term, which we have been using for 15 years
to describe the same clinical and laboratory features
in patients as in the above-mentioned “diabetes-2
dysimmune neuropathy,” who themselves do not
yet have detectable glucose dysmetabolism parameters that would be considered indicative of
actual diabetes-2, but have a close family history
of diabetes-2 [4] (and Engel, unpublished work).
In such patients, we have found that their polyneuropathy can be manifest as long as 10 years
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before their diabetes-2 becomes clinically evident.
This genetico-diabetoid-2 dysimmune polyneuropathy is often very treatable with IVIG [4].
In a patient who does have a close family history of
diabetes-2, a glucocorticoid should be avoided if
possible, because it can increase insulin resistance
and make manifest diabetes-2 glucose dysmetabolism. Accordingly, asking about a close family history of diabetes-2 is very important in managing a
chronic immune dysschwannian polyneuropathy
(CIDP) (sometimes less precisely called chronic
inﬂammatory demyelinating polyneuropathy),
or other dysimmune patient.

Sporadic ALS and putative putative
retrovirogenic-dysmetabolic
mechanism involving “neuronalnurturing cells:” an X-Y-Z hypothesis
regarding this devastating and stillenigmatic disease
There is no successful treatment for sporadic ALS
(sALS). Without artiﬁcial ventilation and feeding,
typical patients are still dying within 1–5 years,
despite a prodigious amount of time and money
spent on possibly related human and tenuously
related mouse research. sALS is considered an aging-evoked degeneration especially, but not exclusively, of motor-neuron systems (targeted “CellsZ”) [15, 16]. Anatomically, the sALS spinal-cord
involvement has a monotonously characteristic topography. Interestingly, hereditary forms of ALS
(hALS), which are similar but not identical to sALS,
are typically ﬁrst clinically manifest in aging, even
though the gene mutation had been present
throughout life, from conception. Two questions
in ALS are: (a) what triggers that late-onset catastrophic neuronal cell death, clinically evident and
fatal in 1–5 years; and (b) what kept the clinical
disease suppressed for three to six decades? If the
latter is one “factor,” it should, speculatively, be an
excellent treatment for hALS, and possibly for sALS.
Because the pathogenesis and treatment of sALS
are still unknown, new approaches are desperately
needed. The sALS myelopathic pattern suggests a
generalized dysmetabolism, as does the posterior-column middle-root-zone pattern in some hALS
families [17]. A dysmetabolic mechanism, if identi-

ﬁed, might be treatable by simple replacement with
a “factor-Y,” even if the putatively impaired neuronal
nurturing cells (NNCs)/cells-X have expired long
before the clinical onset of sALS.
The abundant accumulation in the sALS spinal
cord of a) PAS-positive corpora amylacea within
astrocytes and b) lipofuscin within motor neurons
is of unknown signiﬁcance [74].
We previously suggested that sALS is of retroviral
origin [16, 18]. More recently, McCormick et al. [19],
using a qPERT technique, detected retroviral reverse
transcriptase in sALS sera but not in CSF. If a pathogenic ALS virus would be identiﬁed, we hypothesized that, by a virogenic-dysmetabolic mechanism, the
proposed ALS virus might be acting (a) directly on
neurons, especially lower and upper motor neurons;
or (b), more intriguingly and potentially more amenable to simple treatment, the virus might be acting
directly, or indirectly, on hypothetical NNCs/cells-X
that normally a) produce, or facilitate delivery of, a
metabolic factor-Y vital to motor neurons (“cellsZ”) [15, 16], or b) inactivate a “toxin-Y” that preferentially damages motor neurons. The NNCs could be
located (a) near to or remote from the motor-neuron
somas and tracts. “Near-NNCs” (paracrine effect)
could be the hypothetical “para-motor-neuron astrocytes” [16] which, like other astrocytes in ALS, manifest oxidative stress [16]; these hypothesized paramotor-neuron astrocytes are situated close to, and
embryologically are putatively induced by, motor
neuron somas and long tracts. Or, “remote NNCs”
(endocrine effect) could be analogous, in principle, to
gastric parietal cells that normally produce intrinsic
factor required for cobalamin/B12 absorption in the
distal ileum; deﬁciency and permanent loss of intrinsic factor causes its own topographically characteristic B12-deﬁciency myelopathy. In ALS, disturbance
of NNCs could be: (a) indirect, for example dysimmune, as in anti-parietal-cell antibody-induced
metabolically treatable cobalamin/B12 deﬁciency;
or (b) by direct infection, e.g. as speculated for ALS
hepatocytes [15, 20]. Similarly, indirect dysmetabolic
mechanisms were hypothesized for some forms of
hALS [17].
Note: the undetectability of reverse transcriptase
in ALS CSF, does not exclude a retrovirus in sALS;
it suggests active virus may be outside the central
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nervous system (CNS) in remote cells, such as the
NNCs/cells-X, where it could be morphologically
undetectable but deranging cellular function by
being integrated into the NNC molecular machinery.
Accordingly, it seems appropriate to seek, by multitissue screening, evidence for a retroviral reversetranscriptase and for tracks of another occult virus.
We also suggest therapeutic antiviral trials, e.g. with
the anti-HIV highly active antiretroviral therapy
(HAART) agents, and others.
Interestingly, one of our ALS patients had the
retrovirus HTLV1 [21]. Two current ALS patients
have a very high serum hepatitis C viral RNA load,
e.g. 291,000 IU (normal <615 IU) and PCR HCV
RNA 5.52 (normal <1.63) but with repeatedlynormal liver-function tests (g-glutamyl transpeptidase (GGTP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase
(LDH)).
In a few sALS patients we found that two types
of treatment have produced transient symptomatic improvements of strength, but neither was
able to stop the insistent progression of the underlying “degenerative” ALS disease. (a) In four of
our carefully followed typical sALS patients we
observed, repeatedly, a slight but deﬁnite beneﬁt
for about 3–5 days following each 5-day course
of IVIG, 0.4 g/kg/day (Engel, unpublished observations) [22]. (b) With initial TRH (thyrotropin
releasing hormone) treatment of 12 sALS patients [23], transient improvements, each lasting
for hours to 1–2 days, also occurred repeatedly.
These responses suggest temporary re-awakening
of “comatose” motor neurons, which can be
interpreted as demonstrating our concept that in
every ALS patient there are some potentially revivable/
recoverable motor neurons, and consequently a
truly beneﬁcial treatment should not only stop
progression but should produce some actual summating improvements. The TRH mechanism may
have been a neurotransmitter effect stimulating
partially impaired but still-alive lower motor
neurons, analogous in principle to pyridostigmine action in myasthenia gravis, and also had
a confounding autorefractoriness [22]). Unfortunately, TRH apparently did not produce a neurotrophic effect able to reverse the degenerative
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ALS process. The beneﬁcial mechanism of IVIG
in the ALS patients is not known, but could be
based on its known anti-dysimmune or antiviral
properties, or on another action. Perhaps it is an
undeciphered clue to one aspect of the sALS
pathogenesis.
We have also hypothesized that a metabolic defect
impairing the normally high phosphorylase in lower
motor neurons [24, 25] might play a role in ALS
pathogenesis.

hALS
About 10% of all ALS patients are hereditary, associated with a mutation of SOD1, TDP43, FUS [26], or a
newly-discovered mutution of gene C9ORF72 at
chromosome 9p21 [75]. From this latter was suggested a defective RNA metabolism in some cases of
both hALS and sALS. An RNA hypothesis for ALS
was also previously suggested [15]. Whether any
of the hALS patients will have the same ultimate
molecular pathogenesis as sALS is uncertain.

“Pseudo-ALS”
“Pseudo-ALS”is a most desirable alternative to a diagnosis of ALS, and should always be sought. See also
examples of ALS mimics (above) and see in Chapter 3,
vignette 21 about pseudo-ALS, and vignettes 8 and
10. Several conditions sometimes mistakenly diagnosed as regular ALS are:
. Multifocal motor neuropathy (Chapter 3, vignette 8).
. Multi-microcramps (Chapter 3, vignette 10) [8, 9].
. Dysimmune “Fasciculating progressive muscular
atrophy” (DF-PMA), probably a motor-predominant
form of CIDP, which can be remarkably responsive
to anti-dysimmune treatment [27]. A 47-year-old
man had treatable upper-limb DF-PMA evolving
into a “hanging arms” or “man-in-a-barrel” appearance, which had developed slowly and asymmetrically during 19 years. We initiated IVIG treatment,
which produced rapid (beginning the next day
following the initial 5 days of IVIG), cumulatively
dramatic improvement (he can raise and hold
both arms fully overhead), enduring 14 years from
continuing, but now less-frequent, IVIG [28].
. “Benign focal amyotrophy” is (“benign” in the sense
that it is not fatal like ALS, but it can be quite
crippling). It has a gradual onset with weakness,
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Table 2.1 Manifestations of disturbed activity of lower motor and sensory neurons.
Abnormal

Nonfunction

Labile, hyperfunction

Motor nerve
Muscle action
Muscle ﬁbers: denervated,
de-inhibited, labilized

Weakness, atrophy
Fibrillations, positive waves

Fasciculations, cramps, microcramps, brisk reﬂexes

Sensory nerve: small ﬁber
Pain sensation

Numbness

Pain, tingling, burning, walking on stones, glass,
tightness, electric shocks

Sensory nerve: large ﬁber
Vibration, position sense

Numbness, imbalance

Tingling, tightness, electric shocks

atrophy, and fasciculations, usually asymmetric, in
the shoulder and proximal upper limbs (Engel, unpublished observations) [29]. It can have a benign
course, but we consider anti-dysimmune treatment
appropriate, using IVIG or another agent to halt the
progressive crippling, enhance the amount of
recoverable strength, and facilitate the speed of improvement (Engel, unpublished observations) [29].
We have had one 50-year-old man from Australia
who had been left with a chronically absolutely limp
arm, which he implored us to surgically remove
because it was getting in the way and being painfully
injured. Instead, we offered anti-dysimmune treatment, which he declined. Another man, age 68,
developed an acute hanging arm within a few days
following a “horse serum” injection after a mild scorpion sting in northern Mexico; although his arm had
been hanging untreated for a year, it gradually and,
to everyone’s pleasant surprise, nearly completely
recovered with anti-dysimmune prednisone, oral
cyclophosphamide, and plasmaphereses (before IVIG
was available). s-IBM is often misdiagnosed as ALS
(see Chapters 1 and 3).

“Benign fasciculations”
These can occur in normal, younger or aged persons
after vigorous exercise and/or “excessive” caffeine (excessive for that individual), and they also can occur
at rest and during sleep. (Caffeine in an older person
might also precipitate sometimes very serious cardiac atrial ﬁbrillation. Note that a person’s caffeine
intolerance gradually increases as one progresses

through ages 40, 50, 60, and beyond. Sometimes
fasciculations are also associated with painful muscle macro-cramps. Fasciculations and cramps are
both caused by excess lability of lower motor neurons (Table 2.1) and can often be well treated with
small doses of clonazepam (see below). One should
not over-diagnose benign fasciculations with or
without cramps as “possibly” the frighteningly-fatal
ALS.
Therapeutically, the ﬁrst step to stop fasciculations
and cramps is to eliminate provocative substances,
for example, all caffeine and other stimulants,
including decongestant adrenergic agents in allergy
medicines, b2-agonist bronchodilators, and
CNS-stimulant drugs, including donepezil. Unfortunately, the stimulant caffeine is not forbidden to
children, nor in the Olympics, nor in high-school
and other sports performances, even though most
consider caffeine a performance enhancer. Remarkably,
highly caffeinated “energy drinks” are widely promoted as performance enhancers by their purveyors,
even to minors, and those purveyors enthusiastically
sponsor and put their name on major sports events,
performance venues, and teams. Generally unrecognized is the possibility that some of the disabling
muscle cramps of athletes might be related to their
intake of caffeine (or perhaps other stimulants).
Fasciculations associated with progressive weakness are
not benign – the underlying disease might be mild
or, infrequently, serious, for example, if there is
progressive weakness evolving into ALS. When
abnormal, fasciculations and cramps more commonly signal treatable CIDP than ALS.
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Amyloidoses
Amyloid diseases are typically associated with aging,
although some genetic neuropathy forms can begin
earlier. Not yet clariﬁed are two questions: (a) what
starts the accumulation of misfolded proteins that
lead to the amyloidic process and (b) how do the
amyloidic processes impair function of normal cells,
i.e. what is the molecular mechanism of amyloidassociated cellular toxicity?
“Amyloid” is the general term designating the
homo-aggregation of the same misfolded protein
molecules, binding to each other to initially form
the “primary protein” monomers and oligomers.
These can aggrandize to become polymeric ﬁbrils.
Then the ﬁbrils can co-aggregate into a b-pleated
sheet conﬁguration, which is the visible amyloid,
stainable with crystal violet [30] or the Askanas
ﬂuorescent Congo red technique ([31] and see
Chapters 7 and 10). The accumulated amyloid can
be extracellular or intracellular. The extracellular
amyloid in soft tissues can be clinically imaged by
MiBi nuclear scans [32].
As a basis of various pathologic conditions, about
40 or more different proteins each can self-aggregate
to form the “primary protein” of an amyloid. For
example, in amyloid peripheral neuropathies the
deposited extracellular amyloid often contains:
(a) the variable portion of immunoglobulin light
chain in some B-lymphocyte dyscrasias, or (b) mutant transthyretin in some autosomal dominant
hereditary amyloid neuropathies.
A number of “secondary proteins” have been
detected bound to the amyloid deposits, as evident
extracellularly in various amyloid disorders, and
within muscle ﬁbers of s-IBM patients and paralleled
by immunoprecipitation studies (Chapters 7 and 10).
In amyloid peripheral neuropathy, two mechanisms of amyloid-associated toxicity have been
proposed: (a) the electron-microscopically invisible
amyloid molecular precursors (now thought to be
monomeric or oligomeric misfolded protein molecule precursors of the amyloid ﬁbril) may be the
molecular cytotoxic agents damaging the neural tissue by a yet-unknown biochemical “toxic afﬁnity”
mechanism [33]; (b) much less important are the
summating effects of small deposits of aggregated
amyloid exerting damaging physical pressure. We

39

favor (a) as the major damaging pathogenic mechanism. Perhaps the electron-microscopically invisible pre-amyloid toxic molecules have a selective
afﬁnity/stickiness for certain exposed surface
plasmalemmal receptors of various inadvertently
targeted cells in peripheral nerves (such as smallﬁber and large-ﬁber sensory neurons, and motor
neurons, with or without their Schwann cells); by
binding there they may damage cellular function.
This cyto-erosive mechanism of molecular toxic
afﬁnity, a “misintended adhesion,” can be considered for: (a) the toxicity of misfolded amyloid-b,
prion, a-synuclein; (b) possibly for hyperphosphorylated tau in s-IBM and Alzheimer disease;
and (c) very speculatively, as a cause of ALS
(regarding a putative yet-to be-identiﬁed toxic
molecule generated within the CNS or possibly
in a remote tissue). But the underlying reason for
many molecules of a given protein to start being
misfolded is not known. Regarding “aging phenomena,” possibly there are post-translationally malfolded toxic, but not necessarily amyloidogenic,
proteins producing “aging changes” in muscle, neurons nerve, Schwann cells, and other cells of the
body: this is our current musing. To understand
the cause and treatment of putatively toxic agingassociated malfolding mechanisms is an important
research challenge.
In s-IBM the amyloid is accumulated intracellularly in two major types of inclusions, especially containing, as the presumed primary protein, either (a)
amyloid-b42 plus co-deposited other proteins, or (b)
hyperphosphorylated tau, plus co-deposited other
proteins (see Chapters 7 and 10). It is possible that
one or more of the other co-accumulated proteins might
actually have a pathogenic role in initiating or continuing the multi-focal protein accumulations. But
probably more relevant to the cyto-destruction in
s-IBM is our proposal that an invisible pre-amyloid
(pre-inclusion) monomers or oligomers having cytotoxic molecularly-destructive afﬁnities for crucial
intracellular components. Whether any of the proteins bound to the aggregated proteins becomes
deﬁcient enough within the cell to cause harm is
not known.
In the Alzheimer brain, although the amyloid-bcontaining extracellular plaques are an eye-catching
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ﬁnding (and are structures being imaged clinically),
years ago we proposed that, like we postulated in
s-IBM, there is a similarly invisible intracellular toxicity
occurring within Alzheimer brain neurons (a concept
that is now becoming more widely accepted (see
Chapters 7 and 10, and below).

Neuromuscular fatigue and
exercise intolerance
Neuromuscular fatigue and exercise intolerance
should never be quickly dismissed as being caused
by inexplicable and untreatable “aging.” They might
actually be due identiﬁable problems, such as neuromuscular, cardiac, respiratory, or other disorders.
In the usual clinical neuromuscular exam, fatigue is
not evaluated, and sometimes it is not quantitated in
therapeutic trials. With an effective treatment of a
neuromuscular disorder, subjectively lessened fatigue
is often the ﬁrst and must pervasive symptom to
improve, and to reappear upon reduction or withdrawal of an effective treatment. An observant
patient can give a reliable report of any change of the
fatigue component of daily activities, such as individually standardized walking (according to minutes or
blocks), stair-climbing, arising from a chair, lifting,
and gripping. These valid indicators of treatment
efﬁcacy must not be rejected by insurance company
reviewers.

Deconstructing “chronic fatigue
syndrome”
Based on patients we have seen, the “diagnosis” of
untreatable chronic fatigue syndrome (CFS) has often
been made hastily and nebulously, sometimes dismissively, without detailed investigations of the
patient that could disclose a clearly identiﬁable
cause and possibly a treatable one, such as we have
found, for example: a subtle CIDP or other neuropathy; myasthenia gravis, periodic paralysis, muscle
carnitine deﬁciency (see below), or hyperparathyroidism [8, 34]. The fairly recent and contradictory
reports of the “XMRV retrovirus” allegedly associated with CFS, recently have not been conﬁrmed.
In the meantime, the US Food and Drug Administration (FDA) has banned “CFS patients” from
donating blood. A number of patients labeled as
“CFS” have malaise and depression, but whether

that is primary or is secondary to an occult debilitating neuromuscular disorder, such as a neuropathy, can be difﬁcult to determine in the individual
patient. In each CFS-like patient, we recommend
performing: (a) a full battery of blood tests, including dysimmune and viral parameters; (b) a histochemically analyzed diagnostic muscle biopsy; (c)
nerve conductions and EMG; (d) a spinal ﬂuid
analysis including an “m.s. panel” for dysimmune
parameters.

What is treatable “neural-labile
pseudo-ﬁbromyalgia”?
In our opinion, the diagnosis of “ﬁbromyalgia” is
often used to describe various unexplained pain
symptoms, not a distinct disease. The classic tender
points are often sites of neurogenic muscle macrocramps or microcramps, caused by pathologic neural
lability originating in some region of unhappy lower
motor neurons. The small painful and tender cramps
or microcramps can sometime feel like a “sausage,”
according to palpation by the patient and physician.
Not uncommonly, ﬁbromyalgia is used as a dismissive
diagnosis for muscle aches and pains. Sometimes
incorrectly called ﬁbromyalgia are ﬁve manifestations that we consider to be based on proven neuropathic pathogeneses, and which are often directly
treatable.
1 Mechanical cervical radiculopathy, involving one, or
sometimes a few, nerve roots, causing pain, muscle
tenderness, and “muscle tightness,” which are actually focal crampings, in the neck, upper shoulders or
arms [35]. A positive result in a carefully done “neckstretch test” [35], using the physician’s hands can
produce some degree of immediate relief, usually
transiently, but nevertheless it can be diagnostic;
even a transient worsening of the pain typically
indicates a focal mechanical radiculopathy. Longer-term improvement is often achieved by properly instructed, repeated neck stretchings utilizing
a home neck-stretch apparatus (begun after magnetic resonance imaging excludes serious neck
pathology). “Ponderous purse disease” (PPD) [36],
much more often in women, is caused by a heavy
shoulder purse (or a shoulder computer bag, or a
shoulder bag of baby paraphernalia), which can
aggravate or bring out cervical radiculopathy
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symptoms and simulate “ﬁbromyalgia.” PPD can
usually be mitigated or eliminated by the apparently abhorrent concept of carrying a much lighter
hand purse to eliminate or markedly lighten the
shouldered “beast of burden.”
2 Mechanical lumbosacral radiculopathy can produce a
focal painful and tender persisting tightness cramp –
a “sausage” – in the low-back or gluteal musculature, or sometimes lower in the thigh or leg.
3 Hyperparathyroidism sometimes is overlooked,
especially when normocalcemic (see below [34];
Engel, unpublished observations).
4 Persistingly migrating “multi-microcramps” syndrome, with occasional macrocramps (see below) [8].
5 A predominately motor CIDP.

Falling
Falling of older patients is more than “just getting
old.” It is often, but not always, the result of enfeeblement of lower-limb muscles affected by a neuromuscular disorder, or sometimes from a sensoryneuropathy ataxia. The patient who falls may have
(a) certain common, relatively easily correctible
causes of falling, such as: medication effects; dysregulations of blood pressure, cardiac function, and
plasma glucose; and other disorders in the general
physician’s purview; or (b) a sometimes overlooked
(especially in today’s hurried clinical atmosphere), a
gradually incapacitating but possibly treatable neuromuscular/neurologic condition. Each falling
patient deserves careful neurological and neuromuscular analysis (see above). Some work-around
assistive devices can be tried – e.g. canes, crutches,
braces, walkers, and wheelchairs – but they are often
disdained by perilously proud seniors. Also very important: seniors should have, and wear, the best
possible corrective eye-glasses.
Some disorders causing treatable weakness, sensory imbalance, and/or disabling spasticity are discussed in the Chapter 3 vignettes, and below.
. Peripheral neuropathies can cause falling due to
both weakness from motor-nerve involvement and
impaired balance from sensory-nerve deﬁcits: these
defects are often concurrent.
. Motor neuron disorders, such as ALS and PMA,
can cause lower-limb weakness, ﬂoppy feet, and
falling.

.
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Sudden automatic reaction to sudden pain, as from a
painful neuropathy or arthritic conditions, including back pain, can throw the patient off balance and
produce a fall.
. Painful muscle “macrocramps” and “microcramps”
can impair gait and cause falling. They are typically
neurogenic, more often produced by peripheral
neuropathy or mechanical radiculopathy. The pathogenic aspects of these are often treatable (see above
and below), and symptomatically we have found
that low-dose clonazepam often provides gratifying
relief [8, 9]. Much less commonly, the cause of the
cramps is ALS, a feared but uncommon diagnosis.
. Generalized type-2 muscle ﬁber atrophy can result
from visible, or sometimes occult, undernourishment (cachexia), remote effect of a neoplasm
(e.g. via undernourishment or a tumorogenous
“neuromuscular toxicant”), inactivity (disuse),
or glucocorticoid toxicity. Treating the underlying
condition sometimes improves the atrophy and
weakness (see Chapter 1 in this volume). To conditions causing type-2 ﬁber atrophy in an elderly
animal, or human, the imprecise and intellectually
misleading general term “sarcopenia” is sometimes
applied. It is often misinterpreted as a “diagnosis,”
but it only means atrophy of aging muscle, for which
AAM is our more direct designation (see Chapter 1).
To say that an aging animal or patient with muscle
atrophy and weakness has “sarcopenia” only obfuscates the problem.
. Occult hyperparathyroidism, associated with an elevated, or normal, level of ionized calcium, can present as fatigue, weakness, and falling due to muscle
denervation atrophy plus type-2 ﬁber atrophy [8].
It is often easily treatable by surgical excision of a
parathyroid hormone (PTH) adenoma (see Chapter 3,
vignette 9; Engel, unpublished observations). A PTH
adenoma is sought by ultrasound scan, CT or radioisotope scan. If the cells overproducing PTH are not
grouped in an adenomatous lump, but are more
diffuse, the scans can be negative, but that does not
exclude the presence of overproducing PTH cells that
require surgical removal. In that situation it seems to
us that exploratory surgery utilizing real-time measurements of PTH in the several veins draining the
parathyroid gland regions might identify the general
locus of the over-producing cells requiring removal.
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. Cervical spinal problems impairing gait are increasingly common in seniors. They include mechanical
pressures. Spondylotic myelopathy, from pressure on
the cervical spinal cord, can cause spasticity of
gait and/or focal pressure on roots of nerves in one
or both upper limbs. Lumbosacral spondylotic
radiculopathy, can cause impairment of motor and
sensory nerve-roots to the lower limbs. Those
mechanical pressures are sometimes treatable by
surgery, which must be done extremely carefully
so as to not impair the delicate blood supply of
the spinal cord and roots. However surgery is
not always needed, and if done is not always
successful.
. Brain disorders that cause imbalance and/or spasticity might be overlooked, for example, potentially
treatable ones such as normal-pressure hydrocephalus, subdural hematoma (e.g. in a patient on anticoagulant therapy who has recently fallen), and
early abscess or tumor. Other brain disorders affecting balance and gait are various.

Special vasculopathic aspects of
neuromuscular diseases
These raise the consideration of vasodilative and/or
anticoagulative concurrent treatment.
Immunoglobulin and complement deposition in
venules and arterioles is characteristic of dermatomyositis [37, 38].
Arterioles, or perhaps more proximal vessels: ischemia, intermittent or prolonged:
. Duchenne muscular dystrophy: small foci of samestage necrotic muscle ﬁbers or regenerating muscle
ﬁbers (with high serum CK), plus excessive ﬁbrosis,
were identiﬁed in patients. These (and elevated
serum CK) were reproduced in our rat model that
combined aorta ligation below the level of the renal
arteries with a vasoconstrictor, serotonin or norepinepherine [39–43]. These ﬁndings in Duchenne
dystrophy, studied before the dystrophin gene
mutations were found, may indicate a co-pathogenic mechanism.
. Ischemic leg necessitating amputation, in an elderly
patient: this had the same same-stage multifocal
myopathic lesions [39–43], thereby supporting the
ischemia hypothesis of a vascular co-component of
the Duchenne dystrophy pathogenesis.

Capillaries: calcium deposits, when seen in patients
with normal renal function, normal PTH, and normal calcium levels, are virtually diagnostic of diabetes-2 (Engel, unpublished observations since 1981).

Boxing
In the “sport” of boxing, the main aim is brain maim.
The boxer’s intent is to produce unconsciousness by
concussing another person’s brain. Numerous
repetitions of these often eventuate in dementia
pugilistica or other crippling brain abnormalities,
including “premature aging changes.” In the media
there is more concern expressed regarding accidental concussions in hockey and football than intentional boxing concussions, public displays of which
are enjoyed often by thousands of attendees and by
millions via television. Enthusiasts focus on the
victor, neurologists on the vanquished. Formal recommendations of the American Academy of Neurology and the American Medical Association to ban
boxing have not been inﬂuential. (Interestingly, in
some states, being involved in the activity of cock
ﬁghts can engender incarceration.)

Clinical exam suggestions
.

Simple vital capacity: we measure this on every
patient at every clinic visit, and daily for in-patients,
employing an easy-to-use hand-held respirometer.
. In a spastic or rigid patient, one should test muscle
strength by the power to resist force, not by ability to
actively move the muscle being tested. In fact, this
should be done when testing all neuromuscular
patients.
. When testing patellar and biceps tendon reﬂexes, in
order to focus the tap, the examiner’s ﬁnger should
be put across the tendon and very ﬁrmly hit with a
“Queen Square” reﬂex hammer.
. The Babinski test can be done correctly only if
ﬂexion and extension strength of the toes is normal.
Also, distal reduction of pain sensation in the soles
can produce a nonresponsive result.
. In a peripheral neuropathy with sensory-nerve
involvement: (a) distally reduced pain sensation is tested
by carefully testing distally to proximally up a limb
with a disposable toothpick, but (b) to detect distal pain
hypersensitivity, we carefully test proximally to distally
down a limb. Hypersensitivity is produced by exces-
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sive lability of dysfunctional small-diameter pain
ﬁbers in a peripheral neuropathy.
. Looking and palpating for enlarged sural nerves
should always be done in a clinical neuromuscular
exam. They can be brought into prominence by the
examiner holding the foot fully inverted and ﬂexed.
. The neurologic examiner should always personally
check the pulse (it only takes a minute). Aging patients
can have an unrecognized tachycardia or arrhythmia,
potentially dangerous, potentially quite treatable. A
number of times we have found a previously undetected atrial ﬁbrillation or other arrhythmia, or a
pulse >90 BPM, and even >110 BPM.
. Always ask about a family history of diabetes-2. A
close family history can predispose to (a) manifestation of diabetes-2 by glucocorticoid/prednisone
treatment, and (b) genetico-diabetoid-2 dysimmune
polyneuropathy.
. Always test for jaw hyperreﬂexia and Chvostek facial
neuromuscular hypersensitivity.
. When examining strength of patients with sensory
peripheral neuropathy, having them look at the area
being tested often elicits their improved, maximal
response.

Laboratory testing and
interpretation
.

In an aging person, a laboratory result that would be
abnormal in a young adult should not be summarily
dismissed as “normal in aging.”
. Every circulating antibody is member of a “nanofamily” composed of identical “monoclonal antibodies” produced from one B-lymphocyte clone. In
clinical parlance, when there is increased size of a
quantitated peak or band representing one such
nano-family, that nano-family is designated a
“monoclonal antibody.”
. “Monoclonal gammopathy of unknown significance” (MGUS) is an oxymoronic misunderstanding
when used in reference to a neurologic patient in
whom the serum or urine monoclonal antibody is
suspected to be having a pathogenic role. Historically, the term “MGUS” was initiated by R.A. Kyle, a
myeloma expert [44], simply in reference to a monoclonal antibody that was not associated with a de-
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tectable myeloma or other serious B-lymphocyte
dyscrasia after careful searching. However, instead
of MGUS, a more correct name is “nonmyeloma
monoclonal gammopathy” (NMMG). In a book by
concerned clinicians, the commonly misused, literally illogical and confusing expression of
“undetermined signiﬁcance” is exempliﬁed in their
table entitled ”Proposal for criteria for demyelinating
polyneuropathy associated with MGUS”. It includes
categories of “The relationship is deﬁnite when . . .,”
and “The relationship is probable when . . ..” But
logically, if the relationship is deﬁnite or probable the
monoclonal gammopathy cannot be of unknown
pathogenic signiﬁcance. We agree with the authors’
general emphasis in that table but not with perpetuating that illogical and misleading use of “MGUS”.
In our group of over 1000 patients presenting, over
the years, to our tertiary referral center with peripheral neuropathy and a discoverable monoclonal
gammopathy, none has had evidence of myeloma,
in 3–10 year clinical follow-ups (although not all
had initial bone-marrow, radiologic, and radionuclide imaging).
. A monoclonal band, or free light chains, or free heavy
chains in serum, urine, or CSF should not be dismissed as “normal in aging.” Rather, those immunoglobulins and fragments are indicative of dysimmunity and of possible pathogenic signiﬁcance in
that patient. Immunoﬁxation electropheresis (IFEP) is
very sensitive for detecting monoclonal bands and
free light- or heavy-chains. Decades ago the IFEP
technique made obsolete serum protein electropheresis and immunoelectropheresis but, unfortunately, those two inferior techniques are still being
ordered instead of IFEP, sometimes at the insistence
of insurance and Health Maintenance Organization
(HMO) companies.
. If a monoclonal band, or free light chains or heavy
chains, are detected by IFEP, are they the pathogenic
ones? These abnormalities demonstrate a dysimmune
milieu within the patient and a suspicion that the
detected abnormality might be the cytotoxic one.
However, conceptually the actual dysimmune cytotoxicity could be, qualitatively, due to a different
monoclonal nano-family that is not quantitatively
high enough above the detection threshold to be
identiﬁed as “monoclonal.”
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. The white blood cell count (WBC) and “leucopenia” are
illogical and misleading archaisms from ancient
times when blood cells were ﬁrst seen microscopically and the best that could be done was to categorize them as “red” or “white” cells. Astonishingly,
“WBC” and “leucopenia” are still being used
in prestigious medical journals (such as the New
England Journal of Medicine), the Physicians’ Desk
Reference, and Epocrates, and that illogicality is still
being used by medical-school professors, even
hermatologists and being taught to our students.
Those two terms and that concept should be banished
from medicine. Reason: the WBC is composed mainly
of two disparate cell types, neutrophils and lymphocytes. Its use is worse than nonsensical because it can
distort clinical management, especially when used
as guidance in anti-dysimmune treatment. Every
laboratory computer should always automatically
produce absolute values in the differential blood
count. In our anti-dysimmune treatments: (a) a
worry factor is to keep the absolute neutrophil count up
in the safe range; and (b) therapeutically we like to
push the total lymphocytes down to a very low level,
even though only a small percent of the lymphocytes are thought to be the undesirable pathogenic
ones in an autoimmune disease. We cannot yet
target only the actual trouble-making B- and T-lymphocytes. A step in that direction is the recently
popular rituximab, which targets mainly CD20 Blymphocytes (but it can also produce an undesired
neutropenia). A desirable combination of normal
neutrophils and low lymphocytes can produce a
“low WBC,” a “leucopenia,” which misleadingly
suggests to some clinicians an erroneous need to
interrupt the anti-dysimmune treatment. Thus,
safety and efﬁcacy monitoring only with a WBC can
confuse a desirable therapeutic lymphopenia with a
potentially worrisome neutropenia. To help keep
the neutrophil count up, we sometimes use a small
dose of prednisone, such as 5–15 mg single-dose on
alternate days, if the patient does not have diabetes2 or a close-family history of diabetes-2, or another
contraindication for prednisone.
. Examination of CSF is important in many neuromuscular disease patients, such as ones in whom an
aspect of peripheral neuropathy, a motor neuron
disorder, or a CNS component is suspected. Wrong

is the sometimes-stated idea that a protein value
above the listed “normal” of 45 mg/dL can be
“normal in elderly persons.” To us, elevated
CSF protein always means (a) impairment of the
blood–nerve or blood–brain barrier, or (b) abnormal production of protein by the CNS (if that
protein was not due to a “bloody spinal tap”). For
example, a CSF protein elevation can be an aspect
of a dysimmune neuropathy, which is more common among the elderly, and protein elevation is
especially common in diabetes-2 dysimmune neuropathy. Regarding CSF immunoglobulin bands,
we consider even one band abnormal and signiﬁcant, contrary to certain long-ago-established and
possibly erroneous guidelines that require two, or
sometimes three, bands to be considered abnormal.
CSF immunoglobulin bands due to pathologic
inward leakage of the blood–nerve or blood–brain
barrier would also be found in the concurrent
serum, if they are above the threshold of
detectability.
. Elevation of serum AST, ALT, and LDH indicates
abnormal leakage from either skeletal muscle or
liver. These parameters are not solely “liver-function tests”, but that is still sometimes being thought
and taught. Distinguishing the source requires analysis of GGTP and CK (CPK). Serum GGTP is increased only in some liver disorders, and serum CK
(MM type) is increased only in some skeletal-muscle
disorders, especially in myopathies, but it also can be
slightly elevated in some disorders causing muscle
denervation. Serum CK MB type is increased in
some cardiac disorders, and can also be somewhat
increased if there are a number of regenerating
skeletal muscle ﬁbers in a neuromuscular disorder [45]. Neuromuscular evaluations and liver
evaluations should always include both CK and
GGTP measurements.

Clinical electrophysiology
considerations
EMG
Routine clinical EMG done during slight voluntary
contraction of a muscle allows quantitation only of the
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early-activated type-1 slow-twitch motor units. It does
not see the fast-twitch type-2 motor-units, which
are activated only by a vigorous contraction [10, 46,
47]. Thus, size abnormalities of type-2 motor units
are presumably not detected.
Electrically enlargement of a motor-unit amplitude
and duration probably initially represent “densiﬁcation” of the distribution of its muscle ﬁbers, which
are not normally densely distributed within the
overall territory of an individual motor unit. Thus,
at ﬁrst there is probably not a widened geographic
territory [25, 48].
It is imprecise and simplistic to consider the EMG
pattern of voluntary “brief-duration, small-amplitude,
overly-abundant motor-unit potentials” (BSAPs) as diagnostic only of “myopathy” or as a “myopathic
EMG” [49, 50]. The BSAP pattern basically means
there are fewer than the normal number of activated
muscle ﬁbers per motor unit. Consequently the patient
activates more than the usual number of motor units
to achieve a certain amount of force. Yes, this can
occur in a myopathic process due to a relatively
random loss of a portion of the activatable muscle
ﬁbers within numerous individual motor units.
However, the BSAP pattern can also occur if the
loss of muscle-ﬁber activation is due to (a) impaired
transmission at randomly affected neuromuscular
junctions (as in myasthenia gravis or botulinum
toxicity), or (b) impaired transmission in randomly
affected distal motor nerve twigs in a ”distal
neuropathy,” such as the multi-microcramps syndrome and some other peripheral neuropathies. If
polyphasic potentials are also an aspect of a BSAP
pattern, it is called a BSAPP pattern.
Thus, the BSAP and BSAPP patterns indicate
fractionated motor units, meaning the patient is activating fewer than the normal number of muscle
ﬁbers within many individual motor units; they do
not delineate just one diagnostic category, i.e. not
exclusively a myopathy.

reinnervation and repair, but often progresses to
become irreversible). Dysinnervation is only a partial
loss of neural inﬂuence, which can either (a) remain
partial, or (b) worsen to become a completed denervation (details in Chapter 1). In general, a dysinnervation probably would be more easily treatable and
reversible, and thereby able to provide short- or longterm beneﬁt.
Routinely tested clinical nerve conduction velocities are unable to measure the slow-conducting smalldiameter nerve ﬁbers; these (a) normally convey pain
sensation, and (b) when they are abnormal, as in
injury or disease (such as peripheral neuropathy),
they can be excessively labile and emit spontaneous
signals of pain. Accordingly, in a predominantly
painful sensory-neuropathy form of CIDP or another neuropathy, the measurable nerve conduction
velocities of the large-diameter fast-conduction
nerve ﬁbers can be normal or abnormal. Therefore,
one must not require conduction-slowing of those
measurable, but not symptom-producing, fastconducting ﬁbers as a requirement for the clinical
diagnosis of CIDP. Nor should they be a required
parameter to be monitored for documenting improvement in a predominantly painful neuropathy.
For monitoring potential improvement of a
patient’s mixed large- and small-diameter nerve
ﬁberneuropathy, as in CIDP or another disorder, an
improvement of nerve-conduction parameters cannot be required. A patient can show good to excellent
beneﬁt clinically without any improvement of conduction velocities (Engel, unpublished observations).
We propose that in nerve conduction velocity
studies, a ratio between relative slowness of conduction velocity and relatively good or excellent
amplitude (our “V/A ratio”) could potentially be
useful for determining early slowing of conduction.
However, we have not yet formalized this proposed
ratio and the relevant normal values thereof.

Nerve conduction velocities

Diagnostic muscle biopsy
interpretations

Denervation and dysinnervation abnormalities are
usually neurogenous (but, atypically, sometimes can
be myogenous; see Chapter 1). Conceptually, denervation is a complete loss of neural inﬂuence on the
muscle ﬁber (which initially can be reversible by

Diagnostic muscle biopsies are very important (these
are also discussed extensively in Chapter 1). A few
general principles are as follows.
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. Denervation/neuropathic aspects: “denervation” can
be: (a) an anatomic disconnection; or (b) only a
dysfunctional, partial loss of neuronal trophic inﬂuence of the lower motor neuron axon to the
denervated muscle ﬁber, i.e. a dysinnervation (see
above).
1 Recent denervation not followed by reinnervation
is evident as atrophic small angular muscle ﬁbers.
2 Early reinnervation following recent denervation
is evident as intermediate-staining ﬁbers on the
reverse ATPase reaction, if the reinnervation is by
a foreign (opposite type) of motor neuron (see
Chapter 1).
3 Established reinnervation following previous denervation is manifest as type-grouping.
4 Nonreinnervation following previous denervation
is evident as very atrophic pyknotic nuclear
clumps.
5 Paucity of one of the muscle-ﬁber types: this is
usually an aspect of a type-grouping phenomenon
(a hypothetical, much less likely alternative is that
it might be reﬂecting a neuropathic or myopathic
preferential loss of one type of lower motor
neuron or type of one muscle-ﬁber).
. Ordinary myopathic aspects: these include necrosis,
phagocytosis, regeneration, and vacuolation of
muscle ﬁbers. Dysimmune “inﬂammatory” myopathies
typically have accumulated lymphocytes and macrophages in relation to abnormal muscle ﬁbers and/or
around blood vessels. Sometimes deposition of immunoglobulins in blood vessels is a major pathogenic
mechanism, as in dermatomyositis [37, 38].
. Type-2 muscle ﬁber atrophy can be caused by various
abnormalities, such as cachexia, hypoactivity
(disuse), glucocorticoid excess, hyperparathyroidism, a manifestation of recent pan-deinnervation [51,
52] or pan-dysinnervation, or upper-motor-neuron
abnormality (for extensive discussion, see
Chapter 1).

Manifestations of disturbed
activity of lower motor and
sensory neurons
See Table 2.1.

Therapeutic principles
N-of-1 þ 1 þ 1 studies
In our opinion, controlled trials involving many
patients, seeking a subtle or miniscule beneﬁcial
effect, are occasionally helpful but are not the sine
qua non of providing all the information useful for
clinical management. Also, they can be very expensive, often seeming to be satisﬁed with only an
inﬁnitesimally small beneﬁt that requires special
statistics to be demonstrated. We believe that a
number of “N-of-1” therapeutic experiences involving carefully monitored individual patients often
can be very informative and clinically relevant.
To emphasize this principle, a few of our lucky
and enduring therapeutic successes may be
mentioned:
. Hypokalemic periodic paralysis: acetazolamide [53,
54]. Hypo- and hyperkalemic periodic paralyses:
dichlorphenamide (another carbonic anhydrase inhibitor) [55]. These prominently reduced paralyzingattack frequency and severity, and increased interictal strength. They have become standard
treatment.
. Two muscle carnitine deﬁciency disorders having
increased triglyceride, within muscle ﬁber, treated
differently with:
1 Diet nearly devoid of long-chain fatty acids: severe
muscle weakness of proximal limbs, swallowing,
and breathing, which evolved to respiratory- and
gastric-feeding-tube dependency by age 17. The
boy was slightly obese, very intelligent, and highly
motivated. He had failed carnitine treatment.
(Carnitine is needed for transporting long-chain
fatty acids into mitochondria for ATP production
(but it is not needed for short- and medium-chain
fatty acid utilization.) Our new hypothesis [56,
57] was that the accumulating long-chain fatty
acids were toxic, by forming micelles with sodium
and these have a detergent action solubilizing
cellular membranes, a form of “endodissolution”
(not an “afuelia”). Our unique treatment, begun
in 1981, was to de-fat him by eliminating longchain fatty acids from the diet, replace nutrition
with multi-component Portagen (Mead-Johnson
Co.), containing only short- and medium-chain
fatty acids (from coconut oil), and eliminate
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obesity (initially only 700 calories/day). Within 3
weeks he was off the respirator and feeding tube,
and walking a few steps, at 2.5 months he was
walking 2.5 km/day, and in 1 year he was playing
golf. Now, 30 years later, he maintains normal
strength, is a busy international professional, and
remains on the unique diet.
2 That same long-chain fatty-acid-free diet was used
very successfully to treat a three family members
who had lifelong weakness and fatty-food intolerance due to autosomal dominant lipid neuromyopathy (with excess lipid within muscle ﬁbers
and Schwann cells) and normal levels of muscle
carnitine [58].
3 Emergency use of D,L-carnitine directly from a chemical company, 4 g/day, for a virtually lifelongafﬂicted, diffusely weak 23-year-old woman, on
a respirator, who was so near death that her
autopsy was being planned. This treatment resulted in dramatic improvement within 10 days.
At 8 months muscle function was normal and
remained so on 3 g of L-carnitine/day, eventuating
1 year later in her planning her own wedding. The
lucky-guess desperation treatment [59] was based
on our identifying excess lipid within the antemortem biopsied muscle ﬁbers of her sister, deceased at age 10 (linked in our laboratory by
having the same family name of the biopsy specimen submitted from a different state).
. HTLV1 subacute severe spastic paraparesis, with
some muscle fasciculations and cramps: antidysimmune therapy (prednisone plus oral cyclophosphamide 2 mg/kg/day in one, and prednisone plus
total-body irradiation (see below) in the other) in two
men, 68 and 70. Those produced remarkably improved walking (no longer wheelchair-dependent)
[60]. Treatment was initiated because the culturenegative CSF had 28 and 111 lymphocytes, protein of
86 and 254 mg/dL (normal < 46), and elevated IgG
synthesis. All was done before their diagnosis of
HTLV1 became known as per the American Red
Cross careful lookback-monitoring and before
routine testing of surgical donor blood for HTLV1,
which was the retrospectively documented source
of infection of these men who had had coronarybypass procedures, each involving many units of
transfused blood. This is an example of virogenic
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dysimmune myelopathy. Knowing of the HTLV1
viremia would have made us hesitate before this
treatment. This successful experience encourages
consideration for similar HTLV1 myelopathy treatment in the future, and it re-emphasizes the virogenic aspect of dysimmune diseases (see the section
on Interferon-a2A below).
. Syndrome
of continuous motor-unit activity
(also called neuromyotonia or multi-microcramps):
immunosuppression (prednisone, oral cyclophosphamide, plasmaphereses, before IVIG was available) produced an excellent, essentially full response—
(regained ability to walk, write, and drive)—in a
severely disabled elderly woman. This response
provided the ﬁrst indication that this disorder is an
autoimmune disease [61].

Intelligent and observant patients
Clinicians understand that an intelligent and observant patient can detect signiﬁcant good or bad changes
in sensory and motor phenomena, and especially
fatigue aspects, before the clinical exam can, or use of
special machines can. Not reliable for monitoring
results of treatment are repeated nerve conductions,
EMG, and muscle biopsies, although sometimes a
repeat study is necessary to help clarify the pathologic
process. Sometimes general “clinical guidelines” that
are intended to be helpful for patient management
are too restrictive. Accordingly, absence of a guidelinesdesignated beneﬁt is not absence of relevant beneﬁt.

Our principles of anti-dysimmune
treatment
Always within the limits of safety and side effects:
1 Stop pathogenic damaging, and permit maximal
endogenous repair and regeneration.
2 The longer time that cells remain malfunctioning,
the greater likelihood they will die (normal$
malfunctioning but alive ! dead).
3 Individualize anti-dysimmune treatments.
4 Maximally reduce cellular malfunction for as long as
possible, to prevent gradual irreversibility and cell
death.
5 It is medically inappropriate for a physician to
choose to intentionally provide less than optimal
anti-pathogenic therapy of dysimmune disease, or
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be satisﬁed with clearly less than optimal improvement—and for insurance companies, HMOs, or a
government to do so is contrary to good medical
care. That would be similar to providing intentionally suboptimal treatment of infectious diseases,
which is clearly inappropriate.
6 Achieve maximally summated improvement, based
on clinical expectation. For example, when using
IVIG, be not content with a less-than-optimal
plateau of blunted improvement, nor with some
repeatedly unsustained, unsummating little improvements. One should treat maximally and often
enough to prevent a “Sisyphus phenomenon.” In Greek
mythology, Sisyphus was a misbehaving character,
punished by the gods by being compelled to roll an
immense boulder up a steep hill, but each time,
before he could keep it at the top of the hill, the huge
rock would always roll back down, forcing him to
begin again, and again, and again, repeating this
endless toil throughout eternity. IVIG treatments, if
given in suboptimal dosage and frequency, if fail to
summate for optimal beneﬁt, resulting in Sisyphusian
futility for the patient and physician. This should be
avoided if at all possible. In our experience with IVIG,
optimal beneﬁt usually lasts only 1–2 weeks after the
last infusion, sometimes even shorter. Thus, reappearance of symptoms before the next dose suggests a
Sisyphusian inadequate frequency, a major hindrance to long-term summation of beneﬁt, and possibly ingravescently adding to aspects of irreversibility
of the cellular damage the physician is attempting to
repair. But we also emphasize that individual IVIG
doses given in too-large amount and/or too rapidly in
one infusion session can be risky, occasionally producing generally unwell feeling, hypertension,
headache, or blood-vessel blockage. Infused IVIG
thickens the blood, and so we always give aspirin to
patients being treated with IVIG, unless they are
already taking coumadin or plavix.
7 Try to develop new drugs that enhance regeneration
in the central and peripheral nervous system, to be
given concurrently with anti-pathogenic (e.g. antidysimmune) drugs.

Proposed overlapping phases of
anti-dysimmune improvement
These are the timings that seem to occur regarding
IVIG beneﬁt [3–6, 28]:

. Rapid: 1–14 days¼reversing of “moment-to-moment
molecular inhibiton,” such as cytotoxic action (e.g.
cytotoxic afﬁnity of immunoglobulins, cytokines, or
other damaging molecules—including putatively
pathogenic misfolded proteins.
. Slow: incrementing during weeks to months¼
repair/regrowth mechanisms of neurons, Schwann
cells, and muscle ﬁbers.

Comments on individual
anti-dysimmune treatments
IVIG
An IVIG dosage and schedule individualized for each
patient is very important. The usual dose per infusion day is 0.4 g/kg on ﬁve consecutive days every
third week [4, 6]. Although some physicians give
2–2.5 times this daily amount on one day, or on two
consecutive days, we consider that this increases risk
of thromboembolic vessel blockage by the blood-thickening effect of the IgG infusate. We infuse slowly,
generally not over 100 mL/hour, and slower for
worrisome patients who are considered susceptible
to hypertension, headache, or vascular occlusion,
and for small patients or ones with a general frailty
of aging. This is in contrast to some IVIG package
inserts that allow up to 250–340 mL/hour for a
70 kg patient. For worrisome patients, we invented,
17 years ago, an infusion schedule of 0.4 g/kg on
two nonconsecutive days every week [4, 6]. This provides a more even elevation of IgG blood levels and
fewer side effects. More recently, we have sometimes utilized a schedule of 3-week cycles, namely
3–3–0 or 3–2–1 infusions per week on alternate or
consecutive days: of these two schedules, the
former is more days effective for some patients.
Note: the supposed quantitative half-life of the
administered IgG circulating in the blood is not a
measure of the biological therapeutic half-life for the
individual patient, nor does it consider the blood
level that must be maintained to achieve persisting
beneﬁt. In one of our patients, we repeatedly documented that the necessary therapeutic blood level
was above 2200 mg/dL (the laboratory-stated normal blood level of IgG is 650–1650 mg/dL); below
that level, symptoms began to reappear.
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For diabetics, one should use IVIG brands without
sucrose. Such as Gammagard-Liquid or Gamunex
(the latter requires brief ﬂushing of the intravenous
line with 10 mL 5% dextrose in water).
There can be a number of apparently-benign
“pseudo-lupus” laboratory-parameter side-effects from
IVIG, including: high sedimentation rate,
elevated immune complexes, rheumatoid factor,
and anti-thyroid antibody positivity, some positive
lupus-panel tests, and various rashes. Because of
these, several of our patients were erroneously told
by a local physician “you have lupus.”
A possible future for IVIG therapy is to identify the
active region of the IgG molecule and synthesize it
for simpler, quicker, and cheaper treatments.

Repeated plasmaphereses
Plasmapheresis is an out-patient procedure for
acutely removing from the blood putatively-toxic
antibodies (and other detrimental molecules such
as cytokines and misfolded proteins). The whole
blood is ﬂowed from a vein into a centrifuge
machine, and a portion of the liquid part (containing noxious antibodies and all other circulating
soluble substances and factors) is removed. The
patient’s own red blood cells are then returned
to him or her. The outﬂow and return ﬂow to
the patient must be carefully monitored by an
experienced technician to prevent hypotension or
hypertension. Although plasmaphereses are sometimes very beneﬁcial, they do not stop the ongoing
production of toxic antibodies or other toxic
molecules, which immunosuppression drugs and
radiation treatments are intended to do. Note: the
patient’s oral and parenteral medications must be
given after a plasmapheresis treatment—if given
before, they would be removed from the blood by
the pheresis.

Glucocorticoid
In diabetics or patients with a close family history of
diabetes-2, we try to avoid glucocorticoid treatment,
which can aggravate or bring out diabetes-2 in such
patients. In nondiabetic patients, when we do use a
glucocorticoid, usually prednisone, we prefer the
schedule of single-dose on alternate days (before
8 am, to avoid insomnia from a caffeine-like side
effect) [62, 63]. For a more severely involved pa-
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tient, we often start with daily glucocorticoid, sometimes with high–low daily alternating doses, and
then gradually convert to the alternate-day
schedule.
In the future, perhaps the prednisone molecule
can be modiﬁed to keep the beneﬁcial motif and
eliminate the side-effects motif.

Imuran (azathioprine)
For Imuran, a daily divided, or single, oral dose of
about 3 mg/kg (with food) can be planned, but we
start at about 2 mg/kg and increase it as tolerated. As
a safety aspect, we monitor absolute neutrophils every
1–2 weeks, and for the ﬁrst 3 months monitor liver
functions (GGTP, AST, ALT) plus CK monthly. We
often use concurrently a small-single-dose alternate-day glucocorticoid (prednisone) to increase the
circulating neutrophils, trying to avoid a potentially
worrisome drug-induced neutropenia. Over time,
the Imuran dose often needs to be gradually reduced
to maintain neutrophils in a safe range. Caution:
generic azathioprine, imposed by insurance companies, can be toxic. We have recently seen an intolerable febrile, malaise, ﬂu-like syndrome in two
geographically separate patients, which did not
recur when we switched them to the brand Imuran,
with resultant excellent and sustained clinical
beneﬁt. In another patient there was a prominent
generalized pruritic rash with generic azathioprine
which was not seen subsequently in that patient
with Imuran. An occasional patient can be intolerant to both forms of the drug.

Rituximab
This is a rapidly acting immunosuppressant toxic to
CD20 B-lymphocytes, a small subset of which is the
main pathogenic element in some autoimmune
diseases. Rituximab is typically given and closely
supervised by a physician experienced in immunotherapy. Not yet established is whether or not there
will be a long-term toxicity of chronic rituximab
treatment of severely affected dysimmune neuromuscular patients, whose disease itself is not lifeshortening. Until now, rituximab has only rarely
caused progressive multifocal leucoencephalopathy, a severe JC-polyomavirus disease of the brain.
Often, each intravenous rituximab dose is
375 mg/m2, initially given weekly for three or four
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doses. Then the 4-week-cycle is repeated every
6 months. However, we are following one sensory
>motor CIDP patient, with a serum IgM-monoclonal,
quantitatively elevated IgM, and myelin-associated
glycoprotein (MAG) antibody. He has shown a good
rituximab response for 5 years, but his symptoms
begin to return about 2 months before his next
dosage is due. Too-infrequent dosing probably invites Sisyphus relapses, whereas too-frequent dosing
might jeopardize the bone marrow. Intuitively, we
have recently developed (for a patient with dysimmune adult-onset rod-myopathy syndrome, including CIDP and monoclonal gammopathy) [64–67]
what seems to be a better rituximab schedule to
follow after the induction course of four-weekly
doses: it consists of a once-monthly maintenancedose every 6 weeks and then every 4 weeks
(developed with Dr N. Gupta and I. Luthra).
In the future, perhaps, a lower standard dosage,
and/or a less frequent schedule of rituximab, can
become established for longer-term use, especially
for older dysimmune patients.

Total-body irradiation (TBI)
This has been extremely beneﬁcial for three of our
later-adult-onset dermatomyositis-polymyositis patients who were totally weak, totally limp, on a
ventilator and gastric feeding tube, and previously
unresponsive to all other immunosuppression treatments [68]. Their individual cumulatively dramatic
and long-term improvement was achieved, resulting in being off supportive tubes, walking well, and
for one, being able to drive farm equipment. For
those patients, the total-body irradiation treatments
were suggested, and supervised very carefully, by
Dr Alan Lichter, MD, radiation therapist. They were
15 rads twice weekly given for 5 weeks, a total course of 150
rads. Lymphocytes are pathogenic and they are the
circulating cells most damaged by TBI.
For the immediate future, total-body irradiation
treatment deserves further reconsideration. It must be
done with careful cooperation between a knowledgeable radiotherapist and the neuromuscular physician.

Interferon a2A
Can this treament sometimes result in an actual
“cure”? The subject is not an elderly patient, but his

N-of-1 story evokes a principle potentially applicable
to patients of any age. Previously, Poly ICLC, an
interferon inducer, each dose of which causes a
12-hour fever as a side-effect, was extremely beneﬁcial in an unusual disorder we call “fever-responsive
dysimmune neuropathy”, in a patient who had had
1–3 week slight improvements following spontaneous fevers [69]. The subsequent patient with feverresponsive neuropathy was a 16-year-old boy (in
November 1989) who had a previously-untreatable
motor dysschwannian polyneuropathy, gradually
progressing into severe, totally quadriplegic areﬂexic
paralysis for 2 years, and low vital capacity 1.5 L. CSF
protein was 56 mg/dL (upper normal is 45 mg/dL).
Our solo treatment [70–72] was with interferon a2A
12  106 units subcutaneously twice a week, which
by then had become available, chosen because it also
produces a 12-hour fever after each dose. This was
given for 14 years and slowly produced cumulatively
dramatic improvement (beginning barely detectably,
the day after the ﬁrst treatment). That beneﬁt
has now been persisting undiminished for 8 years
after stopping the interferon a2A [72]. Currently,
he vigorously mountain bikes, ocean-kayaks, and
river-canoes, with only some residual distal weakness. We propose that the putatively pathogenic
lymphocytes have been irrevocably destroyed. If so,
this may be a “cure” of his dysimmune disease.
Formulation: interferon has anti-dysimmune and
anti-viral actions. Some dysimmune diseases are
known to be caused by a persistent immune reaction
to a viral, bacterial, or other infection, and most or all
of them are suspected to be of that pathogenesis.
The excellent improvement of this fever-responsive dysimmune neuropathy patient suggests that
perhaps we should always treat dysimmune patients
by combining anti-dysimmune and antiviral (or
other antimicrobial) drugs, or one drug that does
both. This concept is a putative model for future
“combined anti-dysimmune plus anti-microbial
therapy.” And in each dysimmune patient we should
always be searching for tracks of a “relevant microbe.”
Possibly relevant: (a) HTLV1 viral myelopathy
is at least partly dysimmune [60] (see above);
and (b) previously occult oncornavirus manifested
morphologically as deﬁnite viral-type particles
in “normal” chick embryo tissue-cultured
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muscle [73], probably Rous sarcoma virus, is possibly present in chickens worldwide. In general,
we all probably have more exposure to viruses
than we realize, and carry more within our tissues.

Oral cyclophosphamide
Up to 2 mg/kg/day of oral cyclophosphamide (plus
>10 glasses of liquid/day) has been very beneﬁcial in
some patients (as noted above), but the potential
side effects of repeated hemorrhagic cystitis leading
to bladder cancer have made it less attractive.

Thalidomide and lenalidomide
Thalidomide, and its possibly better analog lenalidomide, have immunosuppressant effectiveness. In our
experience, sometimes thalidomide can improve on
beneﬁt produced by IVIG. However, both drugs can
be rather slow to show effectiveness. As a side effect,
they can produce a toxic sensory peripheral neuropathy, which is especially confusing and deleterious when treating a patient having, or potentially
developing, a dysimmune sensory neuropathy.
(Regarding, thalidomide and lenalidomide, we
appreciate the drug background information and
patient management collaboration of Dr Leo Orr.)

Caution
Be aware that a generic drug is not necessarily identical
in clinical beneﬁt and side effects to the brand-name drug.
If with a generic version there is (a) lack of the
expected efﬁcacy, or (b) undesirable side effects,
one should try a course of the original brand-name
drug (see our disappointing experience with azathioprine, above). Apparently, the FDA requires physical-chemical equivalence, but not proof of clinical
equivalence for approving a generic drug.
Some concepts discussed above are illustrated in
clinical vignettes presented in Chapter 3.
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Complex, probably-neurogenic
coexisting disorders
Vignette 1. Type-2 muscle-ﬁber
atrophy, neoplasm-related cachectic
atrophy, plus sensory-motor
neuropathy
Proximal muscle weakness in an elderly patient
associated with a normal electromyogram (EMG)
can be caused by type-2 muscle ﬁber atrophy, which
is diagnosable only on muscle biopsy. One should
seek an identiﬁable cause, such as cachexia, disuse,
glucocorticoid toxicity, a “remote” neoplasm, hyperparathyroidism, subtle denervation, or suprasegmental central nervous system (CNS) abnormality. This mainly-sensory nerve neuropathy can
cause slowed sensory nerve conductions, if involving large diameter ﬁber,  small diameter ones.
Nine months ago, a 62-year-old man began having
difﬁculty climbing stairs and getting up from a low
chair or a squatting position. He fatigued easily and
needed frequent periods of rest during his daily activities. His arms tired easily carrying bags of groceries
or holding his 18 kg grandchild. He had no symptomatic weakness in his distal limbs. He had slight distal
sensory symptoms, no muscle pain. He had been a
chronic smoker, but had stopped 10 years ago.
Examination: He had moderate bilateral proximal
lower-limb weakness, especially in the ileopsoas,

quadriceps, and glutei, and slight–moderate weakness in his proximal upper limbs. He had slightly
reduced vibration and pain sensations in his feet.
Cranial-nerve functions were normal. Tendon
reﬂexes were reduced throughout, ankle jerks were
absent, and plantars were unresponsive.
Studies: Creatine kinase (CK) was slightly elevated
(380 IU/L; upper normal for men is 370 IU/L). Liverfunction tests and other blood chemistries were normal. The serum anti-neuronal/anti-Hu antibody test
was positive. Immunoﬁxation showed a monoclonal
IgG-kappa band. Sensory and motor nerve conduction velocities were slightly slowed (dysschwannian)
in the lower limbs, and EMG was normal. Cerebrospinal ﬂuid (CSF) protein was slightly elevated
(48 mg/dL; upper normal is 45 mg/dL), without
detectable lymphocytes or tumor cells. Repetitive
neuromuscular junction stimulation at low and high
frequency was normal.
Quadriceps muscle biopsy showed prominent
type-2 muscle-ﬁber atrophy (especially of the type 2B
ﬁbers) prominent in degree and extent, and slight
recent denervation (see Chapter 1 in this volume).
Imaging of his chest disclosed a small lesion, which
upon biopsy was a solitary bronchogenic small-cell
carcinoma. Other studies did not disclose any metastases. Surgical resection of the chest lesion was
considered complete.
Diagnosis: This patient had type-2 ﬁber atrophy,
probably as a remote “paraneoplastic” effect of the
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lung carcinoma. Possible links between the neoplasm and the type-2 atrophy are detailed in Chapter 1. They include: a paraneoplastic dysimmune or
another type of autogenic toxic neuropathy, and hyponutrition/cachexia. Although his more prominent fatigue than weakness was characteristic of
type-2 atrophy, the diagnosis was based on the
muscle biopsy histochemistry. His hyporeﬂexia and
slightly elevated CSF protein probably were caused
by subtle sensory dysimmune peripheral neuropathy, with a motor component. On the ﬁrst clinical
examination, the differential diagnosis included
polymyositis; motor neuropathy; facilitating myasthenic syndrome of Lambert–Eaton; and a possible
component of brain or high-spinal-cord or meningeal metastases.
Treatment: Treatment was to identify and correct
the cause, in this case by tumor-excision surgery.
This patient’s bronchogenic carcinoma might or
might not have been completely removed. Resection
of a tumor often does not stop a remote effect of that
tumor. If the type-2 ﬁber atrophy continues after
“complete resection,” as occurred in this patient,
possibilities include the following: (a) tumor cells
are persisting at the original site or in undetected
metastases that are, speculatively, still secreting
cachexins or other adverse proteins. These may
include parathyroid-hormone-related-peptide (PTHrP),
which can induce cachexia by a mechanism independent of pro-inﬂammatory cytokine action. For
example, it might (i) provoke production of cachexins by other cells, and/or (ii) still be programming
lymphocytic production of toxic antibodies. (b)
Alternatively, there might be lymphocytes and/or
macrophages, previously “programmed” by the
tumor cells, that are still secreting circulating toxic
antibodies and/or “cachexins“ (such as tumor necrosis
factor a and interleukin-6, or PTHrP).
Comment: A common association of type-2 ﬁber
atrophy (discussed in Chapter 1) is an aspect of a
lower-motor-neuron abnormality resulting in functional “dysinnervation,” as may be part of the pathogenic mechanism in this patient. Note that routine
diagnostic EMG cannot quantify the size of the
type-2 muscle-ﬁber fast-twitch units because they
are activated only by vigorous contraction, whereas
slow-twitch type-1 motor-units are activated by

early slight contraction and usually are the only
ones quantiﬁed.

Myopathic disorders
Vignette 2. Sporadic inclusion-body
myositis
In a patient who has had gradual onset of proximal
and distal muscle weakness at age 50 or older,
especially involving the quadriceps, ankle extensors,
and ﬂexors and/or extensors of the distal phalanges
of the ﬁngers and toes, slightly to moderately elevated CK and no family history, one should consider
sporadic inclusion-body myositis (s-IBM). Muscle-biopsy histochemistry, utilizing our special staining techniques (see Chapters 7 and 10 in this volume), is
virtually always diagnostic.
A 60-year-old man has had very gradual onset for
at least 5 years, and probably 8 years, of progressive
neuromuscular fatigue, difﬁculty ascending stairs
and arising from sitting. Now, one or both legs can
suddenly give way while walking, or even while
standing. He also has a slight foot-drop bilaterally. In
the upper limbs he has moderate weakness of the
ﬁngers in gripping keys and picking up small things,
and in using his proximal upper-limb muscles. He
has developed general exercise intolerance. He recently has had occasional difﬁculty swallowing, needing liquid to wash the food down. He has not had
muscle cramps, pain, or sensory symptoms. Family
history is negative for neuromuscular disease.
Examination: There was prominent weakness
and atrophy in the quadriceps muscle, and moderate weakness of the glutei, and of the toe and
ankle extensors. He also had prominent weakness
of the ﬂexors of the distal ﬁnger phalanges (namely, ﬂexor digitorum profundus, especially of ﬁngers 4 and 5) and contrastingly good strength of
the ﬂexors of the metacarpal-phalangeal joints
(ﬂexor digitorum sublimus). Finger extensors
were moderately weak, as were biceps, triceps,
and deltoid muscles. There were no fasciculations.
Cranial-nerve functions, except for the dysphagia,
were normal. Speech, sensory, and cerebellar
functions were normal. Tendon reﬂexes were
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moderately–prominently reduced throughout.
Plantar responses are not interpretable because
extension of all the toes was weak.
Studies: Serum CK was slightly elevated at 512 IU/L
(upper normal is 397 IU/L). Nerve conductions were
normal. EMG showed small motor units (BSAPs,
“brief-duration, small-amplitude, overly abundant motor-unit potentials” [1]), plus recent denervation (ﬁbrillations and positive waves).
Muscle biopsy showed ﬁve types of abnormality,
as follows (see Chapters 7 and 10): (a) a few to a
moderate number of muscle ﬁbers, each containing
one or a few small vacuoles (which were sometimes
red-rimmed with the Engel trichrome stain);
(b) mononuclear lymphocytic inﬂammatory cells
(notably CD8 lymphocytes) around muscle ﬁbers,
and sometimes invading muscle ﬁbers that were
otherwise only minimally abnormal; (c) small inclusions, one or a few per ﬁber on cross-section,
(i) that were congophilic (indicating abnormal protein aggregated in the b-pleated sheet conformation
of amyloid); and (ii) by immunolocalization contained either amyloid-b protein and or hyperphosphorylated tau protein (p-tau) (each colocalizing
with any of about 20 other proteins, including
a-synuclein), that are also typical of Alzheimer
and/or Parkinson brain). (Amyloid-b and p-tau
accumulations are typical of Alzheimer brain, and
a-synuclein accumulations typical of Parkinson
brain.) (d) A few small angular muscle ﬁbers that
suggest a recent-denervation component (which
could be neurogenous or myogenous deinnervation
or dysinnervation). (e) Stained squiggles that contain
p-tau protein, which are much better displayed by
the P62 antibody than TDP-43, and by electronmicroscopy are seen as paired helical ﬁlaments.
Treatment: There is no enduring treatment for
stopping the gradual progression of s-IBM. How-ever,
some patients can have useful transient beneﬁt in
response to small or medium doses of oral glucocorticoid treatment, in the range of 15–45 mg single dose
on alternate days (see Chapter 7). But note, if the
patient or a close family member has diabetes-2 (type2 diabetes), a glucocorticoid can bring out diabetes-2.
Dysphagia sometimes is beneﬁted by IVIG.
Comment: Identifying s-IBM is clinically important, for example to distinguish it from amyotrophic
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lateral sclerosis (ALS), a fatal diagnosis that had been
given erroneously to several of our s-IBM patients.

Vignette 3. Dermatomyositis
Dermatomyositis causes a moderately or rapidly
progressive muscle weakness, with or without skin
manifestations. Muscle biopsy is nearly always diagnostic. Treatment is typically begun with a glucocorticoid, usually prednisone, and it is often effective in
restoring good to excellent strength.
In patients who have diabetes-2 in themselves or in
a close family member, a glucocorticoid should be
avoided or used with great caution, and, if used, blood
glucose and hemoglobin A1c should be constantly
monitored to try to avoid worsening or precipitating
diabetes. Alternative immunosuppressant treatments
include intravenous immunoglobulin (IVIG), Imuran/
azathioprine, possibly rituximab, and others (see
Chapter 2). If the patient is an adult, one should search
for an occult neoplasm that could be causing the
dermatomyositis as a remote effect: if found, a neoplasm should be treated aggressively.
For 6 months a 52-year-old woman has had
progressive difﬁculty climbing stairs and getting up from
a chair. She has been much weaker over the last 3
months, and now unaided cannot arise from a chair
or walk, and is also very weak proximally in the
upper limbs. She has some tenderness of muscles and
occasional deep aching pain in her thighs. She has no
sensory symptoms or imbalance. She has a moderate
violacious rash on her face, especially around her
eyes, and upper chest. Family history is negative.
Examination: This revealed prominent bilateral
weakness of hip ﬂexion and extension, and moderate–prominent weakness of knee extension and
hip adduction. There is also prominent weakness of
proximal upper limbs. Distal limb strength was only
slightly decreased. Tendon reﬂexes were decreased
throughout. Plantar responses were normal. Sensory and cerebellar functions were normal.
Studies: Serum CK was high 3200 IU/L (upper
normal for women was 240 IU/L). Serum aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), and lactate dehydrogenase (LDH) were also
rather highly elevated. But, the serum liver-enzyme
g-glutamyl transpeptidase (GGTP; which can leak
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from liver but not from muscle) was very normal:
this indicates normal liver function and demonstrates that the elevated AST, ALT, and LDH were
due to leakiness of abnormal muscle ﬁbers (which
was also indicated by the high serum CK-MM, a
skeletal-muscle enzyme). Sedimentation rate was
42 mm/hour (upper normal is 20 mm/hour for
women). Complete blood count and thyroid tests
were normal.
EMG of the quadriceps and biceps showed increased recruitment of abnormally small, sometimes
polyphasic, motor-unit potentials, Those “BSAPs”
and “BSAPPs” [1], evident during slight voluntary
contraction, indicated “fractionated” motor units,
which can be caused by either a myopathic or a
distal-axonal-twig neuropathic disturbance (see
Chapters 1 and 2). It also showed spontaneous
ﬁbrillations and positive waves at rest, indicating
separation of viable muscle ﬁbers from their motorneuron control (on a neuropathic or myopathic
basis), which would normally prevent such spontaneous activity. Nerve conductions were normal.
Muscle biopsy of the quadriceps showed changes
characteristic of dermatomyositis: (a) necrotic ﬁbers
and ﬁbers being phagocytosed; (b) “regen-degen”
muscle ﬁbers, many of which are multivacuolated
and many are positively stained with the alkaline
phosphatase reaction; (c) a perifascicular accentuation of these two types of abnormalities at borders
of the fascicles (bundles) of muscle ﬁbers; (d) alkaline
phosphatase-positive proliferating perimysial connective-tissue (in muscle biopsies, this is unique
to dermatomyositis, lupus erythematosus, and
sometimes polymyositis, and perhaps some other
collagen-vascular diseases); (e) mononuclear inﬂammatory cells, mainly lymphocytes and some macrophages, which are around muscle ﬁbers, and sometimes are invading ﬁbers that otherwise are only
minimally abnormal (but never completely normal
morphologically); (f) perimysial lymphocytic inﬂammation and ﬁbrosis; (g) immunoglobulin deposition
in intramuscular blood-vessels (see Chapter 2) [2].
The moderate to prominent alkaline phosphatase
positivity of perimysial connective tissue is virtually
diagnostic (see above). In this patient, search for a
remote neoplasm was negative, although in older
patients with dermatomyositis there is sometimes an

associated remote neoplasm, which might be discovered initially, or only months after the ﬁrst clinical
presentation of weakness.
Treatment: The patient, who had no diabetes-2
herself or in a close relative, was started on 60 mg
of single-dose alternate-day oral prednisone, with
potassium supplement. Our “prednisone-accompanying” dietary instructions were to omit caffeine
and sodium, and to limit calorie intake (prednisone,
being a glucocorticoid, causes adrenergic stimulation/insomnia, sodium retention, and increased
appetite). For this patient, since she was currently
progressing rather rapidly, was very weak, and was
not a fertile female, we added Imuran/azathioprine,
which we then personally monitored by obligatory
absolute neutrophil counts, initially done weekly,
that were obtained locally by the patient and the
results faxed immediately to us. (See Chapter 2 for
an explanation of the illogicality of a “white blood
cell count” and the possibility of incorrect management based on it.) We also initially gave her IVIG,
0.4 g/kg on ﬁve consecutive days, and then on two
nonconsecutive days weekly for the next 16 weeks.
She has had a cumulatively excellent response, with
improvement of strength and elimination of pain in
her legs. Concurrently, her CK returned to nearly
normal. In treating this type of patient, we follow the
clinical response, primarily strength and endurance, not
the CK level itself. (A rising CK indicates worsening;
a falling CK reﬂects improvement if the patient is also
becoming stronger; however, if the patient is weakening, a falling CK suggests there is ongoing progressive disease producing so much muscle damage
that there is less muscle from which CK can leak.)
Note: dermatomyositis patients often have a good
response to IVIG, which can be more effective and
safer to give, but it is more complicated and costly.
IVIG can be used in two general ways: (a) initially
along with prednisone, with or without Imuran, for a
probably-faster onset of beneﬁt, or (b) added later if
the response to prednisone with or without Imuran
is less than satisfactory.
Comment: Alkaline phosphatase-positive proliferating endomysial connective tissue in muscle biopsies is
unique to dermatomyositis, lupus, and some other
collagen-vascular diseases. We think it is probably
produced by proliferating disease-characteristic
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connective-tissue ﬁbroblasts. Azathioprine has had
proven beneﬁt for dermatomyositis in a few patients. Occasional patients have side-effects with
generic azathioprine, but good tolerance and beneﬁt with brand Imuran (some are intolerant to
both). If the patient had been unresponsive, we
would have considered rituximab. If the patient had
remained unresponsive and seriously weakened,
we would have considered total-body irradiation [3],
if available (see Chapter 2). In some patients we
have found total-body irradiation to be cumulatively, dramatically beneﬁcial.

Vignette 4. Polymyositis with
disease-associated high IgG
In a dysimmune disease, if the patient’s serum IgG is
already too high, repeated plasmaphereses can be
beneﬁcial, and presumably safer then IVIG.
A 51-year-old woman had had slowly progressive,
painless proximal muscle weakness for 8 years. She
could not lift her arms to shoulder level; and walking
more than 20 m was very difﬁcult, as was arising
from a chair or entering a car. Her serum CK was
very high, 7700 IU/L (upper normal was 240 IU/L).
Muscle biopsy showed a lymphocytic inﬂammatory
myopathy, typical of polymyositis. Prior to our involvement, she had failed therapeutic attempts with
prednisone, mycophenolate, and etanercept.
Treatment: We considered IVIG treatment, but her
own disease-produced serum IgG was already very
high, 2900 mg/dL (normal is 650–1650 mg/dL).
From our experience with numerous patients given
IVIG, we have observed that the serum IgG can, for
more than 24 h, be as high as 3000–4500 mg/dL,
and – undesirably – sometimes higher. Therefore,
rather than adding to her already-high serum IgG,
which might have produced blood thickening and
possibly vascular occlusion, we did the opposite,
using repeated daily plasmaphereses (see Chapter 2) to
remove her high IgG, per the following schedule:
week 1, plasmaphereses on Monday, Tuesday,
Thursday, Friday; week 2, Monday, Tuesday,
Friday; week 3 and thereafter, two nonconsecutive
days per week, and later reducing to once per week
as needed. The patient had cumulatively dramatic
beneﬁt. She could jog 5 km, and perform strenuous
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yoga poses. Because her own pathologically elevated IgG, produced by abnormal B-lymphocytes,
was apparently toxic to her muscle, this woman
(who is post-menopausal) seems to be a candidate
for more deﬁnitive treatment with the anti-Blymphocyte drug rituximab (pregnancy class C).
Comment: As good as plasmaphereses can be, their
use does not produce an enduring beneﬁt: it is more
like repeatedly bailing out a leaky boat. For a patient
having plasmaphereses, medicines should be given
after, not before, the phereses.

Vignette 5. Oculo-pharyngeal
muscular dystrophy
This is an autosomal dominant hereditary muscle
disorder characterized by ptosis, dysphagia and
proximal-limb weakness. The mutation is a GCG
polyalanine trinucleotide expansion in the poly
(A)-binding protein nuclear 1 (PABPN1) gene. Genetic testing for this can conﬁrm the diagnosis. There
is no effective treatment for the genetic muscle
weakening. If pharyngeal constriction is demonstrable by a cine-swallowing test, progressively severe
swallowing difﬁculty can often be satisfactorily improved by gradual dilation of the pharyngeal constriction using a bougie, performed by a gastroenterologist or otolaryngologist. Prominent drooping
of the eyelids can be repaired by ophthalmologic
surgery (but inadvertent overcorrection can result
in dangerous corneal exposure). (See Chapter 2 for
an example of a patient with oculo-pharyngeal
muscular dystrophy who developed a late-onset,
initially unidentiﬁed, treatable polymyositis.)
For 20 years a 54-year old woman has had slowly
progressive ptosis of both upper eyelids, difﬁculty
swallowing food, and slightly nasal speech. Her
gradually drooping upper eyelids are now interfering with her vision, and it is a constant effort for her
to keep the eyelids open; in fact, she has already had
two eyelid surgeries to correct the ptosis, each
producing useful temporary beneﬁt. She has not
had double vision. She now frequently gets small
pieces of food stuck in her throat; especially troublesome are pieces of meat, bread, and lettuce.
Small dry particles such as nuts can produce aspiration and coughing. For the last few months,
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she has developed moderate difﬁculty arising from
the ﬂoor or a chair, due to gluteal and quadriceps
weakness. She has no difﬁculty breathing and no
sensory symptoms.
Her mother, mother’s sister, and mother’s father
had similar eyelid and swallowing abnormalities.
Her mother became wheelchair-dependent in her
60s. There is no signiﬁcant diurnal variation of the
patient’s weakness, but her limbs have been fatiguing more often in the past 3 years.
Examination: There was bilateral ptosis, which did
not worsen during 2 min of sustained up-gaze. There
was moderate weakness of the neck ﬂexors, ﬁngers,
glutei, quadriceps, and hip adductors. Extraocular
movements of the globes were normal. Speech was
slightly nasal. Swallowing water in thepresence of the
physician required extra attempts. Tendon reﬂexes
were reduced throughout. Plantar reﬂexes, and sensory and cerebellar examinations, were normal.
Laboratory: Blood counts and chemistries, including thyroid tests, were normal. Antibodies to the
nicotinic acetylcholine receptor and to striated muscle were negative (the former are typically positive
in myasthenia gravis (MG), and the latter would
suggest the presence of a thymoma).
Nerve conductions were normal. Also normal was
low-frequency repetitive neuromuscular-junction
stimulation (distinct from MG, which typically shows
a decremental response). EMG showed BSAPs [1] on
voluntary contraction in the upper and lower limbs,
and also slight signs of recent denervation.
Biceps muscle biopsy showed a very few small
angular atrophying muscle ﬁbers; rare ﬁbers were
necrotic and being phagocytosed, and there was
slight established reinnervation. There were no
“ragged-red ﬁbers.” There was no inﬂammation.
Genetic testing revealed the typical GCG trinucleotide expansion in both the patient and her mother.
Treatment: There is no effective treatment for this
genetic muscle weakening. Severe swallowing difﬁculty can often be satisfactorily improved by esophageal dilation using a bougie. If it is too severe, a feeding
gastrostomy can be installed for safe intake (with it
sometimes the patient can still cautiously take small
amounts of favorite food and drink). Prominent
eyelid drooping can be surgically repaired, with
caution to not overcorrect.

Comment: Anatomically, a more precise name
for this disease would be palpebro-pharyngeal muscular dystrophy because, although there is prominent weakness of eyelids, there is no weakness of
eye-globe movements.

Vignette 6. Myoﬁbrillar myopathy,
plus a treatable dysimmune
neuropathy (CIDP)
Myoﬁbrillar myopathies are a heterogeneous group
of muscle diseases with various ages of onset and
clinical presentations. All are characterized by a
distinct, and diagnostic, muscle-biopsy morphologic
phenotype. The majority of patients are sporadic.
However, there are hereditary patients having an
autosomal dominant or autosomal recessive pattern,
that include a number of different mutations of
several different genes encoding various myoﬁbrillar proteins, as well as genes encoding intermediateﬁlament desmin, aB-crystallin, and plectin. These
have been identiﬁed mainly by the Mayo Rochester
group. Myoﬁbrillar myopathy patients generally
have a slowly progressive course leading to severe
muscle weakness and disability. Sometimes there is
an associated motor or sensory peripheral neuropathy, which in two sporadic patients we have found
clearly responsive to IVIG and therefore representing a treatable dysimmune phenomenon. There is
no widely effective treatment for the myoﬁbrillar
myopathy itself, but certainly a treatable dysimmune aspect should be sought.
This patient is a 74-year-old woman who has had,
for the past 7 years, slowly progressive proximal, and
slightly distal, muscle weakness. She had difﬁculty
walking, ascending steps, and performing even
slight household activities. She was easily fatigued,
needing frequent rests during the day. Her symptoms began gradually, but have become prominent
in the last 2 years. Family history was negative for
any neuromuscular disorder. The patient was not
diabetic, but both of her parents had diabetes-2.
Examination: There was moderate to prominent
proximal>distal muscle weakness in all limbs. The
tendon reﬂexes were diminished throughout and
absent at the ankles. The vibration sense was absent
at the toes and decreased at the ankles; there was a
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stocking distal distribution of diminished pinprick
sensation in both feet and lower legs.
Studies: Serum CK was slightly elevated (475 IU/L)
and an IgG-kappa monoclonal antibody was present.
Other blood chemistries and hemogram were normal.
CSF protein was elevated, 94 mg/dL (normal <46 mg/
dL), strongly suggesting a dysimmune neuropathy.
Nerve conductions velocities were slow, and indicative of a dysschwannian neuropathy. Her EMG
showed (a) a BSAP pattern indicating fractionated
motor units, which can be myopathic or neuropathic,
and (b) ﬁbrillations and positive waves indicating
recent denervation (neurogenous or myogenous).
Muscle biopsy showed abnormalities diagnostic of
myoﬁbrillar myopathy, including presence on Engel
trichrome staining (see Chapter 1) of regions of degenerative myoﬁbrillar material and absent crossstriations, appearing amorphous and hyaline, reddish or dark-purplish in color. In these same regions
there was absence of the usual intermyoﬁbrillar
oxidative enzyme activity of mitochondria and reticulum. A few muscle ﬁbers had vacuoles possessing
some autophagic features. No lymphocytic or macrophagic inﬂammation was detectable. There were a
few small angular, atrophic muscle ﬁbers and some
muscle-ﬁber type-grouping indicating, respectively,
recent denervation and established reinnervation.
Treatment: Because of the sensory abnormalities,
dysschwannian nerve conductions, elevated CSF
protein, aspects of denervation-reinnervation in the
muscle biopsy, and the diabetes-2 in both parents,
we considered that our patient probably had coexisting “genetico-diabetoid-2 dysimmune neuropathy,”
a type of chronic immune dysschwannian polyneuropathy (CIDP) (sometimes less precisely called
chronic inﬂammatory demyelinating polyneuropathy, Chapter 2). We therefore treated her using IVIG,
and she was remarkably beneﬁted: her walking
ability and endurance greatly improved, she did not
require frequent rests, and was able to ascend steps
much more easily.
Comment: Even though there is no speciﬁc treatment for myoﬁbrillar myopathy, this patient greatly
beneﬁted from treatment of her coexisting dysimmune motor-sensory neuropathy. This exempliﬁes
the need for carefully seeking treatable aspects in
each patient (see Chapter 2).
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Vignette 7. Myasthenia Gravis (MG)
MG, originally deserved the name “gravis” for its
often fatal respiratory outcome, but now it is usually
(but not always) well treatable. Once diagnosed, MG
should be aggressively treated with a glucocorticoid or
other immunosuppressant, and not just symptomatically with an anti-cholinesterase such as pyridostigmine/Mestinon (unless the patient is only mildly
affected and easily responsive). We also feel that
moderate or severe MG should not be treated with
primary or adjunctive pyridostigmine because that
can actually weaken the patient when in excessive
dosage for that speciﬁc patient. That weakening
is more likely to happen if given concurrently with
prednisone) [4]. Acute and/or severe myasthenic
weakness (“crisis”) is treatable by emergency admission to intensive-care (intubation, ventilation, and
nasogastric feeding as needed), stopping any pyridostigmine, starting a) plasmaphereses (which remove
both toxic MG antibodies and any weakening effects
of “excessive” pyridostigmine), or b) IVIG infusions.
Usually high-dose prednisone is started (see Chapter
2), with or without Imuran, or Imuran alone if the
patient or a close relative has diabetes. Rituximab is
now being used for some difﬁcult patients. In every
MG patient, even in aging patients, thymoma should
be sought and, if found, surgically removed to treat
the MG and remove the tumor. Surgery has been
most complete by trans-sternotomy to allow visualization and removal of the entire anterior mediastinal
contents. Now, some thymectomies, especially for
fragile surgical candidates, are being done by minimally invasive multiple-probe surgery, but the completeness of this technique and long-term beneﬁt are
still being evaluated.
A 58-year-old man has had, for the last 8 months,
diffuse muscle weakness, easy fatigability, drooping
of the eyelids, and sometimes double vision in
the early evening. In the mornings he feels better.
For the past month he has had at least three episodes
of choking and coughing while eating dinner.
(Note: patients often minimize such chokings and
aspirations, whereas the spouse often gives a more
accurate account of their frequency and severity.)
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The patient does not have sensory symptoms. As
usual with adult-onset MG, there was no family
history of neuromuscular disease.
Examination: There was bilateral ptosis, mild bifacial weakness (can’t whistle; a snarl-type of horizontal smile), diplopia, especially on lateral gaze to
each side (attributable to bilateral sixth-nerve weakness) and, as part of the clinical exam, deﬁnite
difﬁculty swallowing water. He was short of breath
and vital capacity was very low at 1.2 L. There was
also moderate proximal weakness in the upper
limbs, and hip ﬂexors: these worsened with brieﬂy
repetitive maximal effort. Sensory examination was
normal. Tendon reﬂexes were slightly brisk
throughout (as is usual in MG), and both plantar
responses were ﬂexor.
Studies: Acetylcholine receptor binding and blocking
antibodies were positive, as was the anti-striated-muscle
antibody. Other immunological parameters were
normal, as were thyroid function tests. Repetitive
nerve stimulation at low-frequency (3 Hz) showed an
18% decremental response of the compound-motor-unit potential indicating MG (normal is <11%
decrement). Nerve conduction studies were normal.
Computed tomography (with contrast) of the mediastinum revealed a mass, presumably thymoma.
Treatment: Following three daily plasmaphereses, the patient was concurrently started on (a)
prednisone at 60 mg single dose daily (which subsequently was gradually converted to single dose
on alternate days) and (b) 2.5 mg/kg Imuran divided-dose daily (evolving to 3 mg/kg daily as
needed and tolerated; see Chapter 2). A thoracic
surgeon performed a presumably complete excision of the histologically conﬁrmed thymoma.
Improvement was evident beginning 12 h after the
ﬁrst plasmapheresis, and gradually incremented.
The patient was nearly back to normal within
6 weeks.
Comments: MG usually can be very well treated,
but it requires a coordinated effort and very careful
monitoring. Slightly increased tendon reﬂexes are
typical of MG. Removal of the thymoma eliminates
the thymic epithelial cells that possess nicotinic
receptors [5], which we have proposed to be
the provoking origin of the MG dysimmune mechanism [4], possibly from viral infection of them.

Neurogenic disorders
Vignette 8. “Multi-microcramps”
(not “ﬁbromyalgia”) and a crampsfasciculations syndrome
“Multi-microcramps” can be the clinical presentation of a neuropathy, manifesting as diffuse muscle
pains, stiffness, and/or fatigue, occurring especially
during and after a day of vigorous exertion, often
worse in the evening, resulting in “painful insomnia,”
i.e. difﬁculty achieving sleep or awakening during
sleep [6]. Such symptoms are often dismissed
as mysterious “ﬁbromyalgia” (see Chapter 2).
Muscle-biopsy histochemistry (see Chapter 1) is the
best way to identify the typical neurogenic basis of
this multi-microcramps disorder, as evidenced by
recent denervation and established reinnervation,
EMG studies are less precise, but might reveal nerve
irritability in the form of microcramps or macrocramps, and sometimes fasciculations. The motornerve distal-twig location of the pathology can cause
a neurogenic type of “BSAP” EMG pattern. Motor
and/or sensory nerve conductions can be normal or
somewhat slow. For treatment, ﬁrst we stop all
caffeine and any other “herbal” or other stimulants,
and try to switch out any beta-agonists. Then, according to our experience, treatment with bedtime
very-low-dose clonazepam/Klonopin (off-label,
0.5–2 mg) is often extremely beneﬁcial for rapidly
reducing the intensity and frequency of the symptoms (and sometimes is mildly soporiﬁc), overall
resulting in a much better quality of life. Presumably
it is suppressing the causative distal-twig nerve
instability/irritability, thereby reducing the “microcramps.” This can provide reduced discomfort during
the day and more restful sleep at night. At a given
dose, it either provides relief the ﬁrst night – e.g., “the
ﬁrst good night’s sleep I’ve had in months” – or it
doesn’t. Some patients who also have troublesome
daytime muscle cramps, or fasciculations, beneﬁt
from 0.25–0.5 mg during the morning without
engendering sleepiness.
Clonazepam is usually more effective, and it is
cheaper than pregabalin, duloxetine, gabapentin,
or ropinirole, or hypnotics. Complex trials are
not required to demonstrate clonazepam’s effectiveness. No drug build-up is needed, but initial
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incremental dose-ﬁnding is appropriate. Although
clonazepam is not US Food and Drug Administration (FDA)-approved for multi-microcramps, it
can be effective and safe, producing much lesspained, better-slept, grateful patients. Pharmacologically, clonazepam acts especially on integrated
pentameric g-aminobutyric acid (GABA)-gated
chloride channels to facilitate GABA-mediated
chloride conductance, causing hyperpolarization
(inhibition of excitability) [6].
There seems to be a continuum of clinical manifestations encompassing microcramps, macrocramps, and fasciculations, all due to spontaneous
ﬁrings from anywhere in the lower motor neuron:
soma, axon–Schwann-cell complex, or distal axonal
twigs. Multi-microcramps we consider to be caused by
rather diffuse, repetitive ﬁrings of many distal axonal
twigs, each activating a very few of its muscle ﬁbers [6]. Macrocramps can involve somewhat larger
regions of a muscle such as to produce i) a focal
painful and tender “sausage,” or ii) nearly an entire
muscle such as the gastrocnemius or tibialis anterior.
Cramps are caused by concurrent activation in the
same muscle of a variable number of motor neurons,
each activating most or all of its family of approximately 200 muscle ﬁbers. Fasciculations probably involve spontaneous ﬁring of only one, or a very few,
motor neurons at a time, each activating some of its
muscle ﬁbers.
For the last 2 years, and especially the last 4
months, this 60-year-old man has had progressively
painful tightness and “stiffness” in his calves, thighs,
and arms. Upon awakening in the morning, he has
increased muscle “tightness” and stiffness, and after
15–20 min and a prolonged hot shower he feels
“looser” again. He now is having the painful tightness and stiffness after even slight exercise, and
those symptoms are worse with more prolonged
exercise. Frequently they are so painful that he has
to limit his exercise. He obtains some relief by
stretching his painful muscles for a few minutes.
The frequent painful muscle symptoms make getting to sleep and staying asleep very difﬁcult, resulting in a general painful sleep deprivation. He has no
subjective or objective weakness and no numbness
or tingling. In retrospect, from age 17 he often has
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had mild muscle cramps after prolonged exercise.
He has no thyroid disorder. There is no family history
of any neuromuscular disease, or diabtes-2.
Examination: Examination reveals slight hyperreﬂexia diffusely (probably due to a pathologic hyperexcitability of his lower motor neurons). In resistance
testing, muscle strength is normal.
Studies: Voltage-gated K þ channel antibodies twice
were negative (a test that might have identiﬁed a
toxic antibody detectable in some similar patients).
Also, anti-glutamic acid decarboxylase (GAD) antibodies (which are detected in some patients with
“stiff-person syndrome”) were negative. Thus his
presumed pathologic antibody remains unidentiﬁed. Thyroid and parathyroid hormones were normal. Serum potassium, sodium, magnesium, and
ionized calcium were normal. Lumbosacral and cervical spine magnatic resonance imaging (MRI) scans
were unremarkable.
Nerve conductions showed mild–moderate dysschwannian neuropathy in the lower and upper
limbs. The EMG showed frequent small-amplitude
spontaneous bursts of motor-unit activity.
Treatment: Oral Klonopin/clonazepam has produced
good to dramatic symptomatic relief from the painful
muscle stiffness and cramps, achieving “70% improvement” according to the patient. This was obtained immediately by taking 1 mg at bedtime and
0.5 mg in the morning. These doses did not cause him
any daytime sleepiness side effect. For putatively
more deﬁnitive and rather rapid anti-dysimmune
beneﬁt, plasmaphereses (for hemodynamically stable patients) could be added, but the patient declined.
Note: in general, the beneﬁts from plasmaphereses
are often very good but usually persist less than 1–2
weeks after the last pheresis. These hospital-based
out-patient treatments are inconvenient, expensive,
and can cumulatively damage veins. IVIG treatments
can also beneﬁt, but they also must be given repeatedly, because IVIG beneﬁt begins to wane within 7–
14 days after the last dose. Oral anti-dysimmune
therapies that we have found beneﬁcial are Imuran/azathioprine plus low-dose alternate-day prednisone, and previously used cautious and closelymonitored oral cyclophosphamide [8].
Comment: Symptomatic treatments are: (a) omit intake of all stimulants and (b) consider treating with
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low-dose clonazepam/Klonopin [6, 7]. (Note: quinine has been an effective treatment of muscle
cramps for at least a century, but recently the FDA
has more actively expressed concerns about possible
signiﬁcant side effects. We wonder whether such
side effects have actually not been caused by the low
doses of quinine used for muscle cramps, but rather from
the 3–6-fold higher daily doses currently recommended for malaria.)
Multi-microcramps appears to be an autoimmune
disorder, sometimes, but not always, caused by an
identiﬁable toxic antibody against voltage-gated potassium channels that are located very distally twigs
of the motor axon’s pre-synaptic region, causing
unstable, aberrant ﬁring of those affected twigs.
Antibody negativity, as in this patient, is certainly
not an absolute contraindication for anti-dysimmune treatment, given that: (a) antibody positivity
is basically a quantitative testing (it is conceivable that
a sub-threshold amount of a toxic antibody could cause
clinically evident damage; thus, absence of a detectable toxic antibody is not proof of absence of an
undetectable but still toxic amount of an antibody)
or (b) in some patients an abundent but still unknown type of antibody may be causative.
This group of patients can often be improved by
repeated plasmaphereses or repeated IVIG infusions. While improvement with either of these
treatments is essentially diagnostic of toxic circulating antibodies, with or without toxic cytokines,
their beneﬁts are only transient. More sustained
improvement, sometimes accumulating dramatically, requires stopping production of those
toxins from B-lymphocytes (macrophages), such
as was done very successfully with: (a) oral cyclophosphamide þ oral prednisone þ plasmaphereses,
for a severely crippled similar patient who in 1990
we designated “syndrome of continuous motorunit activity” [8] (and some have called neuromyotonia), and we demonstrated that her complex
was an excellently treatable autoimmune disorder
[8]; (b) oral Imuran/azathioprine (plus low-dose
alternate-day prednisone to boost the circulating
neutrophils); or (c) putatively rituximab. Other
causes of general muscle “stiffness” include “stiffperson syndrome,” which has more axial stiffness and
is often associated with detectable toxic antibodies

against GAD. Radiation plexopathy can cause focal
muscle stiffness and visible myokymia.

Vignette 9. Primary
hyperparathyroidism
Neuromuscular symptoms of weakness, or even
general symptoms of fatigue and tiredness, especially in older patients, should always raise the
possibility of hyperparathyroidism. If a parathyroid
adenoma (or adenomas) is identiﬁed by ultrasound
or a sestamibi nuclear scan, or CT it can be easily
surgically excised, typically resulting in excellent
clinical beneﬁt. The therapeutic possibility of surgically removing overly active parathyroid hormone (PTH)-producing cells that are not grouped
into an easily detectable adenomatous lump is discussed in Chapter 2.
A 56-year-old woman has had, for 10 months,
progressive weakness of her legs causing difﬁculty
ascending stairs, and getting up off a bed, a chair,
or the ﬂoor. She also has had some difﬁculty
walking and has to make a conscious effort to
lift her legs when walking on uneven surfaces.
Although she used to be an enthusiastic jogger,
she now can walk less than one block before her
legs fatigue and she has to stop. She has also been
feeling very fatigued generally, with an overall low
level of energy. Endurance seems more diminished than brute strength. There are no sensory
symptoms, and no cardiac or respiratory abnormalities; nor is there any abnormality of swallowing or speaking. She has passed three renal stones
in the past 12 months.
Examination: She had bilateral moderate weakness of proximal leg muscles, e.g. hip ﬂexion, extension and adduction, and knee extension. She also
has had mild–moderate weakness of her deltoids,
biceps, and triceps. Tendon reﬂexes were reduced
throughout. Sensory exam was normal.
Studies: “Intact” PTH levels were persistently
elevated, ranging from 86 to 102 pg/mL (normal is
14–72 pg/mL). Serum total and ionized calcium values
were variably high, both ranging between highnormal and slightly above-normal. Total calcium
was 10.5–11.2 mg/dL (normal 8.6–10.6 mg/dL),
and ionized calcium being 1.31 and 1.34 mmol/L
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(normal is 1.12–1.32 mmol/L). CK was slightly high
441 IU/L (normal <397 IU/L). Thyroid tests were
normal.
EMG did not detect recent denervation, and
motor-unit action potentials were of normal size
(note that routine EMG does not allow quantitation
of the size of the later-activated type-2-ﬁber fasttwitch motor units, but only of the earlier-activated
type-1-ﬁber slow-twitch motor units) [9]. Nerve
conductions were normal. Muscle biopsy histochemistry showed moderate–prominent type-2 ﬁber
atrophy, slight recent denervation, and slight– moderate established reinnervation.
Imaging: Although the soft-tissue sestamibi radionuclide scan of the neck seeking a PTH adenoma was
negative, ultrasound revealed an adenoma in two of
the four parathyroid glands (usually there is only
one adenoma).
Surgical treatment: A surgeon removed both of the
parathyroid adenomas during intraoperative realtime monitoring of the PTH levels in the individual
outﬂow veins from the four parathyroid glands.
The two adenoma-containing glands had a high
output of PTH and were thereby precisely localized
and excised. Within hours post-surgery, the patient
evidenced the beginning of her cumulatively
dramatic recovery, eventuating in complete relief
of muscle fatigue and weakness, and dramatically
improved walking. She now ascends stairs easily,
can walk at least 5 miles a day, and has resumed her
teaching job.
Comment: This highly treatable disorder can be
easily overlooked, especially when the serum total
and ionized calciums are not elevated, and/or the
serum PTH is ﬂuctuating between high normal and
elevated. The mechanism by which high PTH damages
motor nerves and muscle ﬁbers is not known; speculatively, it could be by: (a) a hypothetical direct
toxicity of PTH on the neuromuscular apparatus;
(b) a hypothetical autoantibody having both agonist
action on the parathyroid cells and detrimental
action on neuromuscular function; or (c) increasing
toxic circulating proinﬂammatory and cachectogenic cytokine network components, such as tumor
necrosis factor a and interleukins-6, -5, and -8,
perhaps impairing energy utilization of a motor-unit
component.
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Vignette 10. Multifocal motor
neuropathy with conduction block - a
pseudo-ALS
Multifocal motor neuropathy with conduction block
can involve one or more limbs. It may or may not be
associated with IgM anti-GM1 antibody. One should
also look for other dysimmune abnormalities
through immunoﬁxation electropheresis, quantitative immunoglobulins, and testing for immune complexes, antinuclear factor, and rheumatoid factor.
Response to IVIG treatment is often excellent or
good and, more recently, the immunosuppressant
rituximab has sometimes been successful.
A 62-year-old man has had, for 1 year, progressive
asymmetric weakness of his right shoulder and
hand, and of his left leg. He was unable to lift the
right arm above shoulder level and had difﬁculty
shaving. He also had difﬁculty holding objects in his
right hand and was not able to pick up small objects,
turn keys, or open jars. He had a slight limp in his left
leg. For the last 6 months, he has observed occasional twitches (fasciculations) of muscles in his
right arm and forearm, and in his left thigh and calf.
He often is awakened at night by calf muscle cramps.
He has no numbness or tingling, and no difﬁculty
with balance, speech, or swallowing. He is quite
anxious because he has been told he has “ALS” and
less than 2 years to live. There is no family history of
any neuromuscular disorder.
Examination: There are muscle fasciculations in the
right arm and forearm, and left thigh and calf. The
right arm and forearm muscles were moderate weak
and atrophic. He has slight–moderate weakness of his
right hand muscles. There is a slight proximal left
lower-limb weakness and a left foot drop. All tendon
reﬂexes were absent or prominently reduced. The
plantar responses were ﬂexor on the right and not
applicable on the left due to toe weakness. Sensory
examination and cranial nerves were normal.
Studies: Serum IgM anti-GM1 antibody titers were
elevated. Serum blood counts, general chemistries,
vitamin levels, and thyroid and parathyroid tests
were normal. CSF protein was 68 mg/dL (normal up
to 45 mg/dL). Nerve conductions showed an asymmetric dysschwannian motor polyneuropathy, with
“conduction blocks” involving his upper more than
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his lower limbs. EMG showed, in the weak muscles,
recent denervation and established reinnervation.
Treatment: IVIG infusions on two nonconsecutive
days every week have been producing a cumulatively very good response, evidenced as moderate,
and still incrementing, return of strength in his
previously weakened muscles. After 6 months of
IVIG he now considers that he is “nearly normal
functionally.” Because we estimate that he may still
show further improvement we are continuing the
IVIG treatments, and we are also considering phasing in rituximab, which initially would overlap with
the IVIG program so as to not lose the IVIG beneﬁt.
This will require careful monitoring of absolute
neutrophil counts and other safety parameters (see
Chapter 2).
Comment: This patient’s remarkable clinical improvement demonstrates that he is a very gratifying
example of “pseudo-ALS” (see Chapter 2). Another
example of pseudo-ALS is given in Vignette 21.

Vignette 11. Sensory-predominant
dysimmune polyneuropathy
A nonhereditary “sensory polyneuropathy” affects
sensory nerve ﬁbers much more than motor nerve
ﬁbers. The sensory component can involve (a) largediameter nerve ﬁbers conveying position and vibration sense, and/or (b) small-diameter nerve ﬁbers
conveying pain and temperature sensations. It may
be associated with a postural or action tremor, presumably due to lack of subconscious normal position-sense information caused by impaired largediameter peripheral sensory nerves. This type of
sensory polyneuropathy is often, as in this patient,
associated with a presumably pathogenic immune
abnormality manifest in a) the serum or urine as a
monoclonal band (or of a free light-chain or a free
heavy-chain), or a polyclonal increase of an immunoglobulin; or b) in the CSF as one or more oligoclonal
bands.
A 60-year-old man has had, for 14 months, slowly
progressive imbalance, especially in the dark and
when closing his eyes during showering. He has
suffered two severe falls going down stairs in his
home. For the last 6 months, he also has been having
severe pain, tingling, and numbness, initially, of his

toes, which has now ascended to above his ankles.
He has developed a moderate intention tremor of his
ﬁngers (probably a large-ﬁber sensation-deprivation
tremor). He has no weakness when looking at the
muscle he is attempting to contract, but with his eyes
closed his effort ﬂuctuates irregularly, presumably
due to lack of peripheral-nerve positional-sense
feedback. Family history is negative, and there is
no diabetes in himself or his family.
Examination: Tandem gait is impossible, and the
Romberg test is very positive. There is complete
absence of vibratory sensation at the toes and ankles,
and absent position sense in the toes. In his feet and
lower half of the legs there is prominent hypersensitivity to pain stimuli (tested using a round toothpick), and decreased sensitivity to touch. Tendon
reﬂexes are absent at the ankles and knees, and
prominently reduced in the upper limbs. Plantar
reﬂexes are unresponsive, presumably due to sensory loss in the soles.
Studies: Serum IgG was high, 2568 mg/dL (normal is
650–1650 mg/dL). By immunoﬁxation electropheresis, the patient had an IgG-kappa monoclonal band (not
to be dismissed as a “normal” aging phenomenon) and
free kappa light chains in the urine). Serum complement
C3 and C4 levels were low. CSF protein was elevated
at 93 mg/dL (normal up to 45 mg/dL). Sensory nerves
were totally unresponsive in the lower limbs, and in
the upper limbs they manifested a prominent dysschwannian sensory neuropathy. Motor nerves had
slight–moderate dysschwannian abnormality in the lower
and upper limbs. EMG showed slight recent denervation and reinnervation in the lower limbs, and was
normal in the upper limbs.
Biopsy of the clinically strong quadriceps showed
slight–moderate recent denervation and moderate–
prominent established reinnervation.
Treatment: IVIG (which can be a 10 or 5% solution
of human IgG) was not given because the serum IgG
was already too high; infusing more might make the
blood too thick, increasing its viscosity, possibly
predisposing to small-vessel occlusions. Because the
patient was hemodynamically stable, a series of
plasmaphereses was begun. The initial schedule was:
week 1, phereses on Monday, Tuesday, Thursday,
and Friday; week 2, phereses on Monday, Tuesday,
and Thursday; week 3 and subsequently, two
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plasmaphereses on nonconsecutive days each week
for 6 weeks, or longer as needed. He has had an
excellent response, beginning very slightly within
24 h, and followed by a cumulatively very signiﬁcant
beneﬁt. Improvement initially was of the numbness,
paresthesias, and pain of his feet and legs, and then of
his balance, and slight–moderate improvement of the
intention tremor. Note that although beneﬁt from
repeated plasmaphereses is able to be summated, it is,
nevertheless, evanescent: it begins to wane within
about 1–2 weeks after the last pheresis. Accordingly,
after the ﬁrst 3 weeks of plasmaphereses this patient
was started concurrently on long-term Imuran/
azathioprine plus a low single-dose (10 mg) alternate-day prednisone, with careful monitoring especially of the absolute neutrophils (by weekly complete blood-cell count plus differential), and for
6 months monthly liver functions (including GGTP
levels). He continued to show good improvement.
After 3 months, the plasmaphereses were gradually
less frequent and then stopped, while he was carefully watched for any clinical regression.
Comment: A patient’s IgG-kappa or other monoclonal
band should not be dismissed as “normal in aging;” it is
an important dysimmune parameter that is more
common in aging but is not normal. The likelihood
that the monoclonal immunoglobulin is the cause of a
patient’s neuromuscular disorder is based on clinical
judgment. Careful and prolonged treatment is usually needed to achieve summated improvement, and
avoid the Sisyphus phenomenon (see Chapter 2).

Vignette 12. Treatable forms of
“diabetic neuropathy”: diabetes-2
dysimmune sensory-motor
polyneuropathy, and geneticodiabetoid-2 dysimmune
polyneuropathy
For many years, and even today, any neuropathy
occurring in a diabetes-2 patient has, simplistically,
incorrectly, and pessimistically often been called
“untreatable diabetic neuropathy.” However, our
1993 demonstration of the widely occurring and
frequently gratifyingly treatable diabetes-2 dysimmune
polyneuropathy, usually associated with elevated CSF
protein, has led to our beneﬁting many patients
dismissed by others. IVIG is especially beneﬁcial
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(and corticosteroid is generally contraindicated).
“Genetico-diabetoid-2 dysimmune polyneuropathy”
(GD2DP), our term, is deﬁned in Chapter 2
[10–13]. Similarly, this is also often treatable.
For 10 months, a 68-year-old woman has had
frequent falls, caused by tripping over her own feet
or on small irregularities of the sidewalk, the ground,
or rugs. Lately, she has been using a cane, but
it provides less than adequate help with balance,
leaving her in peril of falling. She has decreased
sensation in both feet, especially the soles, combined
with burning pain throughout her feet and lower
legs. For 4 years she has had diabetes-2, treated with
oral agents, and more recently with insulin. Her
father and a maternal aunt also had diabetes-2.
Examination: The patient was somewhat obese,
82 kg, and 1.67 m tall. She had bilateral foot drop
and weak toe extensors. She also had absent vibratory sense and position sense at her toes, and a
gradient sensory loss distally to pinprick and touch
in her feet and legs up to the mid-thighs. Tendon
reﬂexes were absent in the lower limbs and only
trace in the upper limbs. Plantar reﬂexes were unresponsive, probably due to the numbness of the
soles and the extensor and ﬂexor weakness of all her
toes. Her hypertension was well-controlled with
telmisartan, ramipril, and sotalol by her cardiologist.
Laboratory studies: CSF: protein was high, 116 mg/dL
(upper normal is 45 mg/dL); glucose was high
95 mg/dL (upper-normal is 70 mg/dL); and there
were two abnormal oligoclonal immunoglobulin
bands. She had normal serum quantitative immunoglobulins and did not have a detectable monoclonal band. Nerve conductions showed severe dyschwannian sensory-motor neuropathy in the lower
more than the upper limbs. EMG showed recent
denervation and established reinnervation, especially in distal lower-limb muscles. Quadriceps biopsy showed both moderate recent denervation and
established reinnervation.
Treatment: The patient was given IVIG, according
to our most often used protocol, as the most likely,
most rapidly beneﬁcial, and safest treatment (see
Chapter 2). Throughout, weight reduction was advised. The IVIG involved 0.4 g/kg/day on two nonconsecutive days every week, infusion rate not over
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100 mL/h (and slower if her carefully monitored
blood pressure rose during an infusion).
Within 1 week she began to show improvement,
and at 1 month she had increased ability to move her
feet, decreased pain in the feet, beginning return of
sensation in her legs and soles, and descent of the
level of sensory impairment of her lower limbs.
(Glucocorticoid was contraindicated as it typically
worsens diabetes.) Her improvement continued to
increment over the next 8 months. She was responsive to, and dependent upon, her IVIG therapy as
evidenced by her symptoms beginning to return if she
omitted one or two IVIG doses. At some future point,
we might attempt a very cautious reduction of the
IVIG frequency, to a schedule of two and one infusions on alternate weeks, as needed to maintain her
improvement; if she would begin to lose the IVIG
beneﬁts as a presumed Sisyphus phenomenon
(Chapter 2), the twice-weekly IVIG schedule
would have to be resumed in an attempt to restore
the previously attained beneﬁts. Adding another
anti-dysimmune treatment is planned, using
brand-name-Imuran/azathioprine (without prednisone) or rituximab, to try to diminish her dependence
on IVIG.
Comment: In suspected diabetic-2 dysimmune polyneuropathy and in genetico-diabetoid-2 dysimmune polyneuropathy patients, CSF exam is important; in
general, the more elevated the CSF protein, the more
likely the neuropathic process is dysimmune (if CNS
infection is not a consideration), and the more likely
the neuropathic process will respond to IVIG treatment. In both conditions, careful and prolonged
treatment is typically needed to achieve summated
and sustained improvement, and to avoid the Sisyphus phenomenon. However, IVIG, as excellent as
it is, being the best and safest anti-dysimmune treatment, it does have some logistic encumbrances
and certainly needs molecular improvement as a
therapeutic agent (see Chapter 2). Note: a basically
Schwann cell disorder causes motor or sensory symptoms only by secondarily impairing the function and,
more severely, the cellular architecture of the
encased and nurtured motor or sensory axons. Thus a
Schwann cell disorder can evolve to have concurrent
nerve-conduction aspects of a dysneuronal neuropathy
(see Chapter 2).

Vignette 13. Subacute sensorimotor
neuropathy, paraneoplastic
For the cause of a subacute sensorimotor neuropathy in an elderly patient, one should consider a
possible dysimmune effect of a “remote paraneoplastic
syndrome.” This is commonly associated with smallcell lung carcinoma and anti-Hu antibody positivity
in the serum. Other cancers frequently associated
with this mechanism are of breast and ovary. As in
Vignette 1, treatment of a remote paraneoplastic
neuropathy is 2-fold: (a) attacking by radiation,
chemotherapy, or surgical excision the presumably
provoking neoplasm; and (b) anti-dysimmune treatment, such as IVIG or another treatment, which can
be given concurrently with (a). If the (a) approach is
technically but not therapeutically successful, that
suggests the putative toxic mechanism had become
autonomous. If (b) is not beneﬁcial, that suggests the
tumor may have directly or indirectly instigated
production of circulating nonimmunologic toxic
molecules, such as detrimental cytokines.
A 76-year-old former heavy smoker has had 5
months of insidiously increasing burning pains in his
feet and lower legs. These are worse at night and
severely interfere with sleep, especially on days
when he has been standing or walking longer than
usual. He also has occasional shooting pains in the
feet. He has imbalance when walking, and has had
several falls. In one of them he broke his wrist, and in
another he had a scalp injury and mild concussion.
He also has had, for 3 months, mild weakness of his
legs and difﬁculty keeping his sandals on while
walking. He has no difﬁculty swallowing or speaking. He has had a chronic dry cough for the last
6 years, which has not been investigated. There is no
diabetes in himself or his family.
Examination: The patient has absent vibration and
position sense at the toes and ﬁngers. In his feet and
lower legs there is prominent hypersensitivity to light
pinprick, which is excessively painful. There is moderate weakness of extension and ﬂexion of all toes.
All tendon reﬂexes were absent. Plantar reﬂexes were
not interpretable, probably because of weakness of
the toes and sensory loss in the soles. There is a
moderate intention tremor of the ﬁngers, probably
due to the severely impaired position sense. Tandem
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gait and the Romberg test were impossible due to his
severe imbalance.
Studies: Serum anti-neuronal (anti-Hu) antibody was
highly positive. General blood count, chemistry, and
other autoimmune parameters were normal. Serum
vitamin levels were normal.
Sensory-nerve conduction responses were unelicitable in the lower limbs, while in the upper limbs they
showed moderate dysschwannian plus dysneuronal
neuropathy (see Vignette 12). EMG showed slight
recent denervation and slight reinnervation. Quadriceps muscle biopsy showed slight–moderate recent
denervation and moderate reinnervation. CSF protein was elevated at 61 mg/dL (normal up to 45 mg/
dL). Chest X-ray showed hilar lymphadenopathy,
and a small lesion in the left lower lung ﬁeld, biopsy
of which disclosed a small-cell carcinoma.
Treatment: The carcinoma was excised, and radiation and chemotherapy started. (Note: certain forms
of anticancer chemotherapy can themselves produce a toxic
neuropathy, which complicates interpretation of any
worsening of the patient’s neuropathy.) For the
probable dysimmune component of this neuropathy, the patient was also started on IVIG 0.4 g/kg/
day, on two nonconsecutive days every week. He
showed some improvement, but we do not know
which treatment, or treatments, should receive the
credit, because some anticancer treatments are also antidysimmune.
Comment: The paraneoplastic pathogenic mechanism
is probably at least partially dysimmune, although
toxic cyokines and other molecules produced by, or
provoked by, the tumor cells might also be playing
a role. The lack of an excellent beneﬁt from IVIG
for this patient suggests that possibly: (a) the nerves
had suffered a certain amount of totally irreversible
damage, (b) his dysimmune pathogenesis is unusually unresponsive, or (c) the dysimmune component was not the only operative neurotoxic
mechanism.

Vignette 14. Remarkable “triple
beneﬁts” of IVIG: anti-dysimmune,
antiviral, and antibacterial
IVIG has a well-recognized anti-dysimmune action,
and much less known anti-infection properties,
namely antiviral and antibacterial beneﬁts. Virtually
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all of our >300 patients who have received repeating
dosings of IVIG for a dysimmune disorder state that
they “never” contract the local community viruses
that infect family, friends, and coworkers. Accordingly, IVIG’s triple beneﬁt might be an excellent treatment, perhaps life-saving: a) for moderate or severe
cases of an epidemic or pre-pandemic ﬂu, especially
patients who are unresponsive to “speciﬁc” antivirals; and b) for other bacterially or virally infected patients
not responding to standard therapy.
Ten years ago, a 63-year-old physician colleague
had returned from a tourist visit to China with a
pulmonary infection. In our hospital, it did not respond to various oral and intravenous antimicrobial
treatments, given as an in-patient. Because the diagnostic bacterial cultures were negative, the cause of
the infection was suspected to be viral. During those
treatment failures, his parenchymal pneumonopathy
continued to worsen, progressing to ventilatordependence in the intensive care unit (at which time
he also had developed a complicating bacterial pneumonia and septisemia). By the time we were called to
see him, the patient had also developed a prominent
progressive peripheral neuropathy causing severe
weakness in all four limbs and probably contributed
to the respiratory insufﬁciency. He seemed near death.
For a possible dysimmune cause of the neuropathy, one of us (W.K.E.) started IVIG, 0.4 g/kg/day on
ﬁve consecutive days. Then a series of three infusions per week were repeated for 3 weeks, and
subsequently twice weekly. The IVIG greatly
beneﬁted the neuropathy as hoped for, and the
previously untreatable lung infection and septisemia were
unexpectedly cured. After 3 months, the patient was off
IVIG, and by 6 months was playing singles in tennis
(when his colleagues prefered to play doubles).
Comment: This patient demonstrates that we can
learn new, potentially important therapeutic information
from chance occurrences—in this case regarding the
combined anti-dysimmune, antiviral, and antibacterial triple beneﬁts of IVIG.
Also in that theme, we should remember that the
cumulatively dramatic, and apparently enduring,
beneﬁt of interferon-a2A in a fever-responsive dysimmune neuropathy patient (see Chapter 2) may be due
to both the known anti-dysimmune and the known
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antiviral (e.g., anti-hepatitis C virus) beneﬁts of
interferon. That combined information has led to
our suggesting that in all anti-dysimmune treatments
perhaps one should consider concurrent antiviral therapy
(see Chapter 2) [14], especially if there is a serum
elevated speciﬁc antiviral IgM antibody titer suggesting
an ongoing or recent infection with that virus—
however, identiﬁcation of an elevated IgM anti-viral
titer does not need to be an absolute requirement.

Vignette 15. A treatable late-onset
dysimmune polyneuropathy
superimposed on mild hereditary
motor-sensory polyneuropathy
(pseudo late-progressive CMT”)
An hereditary sensory-motor polyneuropathy,
sometimes loosely called Charcot-Marie-Tooth
(CMT) syndrome, only rarely ﬁrst presents in the
older population. An exception is some forms of
hereditary amyloid neuropathy (see above, and
Vignette 17). In developed nations, neuropathies
beginning in the elderly are usually: dysimmune
(including diabetic-2 and genetico-diabetoid-2 dysimmune neuropathies); other neuropathies associated with diabetes-2; and toxicities from drugs and
from the environment. This patient’s lifelong higharched feet and difﬁculty getting a good ﬁt of shoes
(both abnormalities also present in her father, paternal uncle, and paternal grandfather) had provoked, prior to our seeing her, a diagnosis of
“untreatable late progressive CMT disease” for her
late-onset prominent neuropathic worsening. However, we considered a newer, potentially treatable,
dysimmune neuropathy in this patient because her
CSF protein was 146 mg/dL, with normal cell count.
That possibility was conﬁrmed because our treatment with IVIG has been providing sustained,
cumulative beneﬁt. Interruption of the IVIG schedule due to personal obligations caused transient
worsening, which reversed 2 weeks after the
twice-weekly IVIG schedule was resumed.
A now-86-year-old woman presented to us
7 years ago. She had, beginning at age 66, progressive spontaneous pain in the feet and lower legs, and
dysthetic sensations in her soles. Initially she noted a
”leathery”-feeling sensation when walking bare-

foot, combined with a constant burning sensation,
and sometimes feeling like she was walking on
broken glass. She would sometimes injure her feet
without realizing it, resulting in bruises and cuts.
The pains persisted and increased, and were requiring maximal Vicodin medication three times daily to
try to diminish them, along with locally supervised
nightly quinine to counteract the muscle cramps.
At night her feet pain was increased, and painful calf
cramps also occurred every night. These caused
great difﬁculty getting to sleep and awakened her
from sleep, resulting in “painful insomnia.” She
would soak her feet in ice water every evening to
temporarily diminish the pain. (Note: we have had
at least six other patients, all women, with painful
neuropathy who found that ice water or iceing the
feet provided some deﬁnite but transient relief of
their pain.) This patient also had a slight amount of
similar pain in her hands. When walking, it was
difﬁcult for her to quickly change direction. She has
had “weak ankles” and “high arches” from childhood
(as did her father, paternal uncle, and paternal grandfather). She was never athletic, would often sprain
her ankle, and frequently would have muscle cramps
while trying to exercise. There has not been any
subjective proximal muscle weakness. She was erroneously told recently she was having “accelerated
progression of her CMT” and that there was no
treatment. Her father and his brother and sister have
diabetes-2, and are being treated with oral agents.
Examination: She has prominent distal sensory
loss to touch and pinprick in her feet and lower legs,
absent vibratory and position sense in the toes, and
some numbness in all the ﬁngers up to the midpalms. Tendon reﬂexes were absent throughout.
Her feet are ﬂoppy at the ankles, and her arches are
very high (pes cavus). There is prominent extension and ﬂexion weakness of all the toes and
extension weakness at the ankles. Both plantar
reﬂexes are nonresponsive, presumably due to the
toe weakness and the sensory loss in the soles.
Rapid alternating hand-patting was irregular,
probably due to large-diameter sensory nerve ﬁber
impairment.
Studies: Blood glucose, hemoglobin A1c, and dysimmune markers were normal. CSF protein was
prominently elevated at 146 mg/dL, with a normal
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cell count. Sensory and motor nerve conductions
were unobtainable in the lower limbs and showed a
prominent dysschwannian-plus-dysneuronal sensory neuropathy in both upper limbs. EMG
showed slight–moderate recent denervation and
moderate–prominent established reinnervation
distally in the lower more than upper limbs.
Quadriceps muscle biopsy histochemistry showed
moderate recent denervation and prominent
established reinnervation. No amyloid was seen by
crystal violet staining or with the Askanas Congo red
ﬂuorescence (see Chapter 7).
Treatment: Seven years ago we began treatment
with IVIG, 0.4 g/kg/day on two nonconsecutive days
every week. Initially, improvement became subjectively evident after 2 weeks of IVIG treatment, and
the beneﬁts gradually summated. The improvements
included elimination of the constant peripheral neuropathic pain, the need to nightly soak her feet in a
bucket of ice water, and the nightly muscle cramps
(she was able to omit the nightly quinine dosings);
and cumulatively much better balance and somewhat better strength, giving her greater security
when walking and descending and climbing stairs.
This patient is very dependent on IVIG treatments. For
example, if due to her personal schedule she has to
omit IVIG, the ﬁrst week is OK; during a second week
off IVIG the increased feet pain necessitates one daily
Vicodin; and during a third week off she had deﬁnitely
less energy, and walking and ascending stairs “became
very difﬁcult,” and descending became “very scarey”.
The resurgent feet pain was “terrible,” requiring icewater soakings nightly, resumption of an evening
dose of quinine for cramps, and three doses of daily
Vicodin. After resumption of her IVIG treatments,
during the ﬁrst week she was slightly better and by
the end of the second IVIG week she was nearly
back to her best pre-omission status, which was
achieved after the third week of IVIG resumption.
Comment: This patient has a sensory neuropathy
(small- and large-ﬁber), plus a motor neuropathy. In
general, if there is signiﬁcant worsening over age 40
of a chronic, presumably genetic neuropathic process
that had been present from childhood, one should
look for a recent additional pathogenesis, such as
dysimmune, that might be treatable, as exempliﬁed
in this patient. She also exempliﬁes an excellent
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response to IVIG and a dependence upon it. Note: all
basically dysschwannian neuropathies cause symptoms
only by secondarily impairing function of their encased
and nurtured sensory and motor neuron axonal extensions.
If the dysschwannian process is severe and/or chronic, a secondary dysneuronal aspect will be induced and be
evident by nerve-conduction studies and nerve
morphology.

Vignette 16. Chronic sensorimotor
neuropathy and myelopathy, caused
by vitamin B12 insufﬁciency or
deﬁciency
Chronic sensorimotor neuropathy can result from
vitamin B12 (cobalamin) deﬁciency, and can easily
be treated by subcutaneous B12 injections (using
insulin syringes with #31 needles). B12 deﬁciency
or insufﬁciency can also cause myelopathy and
cerebral involvement.
A 71 year-old man has had, for 1 year, progressively worsening numbness of his feet and legs,
gradually ascending up to the mid-thighs. He also
had intermittent, sudden electrical-shock-like sensations in his feet. He feels stiffness when walking, and
has greater difﬁculty lifting his feet to ascend curbs
and stairs. He stumbles on irregularities of the sidewalk or the ground. He frequently loses his balance,
and has fallen a few times while walking and stepping
up or down the curb. He has difﬁculty with balance in
darkness or with his eyes closed. He recently developed some difﬁculty with recent memory. There is no
abnormality of swallowing or speaking.
Examination: He is thin but not deﬁnitely undernourished. He has increased muscle tone at the
knees and slowness of walking, but he has normal
power to resist the examiner’s force. Sensory examination shows: absent vibratory sense and position
sense at his toes and ankles, and a moderately
prominently decreased sensitivity to touch and pinprick in his feet and legs up to mid-thighs. Romberg
test is positive. Tendon reﬂexes were increased at the
knees and absent at the ankles. Plantar reﬂexes are
extensor bilaterally.
Studies: There was not a macrocytic anemia, but it
is known that the folic acid supplementation that he,
and many other persons, take in multivitamins and
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other supplements can mask the macrocytosis indicator of a B12 deﬁciency (see Comment below). In
this patient, the serum vitamin B12 level was low,
150 pg/mL (normal is 225–1000 pg/mL), and the folic
acid level was moderately elevated. Serum anti-parietalcell antibody and anti-intrinsic factor antibody were very
high, and methylmalonic acid was elevated.
Nerve conductions showed a combined dysschwannian and dysneuronal sensorimotor polyneuropathy in the lower more than the upper limbs. EMG
in the lower limbs distally showed slight–moderate
recent denervation and slight established reinnervation. Quadriceps muscle biopsy showed slight–moderate recent denervation and reinnervation.
Treatment: We began high-dose vitamin B12
(cyanocobalamin), 1000 mg, self-injected (or
spouse-injected) subcutaneously once daily, in
alternate anterior thighs, using disposable insulin
syringes with #31 needles (methylcobalamin can also
be used). (Our impression is that, compared to the
old-fashioned method of once-monthly B12 injections
with a larger needle in a buttock muscle, this subcutaneous method is much simpler, less painful, does
not require a visit to a physician’s ofﬁce, and probably
is more effective.) This patient was also continued on
oral folic acid (1 mg twice daily). In general, after 4–12
weeks of daily B12 injections, if the beneﬁt is estimated
to be maximal, the frequency might be reduced, for
example, to about one to three times weekly, depending on the clinical status, as was done in this patient
after 12 weeks. The beneﬁt was as follows. Within
1 week after starting B12 injections this patient had
less fatigue and more energy. By about 3–6 weeks, he
noted gradual return of sensation in his thighs and
upper legs, and slightly in his feet. Balance also began
to improve, as did his walking, and memory. By about
8 weeks of treatment, the electrical-shock sensations
were gone from his feet and his other sensory symptoms were further improved. Note: we have been
using high-dose, initially daily subcutaneous B12 for
25 years and not noted any related side effects.
Comment: The normal gastric parietal cells secrete
into the stomach lumen the intrinsic factor necessary for B12 absorption farther down in the terminal
ileum. The normal liver reportedly stores a 3–6-year
supply of B12. The typical cause of B12 deﬁciency is
autoimmune inactivation of those parietal cells or their

intrinsic factor (often associated with positive serum
antibodies against parietal cells and/or intrinsic factor). Anti-dysimmune treatment is not useful because by the time a patient has the neurologic
abnormalities the parietal-cell function had been
completely destroyed 3–6 years before. Importantly,
it is known that the folic acid supplementation he, and
many other persons, are taking in multivitamins and
other supplements can mask a B12 deﬁciency – and
probably a B12 insufﬁciency – by correcting the
hematologic macrocytosis of pernicious anemia (typical
in ordinary B12 deﬁciency) while not stopping the
progressive neurologic aspects of B12 deﬁciency. This is
a concern because folic acid is found in most multivitamins and is added to a number of foods. Not
related to this patient, it is known that B12 deﬁciency
can result from Crohn’s disease, or other gastrointestinal disorders, and especially if there was surgical
removal of some of the upper gastro-intestinal tract.
Note: regarding another aspect, one should remember that (a) the blood red cell mean corpuscular
volume (MCV) is raised by certain anti-dysimmune
and anticancer chemotherapies, such as azathioprine and cyclophosphamide, and (b) that macrocytosis can persist, despite B12 and folic acid treatment, for years after chemotherapy is discontinued.

Vignette 17. Amyloid neuropathy,
dysimmune, due to B-lymphocyte
dyscrasia
Nonhereditary amyloid neuropathy usually presents as a painful sensory neuropathy, often with
some autonomic dysfunction. It usually begins in
elderly or mid-age patients, but sometimes in younger adults. It is typically due to a B-lymphocyte
overproduction of the variable region of an immunoglobulin light-chain. While this can occur with
multiple myeloma, none of our nonhereditary amyloid patients has had myeloma detectable by bone
marrow, bone X-ray survey, or radionuclide scanning. A radionuclide scan with 99mTc sestamibi
scintigraphy (done technically like a bone scan but
focused on the soft tissues of the limbs and heart) can
demonstrate, in muscle such as in the thighs, amyloid-based uptake that tends to obscure the bone
image [15]. Amyloid in the heart can also be imaged
in this non-invasive way. Deﬁnitive diagnosis of
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amyloidosis is made by muscle biopsy histochemistry. There is no established treatment for removing
the aggregated amyloid, but anti-B-lymphocyte
measures can be tried to stop production of the
putatively toxic pre-amyloid immunoglobulin fragments. If production of pre-amyloid fragments could
be stopped, aggregated tissue amyloid can be slowly
catabolized by macrophages and circulating proteinases. Symptomatically, control of pain, hyponutrition, orthostatic hypotension, cardiac insufﬁciency,
and any other aspects deserves attention.
A 65-year-old man for 2 years has been having
increasingly severe, nearly constant pains in his feet
and lower legs, causing him to frequently remove his
socks and rub those areas, which were also moderately numb to the touch. He had similar, but not as
severe, pains and numbness in his hands, with
accentuation in the median nerve/carpal tunnel
distribution. For the last 8 months he has been
having difﬁculty with balance and walking, especially in the dark. He has an intention tremor of his
hands (probably due to peripheral nerve sensory
deprivation), and impaired ﬁne movements of his
ﬁngers. He also reports urinary overﬂow incontinence, diarrhea, and impotence. He has exercise
intolerance associated with weakness, pain, imbalance, and cardiac difﬁculty. He feels unusually hot
during the summer. He has a feeling of generalized
muscle weakness. His voice is slightly hoarse. He is
somewhat short of breath during exertion. His appetite is decreased and he has involuntarily lost 9 kg.
There is no family history of neuromuscular disease.
Examination: His recent weight loss is evident.
He is 1.82 m tall and his 2.4 L maximal vital capacity
(per our commercial hand-held respirometer) is
moderately reduced. He is unable to tandem walk,
and the Romberg test is positive. Sensory examination reveals prominent hypersensitivity to pinprick
testing, distal to his knees and on the dorsum of his
hands. He also has absent vibration and position
sense in the toes and absent vibration at the ankles.
There is moderate loss of touch sense of the toes, feet,
and lower legs; and there are similar but less prominent abnormalities in the hands and forearms. The
patient is hoarse, and the other cranial nerves are
normal. Strength is slightly reduced generally, but
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he can perform somewhat better when looking at
the regions being tested, attributable to his positionsense impairment. There is moderate weakness of
ﬂexion and extension of the toes and ankles. Tendon
reﬂexes are absent at the ankles and knees, and
much reduced in the upper limbs. Plantar reﬂexes
are unresponsive, probably due to the sensory loss of
the soles and partly to ﬁrst-toe weakness.
Laboratory testing: There is a serum IgG-lambda
monoclonal band, and free lambda light chains are
in the blood and urine. CSF protein is slightly elevated, 67 mg/dL. Search for myeloma was negative.
Sensory nerve conductions were unobtainable in the
lower limbs and showed a mixed dysschwanniandysneuronal neuropathy in the upper limbs. Motor
nerve conductions were slightly decreased. EMG
revealed slight–moderate denervation and established reinnervation in distal limb muscles. Quadriceps biopsy showed slight recent denervation and
established reinnervation. Extracellular amyloid
deposits, identiﬁed by crystal violet and the Askanas
ﬂuorescent Congo red stainings (see Chapter 10),
were found in the connective tissue septae and walls
of some blood vessels, but not inside the muscle
ﬁbers.
Treatment: There is no treatment for removing
established amyloid. In this type of B-cell dyscrasic
amyloidosis anti-B-treatment should be considered
(v.s.).
Comment: See also the section on Amyloidoses in
Chapter 2.

Vignette 18. Amyloid neuropathy,
hereditary, due to transthyretin
mutation
An hereditary amyloid neuropathy should also be
considered in an older patient with a sensory greater
than motor polyneuropathy, especially if there is also
cardiac involvement (e.g., cardiomyopathy) and/or
autonomic dysfunction. There could be an autosomal dominant genetic pattern of similarly affected
persons—e.g., if the amyloid is caused by the TTRMet30 mutation of transthyretin (TTR), that is easily
tested for. As with other sensory more than motor
polyneuropathies, all treatable causes such as dysimmune, anti-MAG, and diabetes-2, should be sought.
A soft-tissue radionuclide scan, which we introduced
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many years ago [15], can be very helpful in detecting
familial and sporadic systemic amyloid in the heart,
and to some extent in limb muscles (see Vignette 17
on sporadic amyloid neuropathy). For TTR-mutant
amyloidosis, liver transplant is sometimes used to
remove the organ (liver) where the cytotoxic mutant
transthyretin is being synthesized.
A 62-year-old man has had, for the last 3 years,
pain, numbness, and tingling in his feet that progressively ascended to his mid-thighs, and is now
appearing in his ﬁngers and hands. He also has
muscle cramps, predominantly in his legs, but also
involving his hands. He has noted muscle atrophy
and weakness of his distal and proximal muscles, in
the lower limbs more than upper limbs. He has
difﬁculty walking, imbalance, and difﬁculty raising
his arms overhead. For the last 6–7 months he has
had some difﬁculty swallowing. He has been having
very troublesome episodes of diarrhea and constipation, and impotence.
His blood pressure ﬂuctuates, causing orthostatic
hypotension. A severe syncopal episode 2 years ago
necessitated a cardiac pacemaker implant, at which
time he was also found to have inﬁltrative cardiomyopathy, a known concomitant of mutant-TTR amyloidosis. Heart transplant has been considered.
His father and two brothers, and two of their
daughters, have similar clinical features, and, like
the patient, have the same TTR-Met30 mutation.
This mutation is commonly associated with an autosomal dominant amyloid polyneuropathy.
Examination: This revealed a distal sensory loss to
pinprick and touch in his feet and hands, with a very
dysthetic, painful quality of the pin stimulus. He also
has absent vibration and position sense loss at his
toes and ankles. There is moderate distal weakness in
his lower and upper limbs, and slight–moderate
proximal weakness. Tendon reﬂexes are absent
throughout. Plantar reﬂexes are unresponsive,
probably due to the numbness of his soles.
Laboratory studies: The patient has a slight normocytic anemia. Sestamibi nucleotide imaging disclosed abnormal uptake in muscle tissue of the
thighs, and the heart. Nerve-conduction studies
show a sensory-motor mixed dysneuronal dysschwannian polyneuropathy. EMG showed in distal

muscles slight–moderate recent denervation and
moderate established reinnervation. Quadriceps
muscle biopsy showed prominent recent denervation and established reinnervation. Crystal violet
and the Askanas ﬂuorescent Congo red stain
(see Chapter 10) showed positive extracellular
b-pleated-sheet amyloid staining, located exterior
to the muscle ﬁbers. It was in connective tissue
regions, especially the perimysium, and in the walls
of a few medium-sized blood vessels.
Treatment: Because diﬂunisal/Dolobid was proposed by others as possibly able to prevent and
remove deposited transthyretin amyloid, we have
given that to him for 6 months, but during this time
his symptoms slightly progressed. The patient is
considering a liver transplant, like his brother had.
Transplantation has signiﬁcant risks but has been
shown to beneﬁt some mutant-TTR patients. Also
some patients with cardiac amyloidosis can beneﬁt
from a heart transplant.
Comment: The rationale for liver transplantation is
as follows. The mutant-TTR, which is presumably
toxic to molecular components of peripheral nerve
and various other tissues, is, like many other proteins, synthesized in the liver. Removal of the
factory producing that mutant toxin should stop
accumulation of mutant-TTR pre-amyloid and
amyloid. If the amyloid production and deposition
can be stopped, there is experimental evidence in
animals indicating that macrophages and tissue proteases can gradually remove abnormal amyloid
ﬁbrils, and also the presumably toxic pre-amyloid
monomers and oligomers; that removal might be is a
slow process. (Note that we think that the amyloidassociated molecular cytotoxicity affecting peripheral nerves is due to the “invisible,” (even with the
electron microscope.) monomers or oligomers of the
mutant-TTR; see Chapter 2 [16].)

Vignette 19. Carpal-tunnel mediannerve, and forearm ulnar-nerve,
pressure neuropathies: somewhat
common in aged persons and often
very treatable
Carpal tunnel syndrome is a common focal nerve
constriction-pressure problem that is often overlooked and frequently able to be well treated. It
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is caused by compression of the median nerve
within the carpal tunnel at the wrist. Carpal tunnel
syndrome can be diagnosed by clinical ﬁndings
and conﬁrmed by the presence of electrical conduction block or focally decreased median nerveconduction velocities across the wrist, while being
normal elsewhere along the nerve. Patients are
predisposed by obesity, diabetes, various general
neuropathies, cervical radiculopathies, arthritic
change in the carpal bones of the wrist, or if the
wrist is extended repeatedly from physical activity.
Treatment can be (a) conservative, by using a splint
to hold the wrist slightly ﬂexed or (b) surgical, by
freeing the nerve in the carpal tunnel. Numbness,
tingling and pain occur in the medial third of the
palm, and in the ventral aspect of the ﬁfth and
medial side of the fourth ﬁnger. One should distinguish carpal tunnel abnormality from cervical radiculopathies, including “ponderous purse disease,”
which also can cause hand symptoms and signs, and
early aspects of a general disorder such as a
peripheral neuropathy.
Ulnar pressure neuropathy is a much less common
disorder. It is often caused by unrecognized pressure
on the mid-forearm, such as by the edge of a hard
table pressing on the nonwriting forearm during
handwriting a manuscript (less often done nowadays), or the arm over the back of a hard chair, or
pressure on the ulnar groove at the elbow. The
treatment of ulnar pressure neuropathy is to recognize and prevent the provoking pressure. Sometimes in an early general peripheral neuropathy or
ALS, simple ulnar-pressure neuropathy is mistakenly diagnosed, resulting in ineffective ulnar-nerve
transposition surgery.
A 63-year-old moderately obese secretary has
had, for 2 years, bilateral intermittent numbness
and tingling in her thumb, index and middle
ﬁngers, and lateral 2/3rds of the palms. Her symptoms were worse under several circumstances – at
work, activities involving considerable typing;
while driving with her hands up on the steering
wheel; and upon awakening in the morning.
These positions involve the wrists being in the
extension position. The symptoms have progressed from being intermittent and relieved in
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a few minutes by keeping the wrists ﬂexed, to a
constant sensation of discomforting paresthesias in
her ﬁngers and sharp stabbing pain at her wrists
that prevented her from working. She now also
has difﬁculty opening jars and cutting food with
a knife, and she has noticed small twitches (fasciculations) in her thenar muscles. She tried wearing splints at night to keep her wrists ﬂexed, but
found them too annoying. She has no neck pain
and no symptoms in the other parts of her arms,
nor in her lower limbs.
Examination: She is moderately obese, 90 kg,
and has osteoarthritis affecting the wrists. There is
decreased sensitivity to pinprick and touch in the
median nerve distribution of both hands, i.e., the
lateral half of the palm and the ventral thumb, and
index and middle ﬁngers. Tinel’s and Phalen’s are
positive. There is moderate weakness of the opponens and ﬂexor muscles of the both thumbs. There
was no weakness proximal to the wrists or in the
lower limbs. Tendon reﬂexes were normal, plantar
reﬂexes were ﬂexor.
Studies: Blood chemistries including thyroid and
parathyroid tests are normal. Nerve conductions
showed severe bilateral dysschwannian neuropathy
of the median nerves, with prominent conduction
block across both wrists. Nerve conductions across
the elbow and elsewhere were normal. EMG
showed, in both hands, slight–moderate recent denervation in the opponens pollicis and abductor
pollicis brevis. Nerve conductions and EMG in the
lower limbs were normal.
Treatment: The patient had separate bilateral carpal tunnel release surgeries. She rapidly had significant improvement during the following few weeks,
and she was able to return to work.
Comment: For therapeutic purposes, it is important
to distinguish between a focal mechanical neuropathy and a generalized neuropathy, or the coexistence of both. One should consider various peripheral neuropathies (such as potentially treatable dysimmune diabetes-dysimmune and B12 insufﬁciency
neuropathies), because even subtle ones probably
can predispose to mechanical neuropathies of the
median and ulnar nerves, as well as to cervical and
lumbosacral radiculopathies from mechanical
“spondylotic” changes.
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Vignette 20. Sporadic ALS
The diagnosis of typical sporadic ALS (sALS) is based
on several diagnostic criteria, including clinical and
electrophysiological evidence of upper and lower
motor neuron degeneration, in the bulbar and multiple spinal regions. Unfortunately, ALS still carries a
dismal prognosis: the survival rate is  3–5 years
after onset, with only rare exceptions. sALS accounts
for about 90% of all ALS patients. Of the 10%
hereditary cases of ALS (hALS), about 20% are due
to a mutation of the autosomal-dominant SOD1
gene. Other mutated genes associated with hALS
are TDP-43, FUS [17], and most recently the gene
C9ORF72 [22] (see Chapter 2). The last gene may be
related to some patients with hALS and sALS, and it
raises the question of defective RNA metabolism, as
previously suspected [23]. Although there is no
deﬁnitive treatment for sALS or hALS, enthusiastic
and aggressive supportive management is crucial
and can positively affect quality of life for the patients, families, and caregivers. These measures include percutaneous endoscopic gastrostomy feeding
tube placement for nutrition, respiratory support,
speech synthesizer, a communication “speakeasy,” a
saliva-drying agent, and active and passive physical
therapy, as tolerated. A possibly treatable aspect of
“pseudo-ALS” should be considered in each patient.
A 54-year-old executive has had for 3 months
intermittent difﬁculty swallowing food and saliva,
especially meat and large boluses—he has to wash
them down with water. His speech has become
slower, spastic, and somewhat nasal, and his left
upper arm and forearm have become weaker and
thinner over the same period. He has also noticed
“twitches” in both arms and one thigh at rest, and the
twitches are transiently increased after exercise.
Walking is more difﬁcult, and his legs feels “stiffer;”
sometimes they have an involuntary spasm, and they
fatigue more easily than a year ago. He has no sensory
symptoms. General medical history is unremarkable.
Examination: The patient has moderate atrophy of
the left upper arm and forearm, and slight atrophy
on the right. Fasciculations are evident in all four
limbs. He has mild–moderate weakness of both
biceps, and left triceps, and both wrist ﬂexors and
extensors. The lower limbs are strong to manual

testing. He has some face and tongue weakness, and
there is atrophy and spontaneous small ripplings of
the tongue. Jaw-jerk and Chvostek responses are
abnormally brisk. Tendon reﬂexes are very brisk in
all limbs, with sustained clonus at the left ankle.
The left and right plantar reﬂexes are ﬂexor. Sensory
and cerebellar examinations are normal.
Studies: Blood chemistry, vitamin levels, and immune parameters are normal. CSF protein is slightly
elevated, 75 mg/dL, suggesting impaired blood-CSF
barrier. Nerve conductions were normal. EMG of
muscles in three limbs diffusely showed prominent
recent denervation (ﬁbrillations, positive waves) and
slight–moderate established reinnervation (enlarged, polyphasic motor units on slight voluntary
contraction); and there were ﬁbrillations in thoracic
paraspinal muscles. Muscle-biopsy histochemistry of
the clinically normal quadriceps showed prominent
recent denervation (small angular atrophic muscle
ﬁbers) and slight established reinnervation (typegrouping).
Comment: See Chapter 2 for more information
about ALS. In general, the more elevated the CSF
protein, the more likely there is a dysimmune mechanism, but exceptions do occur. Sometimes in ALS
the plantar response is inexplicably ﬂexor (normal)
even when there is generalized hyperreﬂexia.

Vignette 21. A remarkably treatable
man-in-a-barrel syndrome: one type
of treatable “pseudo-ALS”
We designate as having “pseudo-ALS,” which is a
general category, the diagnostically difﬁcult patients
who have major features of typically fatal ALS,
but also have a discoverable different condition,
sometimes one that can be treated. Pseudo-ALS
patients are a heterogeneous group, and can present
clinically with both upper and lower motor neuron
signs, or only lower or upper motor neuron signs.
Examples are: fasciculating motor>>sensory neuropathy; coexisting peripheral motor neuropathy
and spondylotic cervical myelopathy, and coexisting
MG and cervical spondylotic myelopathy; motor
neuropathy with conduction block; and multimicrocramps (see Chapter 2). One should be aware
of such possibilities, and others, and do an intensive
work-up to ensure that (a) no treatable aspect is
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overlooked, and (b) no patient is incorrectly given a
fatal prognosis. If we are uncertain, we try a putatively
appropriate treatment. When we ﬁrst met the patient
described below, he had “hanging arms,” strong legs,
and no abnormality above the neck [18]. This clinical
phenotype has been called “man in a barrel” by others
and often given the grim prognosis typical of the lower
motor-neuron form of ALS [19]. But to the contrary,
our patient demonstrates that treatment of this clinical
manifestation can sometimes have a cumulative and
sustained excellent clinical result.
A now 57-year-old man had developed over a 19year period, from age 24, progressive weakness and
muscle atrophy causing inability to raise either arm,
especially his right arm, more than 15 degrees away
from his side. Early on, he also became unable to grip
a glass of water, and his handwriting considerably
worsened. He reported occasional twitches (fasciculations) in both arms, especially after attempting
moderately vigorous use of them. The twitches also
were more frequent after caffeinated or alcoholic
beverages. He has no weakness of the legs, no
sensory symptoms, and no difﬁculty with speech or
swallowing. There was no signiﬁcant general medical history, and no family history of neuromuscular
disease or diabetes.
Examination: He has prominent weakness and
atrophy of the right deltoid, biceps, triceps, and
ﬁnger-extensor muscles; and moderate–prominent
weakness of the same muscles on the left. Occasional
fasciculations were evident in muscles of both upper
limbs. Tendon reﬂexes were absent in both upper
limbs and moderately reduced in the lower limbs.
Plantar responses were ﬂexor. Sensory and cerebellar examination was normal.
Laboratory studies: Routine hemogram, blood
chemistries, and vitamin B12, B1, B2, B6, and D levels
were normal, as were our detailed and repeated
screenings for dysimmune parameters including a
paraneoplastic panel. CSF showed high-normal protein of 44 mg/dL (normal is up to 45 mg/dL); and
normal glucose, as well as normal cell count and IgG
(“MS”) panel. Cervical MRI imaging was normal.
Nerve conductions showed a combined motor dysneuronal and slightly dyschwannian neuropathy
involving his upper limbs, right more than left.
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Sensory nerve conductions were normal. EMG
revealed recent denervation and established reinnervation prominently in the very weak upper limbs
and slightly-moderately in the clinically strong
lower limbs.
Biopsy of the clinically strong quadriceps muscle
showed slight but deﬁnite recent denervation and
slight established reinnervation.
Early follow-ups: During the initial investigations
and repeated testings, we noticed that this patient’s
hemoglobin was gradually falling, to 10.0 g/dL.
By positive stool exams for occult blood we were
led to a silent asymptomatic 4 cm carcinoma of the
transverse colon, which was resected. There has not
been any recurrence for 14 years, to date, and the
anemia was thereby cured.
Treatment: Because the patient was progressively
weakening and a dysimmune process seemed a
slight possibility, immunosuppression was tried. Initially, he had an allergic reaction to generic azathioprine plus prednisone; therefore, IVIG was initiated
at 0.4 g/kg/day for ﬁve consecutive days, every third
week. Very early beneﬁt became evident on the next
day after the ﬁrst 5 days of IVIG. After three 5-day
IVIG courses he could, momentarily, raise both arms
nearly overhead. By 1 year of IVIG treatments he
could vigorously raise them fully overhead [18] and
he was able to do moderately heavy work, such as
putting down 3000 bricks in his patio. Now his hand
grip is excellent, but he still cannot fully extend his
ﬁngers (this function might be unrecoverable). We
have been able to maintain the excellent improvement while very gradually reducing the frequency
of IVIG treatments, now to 3 days every 6-10 weeks,
plus Imuran 100 mg 3 /day.
Comment: The cumulatively dramatic beneﬁt being sustained for 14 years is attributable to the
IVIG beneﬁting a presumably dysimmune pathogenesis, because the patient’s weakness begins to
return if his IVIG treatments are given 1–2 weeks
later than usual. Uncertain is whether there is a
perpetuating paraneoplastic “remote effect” dysimmune pathogenesis (see Chapter 2) persisting
14 years after removal of the colon carcinoma,
or whether the colon cancer had no inﬂuence on
this treatable man-in-a-barrel neuromuscular
disorder.
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Vignette 22. Cervical stenosis:
proximal weakness and pain in the
upper limbs, with neck pain, and/or
spasticity in the legs
Cervical stenosis from spondylosis is a common
problem, with various degrees of severity. Focal
symptoms in the arms and shoulders with neck
pain occasionally, sometimes plus upper motor
neuron signs in the lower limbs. These suggest
involved cervical nerve roots-sometime plus cervical spinal cord (occasionally misinterpreted as
ﬁbromyalgia). A simple clinical test of neck stretching [20] with the neck ﬂexed about 15 degrees can
be used to seek improvement of symptoms, or
inadvertently, mild momentary worsening of
symptoms; either result would identify a signiﬁcant mechanical component. Transient improvement
would be an indication for therapeutic neck
stretchings at home or in physiotherapy (after a
cervical MRI demonstrates no contraindicating lesion), while transient worsening would suggest trying
again with the neck somewhat less or somewhat
more ﬂexed to seek a favorable position for improvement by neck stretching. A thin night-time pillow
is better than a fat one. Sometimes non surgical
intervention is the better choice. For patients with
signiﬁcant cervical stenosis and/or foraminal narrowings, unresponsive to conservative measures, very
cautious neurosurgical intervention may be beneﬁcial.
Evidence of corticospinal tract involvement is a
strong point tilting toward surgery.
For 6 years a 64-year-old administrator has been
having intermittent pain in her neck that radiates to
her right upper arm, and pain and tenderness in the
upper right trapezius. For the last 4 months, the right
arm has been weak, causing difﬁculty lifting things
to the kitchen counter, holding pots, chopping, or
doing her hair. Her hands and left arm are not weak,
but she has had occasional tingling in both arms and
hands. Her arm symptoms are aggravated when she
carries a heavy purse on the right side. The lower
limbs seem somewhat “stiff,” and her walking and
stair climbing are slower. Recently, she has been
having some urinary urgency.
Examination: She has neck pain and “stiffness”
when turning her head, especially when rotating it

to her left, or bending it laterally to the right. There
was weakness in right shoulder abduction and elbow ﬂexion. The pains interfere with her sleeping
(“painful insomnia”). In the upper right trapezius
there is a transverse bundle of tender muscle that the
patient says when touched feels like a “sausage,” and
we agree. She had slightly reduced sensitivity to pain
in her right arm in the C-5 nerve-root distribution.
Cranial nerve testing was normal. Vibratory sensation was normal throughout. Her right biceps reﬂex
were absent and bilateral triceps, and knee and
ankle reﬂexes were excessively brisk. The plantar
responses were extensor. Jaw jerk was normal.
Laboratory testing: Blood and urine testings were
normal. Cervical spine MRI showed (a) moderate
right neural foraminal stenosis causing compression
of the C-5 nerve root and (b) C-4–5 disk indenting
the ventral aspect of the spinal cord. Neurologic
localization in this patient indicated involvement
of (a) lower motor-neuron and sensory axons in
the C-5 root to explain the weak biceps and absent
reﬂex, and the sensory distribution on the right arm,
and (b) involvement of the corticospinal tracts, evident as hyperreﬂexia below C-5 level (namely, at
the triceps, knee, and ankle reﬂexes ﬂexes and the
extensor plantar reﬂexes, while above the C-5 level
the jaw-jerk reﬂex was normal). Other possible
causes of a similar clinical picture include radiculomyelopathy from: a secondary or primary tumor,
abscess, arteriovenous malformation, or post-irradiation of a thymus or cervical nodes; ALS could be
considered, but pain is not an aspect of ALS per se,
although an ALS patient could have a coexisiting,
and possibly treatable spondylotic cervical radiculopathy or myelopathy.
Treatment: A neurosurgeon performed spinal-cord
and C-5 nerve-root decompressions, with good
results.
Comments: (a) We have found that for a cervical
radiculopathy due to spondylosis, without MRIdemonstrable spinal-cord involvement, cautious
daily home neck stretchings [20] for a few weeks,
initially demonstrated and supervised by a physician
or experienced physical therapist, can sometimes
produce pain relief that persists weeks or months,
and occasionally for more than 20 years. (b)
“Ponderous purse disease” was identiﬁed 20 years
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ago [21] as a common and treatable cause of neck
pain and focal muscle “sausage cramps,” and is becoming more pervasive as women’s purses become
more voluminous and serve as shoulder valises.
Computers and paraphernalia for “natural beauty”
add to this weighty problem. The obvious treatment
involving a much smaller, lighter purse is disdained
as more of a pain in the neck than the pain in the
neck. (c) The painful and tender “sausage” in the upper
right trapezius area is a focal transverse muscle
cramp caused by nerve-root irritation from the
spondylosis: it is not a mysterious “ﬁbromyalgia” (see
Chapter 2). Clonazepam/Klonopin often is beneﬁcial in relieving the painful cramp and consequently
alleviating the “painful insomnia.”

Brain disorder
Vignette 23. Normal-pressure
hydrocephalus
Frequent falls from loss of balance, memory impairment, and urinary incontinence are three common complaints in older patients, and should not be
dismissed as “simply a part of aging.” MRI of the head
and cervical spine could reveal various treatable
neurological/neurosurgical conditions. Normal-pressure hydrocephalus is important to be recognized,
because treatment might dramatically beneﬁt the
patient’s quality of life, including safety when walking, and perhaps improve the patient’s memory.
A 77-year-old accountant, accompanied in the
clinic by his wife, has been having frequent loss of
balance and falling for 4 months. During this time he
has also been progressively forgetful, and now has
difﬁculty doing simple calculations. His social graces
are preserved. He also has occasional urinary incontinence at night. There are no sensory complaints.
There is no history of major head injury, although
he is falling every 1–2 weeks and has recently
broken a wrist and suffered a nose injury, but no
unconsciousness.
Examination: He has a wide-based gait. The Mini
Mental examination conﬁrmed impaired recent
memory. No cranial nerve dysfunction or papilledema was evident. The sensory examination was
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normal. Tendon reﬂexes were slightly increased and
the plantar responses were extensor.
Studies: Blood count, chemistry, and vitamin levels were normal. Syphilis test was negative. Brain
MRI revealed a communicating hydrocephalus, with
dilated frontal and temporal horns of the lateral
ventricles, and slight–moderate periventricular
white matter enhancement on contrast. No obstruction or focal mass was evident.
Treatment: Via lumbar puncture, 60 ml of CSF was
removed. Within a day, there was improvement of his
mental function, balance, and urinary incontinence.
This ﬁrst improvement lasted about 2 weeks, after
which his symptoms gradually returned. After another CSF removal, the patient had the same improvement. Therefore a neurosurgeon installed a
ventriculo-peritoneal shunt, with a programmable
valve that can be adjusted for changes in the intracranial pressure. This is providing more enduring
beneﬁt.
Comment: Other possibilities for his presenting
symptoms include small strokes (including multiinfarct dementia), chronic subdural hematoma,
low-grade tumor metastases, B12 deﬁciency, atypical Alzheimer disease, prion disease, and chronic
fungal or other infection.
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Sarcopenia and mitochondria
Considering that skeletal muscle accounts for almost
half of the human body mass and is rich in mitochondria, and considering that mitochondrial DNA
(mtDNA) is universally considered to be an aging
clock [1], it follows that muscle ought to be the ideal
tissue in which to study the “catastrophic mitochondrial theory of aging” ﬁrst proposed on biochemical
grounds by Denham Harman in 1981 [2] and conﬁrmed on molecular grounds a decade later by Soong
et al. [3]. The latter paper led Anita Harding to title
her commentary, only half in jest: “Growing old: the
most common mitochondrial disease of all?” [4].
Let us turn the title of this chapter on its head and
consider ﬁrst the clinical consequences of aging on
muscle (sarcopenia, a Greek term that simply means
“muscle atrophy”), then the theoretical and experimental evidence of mitochondrial involvement in
the aging process, and ﬁnally the therapeutic measures that can be adopted, if not to prevent, then at
least to delay and contain the inevitable occurrence
of sarcopenia.
The loss of muscle mass in humans starts at about
age 40 and proceeds at a rate of approximately 1%
per year, such that a 80-year-old individual will
have about half the muscle mass of a middle-age

person [5–7]. Obviously, there are great individual
differences, often related to exercise, which can now
be explained by mitochondrial mechanisms (see
below). The different mitochondrial content and
metabolic makeup of type 1 and type 2 muscle ﬁbers
can also explain the different muscle-speciﬁc susceptibility to sarcopenia in the rat, as type 1 ﬁbers
containing abundant mitochondria are relatively
resistant to age-related changes [8]. The more uniform ﬁber type composition of human muscles
masks such differential involvement.
As the number of people older than 65 years
is expected to double in the USA over the next
15 years [6], sarcopenia is becoming a serious public
health issue, with loss of mobility and increased
risk of falls and fractures in the elderly population,
and hence the importance of better understanding
the pathogenesis and reducing the severity of
sarcopenia.
Morphological changes of muscle with aging include atrophy, especially of type 2 ﬁbers, some
degree of ﬁber type-grouping due to loss of motor
neurons and denervation, and modest lipid inﬁltration presumably due to mitochondrial dysfunction
(see below). However, the most crucial morphological change associated with aging was described in
1992 by M€
uller-Hocker, who observed cytochrome
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c oxidase (COX)-negative ﬁbers in diaphragm, limb,
and extraocular muscles of normal aged subjects [9].
He also noted that some of the COX-negative ﬁbers
reacted intensely with the stain for succinate dehydrogenase (SDH), suggesting excessive mitochondrial proliferation, or – put another way – many
COX-negative ﬁbers were ragged-red ﬁbers (RRFs),
a typical histochemical feature of primary mitochondrial diseases [10].
In fact, the age-related accumulation of COXnegative RRFs in normal human muscle has complicated the diagnosis of mitochondrial myopathies
in elderly individuals, raising the question often
asked of the pathologist: “How many RRFs do you
need to call a specimen pathological?” To this there is
not a simple answer because there is a ﬁne line
between normal aging and pathology. This situation
is exempliﬁed by nine patients with late-onset proximal or axial weakness, premature fatigue, and high
numbers of COX-negative ﬁbers in their muscle
biopsies, a myopathy attributed – as it were – to
exaggerated aging [11]. However, in clinical practice
the diagnosis of mitochondrial myopathy in older
individuals is not common.
Mitochondrial abnormalities, in the form of SDHhyperactive, COX-negative ﬁbers, also increase with
age in rat muscles, but the alterations in this species
correlate with the type of muscle and probably
depend in large measure on ﬁber type composition:
in the vastus lateralis, composed predominantly of
type 2 ﬁbers, SDH-hyperintensive, COX-negative
ﬁbers were detected at 18 months of age whereas
in the soleus muscle, which is richer in type 1 ﬁbers,
the same alterations were noted at 36 months of
age [8]. As mentioned above, in humans the greater
vulnerability of type 2 ﬁbers to sarcopenia is also
present but masked by the more admixed ﬁber type
composition, such that we do not have obviously
“red” or “white” muscles.

mtDNA as the aging clock
It is remarkable that the “catastrophic mitochondrial
theory of aging” was proposed before the ﬁrst
pathogenic mutations in mtDNA had ever been
described and it has been strengthened ever since.

This theory was based on several premises pointing
to mtDNA as an attractive suspect for the aging
process: (a) unlike nuclear DNA, whose genes are
diploid in somatic cells, mtDNA is present in thousands of copies in each cell; (b) because it is located in
close proximity to the mitochondrial respiratory
chain, mtDNA is exposed to the respiratory chain’s
toxic by-products, reactive oxygen species (ROS); (c)
mtDNA ﬁxes new mutations at a higher rate than
nuclear DNA; (d) any damage to mtDNA is likely to
be functionally deleterious because its structural
genes have no 50 or 30 noncoding sequences, no
introns, and few intervening spacers; (e) and the
repair capacity of mtDNA is signiﬁcant but probably
less robust than that of nuclear DNA.
The mitochondrial theory of aging postulates a
pernicious sequence of events. First, in post-mitotic
tissues, including muscle, somatic mtDNA mutations, and especially large-scale deletions, gradually
accumulate, with a steep increase at about 40 years
of age [12, 13], which is – notably – when muscle
mass starts declining [5]. Second, as the percentage
of somatic mutations increases, due in part to a
preferential clonal expansion of mtDNA within individual ﬁber regions, the efﬁciency of the respiratory chain decreases, leading to excessive production of ROS and oxidative stress. Third, oxidative
stress induces mitochondrial-mediated apoptosis,
with gradual loss of muscle ﬁbers, i.e., sarcopenia.
A voluminous literature supports the validity of each
step, and not just in skeletal muscle but also in other
post-mitotic tissues [3, 14]: what follows is a brief
review of the main data pertaining to muscle.

Age-related mutations in mtDNA
Initial studies used a speciﬁc deletion of 4977 bp (the
“common deletion” [15]) as a marker of mtDNA
damage, which increased as much as 10,000-fold in
the course of the normal lifespan [12] and reached
an overall abundance of 0.1% of total muscle
mtDNA [12, 13, 16]. A major criticism leveled at the
pathogenic role of mtDNA deletions in aging is that
these cumulative levels of rearrangements are a
world apart from those found in muscle from patients
with primary mitochondrial diseases due to mtDNA
deletions, such as Kearns–Sayre syndrome (KSS), in
whom mutation loads hover around 80% [17].
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This objection, however is countered by three
arguments. First, the “common deletion” is but one
form of mtDNA rearrangement, and numerous other species also accumulate in muscle during aging [13, 18–20]. Second, skeletal muscle is a syncytium and, just as COX-negative and ragged-red areas
do not affect the entire length of any ﬁber but are
segmental changes, so too is the distribution and
abundance of mtDNA deletions in aging. This has
been clearly shown in both rat and human muscle
by laser-capture microdissection of COX-negative
segments of single ﬁbers, where single clonally
expanded rearranged mtDNA species accumulated
to concentrations as high as 90% of total mtDNA,
well above the pathogenic threshold [5, 21, 22]. The
pathogenic signiﬁcance of these localized molecular
and biochemical lesions was supported in rat muscle
by the colocalization of ﬁber atrophy, ﬁber splitting,
and oxidative nucleic acid damage [22]. Third, referring to patients with overt syndromes due to
mtDNA deletions may be misleading because the
pathogenic threshold for different mutations has
been traditionally based on studies of cybrid cells
in vitro and does not accurately reﬂect clinical
experience. It is conventional wisdom that the pathogenic thresholds for mtDNA deletions and point
mutations alike are both high and steep, such that
mitochondrial dysfunction does not occur until
80–90% of mtDNAs are mutated and that even small
deviations below the threshold are compatible with
normal function. However, the high threshold
shown by cybrid cells harboring the m.3243A ! G
MELAS mutation – approximately 90% mutated
mtDNA [23] – appears to be much lower in vivo, as
shown by 31P-magnetic resonance spectroscopy
studies of the calf muscle in an oligosymptomatic
carrier of the MELAS mutation [24].
Data on the age-related accumulation of mtDNA
point mutations in muscle are less abundant,
but two common pathogenic mutations, the
m.8344A ! G mutation (typically associated with
MERRF) and the m.3243A ! G MELAS mutation,
were more abundant in skeletal muscle from aged
individuals [25–28] and two muscle-speciﬁc mutations in the control region of mtDNA accumulated in
normal elderly individuals [29]. It should be mentioned, however, that in another study [13] quan-
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titative PCR of two small regions, one containing the
MELAS mutation, the other containing the NARP
(m.8993T ! G or m.8993T ! C) mutation, revealed
a much more modest and age-unrelated accumulation of mutations.
Massive accumulation of mtDNA mutations were
associated with dramatic premature aging in transgenic mice (“mutator mice”) expressing an errorprone version of the catalytic subunit of polymerase
g (polg) [30, 31], but the severe decline in respiratory
chain function and ATP production was not accompanied by oxidative stress, leading the authors to
conclude that the respiratory chain dysfunction in
and of itself induced premature aging [32], possibly
through induction of apoptotic markers [31].
Whether the increase in the load of mtDNA point
mutations in mutator mice was the cause of premature aging or merely a correlate has generated intense debate [33, 34]. It was noted that the level of
somatic mutations in these mice was an order of
magnitude greater than in human aging and that
the aging features were not speciﬁc but shared with
other premature aging mouse models not associated
with mtDNA mutations [33]. It was also noted that
mutator mice could tolerate a 500-fold greater
mutation load than normal mice without showing
features of premature aging [34]. Thus, the role of
somatic point mutations in aging is probably less
dramatic than the outward features of the ﬁrst
mutator mouse had led us to believe.

Age-related oxidative stress
As aptly put by Wallace in a comprehensive review
of mitochondria in aging, degenerative diseases, and
cancer [1], “ROS damage to the mitochondria,
mtDNA, and host cells must be one of the most
important entropic factors in determining agerelated cellular decline.”
Having established that mtDNA somatic mutations, especially large-scale deletions, accumulate
in aging human muscle, at least segmentally, and
almost certainly beyond the pathogenic threshold
within individual ﬁbers, it follows that the respiratory chain function must also decline with time.
Numerous papers, mostly published in the 1990s,
have provided biochemical evidence of such a
decline affecting one or more respiratory chain
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complexes [35–41] and these data have been conﬁrmed by transcriptional proﬁling [42]. Defects of
the respiratory chain hyperpolarize the electrochemical gradient of the electron-transport chain
(ETC) and result in excessive production of ROS.
Endogenous ROS production is as normal as the
release of exhaust fumes from a car motor and it is
largely “mufﬂed” by the intrinsic antioxidant defenses of the cell, including the mitochondrial Mn
superoxide dismutase (MnSOD) and Cu/Zn SOD,
the cytosolic glutathione peroxidase (GPx1), and the
peroxisomal catalase. However, when the initial
steps of the ETC remain reduced, either because of
excessive caloric intake or because of a partial block
in the ﬂow of electrons, ROS are produced in excess
and exceed the quenching power of the endogenous
antioxidants, feeding the vicious cycle of progressive
mtDNA mutations but also damaging directly
mitochondrial proteins and lipids, including
cardiolipin [43].
The correlation between oxidative stress and
sarcopenia is documented both directly [22] and
indirectly through the rich literature showing the
positive effect of caloric restriction (CR) on longevity
in multiple species (for review, see [1, 44]) and the
life-prolonging effect of upregulating the antioxidant defenses of the organism [45]. More relevant to
our review, oxidative stress in muscle of transgenic
mice lacking Cu/Zn SOD accelerates the features of
sarcopenia [46].

effector domain (DED) engages procaspase-8. Active
caspase-8 activates the effector caspase-3.
The intrinsic pathways of caspase activation
involve the endoplasmic reticulum or the mitochondria. We will only consider here the mitochondrial
pathway. The pivotal mitochondrial mediator of
apoptosis is cytochrome c, a small electron carrier
that can be released into the cytoplasm, where
it binds to apoptotic protease-activating factor 1
(Apaf-1), dATP, and procaspase-9 to form the apoptosome, within which procaspase-9 is activated and
engages the effector caspase-3 [43]. The release of
cytochrome c occurs via the mitochondrial permeability transition pore (mtPTP), which is composed
of the inner membrane adenine nucleotide translocator (ANT), the outer membrane voltage-dependent anion channel (VDAC; also known as porin),
Bax, Bcl2, and cyclophilin D [1]. Opening of the
mtPTP releases into the cytoplasm not only cytochome c but also other cell death-promoting factors,
including apoptosis-inducing factor (AIF), SMAC/
Diablo, endonuclease G, and the Omi/HtrA2 serine
protease. Endonuclease G and AIF enter the
nucleus, where they degrade chromatin.
The crucial notion here is that, as ROS accumulate, the propensity to apoptosis increases, thus
connecting mtDNA damage, ETC dysfunction, ROS
accumulation, and cell death, or sarcopenia [47].

Age-related muscle apoptosis

Mitochondrial biogenesis: closing
the circle

Apoptosis is a highly conserved cascade of events
resulting in cell destruction without associated inﬂammation or damage to surrounding tissues. The
executioner enzymes are cysteine-aspartic proteases
(caspases) that are normally present as inactive proenzymes (procaspases). Apoptotic stimuli activate
initiator caspases (caspase-8, caspase-9, caspase-12)
which, in turn, activate effector caspases (caspase-3,
caspase-6, caspase-7) that actually dismantle the
cell [43]. The apoptotic cascade can be triggered by
extrinsic or intrinsic pathways. In the extrinsic pathway, activation of the Fas receptor and tumor
necrosis factor receptor (TNF-R) on the cell surface
leads to recruitment of adaptor proteins, such as the
Fas-associated death domain (FADD), whose death

In recent years, all the different age-related mitochondrial changes have converged on mitochondrial biogenesis and, more speciﬁcally, to the peroxisome proliferator-activated receptor g coactivator
1a protein (PGC-1a for short), a transcriptional
coactivator that binds to several transcription factors
and induces gene expression [48]. Importantly,
PGC-1a is a strong promoter of mitochondrial biogenesis and function [49], and its role in the pathogenesis (and alleviation) of sarcopenia has become
increasingly clear. In aged tissues, including muscle,
PGC-1a expression declines [50, 51] and, in fact, this
phenomenon may precede all the more obvious
mitochondrial changes described above and may
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itself be due to a loss of sensitivity to activators on the
part of PGC-1a [52].
In a series of elegant papers, Wenz and collaborators illustrated both the pathogenic role of PGC-1a
and its potential therapeutic usefulness [53–56].
First, they used a knock-in mouse model of mitochondrial myopathy, a partial COX deﬁciency due to
a mutation in the assembly gene COX10. Promoting
mitochondrial biogenesis either by transgenic expression of PG1-a or by administration of bezaﬁbrate
(a PGC-1a activator) resulted in improved respiratory chain function and ATP production, delayed
appearance of the myopathy, and prolonged lifespan [53]. Next, they explored the effects of upregulating the expression of PGC-1a transgenically in
aged mice and they found that all features of sarcopenia, including muscle atrophy, respiratory chain
function decline, oxidative stress, apoptosis, autophagy, proteasome activation, and neuromuscular
junction damage, were attenuated or retarded. The
importance of skeletal muscle in overall energy
balance and metabolism was documented by the
general health beneﬁts of upregulating PGC-1a
expression in muscle only: the mice showed improved exercise performance, bone mineral density,
and longer lifespan [54]. Finally, Wenz et al. returned to their transgenic animal models of COXdeﬁcient myopathy to show that enhancing mitochondrial biogenesis indirectly through endurance
exercise (which upregulates PGC-1a [57, 58]) also
improved muscle performance, respiratory chain
function, and increased lifespan [55]. This is a nice
experimental conﬁrmation of the beneﬁcial effects
of aerobic exercise in patients with mitochondrial
myopathy [59].
Although not directly relevant to sarcopenia, a
similar protective effect from denervation atrophy
was observed in transgenic mice overexpressing
PGC-1a: in this case, PGC-1a reduced the activation
of FOXO3 and the expression of the atrophy-related
ubiquitin ligases atrogin-1 and MURF-1 [60].
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tations – it would be ideal to keep our muscles in
good health for two excellent reasons: (a) because
the frailty that accompanies old age limits mobility
and is a major cause of falls and fractures; and (b)
because skeletal muscle has an important role in
general metabolism, for example insulin-stimulated
glucose disposal.
There is little question from the ample literature
reviewed above that age-related muscle atrophy and
weakness is a mitochondrial “disease,” just as predicted by Anita Harding in 1992. There isn’t much
we can do for mitochondrial myopathies and there
isn’t much we can do for sarcopenia. However, two
sensible approaches to maintain our muscle ﬁtness
include diet and exercise.
The beneﬁcial effects of aerobic exercise cannot be
overemphasized and regular exercise should be initiated before age 40, when mtDNA mutations start
accumulating and muscle mass starts declining.
As mentioned above, there is ample evidence that
caloric restriction prolongs life and it is more than
likely that overfeeding in rich countries contributes
to disease, including sarcopenia. An interesting
study examined muscle bioenergetics in 36 young
overweight but not obese subjects randomized into
three groups and followed for 6 months: controls,
100% of energy requirements; CR, 25% caloric
restriction; and CREX, caloric restriction (12.5%)
plus exercise (12.5% increased energy expenditure). Needle muscle biopsies showed that members
of the CR and CREX groups had increased expression
of PGC-1a and other proteins involved in mitochondrial biogenesis (e.g., TFAM, Sirtuin1), increased
mtDNA
content,
and
decreased
mtDNA
damage [61].
This study should be conﬁrmed and extended, but
it bodes well as a preventive measure for sarcopenia,
even if it requires two of the most unpopular behavioral adaptations in our spoiled society: fasting
and exercising.
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CHAPTER 5

Protein degradation in aging cells
and mitochondria: relevance
to the neuromuscular system
Jenny K. Ngo and Kelvin J. A. Davies
Davis School of Gerontology Ethel Percy Andrus, Gerontology Center, University of Southern California, 3715 McClintock Avenue,
Los Angeles, CA, USA

Degradation of oxidized proteins
in mammalian cells
The oxidation of proteins is a natural part of aerobic
life. Various free radicals, and reactive oxygen species generated as by-products of cellular metabolism,
or from environmental sources, can modify the
amino acids of proteins, leading to their inactivation.
The majority of these modiﬁed proteins are either
repaired directly, or removed by selective proteolysis. Mammalian cells contain only limited direct
repair mechanisms for oxidized proteins. The two
most widely studied proteolytic systems to remove
oxidatively damaged proteins are the proteasome
and the Lon protease.
The proteasome is a large multi-subunit complex
that is largely responsible for the degradation of
targeted soluble proteins in the cytosol, nucleus,
and endoplasmic reticulum. The 26S core proteasome is comprised of the catalytic 20S core, and two
19S regulatory complexes. The 19S regulator mediates the recognition of poly-ubiquinated proteins,
and permits their access to the 20S core complex
for degradation. In mammalian cells, the degradation of oxidized proteins is targeted by the smaller
20S proteasome. The free 20S core proteasome
recognizes exposed hydrophobic patches, aromatic

residues, and bulky aliphatic residues that are
exposed during oxidative rearrangement of secondary and tertiary protein structure, which is a feature
of proteins that have undergone oxidative modiﬁcation. This selective recognition and removal of
oxidatively damaged proteins is critical in minimizing protein aggregation, and the formation of crosslinked products, which are toxic to the cell.
The second major system is the mammalian Lon
protease. Lon is primarily localized in mitochondria,
with some data indicating that a Lon variant is
transported to peroxisomes. Localization to an organelle such as the mitochondria is crucial, since the
mitochondrial structure is enclosed by a double
membrane system, making it impermeable to
proteasome which is found throughout the rest of
the cell. Mitochondria are a major source of free
radical generation, and their macromolecules are
highly susceptible to oxidative modiﬁcation.
The Lon protease is the only known system for the
direct removal of oxidized proteins in mitochondria.
There is a growing body of evidence that suggests
that aging and certain neurodegenerative diseases
are a consequence of cumulative damage to macromolecules by free radicals [1]. The list ranges from
heart attacks and strokes, to cancer, neurodegenerative diseases such as Alzheimer and Parkinson
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disease, and inclusion-body myositis [2, 3]. Oxidatively modiﬁed proteins found in the cytoplasm,
endoplasmic reticulum, and nucleus are rapidly
degraded by the proteasome in younger individuals,
but this rate of activity declines with age [4].
Carbonyl groups, one of the most abundant protein
oxidation products, are commonly measured as
a marker for aging [5–7]. Many independent studies
have shown that protein carbonyl content increases
with age in the tissues of various animals [8–12].
Also, there is an exponential increase in tissue carbonyl content during the last third of the lifespan of
most individuals [13]. Although the mechanism
causing this accumulation is not well established,
the loss of proteasome activity probably contributes
greatly to the increased level of protein aggregates
found in older individuals, organs, and cells.

Protein maintenance in aging
mitochondria
The mitochondrial electron transport chain is the
primary machine of aerobic metabolism; however,
its efﬁciency is not perfect. Some 1–5% (depending
on physiological/pathological state) of electrons
transferred through the chain actually leak, generating free radicals that can damage mitochondrial
proteins, and other cellular macromolecules [14].
As a result, there are several layers of antioxidant
defenses within the cell, as well as in the mitochondria itself, that ensure proper protein quality control.
The initial line of protection against free radicals and
other oxidants available within the mitochondria
are detoxifying enzymes, such as manganese
superoxide dismutase, glutathione peroxidase, and
catalase. These enzymes intercept and scavenge
reactive species, thus minimizing damage to
mitochondrial macromolecules. However, reactive
species can still bypass this initial line of defense, and
cause damage to proteins, mitochondrial DNA
(mtDNA), and lipids. Failure of proper protein
maintenance has been implicated in the age-related
accumulation of oxidized proteins. In this chapter,
we will focus on protein damage.
Mitochondrial proteins are especially exposed
to oxidative modiﬁcation, and direct repair by

disulﬁde reducing enzymes, or removal of these
damaged proteins by the Lon protease, is crucial in
maintaining mitochondrial function and integrity.
Oxidative modiﬁcation of proteins can be reversible
or irreversible. Reversible damage is limited to the
repair of oxidation products of the sulfur containing
amino acids such as cysteine and methionine [15].
Interestingly, sulfur-containing amino acids and
aromatic amino acids are the most sensitive to
oxidation. A number of reductase systems, available
in both the cytosol and mitochondria, can repair
these oxidative products and/or prevent the formation of disulﬁde bridges [16, 17]. These reductase
systems include the thioredoxin/glutaredoxin
system, the glutaredoxin/glutathione/glutathione
reductase system [16], and ﬁnally, the methionine
sulfoxide reductase enzymes, to name a few.
These systems are present within mitochondria and
have been implicated in longevity and resistance to
oxidative stress [18–22].
Another form of reversible damage is the misfolding of previously functional proteins, or refolding of
newly synthesized proteins. Chaperone and heatshock proteins (HSPs) are present in the mitochondrial matrix where they assist in refolding, and/or
the import of new proteins into the mitochondria.
The majority of mitochondrial proteins are imported
from the cytosol, and require the assistance of a
variety of chaperone proteins from the HSP60,
HSP70, and HSP100 families. These HSPs have also
been implicated in protein folding, disaggregation,
and degradation, and the prevention of aging [23,
24]. If mitochondrial oxidized proteins can no longer
be repaired to their native and active conformation,
they will be targeted to protein degradation
pathways by ATP-stimulated proteases [25].
Irreversible protein damage includes the formation of hydroxyl and carbonyl groups and also the
conjugation of lipid peroxidation products, or the
formation of glycoxidation adducts [26]. Misfolded
proteins are also prone to oxidation [27]. Such
modiﬁed proteins are generally impaired or
completely nonfunctional, and are prone to
generate cross-links with one another, creating large
protein aggregates if not promptly removed. Degradation pathways such as the proteasome in the
cytosol, and the Lon protease in the mitochondria,
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serve as secondary lines of defense and are essential
for the rapid and speciﬁc elimination of such damaged cellular constituents.
The Lon protein, like most other mitochondrial
proteins, is encoded by the nuclear genome, and the
protein is subsequently transported into mitochondria. Lon has a fascinating structure that encompasses all if its functional properties in one single
peptide. Unlike the proteasome, and most other
major catalytic proteases which are hetero-oligomeric, Lon is a homo-oligomeric complex that self
associates from tetrameric ring structures, up to
octomeric rings. The N-terminus of the mammalian
Lon peptide contains a highly conserved ATPase and
is involved in a number of important functions. It
contains a “walker-type” motif that is involved in
nucleotide binding and ATP hydrolysis [24]. This
property is also important for Lon’s suggested chaperone activity, as well as proteolysis, since both
require ATP hydrolysis. In addition, Lon binds to
mtDNA at promotor regions, which presumably
may be occurring within this walker-type motif.
Towards the middle of the Lon peptide resides the
substrate-recognition domain [28]. This area preferentially binds to speciﬁc proteins based on the
amino acid sequence. In Escherichia coli, for example,
a target protein is UmuD, but not UmuD0 , which
lacks the ﬁrst 24 N-terminal amino acids of the
UmuD sequence [28]. Whether the recognition domain prefers a speciﬁc sequence, or a certain property such as a charged environment, is not well
understood; however, Lon proteolysis does have a
preferential cleavage site. Lon has been shown to
initiate cleavage between hydrophobic amino acids
within a charged environment, with subsequent
cleavage occurring sequentially along the primary
polypeptide chain [29]. Increased surface hydrophobicity is a feature common to all oxidized proteins so far tested [7]. Similar to the 20S proteasome
in the cytoplasm, the recognition of such (normally
shielded) hydrophobic residues may be the mechanism by which Lon catalyzes the repair or removal of
oxidatively modiﬁed proteins.
At the C-terminus of the Lon peptide resides Lon’s
proteolytic domain. Lon is a serine protease and
requires a nucleophilic serine for hydrolysis and
substrate proteolysis. In the majority of organisms,
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Lon proteolysis occurs via a conserved catalytic
serine-dyad domain which interacts with the
AAA þ module [30]. It is hypothesized that the
binding of ATP to the AAA þ module translocates
the N-terminus of a substrate protein through the
ring structure of Lon, via hydrolysis energy, and
progressive protein cleavage subsequently takes
place [30].
The structure of Lon thus makes it a very important multi-functional protease for the mitochondria,
and permits Lon to act as a chaperone, a mtDNAbinding protein, and a protease, which preferentially degrades exposed hydrophobic amino acids of a
protein. All of these properties, built into one large
complex, enable Lon to serve multiple purposes, as
needed, as it comes across a damaged protein. So far,
Lon seems to be an evolutionarily indispensable
protein, and it has been found in almost every
organism studied.

Relevance of proteolysis
to the neuromuscular system
Oxidative damage to cells is a common phenomenon, and quality control of modiﬁed proteins is
important to maintain normal cellular functions. In
the cytoplasm, nucleus, and endoplasmic reticulum,
the proteasome is involved in the removal of various
types of proteins such as ubiquinated, misfolded, or
unfolded proteins, and oxidized proteins. Abnormal
inhibition of proteasome may contribute to neurodegenerative diseases such as Alzheimer disease,
Parkinson disease, Lewy body dementia, and Huntington disease [31–40]. Neuromuscular diseases,
such as sporadic inclusion-body myositis (s-IBM)
share several phenotypes described in the brain
tissues of Alzheimer and Parkinson disease patients [41]. One such similarity to Alzheimer disease
is the accumulation of amyloid-b (Ab), phosphorylated tau (p-tau), and ubiquitin, which are often
found within these aggregates [42, 43]. In s-IBM
patients, signiﬁcant proteasome abnormalities were
identiﬁed including, increased 26S proteasome expression and abnormal accumulation of 26S proteasome, but reduced proteasome activities [44]. The
inverse relationship between increased expression
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and decreased activity may be an attempt to overcompensate for the loss of 26S function which these
cells suffer. The overproduction of Ab/Ab precursor
protein (AbPP) plays an important role in s-IBM
pathogenesis [42, 43]. Supporting a possible link
between Ab accumulation and proteasome dysfuction, colocalization microscopy and immunoprecipitation assays have shown that Ab does bind with
proteasome [44]. In human muscle cells overexpressing Ab/AbPP, proteasome activity was inhibited,
suggesting that Ab/AbPP overexpression may be
causally involved in proteasome inhibition of s-IBM
ﬁbers [44]. Proteasome is responsible for the degradation of most proteins in the cell [36, 37]. The failure
to remove damaged or surplus proteins, and the
accumulation of ubiquinated, misfolded, or oxidized
proteins can be detrimental to muscle ﬁbers by creating toxic by-products while further inhibiting proteasome function [33, 45–48]. The vicious cycle of
proteasome inhibition creating toxic by-products,
which again further inhibits proteasome function, is
extremely detrimental to the cell.
Oxidant damage incurred in mitochondria can
lead to the progressive loss of ATP energy, cellular
degeneration, and death, contributing greatly to
the aging process [49–51]. The most dramatic agerelated changes occur in post-mitotic cells, such as
neurons, cardiac myocytes, and skeletal muscle
cells, while proliferative cells such as bone marrow
and epithelia exhibit seemingly mild changes [52].
This might be the result of the dilution in accumulated damage of older proliferative cells, as they
undergo repetitive cell divisions [53]. In addition,
the rate of replacement of long-lived post-mitotic
cells is so slow that they accumulate lifetime
damages much more dramatically [53].
There are different types of muscle cells, and the
extent of damage in these cells actually correlates
with their characteristic oxygen-consumption
proﬁles. The highest degree of age-related changes
occurs in cardiac myocytes [54, 55], which consume
the highest amount of oxygen; followed by
skeletal muscle cells [56, 57]; and ﬁnally, the
least pronounced oxidative damage is observed in
smooth muscles [58]. The aging of myocytes can
lead to disorders that substantially decrease
the quality of life such as sarcopenia, and various

myopathies [59, 60], and may even result in fatal
cardiac dysfunction [61].
Aging myocytes often display giant mitochondria [55, 56], typically much larger than mitochondria in younger cells. These enormous mitochondria
are the result of swelling, loss of cristae, and the
complete destruction of inner membranes, all of
which result in the formation electron-dense waste
material often observed in senescent mitochondria [62]. The progressive accumulation of mtDNA
mutations and oxidative protein damage is common
in these giant mitochondria and leads to impaired
mitochondrial membrane potential [62] and energy
production [63].
Impaired mitochondrial functionality in postmitotic cells such as muscles, plays a major role in
aging. Since we discovered that the Lon protease
modulates oxidized protein levels in the mitochondria, we wondered about the cellular effects of Lon
downregulation. Our initial experiments using
RNA silencing in human ﬁbroblasts indicate that
the silencing of Lon expression led to the loss of
mitochondrial function, decreased mitochondrial
biogenesis, and cell death [64]. In a rhabdomyosarcoma (RD) muscle cell line, we further tested the
effects of Lon downregulation and showed that
Lon preserves mitochondrial function through
protection against the accumulation of oxidized
proteins during an oxidant stress. This type of
protection is rapid, resulting up to an 8-fold surge
of Lon protein levels upon initial exposure to multiple stressors [65]. The inducibility of Lon during
such stressors led to protection against the production of protein carbonyls, preserved mitochondrial
function and improved cell survival, until stress
conditions subsided, after which Lon levels returned back toward initial basal levels [65]. These
data suggest that overall mitochondrial functionality relies on the ability of the Lon protease to
respond to stress, and maintain a protective environment, by keeping the level of toxic protein
products to a minimum.
There are a number of studies that are beginning
to reveal that Lon levels decrease with age. Lon was
initially discovered by its dramatic 4-fold decrease
in transcript levels in the leg muscle of old mice,
and this difference was completely prevented in old
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calorie-restricted mice [66]. Our group conducted
a follow-up study and found that there was more
than a 5-fold reduction of Lon protein and activity in
murine hindleg muscle, and this diminished
Lon capacity contributed to the signiﬁcantly higher
levels of carbonylated aconitase exhibited in
these animals [67]. In the same study, oxidatively
challenged old mice, due to a heterozygous
MnSOD  / þ genotype, displayed signiﬁcantly lower
Lon levels than did wild-type MnSOD þ / þ old
mice [67], further suggesting that there is an inverse
correlation between Lon levels and age. In another
aging study with rats, the total activity of Lon in old
rat livers was about 2.5-fold lower, with a concomitant 52% higher content of e-carboxymethyllysine
(CML) protein in the matrix compared to young rats.
These data suggests that the decline in Lon actually
contributes to the observed increase in oxidative
damage with age [68]. For a direct comparison of
Lon downregulation, we used RNA silencing
in human ﬁbroblasts and observed that the cells
which lack Lon expression not only suffered detrimental cellular defects, but also displayed giant
mitochondria with empty giant vacuoles, ﬁlled with
electron-dense inclusion bodies, loss of cristae,
and miniature mitochondria. These pathological
phenotypes resemble those of the aging myocytes
described earlier [62].
We propose that the proteolytic degradation
of damaged proteins is the major role for Lon in
maintaining mitochondrial homeostasis. However,
Lon is a multi-functional protein, with a unique
protein structure, and it has chaperone activity and
DNA-binding activity, in addition to proteolysis, and
it may even regulate mtDNA replication or transcription. It has been shown that Lon-mediated
protein degradation and Lon’s chaperone ability to
assemble electron transport chain complexes are
functionally independent of one another [69]. How
these different functions coexist in vivo is not well
understood; however, we hypothesize that Lon may
switch between roles depending on the condition of
the mitochondria, and this might help mitochondria
to sustain function during a stressful environment.
For example, Lon would bind to mtDNA under
normal conditions and help maintain genomic
functions. In the event of a stress, mtDNA functions
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are halted, and Lon will preferentially bind to its
protein substrates instead, catalyzing proteolysis or
protein refolding until stress conditions subside.

Conclusions
Proteases provide a secondary line of defense against
a wide variety of oxidative protein modiﬁcations,
which threaten the integrity of the cell. The selective
degradation of oxidatively damaged proteins enables cells to restore vital protein functions on a
continual basis during normal aerobic metabolism
and through oxidant stress. A progressive decline in
both proteasome [70] and Lon [67] occurs with age,
and we propose that these phenomena contribute
to the inverse relationship between decreased
elimination of oxidized proteins, and the increase
in the accumulation of free radical damage typically
observed with age.
There is an intricate hierarchy of antioxidant
defenses programmed into cells for protection
against oxidative damage. Initial lines of defense are
diverse and strong, but they are not sufﬁcient for
complete prevention against free radical reactions,
including protein damage. The accumulation of abnormal proteins slows the rate of degradation of both
normal and abnormal proteins, and also promotes
cellular aging [71–75]. Numerous studies have reported that protein carbonyls increase with age and
can be used as a rough index of oxidative protein
damage. In a long-term study of human ﬁbroblasts
from 17–80-year-old donors, individuals between
60 and 80 years of age exhibited mitochondrial
fraction carbonyls that were much higher than those
seen in whole-cell lysates [76]. Several aspects of the
aging process in human muscle ﬁbers are related to
mitochondrial abnormalities. In s-IBM muscle,
common mitochondrial abnormalities include ragged-red ﬁbers, cytochrome oxidase-negative muscle
ﬁbers, and mtDNA deletions [2, 77]. These age
associated changes within muscles can lead to a
predisposition to s-IBM abnormalities, creating a
vicious cycle of mitochondrial impairment, creating
oxidative stress and the accumulation of protein
aggregation [77]. A better understanding of the
regulation of both Lon and proteasome would be
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of great value, and would contribute to the study of
aging, especially in the neuromuscular system. Interestingly, a promising study in Podospora anserina
showed that the overexpression of Lon extends the
lifespan of the fungus by 70%, with an associated
increase in oxidative damage protection and a higher level of Lon proteolysis [78]. Future studies geared
towards understanding how to manipulate Lon expression and activity in mammalian cells and animals may lead to the possibility of treatments that
might improve protein quality control, and provide a
better quality of life for those with myositis, sarcopenia, or other myopathies.
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Introduction
Senescence is an inevitable process in humans.
However, medical interventions, improvements in
social and behavioral patterns, and renewed exercise and nutritional patterns have lengthened lifespan. As the aging population continues to increase,
a consequence that will need to be attended to is agerelated sarcopenia. A hallmark characterization of
sarcopenia is a gradual loss in skeletal muscle mass
and strength. However, identifying the sarcopenic
process in a single person is more difﬁcult since this
would require decades of measurements. Clinically,
sarcopenia is deﬁned as an appendicular skeletal
muscle mass/height2 less than two standard deviations below the mean for populations of young,
healthy adults [1]. Loss of skeletal muscle occurs at
a rate of approximately 1–2% per year beyond the
ﬁfth decade of life [2] and, on average, approximately
35% of quadriceps cross-sectional area is reduced
by the age of 70 [3, 4]. The prevalence of sarcopenia
is about 10–24% in people aged 65 to 70 years while
this value increases to 50% in people over the age of
80 [5, 6]. Since skeletal muscle contains the largest
bulk of proteins in comparison to the existing cells in
the human body (50–75%) [7] and is important for
locomotion and performing daily tasks, signiﬁcant

reductions in skeletal muscle mass (sarcopenia) can
reduce strength, increase falls and fractures, limit
independence, and, ultimately, increase morbidity [8–11]. Therefore, it is of great value to reduce or
restore the muscle loss that accompanies aging. Althoughgreat strides havebeen achieved,themechanisms of aging skeletal muscle loss are still mostly
unknown.

Muscle mass: a dynamic
balancing act
Simply put, muscle size is determined by an intricate
balance of muscle protein synthesis and breakdown
(Figure 6.1). Both processes are critical: muscle
protein synthesis makes new proteins while protein
breakdown removes damaged ones. When synthesis
of new proteins exceeds protein breakdown over
time – due to increases in muscle protein synthesis,
decreases in breakdown, or both – net protein balance is positive and muscle cell size increases. This is
termed muscle hypertrophy. An increase in muscle
cell size can easily be identiﬁed following a resistance
exercise training paradigm complemented with adequate nutritional intake (e.g., essential amino
acids). Alternatively, when protein breakdown
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Figure 6.1 Simpliﬁed model of protein turnover

represented by a plank resting on a fulcrum.
Muscle protein balance tips in the positive
direction (light shade) when protein synthesis is
enhanced, breakdown is decreased, or both,
resulting in muscle-mass increases (hypertrophy).
This is commonly seen with resistance exercise
and essential amino acid supplementation. Muscle
protein balance tips toward the negative direction
(dark shade) when protein breakdown is
accelerated, synthesis is decreased, or both,
resulting in muscle-mass decreases (atrophy). This
can be seen in models of disuse such as bedrest/
physical inactivity and limb immobilization.

exceeds muscle protein synthesis – due to increases
in protein breakdown, decreases in muscle protein
synthesis, or both – net protein balance is negative
and muscle cell size decreases. This is termed muscle
atrophy. A decrease in muscle cell size can quickly be
identiﬁed within days of bedrest or physical inactivity and limb immobilization but age-related sarcopenia, a much slower process, may take years or
even decades for muscle loss to be recognized.

Muscle protein turnover: key
intracellular signaling pathways
A series of peer-reviewed publications have emphasized that muscle protein synthesis (rather than
breakdown) is primarily responsible for regulating
muscle mass following various models of muscle
atrophy [12] and possibly with sarcopenia. Therefore, research has focused on cellular mechanisms
that control muscle protein synthesis, i.e., the regulation of mRNA translation initiation and elongation
via the mammalian target of rapamycin (mTORC1)
pathway. Many elegant reviews thoroughly detail
this cellular sigaling cascade and discuss how essential amino acids, resistance exercise, and insulin feed
in through this pathway at various points [13, 14].
However, other cellular pathways may also contribute to regulating muscle hypertrophy [15]. When

the mTORC1 pathway is upregulated, translation
initiation and elongation is enhanced and muscle
protein synthesis increased (Figure 6.2). mTORC1
has two primary targets that enhance translation
initiation and elongation: ribosomal S6 kinase 1
(S6K1) and 4E-binding protein 1 (4E-BP1). Phosphorylation of 4E-BP1 releases its inhibition on eukaryotic initiation factor 4E while phosphorylation
of S6K1 can target at least nine other proteins [16].
The two most studied are ribosomal S6 [17] and
eukaryotic elongation factor 2 (eEF2) [18]. The contraction-induced mTORC1 activation was previously thought to occur via Akt [19]. However, recent
evidence has linked muscle contraction to the activation of phospholipase D1 and D2 (PLD). PLD
synthesizes phosphatidic acid which binds and activates mTORC1 [20–22]. Anabolic signals enter
through another well-known signaling route, the
extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway. In this circumstance, ERK signaling converges on the mTORC1 pathway through inhibition
oftuberoussclerosiscomplex2(anegativeregulatorof
mTORC1) [23, 24], activation of rpS6 by p90 ribosomal protein S6 kinase polypeptide 1 (RSK1) [17],
and/or inhibition of eEF2 kinase (a negative regulator
of eEF2) [18]. ERK signaling can also stimulate translation initiation independent of mTORC1 through
mitogen-activating protein kinase-interacting kinase
1 (MNK1) [25].
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Figure 6.2 Essential amino acids, resistance exercise,

and insulin activate the mammalian target of rapamycin
(mTORC1) pathway and enhance translation initiation
and elongation, therefore increasing muscle protein
synthesis. 4E-BP1, 4E 4E-binding protein 1; Akt/PKB,
protein kinase B; eEF2, eukaryotic elongation factor 2;
ERK1/2, extracellular signal-regulated kinase 1/2;
MNK1, mitogen-activating protein kinase-interacting
kinase 1; PA, phosphatidic acid; PLD, phospholipase D1
and D2; rpS6, ribosomal protein S6; RSK1, p90 ribosomal
protein S6 kinase polypeptide 1; mTORC1, mammalian
target of rapamycin; S6K1, ribosomal S6 kinase 1.

Most cellular signaling data associated with protein turnover have been collected in Drosophila, cell
lines, and rodents. In the forthcoming paragraphs
we will brieﬂy summarize the literature with the
latest understanding of the cellular and molecular
mechanisms associated with human age-related
muscle wasting in response to nutrition and exercise, then detail potential therapeutic interventions
that may counteract age-related muscle loss.

Contributions of muscle wasting
Dysregulated protein turnover rates
at rest?
Overwhelming data indicate altered basal gene and
protein expression levels of molecules associated
with protein anabolism and catabolism in older
subjects [26–30] and it seems likely that basal protein turnover would likewise be affected. Although
some report slower muscle protein synthesis rates in
older human skeletal muscle [31, 32] and different
rates between older men and women [33], our
research group [34] and others [35] have found no
detectable differences in muscle protein synthesis
compared to the young. Similarly, the rate of breakdown also appears to be the same between age
groups [34, 36–39]. The fact that differences in
protein synthesis and breakdown are not detectable

at rest between the age groups is not surprising. For
instance, using a similar example as presented in
Volpi et al. [34], if a difference as little as 10% in
basal protein synthesis were detected between
young and old subjects (assuming that an individual
is in the basal state for approximately 16 h/day and
that the response to feeding and other stimuli are
constant with aging), this would result in a 17% loss
of skeletal muscle in 1 year. Realistically, sarcopenia
is a gradual loss in skeletal muscle occurring over
decades and any changes in protein turnover (protein synthesis or breakdown) from day to day would
be too small to detect even with the most advanced
technologies. Therefore, a probable hypothesis to
the gradual loss of muscle mass in older adults is that
aged skeletal muscle has a reduced acute response to
anabolic stimuli (i.e., resistance exercise, feeding).

Anabolic resistance to insulin and
amino acids
Essential amino acids (in particular leucine) and
insulin are powerful stimulators of muscle anabolism
in young, healthy muscle [40–42]. Although the old
are capable of responding positively to anabolic
nutrients, numerous studies have indicated that
when insulin is infused alone or amino acids and
carbohydrate are co-ingested, the anabolic response
is attenuated or blunted in comparison to the
young [38, 43–45]. For instance, Guillet et al. reported
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that, following an insulin and amino acid intravenous
infusion, older subjects had a reduced muscle protein
synthesis response and mTORC1 signaling (e.g., S6K1
phosphorylation) compared to younger individuals [44]. It has been suggested that this anabolic
resistance may be partially attributed to a reduced
ability of insulin to vasodilate the endothelium and
deliver nutrients to the muscle [42, 43, 46].Fujita et al.
showed a nice relationship between muscle protein
synthesis and blood ﬂow following a supraphysiological insulin infusion in older adults [46]. In this study,
a high insulin infusion stimulated muscle protein
synthesis, mTORC1 signaling and muscle blood ﬂow
but a normal increase in insulin did not [46]. Interestingly, this insulin resistance can be counteracted
with an acute bout of aerobic exercise [47]. Anabolic
resistance can also be identiﬁed in older persons following ingestion of amino acids [45, 48]. The mechanism of resistance to amino acids is unclear, but since
amino acids can increase insulin levels, the level of
dysfunction may also be at the endothelium. However, amino acids can activate mTORC1 independent of
insulin (Figure 6.2) [49, 50]. It is unknown whether
impairment may also occur along this nutrientsensitive pathway.

Anabolic resistance to exercise
Physical activity is a key factor in reducing physical
disability [9–11]. The best known protection
against the effects of age-related muscle loss is the
use of resistance exercise training. Resistance exercise training is well known to increase muscle
protein synthesis [36, 51], skeletal muscle mass [37,
52–54], and strength [55–57] in older adults and
even in frail elders [57]. However, resistance exercise training studies typically show an attenuated
muscle anabolic response in older compared to
younger adults [37, 54, 58] or, in the case of older
women (>85 years), anabolic responses are
blunted [59]. Furthermore, many researchers have
repeatedly indicated that older adults have an
altered anabolic response at the gene and protein
level during the early recovery hours following a
single bout of resistance exercise [26, 27, 60–64].
In a recent study, Shefﬁeld-Moore and coworkers
showed unchanged muscle protein synthesis 3 h
after a single bout of resistance exercise in older

adults [65]. This was later conﬁrmed in a study by
Kumar and colleagues that found blunted muscle
protein synthesis and cellular signaling (identiﬁed
by S6K1 and 4E-BP1 phosphorylation) in older
adults (versus younger adults) following a single
bout of resistance exercise at intensities of 60–90%
of the individual’s one repetition maximum
(1RM) [66]. In another study by Mayhew et al.
older adults had an unresponsive muscle protein
synthesis response while mTORC1 signaling was
dysregulated 24 h following a single bout of resistance exercise [67]. These data are in stark contrast
to young muscle, which responds robustly with an
increase in muscle protein synthesis and mTORC1
signaling 1–48 h following an acute bout of resistance exercise [66–68]. In previous work, we suggested that the impaired anabolic response (either
acutely or with repeated bouts of exercise) in older
adults may be due (in part) to not being able to
generate the same level of muscular tension (in
spite of exercising at the same relative intensity) as
the young during a bout of heavy resistance exercise [62]. In support, phosphorylation of ERK1/2
and MNK1 were increased in the young but unchanged in older subjects [62]. A purported hypothesis is that older adults have an increase in
markers of cellular stress that may affect the remodeling response following resistance exercise [62, 69, 70]. Perhaps AMP-activated protein
kinase, a negative regulator of muscle protein synthesis, plays a role as it was seen to be elevated in
older (but not in the young) subjects following
resistance exercise [62]. Although older adults do
experience improvement in muscle mass and
strength following resistance exercise training [37,
54, 71], these responses are less than those seen in
young healthy subjects. Together, these data
suggest that older adults have an impaired anabolic
response to both acute and chronic resistance
exercise training as compared to their younger
counterparts.

Summary
It is very probable that anabolic resistance to nutrition and/or exercise contributes to age-related muscle loss. More likely, sarcopenia is a very complex
process caused by a multiplicity of events, some of
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which have been mentioned above. However, other
contributors of sarcopenia that are beyond the scope
of this chapter include neuromuscular impairments,
hormonal deﬁciencies, low-grade chronic inﬂammation, and apoptosis. We recommend the following
review articles for insight into these areas: [72–75].

Therapeutic interventions to
prevent/restore muscle wasting
Nutritional supplementation
Inadequate protein intake and a reduced anabolic
response to nutrients may be contributing factors to
age-related loss in skeletal muscle [76, 77]. Therefore, protein quantity must be considered to maximize muscle protein anabolic responses. Reports
have uncovered that the muscle protein synthesis
response is the same between young and older
adults when the amino acid or protein dosage is of
sufﬁcient amount (10–15 g of essential amino
acids) [35, 78]. For this reason, some have suggested
that the protein intake for older adults be increased
from the recommended daily allowance of 0.8 g/kg/
day [79, 80]. Another useful strategy may be to
optimize the speciﬁc amino acid proﬁle, such as
increasing the amount of leucine. Katsanos et al.
showed that an amino acid mixture containing 41%
leucine (2.79 g) was more effective at eliciting an
increase in muscle protein synthesis than about half
the dose (26%) in older subjects [81]. Leucine is a
key branched-chain amino acid that stimulates muscle protein synthesis through the mTORC1 pathway [41] while simultaneously slightly reducing
muscle protein breakdown [82], with the overall
effect of improving muscle protein turnover. There
also appears to be a maximal muscle protein synthesis response to a given amount of ingested protein. Symons et al. indicated that 30 g of protein was
sufﬁcient to stimulate muscle protein synthesis in
older subjects, but a dosage of 90 g did not increase
muscle protein synthesis [78]. Therefore, utilizing
the correct amino acid or protein dose (30 g of
protein; 10–15 g of essential amino acids) and supplementing meals with extra leucine may stimulate
muscle protein synthesis and intracellular signaling
in older human skeletal muscle.
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Few data are available on chronic protein supplementation to improve the muscle protein synthesis
response in older adults. Rieu et al. showed that
when meals are supplemented with leucine over a
single day, the protein anabolic response to feeding
is improved in older adults [83]. However, the therapeutic potential of supplementing with leucine is
suspect. Recently, Verhoeven and colleagues performed a 12-week intervention in older adults in
which they supplemented leucine (2.5 g) with each
meal (7.5 g/day) [84]. Unfortunately, muscle mass
or strength was not improved [84] over that of a
group receiving a placebo. It is unclear if a longer
period of leucine supplementation (i.e., 1 year) is
needed or perhaps in persons such as the frail elderly
or those with other muscle wasting conditions
chronic leucine supplementation would be of signiﬁcant beneﬁt. Furthermore, supplementing with
high quantities of protein in older adults may impair
renal function [85]. Leucine supplementation may
be less of a physiological concern in older adults [85]
if supplementation was intermittent (i.e., 1 day on, 1
day off). Whatever the case, supplementation with
leucine may prove to be a noteworthy intervention
for age-related muscle loss.

Resistance exercise and nutritional
supplementation
As mentioned previously, following an acute bout of
resistance exercise, muscle protein synthesis rapidly
increases within 1 h [68] and can remain elevated up
to 24–48 h post-exercise in young, healthy participants [86, 87]. When resistance exercise is performed independently of nutrient intake, protein
breakdown exceeds synthesis and protein balance is
negative [88, 89]. However, when nutrients in the
form of amino acids or protein are given shortly after
a bout of resistance exercise, muscle protein balance
is positive [41, 90]. Research from our laboratory
and others have shown that nutrition, whether in
the form of amino acids or protein, given after
exercise augments the acute muscle protein synthesis response [41, 91–93]. Furthermore, resistance
exercise training combined with protein supplementation has been shown to increase muscle
mass [52, 94–99] and muscle growth markers [98,
99] beyond that of resistance exercise alone.
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When nutrition in the form of amino acids is given
to older adults after a heavy bout of resistance
exercise, muscle protein synthesis increases to a
similar extent, albeit delayed, compared to young
adults [62]. However, if muscle protein synthesis is
calculated over the entire 6 h post-resistance exercise period, the response was similar between age
groups [62]. This result has also been supported by
Koopman et al. [100]. It remains unknown if muscle
protein synthesis in the old continues to be elevated
beyond 6 h post-resistance exercise and protein ingestion, or diverges from the anabolic response
found in young subjects. There also appears to be
a critical time period in which to ingest amino acids
following a resistance-exercise bout. After a 12week resistance-exercise training program, older
subjects who consumed a 10 g protein mixture immediately after the exercise bout experienced muscle hypertrophy while this was not the case in
another group of older adults that consumed protein
2 h later [52]. Therefore, providing nutritional supplementation (e.g., essential amino acids, protein) in
combination with each resistance exercise session
may maximize muscle size following a resistanceexercise training program in older adults [101].
There is some disagreement on the effectiveness of
combining protein supplementation with resistance
exercise. Verdijk et al. found that protein supplementation taken before and after each resistance
exercise session during a 12-week resistance-exercise
training program in healthy, older adults did not
further enhance muscle anabolic responses in
comparison to a placebo group [102]. However,
the authors may not have seen an effect since the
total amount of essential amino acids consumed
was rather low and protein synthesis is not enhanced when amino acids are consumed prior to
resistance exercise [103]. Future interventions in
sarcopenic populations should utilize a larger
amount of essential amino acids consumed during
the post-exercise recovery period. We have recently shown that this approach is successful in older
men following an acute bout of exercise [62].

Blood-ﬂow restriction exercise
It is generally accepted that a resistance exercise
program must be of sufﬁcient intensity to increase

muscle mass. The American College of Sports Medicine recommends that exercise intensity be at least
70% of the 1RM to achieve maximum muscle
hypertrophy [104]. However, for most older individuals, such resistance-exercise intensity is too
great to complete or perform, especially in those
with osteoarthritis, frailty, or following surgery
undergoing a rehabilitation program. Recent attention has focused on resistance exercise that requires
intensities ranging around 20–50% 1RM. In normal circumstances, resistance exercise at a low load
is more useful for improving muscular endurance [104] with little improvement in muscle
size [105]. Initially popularized in Japan, when
low-intensity resistance exercise (20–50% 1RM) is
combined with moderate blood-ﬂow restriction
(BFR), muscle mass and strength increase, even to
a similar extent as traditional resistance exercise [106–111]. Low-intensity BFR is characterized
by a high number of repetitions (15–45) of each set
performed to fatigue, while blood ﬂow is restricted
(predominately venous blood ﬂow) typically
through a pressurized cuff around the proximal
thigh. It is only after completion of several sets
that the pressure is released from the cuff. Manini
et al. provide a recent review of the topic of BFR
exercise [112].
Several laboratories have taken steps to understand the metabolic and molecular mechanisms of
BFR. Evidence from our laboratory suggests that
translation initiation through the mTORC1 pathway
is acutely enhanced following BFR [113], while gene
transcription is unaffected [114]. In our study, phosphorylation of S6K1 and muscle protein synthesis
were increased within hours of a single bout of BFR
exercise (20% 1RM), while these changes were not
observed following low-intensity resistance exercise
without BFR in young, healthy adults [113]. Interestingly, we have also observed these results in
healthy older men following BFR exercise. Perhaps
BFR causes type 2 muscle ﬁbers to be recruited [115]
through a premature fatigue of active ﬁbers. This
would seem logical, since type 2 muscle ﬁbers express
more S6K1 than do type 1 muscle ﬁbers [116]. Another possible mechanism would be through
hormonal regulation. The most common hormonal
feature following a bout of BFR exercise is an increase
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in growth hormone and cortisol [110, 113] similar to
that found in high-intensity resistance-exercise
paradigms [117]. The role of these hormones is
unclear, other than as an acute cellular “stress”
mechanism since, at least in the case of growth
hormone, muscle hypertrophy can occur in the absence of anabolic hormones [118].
Of immediate concern is the safety of performing
BFR, especially in older, diseased, and physically
limited populations. Few studies on safety measures
have been done following acute [119] and chronic [120–122] bouts of BFR exercise. Recent reports
suggest that BFR exercise training produces minor
adverse advents in healthy, young adults. Nakajima
et al. conducted a national study in Japan to determine the effects of BFR during exercise training [120]. The most common side effect was localized
bruising while smaller incidents of numbness and
lightheadedness were reported [120]. Others have
reported no effect on prothrombin time or markers of
coagulation [122], while only a few cases of venous
thrombosis were indicated [121]. Although the concern of BFR is far from exhaustive, data on the relative
safety of BFR in older persons are limited. The only
information available at this time is from a small pilot
study conducted by our research group in which we
recruited seven healthy, older men to perform a
single bout of low-intensity resistance exercise
with BFR. In this instance, a D-dimer test (a ﬁbrindegradation product) showed no change immediately following BFR exercise in comparison to before
exercise. While more conﬁdence will need to be
accumulated, particularly in the healthcare setting,
before BFR can become a rehabilitative tool in older
persons, the data so far are promising.

Summary
Interventions such as leucine supplementation, ingestion of an adequate amount of essential amino
acids or protein following traditional resistance exercise, and low-load BFR to prevent and reverse
muscle loss with aging seem hopeful. The key to
all of these therapeutic techniques is in their ability
to overcome anabolic resistance to exercise and
nutrients by stimulating muscle protein synthesis
and translation initiation through the mTORC1
pathway.
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Conclusion
Human sarcopenia, characterized by a gradual loss
in muscle mass and strength, can be partly attributed
to reductions in sensitivity to anabolic stimuli such
as essential amino acids, insulin, and resistance
exercise. Overcoming anabolic resistance in older
muscle is the focus of our proposed therapeutic
interventions. Appropriate protein amounts and
quality, combining resistance exercise with
protein/essential amino acid ingestion following
exercise, and the implementation of BFR, are costeffective and practical measures by which to reverse
or attenuate the muscular decline due to aging.
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Myositis
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Pathogenesis of sporadic inclusion-body
myositis: role of aging and muscle-ﬁber
degeneration, and accumulation
of the same proteins as in Alzheimer
and Parkinson brains
Valerie Askanas, W. King Engel, and Anna Nogalska
Departments of Neurology and Pathology, University of Southern California Neuromuscular Center, University of Southern
California Keck School of Medicine, Good Samaritan Hospital, Los Angeles, CA, USA

Introduction
Sporadic inclusion-body myositis (s-IBM) is pathogenically a complex, multi-factorial muscle disease
associated with aging. The s-IBM muscle biopsy exhibits an unusual, speciﬁc pathologic phenotype,
which combines multi-faceted muscle-ﬁber degeneration with extracellular T-cell inﬂammation.
s-IBM muscle-ﬁber degeneration is characterized by
vacuolization and intracellular accumulation of
ubiquitinated multiple-protein aggregates (inclusions) [1–3]. Although it is yet not known whether
(a) mononuclear cell inﬂammation precedes muscleﬁber degeneration, or (b) abnormal metabolically
modiﬁed proteins accumulated within the muscle
ﬁbers provoke an inﬂammatory response, it is becoming more apparent that s-IBM is a unique type of
muscle-ﬁber degeneration leading to muscle-ﬁber
atrophy. The result is muscle-ﬁber death and relentlessly progressive clinical muscle weakness [1–7].
This proposal is supported by the observations
that s-IBM patients do not satisfactorily respond
to various anti-dysimmune/anti-inﬂammatory
treatments (see below). Therefore, we have proposed

that in s-IBM the prominent “degenerative” component, including accumulation of misfolded proteins
within muscle ﬁbers (see below), is eliciting the T-cell
inﬂammatory reaction [1, 3]. We have also postulated for several years that the aging milieu of the
s-IBM muscle ﬁber and of the total patient may be
facilitating the lymphocytic inﬂammation. Interestingly, some of the older patients with hereditary
inclusion-body myopathy (h-IBM), caused by missense mutations in the UDP-N-acetylglucosamine-2
epimerase/N-acetylmannosamine kinase (GNE)
gene, have various degrees of lymphocytic inﬂammation [8–10], even though that form of h-IBM is not
considered immune-mediated. The reason is not
understood, but we postulate that the aging cellular
environment, and perhaps other individual intrinsic
muscle-ﬁber abnormalities might, in older h-IBM
patients, make some of the accumulated proteins
appear “foreign” to the immune system and induce
the lymphocytic inﬂammation.
Clinically, s-IBM leads to pronounced patient
frailty and disability. Walking becomes precarious.
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Sudden falls, sometimes resulting in major injury
to the skull or other bones, can occur, even from
walking on minimally irregular ground or from
other minor imbalances outside or within the
home, due to weakness of quadriceps and gluteal
muscles, depriving the patient of automatic posture
maintenance ([7], also see Chapter 9 in this volume). A foot-drop can increase the likelihood of
tripping and falling [7]. There is currently no enduring treatment available for this devastating
muscle disease (see below).
Very intriguing is the multi-faceted muscle degeneration in s-IBM and its many similarities to the
complex neuronal degenerations occurring both in
Alzheimer and Parkinson disease brains. The similarities include (a) abnormal accumulations of many
of the same putatively pathogenic proteins, (b) their
similar posttranslational modiﬁcations, and (c) similar defective mechanisms of protein disposal: those
contribute to the observed abnormal protein aggregations, b-pleated sheet amyloid accumulation, and
cytoplasmic vacuolization.
Because the same proteins accumulate within
IBM muscle ﬁbers that accumulate in the brain of
Alzheimer and Parkinson disease patients, the
muscle and the brain diseases might share certain
pathogenic steps, and knowledge of one disease
might help elucidate the other. All those diseases
include sporadic and hereditary forms, and all are
multi-factorial and polygenetic.
Cellular aging, endoplasmic reticulum and oxidative stresses, and abnormalities of both the 26S
proteasome and autophagy have been proposed to
contribute to the s-IBM [1, 2, 11–15] and to the
Alzheimer and Parkinson disease pathogenesis
[16–20]. Yet each disease category remains organspeciﬁc, involving postmitotic muscle ﬁbers or postmitotic neurons. s-IBM patients do not develop
dementia, and Alzheimer and Parkinson disease patients do not have the muscle weakness characteristic
of IBM, indicating that the mechanism of organ targeting is different in those diseases. The tissue affected,
muscle versus brain, may be inﬂuenced by various
epigenetic and/or genetic factors, such as: (a) etiologic agent (a virus?), (b) previous exposure to a
speciﬁc environmental factor(s), and (c) the patient’s
genetic predisposition (the cellular microclimate).

Abnormal accumulation of ubiquitinated intracellular proteinacious inclusions is characteristic
of the s-IBM phenotype, thus s-IBM, similarly to
Alzheimer and Parkinson disease, is considered a
“conformational disorder,” caused by protein unfolding/misfolding and associated with formation of
proteinacious inclusion bodies (reviewed in [1–4]).
Similarly to Alzheimer and Parkinson brains, the
sequence of the detrimental pathologic events
comprising cellular degeneration in s-IBM muscle
ﬁbers is not yet well delineated. However, several
aspects of the s-IBM intra-muscle-ﬁber pathogenic
cascade are being uncovered and their causative
mechanisms elucidated.
Here we describe the multiple proteins that are
accumulated in the form of aggregates within s-IBM
muscle ﬁbers, and discuss their possible causes and
consequences. We also emphasize the most recent
research advances directed toward understanding
the underlying mechanisms causing impaired protein degradation, their molecular modiﬁcations and
abnormal aggregation. These aspects are important
because in s-IBM muscle ﬁbers the abnormal misfolding, accumulation, and aggregation of proteins
are associated with their inadequate disposal, both
through impaired autophagy and inhibited function
of the 26S proteasome. We propose that these factors
are combined with, and perhaps provoked by, an
aging intracellular milieu. The importance of the
identiﬁed endoplasmic reticulum stress in causing
abnormal autophagy, impaired SIRT1 deacetylase
activity, and subsequent increase of nuclear factor
kB (NFkB) activity, are also discussed.
We summarize various experimental IBM models
that are intended to help elucidate the s-IBM
pathogenesis and, if successful, might be useful in
developing treatment approaches to beneﬁt s-IBM
patients.

Vacuoles, protein accumulation,
and their putative pathogenic role
General considerations
The IBM autophagic vacuoles, which typically contain membranous debris, appear to be lysosomal,
and to be a result of muscle-ﬁber destruction [2, 7]

Pathogenesis
(Plate 7.1). While some of the vacuoles appear
“rimmed” by a trichrome reddish material (that color
indicating lipoprotein membranous material [21]),
often the vacuoles do not have an obvious rim
and appear “empty” (those sometimes must be differentiated from freezing artifact holes, detailed in
Chapter 10).
Normal human multi-nucleated skeletal muscle
ﬁbers are usually several centimeters long. On a
given 10 mm transverse section of an s-IBM muscle
biopsy, the aggregates are present mainly in vacuole-free regions of vacuolated muscle-ﬁber cytoplasm and in cytoplasm of “non-vacuolated” ﬁbers:
the latter can have vacuoles located in sections
cut further along the ﬁber. Thus in a given region
of a ﬁber, aggregates seem to precede formation
of the vacuoles, or possibly are not related to them.
The vacuoles themselves usually do not contain the
IBM-characteristic inclusions. Intra-muscle-ﬁber
protein aggregates, identiﬁed by immunocytochemical staining with an antibody recognizing a speciﬁc
protein accumulated within a given aggregate, are of
two major types: (a) larger rounded “plaque-like”
inclusions, containing amyloid-b (Ab), a-synuclein
(a-syn), cellular prion protein (PrPc), and other
proteins (referenced in Table 7.1 [4–6, 11, 13–15,
22–72]; Plate 7.2a–c); ); and (b) delicate squiggly and
skein-like inclusions containing phosphorylated tau
(p-tau), and other proteins (referenced in Table 7.1;
Plate 7.2d). Several of those proteins are capable of
forming b-pleated-sheet amyloid. Accumulations of
that amyloidic structures are identiﬁable by ﬂuorescence-enhanced Congo red staining visualized
through Texas Red ﬁlters [1, 2, 26] and also, but
less abundantly, by crystal violet: those amyloidic
positivities typically have patterns similar to the
inclusions formed by Ab and p-tau [1, 2, 5] (Plate
7.3a–d). (Note: “amyloid-b” refers to one speciﬁc
protein, whereas “amyloid” designates congophilic
b-pleated-sheet conﬁguration of any one of
various proteins that can pathologically aggregate
into this rather insoluble, three-dimensional
shape conﬁguration; these similar terms are sometimes confused in the literature.). Intra-muscle-ﬁber
b-pleated-sheet amyloid inclusions in s-IBM
muscle ﬁbers were ﬁrst identiﬁed in 1991 [27]. Now,
for an experienced muscle pathologist using
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our recommended ﬂuorescence-enhanced Congo
red technique [26], multiple or single foci of amyloid
are easily recognizable within the s-IBM abnormal
muscle ﬁbers in a given transverse section. Both the
plaque-like and squiggly aggregates contain many
other proteins that are listed in Table 7.1. They
include Ab precursor protein (AbPP), Ab40 and
Ab42 oligomers, as well as proteins participating in
AbPP proteolysis, such as b-secretase (b-site AbPPcleaving enzyme 1, BACE1) and the g-secretase
complex (containing presenilin 1 and nicastrin).
Also accumulated within some of those aggregates
are a-syn and cellular prion protein, and a number
of other proteins having various functions and
signiﬁcance including: (a) markers of oxidative
stress; (b) endoplasmic reticulum (ER) chaperones
indicative of the unfolded protein response
(UPR); (c) 26S proteasome components, and the
proteasome shuttle protein p62; (d) autophagosome-related protein LC3; (e) mutated ubiquitin
(UBB þ 1); (f) various transduction and transcription
factors; and (g) several other proteins (Table 7.1 and
references therein, and reviewed in [1–5]). Immunohistochemically identiﬁed accumulated protein
within an aggregate could accumulate due to its
(a) impaired catabolism (related to lysosome or
proteasome inadequacy), (b) overproduction, or
(c) being “stuck” to other accumulated proteins.
Accumulated proteins might or might not have their
normal cellular function and/or structure.
Below we describe properties of some of the major
proteins that accumulate, emphasizing their possible pathogenic roles. Details of other accumulated
proteins are available in the references cited in
Table 7.1.

Increased synthesis of AbPP and
abnormalities of AbPP processing
s-IBM muscle ﬁbers have increased mRNA signal for
AbPP-751, which contains the Kunitz-type protease
inhibitor motif [73]. The mechanism of this apparent
AbPP overproduction in s-IBM is not yet clariﬁed, but
the AP-1 transcription complex, Redox-factor-1 [1],
and transcription factor NFkB (reviewed in [4, 5, 74])
might contribute to its increased synthesis. Our
recent studies have shown that NFkB binding to
DNA is increased in s-IBM muscle ﬁbers [75].
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Table 7.1 Molecules accumulated within the Ab and p-tau intracellular multi-protein aggregates in s-IBM muscle ﬁbers.
Ab aggregates

p-Tau aggregates

Light
microscopy

Electron
microscopy

Light
microscopy

Electron
microscopy

Morphology, typical

Plaque-like,
rounded,
various-sized
inclusions

6–10 nm
ﬁlaments,
ﬂoccular and
amorphous
material

Squiggly

15–21 nm paired
helical ﬁlaments

b-pleated sheet
amyloid
(Congo red þ , crystal
violet þ )

þ

Proteins, various
Aggregate-prone proteins
Ab42/40
þ
þ
a-Synuclein
þ
þ
Phosphorylated tau


Prion protein,
þ
þ
cellular
Myostatin
þ
þ
AbPP/AbPP processing/Ab deposition
AbPP/
þ
þ
phosphorylated
AbPP
BACE1 and BACE2
þ
þ
Nicastrin
þ
þ
Presenilin 1
þ
þ
Neprilysin
þ
þ
NOGO-B
þ
þ
Cystatin C
þ
þ
Transglutaminase 1
þ
NK
and 2
Protein degradation systems
Ubiquitin-proteasome system
Ubiquitin
þ
þ
Proteasome
þ
þ
subunits
Parkin
þ
þ
UbcH7
þ
þ
UBB þ 1
þ
þ
RNF5
þ
NK
Autophagy
LC3
þ

Both
p62


VCP
NK
NK

þ

References

[22–25]

[4–6, 26, 27]



þ
þ



þ
þ

[22, 23, 28]
[29–31]
[24, 25]
[32]





[33]
[22, 34]


þ
þ
NK


NK


þ
þ
NK


NK

[35, 36]
[37]
[38]
[39]
[40]
[41]
[42]

þ
þ

þ
þ

[43, 44]
[11]

NK

þ


NK

þ
NK

[31]
[35]
[45]
[46]





[13, 47]

þ
NK

þ
NK

[48]
[49]
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Table 7.1 (Continued)
Ab aggregates

Heat-shock proteins
Hsp70 and its
cofactors
Hsp40
CHIP

p-Tau aggregates

References

Light
microscopy

Electron
microscopy

Light
microscopy

Electron
microscopy

þ

þ

þ

þ

[50]

þ
þ

þ
þ

þ
þ

þ
þ

[50]
Paciello and Askanas,
unpublished results
(2006)

þ
þ
þ
þ
þ
þ















[15]
[15]
[15]
[15]
[15]
[14]



NK
NK

þ
þ
þ
þ

þ
þ
þ
NK

[51]
[52]
[53]
[54]

þ
NK
þ
NK

þ
NK
þ
NK

þ
NK
þ
NK

[55]
[56]
[57]
[58]

NK
NK

þ
NK

þ
NK

[59]
[60]

NK
þ


NK
þ
þ

NK
þ
þ

[60]
[64]
[65]


NK

þ
NK
þ
þ
þ

þ
þ
þ
þ
þ
NK
þ


þ
NK
þ
þ
þ

þ
þ

[61]
[62]
[62]
[65]
[59]
[63]
[64]
[66–70]

þ
þ
þ

þ
þ

þ
þ


[71]
[72]
[72]
[72]

Endoplasmic reticulum chaperones
BiP/GRP78
þ
GRP94
þ
Calnexin
þ
Calreticulin
þ
ERP72
þ
HERP
þ
Tau protein kinases
ERK

CDK5

GSK-3b
NK
Casein kinase 1a
NK
Markers of oxidative stress
Nitrotyrosine
þ
SOD1
NK
Malondialdehyde
þ
a1þ
Antichymotrypsin
NFkB
NK
Seleno-gluththione
NK
peroxidase-1
Catalase
NK
Ref-1
þ
iNOS, eNOS

Transcription/RNA metabolism
RNA polymerase II

RNA

SMN

c-Jun
þ
NFkB
NK
PPARg
þ
Ref-1
þ
TDP-43
NK
Cholesterol metabolism
Apolipoprotein E
þ
LDLR
þ
VLDL
þ
Cholesterol
þ

þ
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In addition to the apparently increased synthesis
of AbPP in s-IBM muscle ﬁbers, there are distinct
abnormalities in AbPP processing. Evidence is
as follows.
First, BACE1 is increased in s-IBM muscle ﬁbers
on both the mRNA and protein levels [35, 36, 40,
76]. BACE1, a transmembrane protein and a member of the aspartyl-protease family, cleaves AbPP at
the N-terminus of Ab [77, 78], and it is a major
b-secretase participating in Ab generation. Increase of
BACE1 leads to overproduction of toxic Ab42 [77,
79]. Recently, a novel regulation of BACE1 mRNA
and protein expression involving a conserved noncoding BACE1-antisense transcript (BACE1-AS)
was described in vivo and in vitro [80]. Increased
levels of BACE1-AS transcript were reported in
brains of Alzheimer disease patients and of Alzheimer transgenic mice models [80]. Increased BACE1AS transcript was also demonstrated in s-IBM muscle ﬁbers, providing another similarity to Alzheimer
disease brain [76].
Second, nicastrin and the presenilins, which are
components of the g-secretase system that cleaves
AbPP at the C-terminus of Ab to generate either
Ab40 or Ab42 (reviewed in [78, 81]), are also
strongly overexpressed in s-IBM muscle ﬁbers.
There they (a) colocalize with each other and with
Ab, [5, 6, 37], and (b) are physically associated with
AbPP in s-IBM and in experimentally AbPP-overexpressing cultured muscle ﬁbers (Vattemi and
Askanas, unpublished observation, 2003). Accordingly, both b- and g-secretases appear to participate
in Ab production within s-IBM muscle ﬁbers.
Finally, other factors contributing to Ab production, deposition, and oligomerization, are also increased in s-IBM muscle ﬁbers. These include: (a)
transglutaminases 1a and 2, which can contribute
to Ab pathologic aggregation and insolubility by
cross-linking Ab molecules, are present in s-IBM
muscle [42]; (b) cystatin C, an endogenous cysteine-protease inhibitor, was previously proposed
to participate in Ab deposition within amyloid
plaques of Alzheimer disease brain [82], is also increased in s-IBM muscle ﬁbers [41]; (c) free cholesterol,
which in various non-muscle cells increases Ab
production and amyloidogenesis (referenced in [72]

and reviewed in [83]), is abnormally accumulated in
s-IBM muscle ﬁbers [72]. It colocalizes with the
abnormally accumulated Ab and caveolin-1 [72,
84]; and (d) caveolin-1, a major protein of plasmalemmal microdomain caveolae, an intracellular
transporter of cholesterol [83], is abnormally accumulated within s-IBM muscle ﬁbers. We therefore
propose that within s-IBM muscle ﬁbers cholesterol,
instead of being properly metabolized or cleared, is
deposited with caveolin-1 inside the IBM muscle
ﬁbers at sites of Ab accumulation and possibly AbPP
processing, and that it might be inﬂuencing Ab
deposition there.
Putatively protective mechanisms that have been
shown to prevent abnormal AbPP processing are
also concurrently expressed in s-IBM muscle ﬁbers,
including: (a) neprilysin, which participates in Ab
degradation [39]; (b) insulin-like-growth factor 1
(IGF1), which protects against Ab toxicity [85];
and (c) NOGO-B, which prevents binding of BACE1
to AbPP, thereby inhibiting Ab production [40].
Those data together support our hypothesis that
both cytotoxic and protective mechanisms are
concurrently operating in s-IBM muscle ﬁbers; however, the protective mechanisms seem insufﬁcient
because the disease is relentlessly progressive.

Phosphorylated AbPP and activated
GSK-3b
Increased phosphorylation of neuronal AbPP695 on
Thr-668 has been demonstrated in Alzheimer disease brain and in brains of Alzheimer mouse models,
and it was considered to be detrimental by increasing
generation of Ab and inducing tau phosphorylation [34, 86, 87]. Active glycogen synthase kinase
3b (GSK-3b) was proposed to have an important role
in Alzheimer disease pathogenesis because it was
shown to modulate both phosphorylation of tau,
and of AbPP on Thr-668 [88]. GSK-3b has been
considered a link between AbPP and phosphorylation of tau [89].
While AbPP695 is preferentially present in neuronal cells, the AbPP751 isoform is more abundant in
peripheral tissues [90], and is the isoform overproduced and accumulated as aggregates in s-IBM muscle ﬁbers [22, 73, 91]. Phosphorylation of AbPP is
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considered a regulatory mechanism of AbPP metabolism. Phosphorylation on Thr-668 of neuronal isoform AbPP695 (equivalent to Thr-724 of AbPP751)
was reported to be associated with increased Ab
production [87, 88], and to mediate pathological
interaction between Ab and tau [86].
Phosphorylated (p-) GSK-3bY216, the active form,
has been shown increased in the frontal cortex of
Alzheimer disease patients [92] and proposed to be
a component of Alzheimer disease pathogenesis [93]. Active p-GSK-3bY216 was also shown to
phosphorylate both AbPP on Thr-688 [88] and tau
protein [89].
Recently, we demonstrated for the ﬁrst time that
(a) in biopsied s-IBM muscle ﬁbers and in the AbPPoverexpressing cultured human muscle ﬁbers, AbPP
is phosphorylated on Thr-724, and (b) in s-IBM
patients active GSK-3b is signiﬁcantly increased as
compared to the normal aged-matched control muscle biopsies [34]. In addition, in cultured human
muscle ﬁbers, proteasome inhibition signiﬁcantly
contributed to the increase of active GSK-3b, which
corresponded to the increase of phosphorylated
AbPP. Accordingly, we have postulated that in
s-IBM the pathologic phosphorylation of AbPP is
increased by proteasome inhibition, possibly via
activation of GSK-3b [34]. The increase of total AbPP
after proteasome inhibition also suggests that in this
culture system, and also possibly in s-IBM muscle,
the ubiquitin-proteasome system (UPS) is involved
in the degradation of AbPP ([34], and see below).

Increased accumulation of Ab42
and Ab42 oligomers
Our s-IBM studies from about two decades ago were
the ﬁrst to identify an intracellular accumulation of
Ab in any disease [22, 23, 29, 94]. They were the
basis for our proposal of an important cytotoxic role
of intracellular Ab, not only for s-IBM muscle ﬁbers
but also for Alzheimer neurons [95].
In Alzheimer disease it has been suggested that
abnormal proteolytic processing of AbPP leads to
extracellular liberation of free Ab, which then aggregates into extracellular congophilic b-pleated
sheets composed of 6–10 nm amyloid-like ﬁbrils,
which themselves are clustered as extracellular
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amyloid plaques (reviewed in [96]). For years it
has been considered that it is the extracellular Ab
that is exerting a detrimental role in Alzheimer
disease brain [96]. However, our proposal regarding
the importance of intracellular Ab in Alzheimer
disease [95] seems now to be gaining traction,
because now the presence of intraneuronal Ab is
well established and its possible toxicity and importance in the Alzheimer pathogenesis is being
considered [78, 97].
s-IBM, and more recently h-IBM due to GNE
mutation (see Chapters 11 and 13 in this volume)
are the only muscle diseases in which accumulation
of Ab in abnormal muscle ﬁbers appears to play a key
pathogenic role. Based on in vitro human muscle
tissue culture and in vivo animal models, increased
AbPP and Ab accumulation are upstream steps in the
development of the s-IBM pathologic phenotype
(details below in the section entitled Experimental
models designed to elucidate the IBM pathogenesis).
Ab is released from AbPP as a 40- or 42-amino
acid peptide. Ab42 is considered more cytotoxic than
Ab40, and it has a higher propensity to aggregate
and form amyloid ﬁbrils (reviewed in [97–99]).
The cytotoxic, more prone to self-associate and
oligomerize Ab42 [97–99], is much more increased
in s-IBM muscle ﬁbers than Ab40, by both
quantative immunohistochemistry and ELISA [28].
By contrast, Ab42 was not detectable in polymyositis
or any other disease control, or in normal
muscle biopsies [28]. Only Ab42, and not Ab40, was
associated with the Congo-red-positive amyloid
inclusions, which corresponded to Ab42 immunoelectron-microscopic localization to 6–10 nm amyloid-like ﬁbrils [28] (see Figure 7.3a, below). By
ELISA, in s-IBM muscle biopsies Ab42 was present
and Ab40 was not detectable, while normal agematched control biopsies did not have any detectable
Ab42 or Ab40 [28].
Recently, the putative importance of Ab42 cytotoxicity in s-IBM muscle ﬁbers was strengthened by
the novel demonstration of Ab42 oligomers [100].
Cytotoxicity of Ab is considered to depend on its
initial assembly into oligomers. In contrast to Ab
monomers, which in other systems are considered
not cytotoxic (reviewed in [78, 97]), small oligomers
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and protoﬁbrils are thought to be the most cytotoxic
forms of Ab42 [78, 97, 101].
Nonﬁbrillar, cytotoxic “Ab-derived diffusible
ligands” (ADDLs), originally derived from
Ab42 [102], are mainly trimeric to 12-meric, or
higher, Ab oligomers. They are increased in Alzheimer disease brain and were proposed in Alzheimer
disease to play an important pathogenic role [101].
In s-IBM muscle biopsies, Ab dimers, trimers, and
tetramers were evident by immunoblots [100].
None of the control muscle biopsies had Ab
oligomers. Dot-immunoblots using highly speciﬁc
anti-ADDL monoclonal antibodies also showed
prominently increased ADDLs in all s-IBM biopsies
studied, while controls were negative. By immunoﬂuorescence, in some of the abnormal s-IBM muscle
ﬁbers, ADDLs were accumulated in the form of
plaque-like inclusions, and in very small ﬁbers were
often increased diffusely. Normal and disease controls were negative [100]. This novel demonstration
of Ab42 oligomers in s-IBM muscle biopsies provides
additional evidence that intra-muscle-ﬁber accumulation of Ab42 oligomers in s-IBM may contribute importantly to the s-IBM pathogenic cascade.
(Experimental evidence of AbPP/Ab contribution to
various aspects of the s-IBM phenotype is described
below under Experimental models designed to elucidate the IBM pathogenesis).

Phosphorylated tau
In s-IBM muscle ﬁbers as in Alzheimer disease
brain [103–105], p-tau is accumulated intracellularly in the form of congophilic delicate squiggly or
linear inclusions [24, 25] (Plates 7.2d and 7.3c, d),
which by electron microscopy appear as paired
helical ﬁlaments (PHFs) (Figure 7.1a–d). Various
antibodies recognizing several epitopes of p-tau
present in Alzheimer disease brain, including ones
speciﬁcally recognizing Alzheimer disease-speciﬁc
conformational tau [106], and described in detail
previously, exclusively associate with s-IBM PHFs
by both the light- and electron-microscopic immunohistochemistry (Figure 7.1b–d) [24, 25]. A wellcharacterized AT-100 antibody, which recognizes
p-tau on Ser-212/Thr-214 [107], was shown to
be immunopositive in s-IBM [48] (Plate 7.4b).

Occasionally accumulations of p-tau occur on PHFs
within s-IBM muscle-ﬁber nuclei (Figure 7.1e, f).
Several kinases known to phosphorylate
tau [104, 107, 108] are also accumulated within
s-IBM muscle ﬁbers, where they colocalize with
p-tau-positive inclusions. These include extracellular signal-regulated kinase (ERK) [51], CDK5 [52],
GSK-3b [53], and casein kinase 1 (Table 7.1) [54].
Also, GSK-3b is hyperphosphorylated and activated
in s-IBM muscle ﬁbers [34].
s-IBM PHFs additionally contain RNA and the
RNA-binding protein survival motor neuron
(SMN), both of which were proposed to contribute
to PHF formation [62]. New studies related to
neurodegeneration strongly suggest that accumulations of p-tau could be cytotoxic to neurons
(reviewed in [104, 109]). In contrast to Ab exerting
an intra-muscle-ﬁber cytotoxicity, there is no direct evidence yet that p-tau might be toxic to s-IBM
muscle ﬁbers; however, this possibility should
be explored.
Masses of PHFs accumulated in the form of p-taucontaining aggregates, which are visible in many
muscle ﬁbers on a given transverse section, and are
known to be present in various places along the
muscle ﬁbers, could severely impair muscle-ﬁber
integrity and function. Several other proteins are
also accumulated within the bundles of p-taucontaining PHFs (referenced in Table 7.1). Hypothetically, those proteins might be either passively
captured within the p-tau-containing PHFs and
thereby be removed from their normal locale, which
might impair their normal physiological functions, or
they might be “actively,” and disruptively, bound to
tau or other proteins there by the interaction with the
exposed hydrophobic surfaces of misfolded proteins
associated with the PHF. Large clusters of PHFs
can physically displace and impair the function of
other cytoplasmic proteins and organelles, such as
mitochondria and endoplasmic reticulum. Proteins
that accumulate within the aggregates are susceptible to oxidative damage [110]. Oxidative and
nitrotyrosine stress is known to occur in s-IBM muscle ﬁbers ([12, 55] and below), and nitration and
oxidative stress affect tau assembly and
phosphorylation [111, 112].
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Figure 7.1 Electron microscopy of paired helical
ﬁlaments and of p-tau in s-IBM muscle ﬁbers. (a)
Transmission electron microscopy (EM) of a
cluster of typical paired helical ﬁlaments (PHFs).
(b–d) Gold immuno-electron microscopy of p-tau
protein on clusters of PHFs. (b) Immunostaining
with Alz-50 antibody (which also recognizes
conformational p-tau of PHFs in Alzheimer disease
brain); (c) immunostaining with PHF-1 antibody
(which also recognizes p-tau of PHFs in Alzheimer
disease brain); (d) immunostaining with SMI-31
antibody (which is also able to recognize p-tau of
PHFs in Alzheimer disease brain and in s-IBM
muscle). (e) A low-power electron micrograph
demonstrates a nuclear inclusion composed of
PHFs and gold immunostained with SMI-31
antibody. (f) Higher magniﬁcation of the area
indicated by the square shown in (e) clearly
demonstrates that the nuclear inclusion is
composed of PHF-associated p-tau (10 nm gold
particles). Magniﬁcation: (a) 21,000; (b)
48,000 (5 nm gold); (c) 24,000 (10 nm
gold); (d) 12,000 (10 nm gold); (e) 6000; F
30,000. Antibodies Alz-50 and PHF-1 were
generously provided by Dr Peter Davies.

The mechanisms leading to the abnormal phosphorylation and accumulation of tau in s-IBM
are not well understood. In addition to the overexpression of various kinases that participate in
tau phosphorylation (see above), it has been
recently reported that Ab42 oligomers induce tau
phosphorylation in various experimental models,
including an AbPP-overexpressing IBM mouse
model [97, 113]. Tau is known to be ubiquitinated
and its accumulation has been at least partially
attributed to inhibition of the 26S proteasome
(reviewed in [114]). Recently, impaired autophagy
has also been implicated as a factor contributing to
tau oligomerization and accumulation [115].

Whether Ab42 oligomers, and impaired functions
of both the 26S proteasome and autophagy,
both identiﬁed in s-IBM muscle ﬁbers [11, 13, 28,
100], contribute to tau phosphorylation remains
to be studied.

a-Syn and parkin

a-Syn, a 140 kDa protein of not-yet-well-understood
normal cellular functions, is a major component of
Lewy bodies in Parkinson disease brain (reviewed
in [116, 117]) Abnormal expression of a-syn
occurring spontaneously in brains of various
neurodegenerative disorders has been associated
with, and possibly causative of, oxidative stress,
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impaired proteasome function, and mitochondrial
abnormalities [116, 117]. Oxidative stress can
induce aggregation of a-syn into amyloid-like
ﬁbrils [117, 118].
Recently, a-syn has been shown associated with
mitochondria (reviewed in [118]), and its overexpression induced mitochondria abnormalities. Previously, a-syn was demonstrated to be degraded by
both the 26S proteasome and autophagy [119, 120],
and the newest studies also indicate that impaired
autophagy may contribute to decreased a-syn
clearance and formation of a-syn aggregates within
Parkinson disease Lewy bodies [121]. Lysosomal
degradation of a-syn in vivo was also supported
by detection of a-syn within the lysosomal
lumen [119], and the clearance of a-syn by lysosomes was shown to be facilitated by chaperonemediated autophagy [119]. Consequently, it has
been proposed that abnormal accumulation of a-syn
in various degenerative disorders is caused mainly
by inhibition of autophagy, probably due to defective chaperone-mediated autophagy [122]. While
abnormalities of a-syn were usually considered central to the Parkinson disease pathogenesis, and abnormalities of Ab were considered speciﬁc to the
Alzheimer disease pathogenesis, it has been recently
proposed that a-syn and its oligomers might also
play a role in Alzheimer disease pathogenesis [116].
This proposal was based on evidence that in experimental models (a) fragments of a-syn are found in
amyloid plaques, (b) Ab promotes a-syn aggregation; (c) a-syn is accumulated in Alzheimer disease
and Down syndrome brains, and (d) a-syn was ﬁrst
isolated from Alzheimer disease brain (referenced
in [116]).
The mechanisms involved in the induction
of various pathologies by a-syn are not well
understood, but a-syn oligomerization and its other
postranslational modiﬁcations are suggested to play
an important role.
In 2000, our studies were the ﬁrst to demonstrate
that abnormal accumulation of a-syn occurs in
diseased human muscle and thus is not unique to
brain disorders [30].
We demonstrated that a-syn is accumulated in
the form of aggregates in s-IBM muscle ﬁbers (Plate
7.2b), where it closely colocalized with Ab [30]. By

gold-immuno-electron microscopy, a-syn and Ab
were associated with the same subcellular components composed of 6–10 nm amyloid-like ﬁbrils
and amorphous and ﬁbrillar material [30]). More
recently, we have demonstrated a preferential
presence of the 22 kDa O-glycosylated form of a-syn
in s-IBM muscle ﬁbers [31]. The 22 kDa form, but
not the native 16 kDa form of a-syn, was shown by
others to be a target of ubiquitination by parkin [123]. Currently unknown is whether the
demonstrated inhibition of both the 26S proteasome
and lysosomal degradation in s-IBM muscle
ﬁbers [11, 13] contributes to their preferential
increase of the 22 kDa O-glycosylated form of
a-syn. Recently, it was reported that lysosomal
enzyme cathepsin D protects against a-syn toxicity [124]. Cathepsin D activity is decreased in s-IBM
muscle ﬁbers [13], but whether this mechanism
contributes to a putative a-syn toxicity in s-IBM is
not known.
Because oxidative- and nitric-oxide-induced
stress, and mitochondrial abnormalities, are also
aspects of the s-IBM muscle-ﬁber pathology (reviewed in [3, 4] and below), a putative toxicity of
a-syn, in addition to the cytotoxicity of Ab, may
contribute to the muscle-ﬁber degeneration.
Parkin is an E3-ubiquitin ligase that ubiquitinates
a-syn, and it has recently been demonstrated to
promote “mitophagy’ (degradation of mitochondria through the autophagosomal-lysosomal
system) [125]. In s-IBM muscle ﬁbers aggregates
of parkin are accumulated, and parkin is increased by immunoblots [31]. In brains of sporadic Parkinson disease patients, parkin and
a-syn accumulate in Lewy bodies [31]. Parkin,
in addition to ubiquitinating several proteins,
also protects cells against toxicity induced by
a-syn, ER stress and other stresses, perhaps by
helping to aggregate toxic a-syn oligomers and
promote their degradation [126]. Accordingly,
increase of parkin in s-IBM muscle ﬁbers might
be their attempt to protect themselves against
toxicity induced by a-syn, ER and other stresses
existing there. However, the 2.7-fold increase
of parkin in s-IBM muscle ﬁbers might not be
sufﬁcient to overcome a 6-fold increase of a-syn
[31], or to protect against other continuing
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stresses. In addition, parkin has recently been
reported to promote Ab42 clearance in cultured
neuroblastoma cells [127]. Whether this mechanism occurs in s-IBM muscle is not known.
Interestingly, in diseased human muscle, a-syn
and parkin accumulate in ragged-red ﬁbers [128].
This accumulation of a-syn and parkin is not related
to their accumulation in s-IBM muscle ﬁbers [129].
Ragged-red ﬁbers, originally described in 1970 [129]
using the Engel-modiﬁed trichrome staining [21],
represent muscle ﬁbers containing enlarged and
otherwise abnormal mitochondria that are often
accumulated at the periphery of the ﬁbers [21].
Ragged-red ﬁbers are abundantly present in muscle
biopsies of patients with various mitochondriopathies, including ones with genetically determined
mitochondrial DNA mutations. They are also present in muscle biopsies of some aging patients, and
their number is signiﬁcantly increased in s-IBM
muscle biopsies [130].
Our recent studies have shown that ragged-red
ﬁbers in muscle biopsies in various neuromuscular
disorders contain accumulated a-syn and parkin
(Plate 7.5b–d) [128]. We propose that abnormal
mitochondria within the ragged-red ﬁbers are
destined for autophagic degradation, and parkin is
recruited to facilitate their clearance, as has been
reported in other systems [125, 131].

Cellular prion protein
Normal cellular prion protein (PrPc) is a mainly transmembrane protein present in virtually all tissues
(recently reviewed in [132]). Initial interest in PrPc
was generated because the infectious scrapie prion is
the product of postranslantionally modiﬁed PrPc
(reviewed in [133]). Interest in normal biological
functions of PrPc has been growing, and its binding
properties to other proteins, including Ab42 and its
oligomers, have been subject of many studies (reviewed in [134]). Physiologically, PrPc has been
shown to have several functions, including cellcycle regulation, differentiation, and intracellular
signaling (recently reviewed in [132]). Experimental overexpression of PrPc in transgenic mice resulted
in neurodegeneration, which was not transmissible [135]. Several years ago we demonstrated that
PrPc and its mRNA are abnormally accumulated in
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the form of inclusions in s-IBM abnormal muscle
ﬁbers [32, 136] (Plate 7.2c).
Still unknown is whether abnormally accumulated PrPc in s-IBM muscle ﬁbers results mainly from
increased synthesis or defective clearance through
the impaired proteasomal and autophagic degradations that are known to exist in s-IBM. Interestingly,
in addition to s-IBM muscle, increased PrPc and
its mRNA have also been shown increased at the
postsynaptic domain of normal neuromuscular
junctions (NMJs) and in the regenerating muscle
ﬁbers in various diseases [136, 137]. Because both
PrPc and AbPP, including AbPP’s proteolytic fragment Ab, as well as the PrPc and AbPP mRNAs,
were increased at the postsynaptic domain of human
NMJs [22, 73, 136, 137], it was proposed by
ourselves and others [94, 136] that their colocalization at both sites might have a pathogenic role,
possibly by inﬂuencing the properties and functions
of each other. The correctness of these hypotheses
is now being proven through the work by others,
who have identiﬁed PrPc as a binding receptor for
Ab42 and Ab42 oligomers at central nervous
system synapses (reviewed in [134]). Accordingly,
the binding of PrPc to Ab42 oligomers is now
proposed to play a role in Alzheimer disease pathogenesis, even though this inﬂuence is still mainly
considered extraneuronal (review in [138]).
However, in our view it seems likely that Ab42oligomer–PrPc complexes can also occur intracellularly (both in muscle ﬁbers and in neuron): such
complexes might be cytotoxic, causing cell atrophy
and eventual death.
Our previous observation of increased PrPc and its
mRNA in human regenerating muscle ﬁbers [136] is
now supported by a new study reporting that overexpression of PrPc in adult mouse muscle promotes
its regeneration [139].

Myostatin
Myostatin, a protein secreted from skeletal muscle,
is considered a negative regulator of muscle growth
during development and of muscle mass during
adulthood [140]. In biopsied s-IBM muscle ﬁbers,
myostatin precursor protein (MSTNPP) and myostatin dimer were signiﬁcantly increased on immunoblots, and MSTNPP immuno-colocalized with Ab/
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AbPP [33]. Interestingly, AbPP overexpression in
cultured normal human muscle ﬁbers increased
MSTNPP expression, and subsequent experimental
inhibition of proteasome caused accumulation and
colocalization of both MSTNPP/myostatin and
AbPP/Ab, and their physical association [141]. The
mechanism(s) by which overexpressed AbPP/Ab
increases MSTNPP is not known. Possibly, AbPP
binding to MSTNPP causes its posttranslational modiﬁcation that lessens its trafﬁc and degradation,
resulting in accumulation.
Recently, the importance of MSTNPP accumulation in s-IBM was emphasized by the studies of
others [142] demonstrating that MSTNPP is capable
of forming intracellular b-pleated-sheet amyloid.
Since myostatin physically associates with AbPP/
Ab [33, 141], it is possible, as we have previously
proposed [33], that these two proteins might enhance each other’s aggregation, oligomerization,
and b-pleated-sheet formation.
Other proteins abnormally accumulated in
s-IBM muscle ﬁbers are described below in relation
to other abnormalities, and are also referenced
in Table 7.1.

Protein aggregation and
misfolding, abnormalities of
protein disposal, and
accumulation of p62/SQSTM1
General considerations
All cells depend on intracellular mechanisms to
maintain a proper quality and balance of their proteins and organelles. Quality-control mechanisms
assure that any malfunctioning or damaged intracellular structures, including proteins and organelles,
are identiﬁed and repaired or cleared (reviewed
in [120, 122, 143–145]). This control or surveillance
machinery is particularly important for the nondividing postmitotic cells because their abnormal
proteins cannot be distributed during cell division [122]. The mechanisms for ensuring proper
protein quality also inﬂuence protein transcription,
thereby preventing proteins of being over- or
underproduced. To eliminate misfolded proteins,

a cell recruits several mechanisms: (a) protein
refolding through the ER chaperones; (b) protein
refolding through heat-shock proteins; (c) protein
degradation through the 26S UPS; and (d) protein
degradation through autophagy. The autophagic
process involves formation of autophagosomes,
their fusion with lysosomes, and degradation of
proteins by lysosomal catabolic enzymes (reviewed
in detail in [120, 122, 143, 146–149]). Under
various pathological conditions, and in aging,
protein quality control is disturbed (reviewed
in [143, 150]). This results in accumulation and
aggregation of pathologically modiﬁed proteins
and damaged organelles.
Accumulation of misfolded multi-protein aggregates in s-IBM muscle ﬁbers can result from increased production and/or inadequate clearance of
accumulated proteins, or both. Protein aggregation
is considered to be caused by binding of partly
unfolded or misfolded polypeptides induced by interaction between their inappropriately exposed
hydrophobic surfaces [17]. Normal cell proteins
folded correctly are soluble, or associated with
cellular membranes or other structures (reviewed
in [17]). In s-IBM, insoluble aggregates of improperly folded proteins are usually cytoplasmic, infrequently nuclear. Although fully formed, insoluble
amyloid ﬁbrils may not be cytototoxic, their
pre-amyloid oligomeric complexes or aggregates,
either diffuse or in a protoﬁbril stage, can be
cytotoxic [151].
Unfolding or misfolding of proteins can occur
in vivo and in vitro under several circumstances,
including macromolecular crowding, defective protein disposal, oxidative stress, and “aging” [122].
Diseases characterized by protein misfolding
and aggregation are termed “conformational diseases” (reviewed in [152]). Unfolding, misfolding,
and aggregation might be attributed to increased
transcription, impaired disposal (see below), and
abnormal accumulation and crowding of proteins.
Abnormal glycosylation and other deleterious
chemical modiﬁcations can also lead to protein
unfolding and misfolding, and cellular malfunction,
with consequences for the proteins and cellular
function.
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Pathways leading to protein
degradation and their abnormalities
in s-IBM muscle ﬁbers
In eukaryotic cells, two major pathways of cellular
protein degradation relate to the 26S proteasome
and the autophagic/lysosomal systems [146]. The
26S proteasome, also called the UPS, is a major
degradation mechanism for (a) normal regulatory
and other short-lived proteins, and (b) misfolded
proteins exported from the ER through a ubiquitinmediated ATP-independent process [16, 146].
In contrast, long-lived, structural proteins and/or
variously damaged or misfolded proteins, and obsolescent cellular organelles, are degraded through
“autophagy” [120, 145, 153]. Below we describe
major characteristics of each system and their
abnormalities in s-IBM muscle ﬁbers.

UPS and its inhibition in s-IBM muscle ﬁbers
The 26S proteasome is responsible for degradation
of the majority of cellular proteins through a
ubiquitin-mediated ATP-dependent pathway (reviewed in [143]). The proteasome is a large (700
kDa) multi-subunit protease complex present in
cytoplasm, endoplasmic reticulum, and nuclei of
eukaryotic cells [143, 154–156]. 26S proteasomes
are composed of a catalytic 20S core and a 19S
regulatory complex. The 20S core is composed of
28 individual a and b subunits arranged in four
stacked rings. Each ring contains either seven a or
seven b subunits [143, 154, 155]. The two external
rings, composed of a subunits, stabilize the
complex, while the two inner rings, composed of
b subunits, contain the protease-activity sites having
trypsin-like (TL), chymotrypsin-like (CTL), and
peptidyl glutamyl-peptide hydrolytic (PGPH)
activities [154, 155].
19S, a distinct multimeric complex termed
“PA700 proteasome activator,” is thought to
mediate the recognition of both polyubiquitinated
moieties and unfolded proteins, thereby permitting
their access into the interior of the 20S component
to be catabolized [143, 154, 155]. Decreased
proteasome function has been recently reported
in several neurodegenerative diseases characterized by accumulation of multi-protein aggregates
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in the brain [16, 157, 158]. Ab has been reported
to inhibit proteasomal activity in cultured cells
[158–160].
In s-IBM muscle ﬁbers, our studies have demonstrated proteasomal abnormalities, as evidenced
by: (a) abnormal accumulation of 26S proteasome
subunits by immunocytochemistry and immunoelectron microscopy; (b) increased expression of
26S proteasome subunits by immunoblots; but,
contrastingly (c) reduced activities of the three
major proteasomal proteolytic enzymes [11].
This indicates accumulation of hypo-active/inactive
proteasomal subunit proteins.
Our studies suggested that the AbPP/Ab-proteasome interrelationship may be important in inducing proteasome abnormalities in s-IBM muscle ﬁbers
because: (a) Ab and proteasome subunits colocalized
by light microscopy and were associated electron
microscopically with the same structures; (b) there
was physical association of AbPP/Ab and proteasome protein by immunoprecipitation studies;
and (c) in cultured human muscle ﬁbers overexpressing AbPP/Ab proteasome activity was inhibited
([11], and also see our culture IBM model below).
Other factors present in s-IBM muscle ﬁbers
that might contribute to inhibiting proteasome function include an aging muscle-ﬁber environment;
protein overcrowding; oxidative stress [5, 6, 161];
and accumulated p-tau [5, 6, 161], a-syn [30],
and UBB þ 1 [45]. All of these are capable of inhibiting proteasome activity in other systems [159, 160,
162–164].
In s-IBM muscle ﬁbers, UBB þ 1, a known inhibitor of proteasomal function, is accumulated in the
form of aggregates. UBB þ 1 is a product of
“molecular misreading,” a phenomenon designating acquired, non-DNA-encoded dinucleotide
deletions occurring within mRNAs, thus producing
potentially toxic mutant proteins [164]. Our studies
were the ﬁrst to show accumulation of UBB þ 1 in
muscle ﬁbers in any muscle disease, demonstrating
for the ﬁrst time that molecular misreading can
occur in diseased human muscle. We proposed that
the aging cellular environment of s-IBM muscle
ﬁbers, combined with factors such as oxidative stress
and perhaps other detrimental molecular events,
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leads to abnormal production and accumulation of
UBB þ 1 [45].
A failure to degrade/remove surplus proteins, including abnormal damaged proteins, is presumably
detrimental to muscle ﬁbers as it is to other cells.
Furthermore, accumulated ubiquitinated, misfolded,
and oxidized protein aggregates by themselves can
cause proteasome inhibition. Moreover, the stillsoluble, early intermediates of protein aggregates, in
the form of dimers and trimers can also induce proteasome inhibition [163], and they are highly toxic
to cells [17, 97]. There are other diverse functions
controlled by the UPS, including regulation of gene
transcription through monoubiquitination and deubiquitination of histones, and major histocompatibility complex I (MHC-I) presentation (reviewed
in [114]). Whether proteasomal abnormalities participate in antigen presentation and T-cell inﬂammation
in s-IBM muscle ﬁbers remains to be studied.

Autophagosomal-lysosomal pathway
In contrast to the UPS, which is a major degradation
mechanism for (a) normal regulatory and other
short-lived proteins, and (b) misfolded proteins
exported from the ER through a ubiquitin-mediated
ATP-independent process [16, 146], the autophagosomal-lysosomal pathway (ALP) is the major
degrading mechanism for long-lived, structural
proteins and/or damaged or misfolded proteins, and
obsolescent cellular organelles [120, 145, 153]. ALP
is composed of three main pathways: (a)
macroautophagy, (b) chaperone-mediated-autophagy, and (c) microautophagy, all of which lead
to lysosomes (reviewed in [120, 145, 146, 150]).
Lysosomes are the main compartments in which
degradation of a various proteins and molecules
actually occurs, through the activity of various
lysosomal proteolytic enzymes. The other components of the ALP serve mainly as crucial delivery
pathways to the lysosomes of the molecules to be
degraded. The term “autophagy” in reference to the
lysosomal degradation, has been used for decades,
but the molecular aspects of delivering the
cargo destined for lysosomal degradation have been
delineated only recently [120, 145, 150, 165]. In
fact, the term “autophagy” should be reserved for
lysosomal degradation, and it is misleading to refer

to “macroautophagy” as the autophagy (which often occurs in the literature).
Macroautophagy designates formation and maturation of “autophagosomes,” which are structures
carrying degradation-destined proteins and
organelles to the lysosomes for their lysosomal degradation. After an autophagosome fuses with the
lysosomal membrane, it disposes its cargo into the
lysosome, where it is then degraded by the lysosomal
enzymes [120, 145, 150, 166]. Autophagosomes
proliferate and mature when the lysosomal function
is inhibited, because the cargo that they are carrying
cannot be received and cleared by the lysosomes.
That situation is detrimental to the cell and can result
in formation of autophagosomal vacuoles [166]. This
occurs in s-IBM muscle ﬁbers and in neurons of some
of the neurodegenerative disorders (see below). In
some situations, proliferation of autophagosomes
in neurons has been associated with abnormal Ab
overproduction and vacuolization [153, 167]. Accordingly, before suggesting to s-IBM patients or to
those with various neurodegenerative disorders
the use of drugs to enhance macroautophagy, the
function of the entire ALP must be evaluated. For
example, inhibition, rather than stimulation of
macroautophagy increased neuronal survival under
some pathologic conditions (reviewed in [122]).
During chaperone-mediated autophagy, the cargo
destined for lysosomal degradation is selectively
recognized by a complex of chaperones that controls
cargo delivery to the receptor on the lysosomal
membrane (reviewed in [144, 168] and referenced
therein). In this process, the protein cargo must
be unfolded before being internalized into the
lysosome (reviewed in [150]). Heat-shock cognate
protein 70 (hsc70) and lysosomal-associated
membrane protein (LAMP)-2 are two molecules
indispensable for this process (reviewed in [168])
In the process of microautophagy, the entire
lysosomal membrane protrudes to embrace the
cytosolic component destined for degradation
(reviewed in [122, 150]).
Although autophagic vacuoles associated with
accumulated lysosomal-membranous structures in
s-IBM muscle biopsies (Figure 7.2) have been
known for many years ([169–171] and recently
reviewed in [2, 7, 172]), the mechanism of

Pathogenesis

Figure 7.2 Transmission electron microscopy (EM) of an
s-IBM vacuolated muscle ﬁber. Shown is a vacuole
containing inclusions consisting of numerous varioussized membranous whorls of autophagosomal/lysosomal
debris. Magniﬁcation: 70,000.

their formation was not well understood. We have
recently demonstrated [13] for the ﬁrst time that in
s-IBM muscle ﬁbers there is increased formation and
maturation of vacuolar autophagosomes, as indicated by: (a) the autophagosomal marker LC3-II [173],
and (b) mammalian target of rapamycin (mTOR)mediated phosphorylation of p70 S6 kinase [166,
173]. These observations suggest that activated
macroautophagy is an important factor leading to
formation of the vacuoles.
In contrast to several neurodegenerative diseases
in which ALP functions have been extensively studied [120, 122, 145, 153], ALP functions in s-IBM
muscle ﬁbers have been virtually unexplored.
In addition to activated macroautophagy, our
studies provided important evidence that autophagy
related to lysosomal function is impaired in s-IBM
muscle ﬁbers. They showed a decrease of lysosomal
cathepsin D and B enzymatic activities that appeared
speciﬁc to s-IBM, because in polymyositis muscle
ﬁbers their activities were actually increased in our
study [13] and in studies by others (referenced
in [13]). In polymyositis macroautophagy was also
increased but autophagic vacuoles and inclusions do
not form, perhaps because the lysosomal system
may be functioning adequately. Our results also
suggest that lymphocytic inﬂammation, which is
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present both in s-IBM and polymyositis, does not
contribute to impairment of the autophagic/lysosomal degradation in s-IBM.
Impaired autophagy in s-IBM muscle ﬁbers might
be, at least partially, responsible for the abnormal
accumulation of various proteins, including Ab, a-syn, BACE1, and tau, all reported to be degraded
through autophagy [120, 158, 174, 175]. Moreover,
Ab has been shown to be produced within the
autophagosomes [153, 167, 176].
It is of interest that in adult rat skeletal muscle
whose lysosomal enzyme activities were impaired
by chloroquine treatment, Ab was accumulated
[177, 178]. Our newest studies demonstrated that
inhibition of lysosomal activity in cultured human
muscle ﬁbers induces in them Ab oligomerization
([100], and below).

p62/SQSTM1 is overexpressed
and prominently accumulated in the
form of inclusions
p62/SQSTM1 or ”p62,” is a shuttle protein transporting polyubiquitinated proteins to either proteasomal
or lysosomal degradation [179, 180]. p62 is an integral component of inclusions in brains of various
neurodegenerative disorders, for example in Alzheimer disease neuroﬁbrillary tangles and Lewy bodies
of Parkinson disease. In Alzheimer disease brain, the
p62 localized in neuroﬁbrillary tangles is associated
with p-tau [181].
Our recent studies have demonstrated that in
s-IBM muscle ﬁbers p62 protein is increased at
both the protein and mRNA levels, and it is strongly
accumulated in aggregates within muscle ﬁbers,
where it closely colocalizes with p-tau by both the
light- and electron-microscopic immunocytochemistry [48]. p62 immunocolocalized with p-tau by
using two p-tau-recognizing antibodies, including
AT100 (Plate 7.4a–c). By immuno-electron microscopy p62 associates with PHFs, and strongly embraces PHF clusters (Figure 7.3b).
Our p62 studies provided a new, reliable, and
simple molecular marker of p-tau-containing PHF
inclusions in s-IBM muscle ﬁbers. The prominent
p62 immunohistochemical positivity and pattern
diagnostically distinguished s-IBM from polymyositis and dermatomyositis: we suggested using p62
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Figure 7.3 Single-label gold-immuno-electron

microscopy of Ab42, and double-label gold immunoelectron microscopy of p62 plus p-tau in s-IBM muscle
ﬁbers. (a) Ab42 (5 nm gold particles) is immunolocalized to
6–10 nm amyloid-like ﬁbrils, while in (b) p62 (10 nm gold
particles) and p-tau (5 nm gold particles) intermingle on
paired-helical ﬁlaments. Magniﬁcation: (a) 80,000;
(b) 40,000.

immunoreactivity as an important diagnostic marker
of s-IBM ([48], and see Chapter 10).
In normal cultured human muscle ﬁbers, experimental inhibition of either proteasomal or lysosomal protein degradation caused substantial increase of
p62 [48], suggesting that similar in vivo mechanisms
known to be present in s-IBM muscle ﬁbers might
contribute to the p62 increase in them.

Transactive response DNA-binding
protein 43
Transactive response DNA-binding protein 43 (TDP43) is an RNA-/DNA-binding protein whose functions are not yet fully understood. It was reported to
be involved in RNA processing, transcription, and
exon skipping [182, 183]. Recent interest in TDP-43
was provoked by (a) discovering TDP-43-immunoreactive inclusions in the most common subtype of
cerebral frontotemporal lobar degeneration (FTLD)
associated with ubiquitin-positive inclusions, and in
sporadic amyotrophic lateral sclerosis (ALS) [182,
183], and (b) identiﬁcation of mainly missense mutations of TDP-43 in familial and sporadic ALS [182,
183]. TDP-43-immunoreactive cytoplasmic inclusions within s-IBM muscle ﬁbers were reported by
several investigators, including ourselves ([66] and
referenced therein). Absence of the cytotoxic
cleaved TDP-43 C-terminal fragment in s-IBM muscle ﬁbers [68–70] might be against TDP-43 playing

an important pathogenic role. In s-IBM muscle, it is
possible that TDP-43 could be considered a secondary pathology, as others have suggested for Alzheimer disease brains [182]. Experimentally, TDP-43 is
increased when either autophagy or the 26S proteasome are inhibited [184, 185]. Because both proteindisposal systems are inhibited in s-IBM muscle ﬁbers
(reviewed above), their malfunctioning might contribute to the accumulation of TDP-43. However,
our understanding of the consequences of TDP-43
accumulations in s-IBM muscle ﬁbers awaits future
studies.

Endoplasmic reticulum stress,
decreased activity of SIRT1,
oxidative stress, and putative
role of aB-crystallin
ER stress and UPR
The ER is an organelle with an important role in the
processing and folding of newly synthesized proteins, a function that is crucial for all cells. An
efﬁcient system of molecular chaperones in the ER
is required to assure proper folding of misfolded
native and abnormal proteins [148, 149, 186].
Upregulation of those ER chaperones, presumably
reﬂecting the increased need for protein folding,
occurs during the UPR [148, 149, 186]. The UPR
involves the following: (a) transcriptional induction
of ER chaperone proteins, whose function is to both
increase the folding capacity of the ER and prevent
protein aggregation; (b) translational attenuation to
reduce protein overload and subsequent accumulation of unfolded proteins; and (c) removal of
misfolded proteins for their degradation by 26S
proteasome [148, 149, 186, 187]. The ER is also
involved in “ER-associated degradation” [187].
Among various mechanisms associated with ERassociated degradation, HERP protein was proposed
to play an important role functioning as an adapter
protein connecting translocation of misfolded
proteins from the ER with the ubiquitination process [187]. We have recently reported in s-IBM
muscle ﬁbers evidence of the UPR [14, 15]. We also
demonstrated for the ﬁrst time that the ER chaperones calnexin, calreticulin, GRP94, BiP/GRP78, and
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ERp72 physically associate with AbPP in s-IBM
muscle ﬁbers, suggesting their playing role in AbPP
folding and processing [15].
ER stress has been implicated in the pathogenesis
of various neurodegenerative disorders, including
Alzheimer and Parkinson diseases [20]. In Alzheimer disease brain, it has been postulated that prolonged ER stress leads to tau phosphorylation [188].
In Parkinson disease, ER stress and UPR activation
have been suggested to contribute to neuronal cell
death [189].
In mammals, there are three proximal sensors of
ER stress that are localized to the ER membrane: (a)
protein kinase RNA (PKR)-like ER protein kinase
(PERK); (b) activating transcription factor 6 (ATF6);
and (c) inositol-requiring enzyme 1 (IRE1) [149].
Our recent studies demonstrated that all three
branches of the UPR are activated in s-IBM [190],
which results in upregulation of major ER-resident
chaperones, namely: GRP78, GRP94, calnexin, calreticulin, and ERp72 [15]. Also, HERP protein and
mRNA are signiﬁcantly increased in s-IBM muscle
ﬁbers [14].
ER stress most likely is induced in s-IBM muscle
ﬁbers by the accumulation of numerous misfolded
proteins, as delineated above. In addition, oxidative
and nitrosative stresses, and cholesterol accumulation, are known to occur in s-IBM muscle ﬁbers [3,
55, 72], and in other systems they have been shown
to lead to ER stress [191–193].
While UPR induction leading to upregulation of
ER chaperones is supposed to decrease accumulation of abnormal proteins, this process does not seem
effective in s-IBM muscle ﬁbers, since abnormal
proteins continue to accumulate leading us to
propose that prolonged ER stress may aggravate
muscle-ﬁber deterioration. Furthermore, in our
experimental studies of cultured human muscle
ﬁbers (described below) experimentally induced ER
stress leads to several detrimental mechanisms that
we have also demonstrated in s-IBM muscle biopsies
(details below).
In addition, ER stress may also be linked to the
induction of inﬂammation in s-IBM muscle. For
example, ER chaperones GRP78, calnexin, calreticulin, and PDI were shown to be involved in assembly and maturation of human MHC-I [194, 195],
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which is critical for muscle ﬁbers to become antigenpresenting [1]. In various systems, the UPR has been
shown to be involved in the induction of inﬂammatory cytokines such as tumor necrosis factor a,
interleukins 2, 6, and 8 [186]. NFkB, which is a
proinﬂammatory transcription factor known to be
induced by ER stress and whose activation and
acetylation are increased in s-IBM muscle ﬁbers [75,
196, 197], may play a central role in this process.
Therefore, we postulate that ER stress is an integral
part of s-IBM pathogenesis.

Decreased deacetylase activity
of SIRT1
SIRT1 belongs to the mammalian sirtuin family
of NAD þ -dependent histone deacetylases (HDACs)
[198, 199]. Targets known to be deacetylated by
SIRT1 include histone 4 (H4), NFkB, and
p53 [198, 199]. Through its deacetylase activity,
SIRT1 is considered to control cellular metabolic
homeostasis, and to play important roles in the
regulation of gene expression, cell proliferation,
differentiation, survival, and senescence [198,
199]. SIRT1 activation has been considered to
play a crucial role in calorie-restriction-induced
longevity in several species [200].
In addition, SIRT1 activation has been proposed
to play a role in neuroprotection [198, 199]. For
example, in an Alzheimer mouse model, increase of
neuronal SIRT1 and its activation were reported
to underlie the calorie-restriction prevention of
Ab-related Alzheimer disease-like neuropathology [198, 199]. In various cell lines, increase of SIRT1,
or its activation, was reported to protect against Ab
toxicity by either decreasing the amount of Ab
through activation of a-secretase, or by inhibiting
NFkB activation and its subsequent disturbance of
signaling [198, 199].
Our most recent studies have shown that, in
s-IBM muscle ﬁbers as compared to age-matched
controls, SIRT1 activity and deacetylation of its
targets NFkB, H4, and p53 were signiﬁcantly
decreased [196]. Since increased acetylation, or
decreased deacetylation, of NFkB leads to its increased activity [201], decreased SIRT1 deacetylase
activity might be directly responsible for the presumably detrimental NFkB activation in s-IBM
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muscle ﬁbers. Our study provides, to our knowledge, the ﬁrst demonstration of decreased SIRT1
deacetylase activity in any human muscle disease,
namely, s-IBM, a disease that is associated with
aging. Abnormalities of SIRT1 in our ER-stress IBM
human muscle culture model are described below.

Oxidative stress
Oxidative stress has been proposed for many years to
play an important pathogenic role in neurodegenerative diseases [202, 203]. There is increasing
evidence that free-radical toxicity may participate
in the IBM pathogenesis as follows. Indicators of
oxidative stress, as well as enzymes participating in
the cellular defense against oxidative stress, are
accumulated in s-IBM muscle ﬁbers [55, 56, 60,
74]. Also, s-IBM muscle ﬁbers contain increased and
activated NFkB [59, 75].
In s-IBM muscle ﬁbers we have recently reported
abnormalities of the Parkinson disease-related DJ-1,
a protein participating in amelioration of oxidative
stress [12]. DJ-1 is a ubiquitously expressed protein
of the ThiJ/PfpI/DJ-1 superfamily (reviewed in [204]
and referenced in [12]). In s-IBM muscle ﬁbers, DJ-1
is (a) highly oxidized and (b) abnormally accumulated in mitochondria [12]. Mutations in the DJ-1
gene that prevent expression of DJ-1 protein are a
cause of early-onset autosomal recessive Parkinson
disease [204]. In sporadic Alzheimer and Parkinson
disease brains, DJ-1 was reported to be increased and
highly oxidized (referenced in [12]). Although its
precise functions are not yet known, DJ-1 has been
proposed to act as an antioxidant ([204] and referenced in [12]) and be an important mitochondrial
protective agent (referenced in [12]). Increased
oxidation of DJ-1 itself was proposed to decrease its
antioxidant activity ([204] and referenced in [12]).
We have proposed that in s-IBM muscle ﬁbers
the increased DJ-1 may be attempting to mitigate
mitochondrial and oxidative damage, but being
excessively oxidized may itself render it ineffective [1, 12]. Our studies indicated for the ﬁrst time
that DJ-1 might play a role in human muscle disease.

Abnormalities of aB-crystallin

aB-crystallin (aBC), a small heat-shock protein
(sHSP) responding to stress, was shown immuno-

histochemically by others to be abnormally
accumulated in muscle ﬁbers of s-IBM and other
myopathies [205]. It was reported that in s-IBM, but
not in other myopathies, aBC was accumulated not
only in the structurally abnormal, vacuolated, or
otherwise obviously damaged muscle ﬁbers, but also
in many ﬁbers termed by the authors “X-ﬁbers,”
which did not display “signiﬁcant” morphologic
abnormality [205]. Therefore, it was proposed that
increased aBC expression precedes other abnormalities in s-IBM muscle ﬁbers [205]. The stressor(s)
inducing aBC are not yet identiﬁed, and as such (a)
might play a protective role [205], or (b) might,
either by itself or bound to another protein, induce
an inﬂammatory response [205, 206]. Since increased expression of aBC can occur under various
stressful conditions (reviewed in [207]), we hypothesized that in morphologically “undamaged” s-IBM
muscle ﬁbers aBC might be induced in response to
the early increase in them of “morphologically invisible” soluble Ab oligomers (not in aggregates).
Therefore, we studied aBC in cultured human muscle ﬁbers shortly after overexpressing AbPP in them
and before typical structural abnormalities characteristic to IBM had developed. We evaluated, both in
cultured human muscle ﬁbers and in s-IBM muscle
ﬁbers, whether aBC physically associates with
AbPP/Ab (details in [208]). Our studies showed
that: (a) overexpression of AbPP into normal culture
human muscle ﬁbers signiﬁcantly increased
aBC; (b) additional inhibition of proteasome with
epoxomicin further increased aBC; and (c) aBC
physically associated with AbPP and Ab oligomers [208]. Similarly, in biopsied s-IBM muscle
ﬁbers, aBC was signiﬁcantly increased on the immunoblots and physically associated with AbPP and
Ab oligomers [208]. As an sHSP, aBC plays a role in
the cellular defense against improperly degraded
and accumulated toxic proteins by stabilizing the
ones that have a propensity to aggregate and precipitate [207]. In Alzheimer brain, aBC binds to
AbPP, and in vitro, aBC binds to Ab and prevents
Ab ﬁbrilization and aggregation [209, 210]. However, applied extracellularly together with Ab to
cultured rat neurons, aBC increases Ab cytotoxicity,
which is postulated to occur due to its inﬂuence in
maintaining Ab in the soluble oligomeric, highly
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cytotoxic form [211]. Even though the exact role of
aBC in s-IBM muscle ﬁbers awaits further elucidation, our studies clearly indicate that, in contrast to
what was reported by others [212], aBC within the
muscle ﬁbers is increased by the increased
intracellular AbPP/Ab.

Mitochondrial abnormalities
Mitochondrial abnormalities in s-IBM muscle ﬁbers
include: (a) ragged-red ﬁbers [129], (b) cytochrome
c oxidase (COX)-negative muscle ﬁbers, and (c)
multiple mitochondrial DNA deletions (reviewed
in [130]). These are more common in s-IBM muscle
than expected for the patient’s age (reviewed
in [130]). Our newest studies conﬁrmed that
COX-negative muscle ﬁbers were signiﬁcantly
increased in s-IBM muscle biopsies. While the
COX-negative ﬁbers were 90% type 2, there was
a higher percent of type-1 COX-negative ﬁbers than
in controls [213]. We previously showed that excessive AbPP and Ab contribute to the mitochondrial
abnormalities in cultured human muscle ﬁbers
([214] and below); this concept is now supported
by studies in other systems, especially as putatively
related to Alzheimer and Parkinson brain ([202,
215, 216] and referenced in [12]), Other as-yetunknown mechanisms may also contribute to the
prominent COX negativity in s-IBM muscle ﬁbers,
possibly including (a) toxic unaggregated oligomers
of Ab, a-syn, or other proteins; and (b) factors
resulting from oxidative or ER stresses. Discovery
of their cause could facilitate developing treatment
strategies. The resultant mitochondrial abnormalities presumably contribute to the muscle-ﬁber
malfunction and degeneration.
In seemingly otherwise-intact muscle ﬁbers, the
regions of COX negativity cannot produce ATP via
oxidative phosphorylation; those presumably weakened regions must be surviving on ATP diffusing
from adjacent COX-positive regions or produced
locally by anaerobic glycolysis.
Another indication of mitochondrial abnormality
was our demonstration that in s-IBM muscle ﬁbers
cytochrome c is aggregated within cytoplasm, where
it is physically associated with AbPP and a-syn [217].
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Cytochrome c is involved in electron transport
within mitochondria, and its release from mitochondria is indicative of mitochondrial abnormality,
which usually leads to apoptosis in mononucleated
cells (reviewed in [218]). It is relevant that in s-IBM
muscle ﬁbers active/cleaved caspase-3 was not present [217], which is in agreement with our studies
and others that apoptosis is not participating in the sIBM pathogenic cascade (reviewed and referenced
in [5]). However, in s-IBM muscle ﬁbers the association of cytochrome c with AbPP and a-syn may
enhance their oligomerization and ﬁbrilization,
thereby inﬂuencing their toxicity, as has been proposed for Alzheimer and Parkinson diseases [215].

Proteins accumulated in s-IBM
muscle ﬁbers are also increased at
the postsynaptic domain of
normal NMJs
Several years ago we emphasized that several proteins and their mRNAs accumulated within s-IBM
muscle ﬁbers are also present postsynaptically at
the NMJs, and we termed this phenomenon
“junctionalization of nonjunctional regions” [219].
During regeneration of normal muscle ﬁbers, various proteins and their mRNAs are expressed within
and along the length of the ﬁber. As a result of motor
innervation, in normal mature ﬁbers the same proteins, termed “junctional proteins,” become increased at the postsynaptic region of the NMJ and
suppressed everywhere in the ﬁber. This normal
accumulation of proteins and their mRNAs postsynaptically we have termed “junctionalization” of the
muscle ﬁber [5, 219]. Several of the “s-IBM
proteins” and “s-IBM mRNAs” that are accumulated
in nonjunctional regions of s-IBM muscle ﬁbers are,
in normal innervated mature human muscle ﬁbers, also
ones identiﬁed morphologically at the postsynaptic
region of the NMJs [5, 219] (Table 7.2). p-Tau is the
only “s-IBM protein” so far studied that was not
found accumulated at normal NMJs [219]. In s-IBM
muscle ﬁbers we proposed that a possible pathogenic
role of “extra-junctionalization” might be (a) partly
related to normal attempts of the stricken ﬁbers
to regenerate, and (b) partly driven by ectopic
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Table 7.2 Accumulation of the Same Proteins and

Molecules within the aggregates of s-IBM muscle ﬁbers and
at the postsynaptic domain of human neuromuscular
junctions (NMJs).

NMJ proteins
nAchR protein/mRNA
43 kDa rapsyn

s-IBM

NMJs

þ
þ

þ
þ

Aggregate-prone proteins
AbPP/Ab protein/mRNA
Prion protein, cellular protein/mRNA
a-synuclein
phosphorylated-tau
AbPP processing/Ab deposition
BACE1, BACE2
Cystatin C
Presenilin1

þ
þ
þ
þ

þ
þ
þ


þ
þ
þ

þ
þ
þ

Markers of oxidative stress
SOD1
nNOS, iNOS
a1-antichymotrypsin
Seleno-gluththione peroxidase-1
Catalase
Ref-1
NFkB
Malondialdehyde
Nitrotyrosine

þ
þ
þ
þ
þ
þ
þ
þ
þ

þ
þ
þ
þ
þ
þ
þ
þ


Transcription/RNA metabolism
RNA polymerase II
SMN
c-Jun, c-Fos
NFkB
Ref-1

þ
þ
þ
þ
þ

þ
þ
þ
þ
þ

þ
þ
þ

þ
þ
þ

þ
þ
þ
þ
þ

þ
þ
þ
þ
þ

Protein degradation
Ubiquitin

þ

þ

Signal transduction components
ERK
GSK-3b active

þ
þ

þ
þ

Other
SIRT1



þ

Cholesterol metabolism
ApoE
LDLR
VLDLR
Cytokines/growth factors
FGF
TGF-1b
IL-1a
IL-1b
IL-6

unrestrained
extrajunctional
expression
of
“junctional genes,” possibly inﬂuenced by a pathologically
unrestrained
hypothetical
normal
“junctionalization master gene” [5, 7, 219]. A
“master-gene product” might be serving, directly or
indirectly, as a transcription factor activating genes
for at least some of the “s-IBM-proteins,” leading to a
detrimental cascade. A normal junctionalization
master gene, or possibly a speciﬁc “s-IBM master
gene” might itself be activated by (a) an adjacently
inserted viral gene (insertional mutagenesis), or (b)
epigenetic inﬂuence. A pathologically deranged
junctionalization master gene might also fail to
properly form and maintain the junctional postsynaptic region. Some s-IBM ﬁbers have abnormal NMJ
structure [220]. Unlike cultured normal human
muscle ﬁbers, cultured muscle ﬁbers overexpressing
AbPP, either experimentally by AbPP gene transfer,
or genetically in GNE-type h-IBM ﬁbers, could not
become innervated by co-cultured fetal rat spinal
cord neurons [221]. We therefore postulated several
years ago that AbPP overexpression in s-IBM patients’ biopsied muscle ﬁbers may cause the observed morphologic abnormalities, and an intracellular postsynaptic “myogenous dysinnervation” [5,
7, 221]. This proposal is gaining more interest now,
because: (a) it was recently demonstrated that at
some central nervous system synapses PrPc is a
“receptor” for Ab42 and Ab oligomers [134],
and (b) we have shown that Ab42 and its oligomers
are accumulated in s-IBM ﬁbers. The neuromuscular synapse pathology in s-IBM has a parallel in
the occurrence of synapse pathology in Alzheimer
disease [222], which, by analogy with s-IBM, we
propose may, at least partly, reﬂect an intracellular
postsynaptic mechanism.

Transthyretin gene mutation
and s-IBM
We have described a 70-year-old African American
man who had both s-IBM and cardiac amyloidosis,
identiﬁed clinically by diphosphonate scan [7], and
was homozygous for the transthyretin (TTR) Val122Ile mutation [223]. In addition to the skeletal
muscle pathological features typical of s-IBM, there
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were unique aspects. They included: (a) congophilic
deposits coimmunoreactive for both TTR and Ab
within vacuolated muscle ﬁbers, where TTR is never
present in ordinary s-IBM; and (b) prominent blood
vessel congophilic amyloid, co-immunoreactive for
both TTR and Ab, neither occurring in blood vessels
of ordinary s-IBM.
The TTR Val122Ile mutation is the most common
cause of late-onset cardiac amyloidosis among
African Americans [224]. Our patient’s mutant
TTR might be a facilitating factor, promoting the amyloid ﬁbrillogenesis of Ab within his muscle ﬁbers and
inmuscle blood vessels. Inother systems,non-mutant
TTR can protectively sequester Ab, prevent amyloid
ﬁbril formation in vitro, and mitigate Ab cytotoxity in
vivo [225]. We have proposed that if our patient’s
cardiac amyloidosis, muscle blood vessel amyloidosis,
and s-IBM all relate to his TTR mutation that would
make it a susceptibility-gene mutation [223, 226]. By
extension, perhaps other mutations or polymorphisms of TTR or other as-yet-unknown susceptibility
genes – congenital or induced by viral, environmental, or aging factors – may be promoting s-IBM in
many, if not all, other s-IBM patients. If the TTR
Val122Ile mutation was a susceptibility factor in our
patient, it probably had existed since conception, but
his muscle weakness did not develop until after age
60. That would reemphasize the importance of an
aging, or virally/environmentally modiﬁed cellular
milieu for developing s-IBM.
Recently, a new mouse experimental model of sIBM was described [227]. In it, two aspects are of
particular interest to the possible pathogenesis of
s-IBM: (a) overexpression of mutated gelsolin
D187N within myoﬁbers of aged mouse induced an
intra-myoﬁber accumulation of misfolded and congophilic proteins, including Ab and gelsolin; and (b)
in addition to the intra-myoﬁber accumulation of
gelsolin and the multi-protein aggregates it induced,
these apparently being the primary events, there
was also perivascular and endomysial lymphocytic
cell inﬁltration, strongly suggesting – as we have
previously proposed for s-IBM [1, 3] and reiterated
in this chapter – that inﬂammation was secondary to
protein abnormalities, rather than the reverse. This
could explain why anti-inﬂammatory drugs do not
produce enduring beneﬁt in s-IBM [4]. This mutant
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gelsolin model is helpful because in patients’ biopsies one cannot study the sequence of events.
Since overexpressed wild types of either gelsolin or
TTR bind Ab, prevent its aggregation, and protect from
Ab cytotoxicity [228, 229], we propose that their
mutant forms lose these protective capabilities and
allow intra-myoﬁber Ab aggregation and amyloidois.
Accordingly, s-IBM patients should be studied for
mutations or polymorphisms of gelsolin and TTR.

Experimental models designed
to elucidate the IBM pathogenesis
One of our approaches to explore molecular mechanisms participating in the s-IBM pathogenesis involves
utilizing well-differentiated cultured normal human
muscle ﬁbers, whose cellular microenvironment we
experimentally modify to mimic various aspects of
the s-IBM muscle-ﬁber milieu, thereby providing
IBM human muscle culture models (IBM-HM-TCModels). Others have utilized experimental transgenic mice models. These models will be summarized
and referenced below.

Evidence suggesting pathogenic
importance of experimental
and genetically determined
overexpression of AbPP in culture
and in vivo
Overexpression of AbPP/Ab in mature
cultured normal human muscle ﬁbers
(AbPP( þ )-IBM-HM-TC-model)
Our AbPP( þ )-IBM-HM-TC-Model exhibits several
aspects of the IBM pathologic phenotype
including: (a) pronounced vacuolization of most of
the muscleﬁbers; (b) congophilicinclusions insome of
the muscle ﬁbers; (c) aggresome formation; (d) nuclear PHFs; (e) mitochondria abnormalities including
COX deﬁciency; (f) cholesterol accumulation; (g) increased aBC; (h) increased parkin; (i) increased myostatin; and (j) inability to become innervated [31, 141,
214, 221, 230, 231]. This cultured human muscle
model clearly demonstrates that AbPP/Ab overexpression can be central to the induction of IBM-characteristic phenotype.
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Cultured muscle ﬁbers from h-IBM due
to GNE mutation
In our cultured muscle ﬁbers of h-IBM due to a GNE
mutation, the presumably genetically determined
increase of AbPP/Ab preceded other IBM-type abnormalities [221], including (a) their inability to
become properly innervated by normal fetal spinal
cord neurons, and (b) having morphologically abnormal NMJs [221]. We therefore postulated that
spontaneous AbPP/Ab overexpression in s-IBM patient muscle may be responsible for a “myogenous
dysinnervation” [221] and for the observed NMJ
structural abnormalities [220] (see above), and, by
analogy, the same AbPP/Ab-based mechanism may
be occurring in h-IBM.
Experimental and genetically determined
overexpression of AbPP/Ab in transgenic
mouse models
Support for our hypothesis that intracellular AbPP/
Ab cytotoxicity plays a detrimental role in the IBM
pathogenesis has been provided by various transgenic mouse models. The ﬁrst demonstration in
transgenic mice of the importance of AbPP/Ab
in the induction of the IBM phenotype was provided
in 1998 by Fukuchi et al. [232] and Jin et al. [233].
A newer mouse model in which experimental manipulation has led to the increased generation of
Ab42 had, in addition to some other aspects of IBM,
(a) CD8 T-cell inﬂammation, (b) increased CD8
T-cell mRNA, (c) increased tau phosphorylation,
and (d) increased expression of kinases GSK-3b
and CDK5 [113], both of which participate in tau
phosphorylation ([52, 53, 89], and see also above).
Another aspect of those three AbPP transgenic
mouse models was dependence on an aging milieu
for the development of the IBM-like abnormalities [113, 232–234].
In another, recent, mouse model based on AbPP
overexpression, abnormal calcium homeostasis due
to increased Ab was reported to be a very early
abnormality [235]. Accordingly, the authors proposed that abnormal calcium homeostasis preceded
by Ab accumulation might be one of the earliest
events in the s-IBM pathogenesis [235].
Interestingly, in a GNE-knockout mouse overexpressing the GNE V572L mutation, Ab accumulation

preceded by several weeks other identiﬁed muscle
abnormalities, such as weakness, increased serum
creatine kinase activity, muscle-ﬁber vacuolization,
and general muscle atrophy ([236], and see Chapter
11). This model suggests that accumulation of Ab,
and perhaps its decreased sialylation, is an important
upstream or midstream component of the h-IBM
pathogenesis. In this model, as in other IBM animal
models and s-IBM patients, aging also is a signiﬁcant
component contributing to both the weakness and
abnormal pathological phenotype in those GNE
mutant transgenic mice.

Evidence suggesting the importance
of ER stress in the s-IBM pathogenic
cascade
Experimental pharmacological induction of ER stress
in well-differentiated cultured human muscle ﬁbers
created our ER( þ )-IBM-HM-TC-Model. This model
exhibits several abnormalities that are present in sIBM muscle biopsies, such as: (a) a strong induction
of the UPR; (b) increased activation of NFkB; (c)
increased myostatin mRNA and protein, as a response to abnormal NFkB activation; (d) decreased
SIRT1 activity resulting in hyperacetylation and
activation of NFkB; (e) increased BACE1 protein,
its mRNA, and its noncoding regulatory transcript
(BACE1 participates in abnormal processing of
AbPP, which results in increased Ab production; see
above); (f) decreased NOGO-B, which might result
in increased production of Ab (NOGO-B prevents
BACE1 binding to AbPP, and that subsequently
decreases Ab production); and (g) impaired autophagy as evidenced by (i) decreased activities of
lysosomal proteolytic enzymes cathepsins D and
B, (ii) increased LC3-II, and decreased phosphorylation of p70 S6 kinase; and (iii) decreased VMA21, a
chaperone for assembly of lysosomal V-ATPase,
which helps to maintain lysosomal acidic pH [13,
14, 40, 75, 76, 190, 196].

Consequence of 26S proteasome
inhibition
Experimental inhibition of proteasome created our
Prot(  )-IBM-HM-TC-Model, which exhibits the following: (a) accumulation of ubiquitinated aggregates; (b) development of aggresomes; (c) aB-crystal-

Pathogenesis
in increase and accumulation in aggregates; (d) parkin increase and aggregation; (e) myostatin aggregation; (f) GSK-3b activation; (g) induction of AbPP
phosphorylation; and (h) increase of p62/SQSTM1
[11, 31, 34, 48, 141, 208].

Consequences of autophagy
inhibition
Experimental inhibition of autophagy creates the
Autoph(  )-IBM-HM-TC-Model, which has been
utilized only recently. However, it might be very
important in the future, because inhibition of autophagy has been proposed to play an important role
in the s-IBM pathogenesis [2, 13]. For example, we
have recently reported that inhibition of autophagy
leads to production of the putatively cytotoxic Ab
oligomers in normal, non-AbPP-overexpressing,
cultured human muscle ﬁbers [13]. Accordingly,
our proposed detrimental intra-muscle-ﬁber toxicity and consequences of Ab oligomers could be
studied in this model. p62/SQSMT1 is also increased
in this model [48], providing another similarity to
the s-IBM phenotype [48, 66].
Below we describe how our results obtained in
IBM-HM-TC-models might pertain to treatment of
s-IBM patients.

Possible treatments of s-IBM
Current treatments are of only slight beneﬁt for only
some s-IBM patients, and do not stop the ongoing
disease progression. A “right treatment” of s-IBM
should produce actual increase of strength,
because, ordinarily, injured muscle ﬁbers, which
are multi-nucleated cells, are able to repair
and regenerate. However, s-IBM muscle ﬁbers
reportedly have impaired regeneration [237].
Therefore, a “right treatment” would need to: (a)
stop degeneration: (b) stop inﬂammation (possibly
by stopping the degeneration); and (c) allow, or
promote repair and regeneration.
Until now, most treatment approaches have been
directed toward stopping an inﬂammatory/dysimmune component of s-IBM, but they are considered
largely ineffective, even though an occasional
patient appeared to beneﬁt [7, 238–240]. Attempted
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anti-dysimmune/anti-inﬂammatory treatments include: (a) corticosteroids; (b) methotrexate; (c)
azathioprine; (d) mycophenolate; and (e) cyclosporine (reviewed in [7, 238–241]). In our unpublished
experience, a few patients with s-IBM beneﬁt to
some degree from treatment with relatively modest
single-dose (such as 15–45 mg) alternate-day
(SDAD) prednisone. Endurance of limb strength
in those responsive patients is clearly beneﬁcial,
repeatedly proven by worsening when the dose was
lowered below a level critical for the given patient,
e.g. 44, 38, 30, 18, or 14 mg SDAD prednisone. With
muscle involvement, endurance for one’s daily activities can be reduced before clinically tested “brute
strength.” (Endurance of larger muscles is typically
not clinically tested, but should be, because
even detailed quantitative strength testing can miss
improvement in endurance.) Some patients have
preferred continuing the slight prednisone beneﬁt
when their prednisone side effects were modest.
Nevertheless, the underlying progressive muscle
weakness is not stopped. In some patients, swallowing difﬁculty is slightly improved by prednisone
(W. K. Engel, unpublished observations). But the
overall failure of various forms of immunosuppression therapy to stop s-IBM progression [242] suggests that a dysimmune mechanism is neither paramount nor of major signiﬁcance in causing the
gradually increasing and disabling weakness.
Sometimes slight beneﬁt can be achieved in some
patients with intravenous IgG (IVIG). This may be
related especially to a chronic immune dysschwannian polyneuropathy (CIDP) aspect demonstrable in
some s-IBM patients. In some patients, swallowing
difﬁculty can be improved by IVIG ([239] and
references therein, and W.K. Engel, current
observations). However, IVIG does not stop the
underlying progression in the typical s-IBM patient.
Based on our own studies we propose that the
most important general approach to developing
treatment for s-IBM patients is to stop, and repair,
deterioration and atrophy of the muscle ﬁbers.
The treatment approaches might need to be multifactorial, toward various intra-muscle-ﬁber
detrimental aspects described above, including: (a)
preventing abnormal accumulation and oligomerization of Ab42, a-syn, and p-tau, and blocking their
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putative oligomeric toxicity on normal cellular components; and (b) decreasing adverse effects of ER
stress by (i) improving protein degradation through
the lysosomal and proteasomal pathways, and
(ii) dispersing large protein aggregates; (iii) decreasing myostatin, a negative regulator of muscle mass;
and, possibly, (iv) decreasing oxidative stress and
improving mitochondrial function (however, the
use of vitamin E, coenzyme Q, and L-carnitine have
not been remarkably beneﬁcial (unpublished
results); (v) diminishing adverse effects of intramuscle-ﬁber cholesterol (however, the use of
statins is of uncertain beneﬁt and potentially
myotoxic for occasional patients); and (vi) greater
understanding of molecular mechanisms to abrogate deleterious effects of “aging” of the human
muscle-ﬁber milieu could provide new avenues
toward s-IBM therapy.

Putative treatment approaches
Below we describe various putative treatment approaches. These are based on our IBM-culture models and various experimental Alzheimer disease
models. However, for most of the compounds their
possible toxicity and potential beneﬁts in patients
are not known.

Polyphenols
Various polyphenols recently have been reported to
be beneﬁcial in Alzheimer disease experimental
mouse models and an IBM-culture model. They
include the following.
Resveratrol
(trans-3,40 ,5-trihydroxystilbene)
treatment of ER stress-induced cultured human
muscle ﬁbers (ERS( þ )-IBM-HM-TC-Model) signiﬁcantly decreased in them myostatin mRNA and
protein, which was associated with NFkB deacetylation (deactivation), and it increased muscle-ﬁber
size [243]. Previously in Alzheimer mouse models,
resveratrol was shown to decrease Ab and diminish
Alzheimer disease neuropathology [199, 244]. Resveratrol is an antioxidant polyphenol and potent
activator of SIRT1 (reviewed in [244]). Accordingly,
resveratrol, and/or other small molecules that
activate SIRT1 (the activity of which is decreased
in s-IBM muscle [196]), might be beneﬁcial in
treating s-IBM patients. Recently, SIRT1 activity was

reported to increase autophagy [245]. In s-IBM
muscle ﬁbers autophagy is impaired [13], and
our studies suggest that resveratrol induces lysosomal cathepsin D activity [246] and decreases Ab
oligomers [247]. Accordingly, even though more
studies are needed to fully support the use of
resveratrol in s-IBM patients, including its optimal
dose and potential side effects, there is a strong
rationale that resveratrol might beneﬁt s-IBM
patients.
Other phenolic compounds, including curcumin
and grape-seed-derived polyphenols, have been
reported to decrease the amyloid burden and Ab
ﬁbrilization in Alzheimer disease transgenic mice
and in vitro [248–252].

Lithium
Lithium was reported to diminish tau and Ab
pathologies in various experimental models of
Alzheimer disease (reviewed in [253]), but its clinical efﬁcacy in treating Alzheimer disease patients
is not established. In a transgenic mouse model
whose skeletal muscle bears some aspects of IBM
muscle ﬁbers, lithium was reported to decrease tau
phosphorylation through decreasing activity of
GSK-3b [254].
Recently, we have shown that lithium treatment
of cultured human muscle ﬁbers in our AbPP( þ )IBM-HM-TC-Model signiﬁcantly decreased total
AbPP, phosphorylated AbPP, and Ab oligomers [34].
In addition, lithium signiﬁcantly increased the
inactive form of GSK-3b [34]. Accordingly, treating
of s-IBM patients with lithium, which is widely used
in treating bipolar disorder in humans, possibly
would be beneﬁcial.
Sodium phenylbutyrate
Phenylbutyrate is a chemical chaperone that has
been reported to decrease a-syn toxicity in a
Parkinson disease transgenic mice model and to
reduce tau pathology in Alzheimer disease transgenic mice model, as well to reduce ER stress and
decrease protein aggregation in cultured cell
lines [255–257]. Sodium phenylbutyrate was
tried in ALS patients, and doses up to 21 g/day
were well tolerated [258]; however, no beneﬁcial
effect has yet been reported. In some patients with
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Huntington disease, doses above 15 g/day were not
well tolerated [259].

Improving lysosomal function
Improvement of lysosomal function might be useful
in decreasing putatively toxic protein oligomers and
their aggregation in s-IBM muscle. Recently attention has been given to small-molecule lysosomal
modulators (review in [260]). Their effectiveness
beyond experimental animal studies and culture
systems is not known.
Decreasing myostatin
Myostatin is increased and aggregated in s-IBM
muscle ﬁbers (see above). Studies in our ERS( þ )IBM-HM-TC-Model have shown that treatment
with resveratrol (see above) decreases myostatin
protein and mRNA, and increases the size of muscle
ﬁbers. Whether this effect will occur beneﬁcially in
patients is not known.

Role of physical therapy in helping
s-IBM patients
1 Standard physical therapy, including active exercise, as tolerated, and maintaining range of motion.
2 Orthotics as needed, especially one self-locking
knee brace on the weaker leg, and sometimes one
or two simple lightweight drop-foot braces. Some
patients have found that two self-locking knee
braces are too awkward.
3 Mobility devices, as needed including a walker
(with or without a seat, folding if necessary), electric
seater, or motorized wheelchair.
4 Making the home environment safer and easier,
including grab-bars and a raised toilet seat.
5 Assistive devices, such as to facilitate gripping
utensils, and a simple seat-riser, consisting of a lightweight tote bag containing three to ﬁve 2.5 cm-thick
pieces of styrofoam.
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CHAPTER 8

Inﬂammatory and autoimmune features
of inclusion-body myositis
Marinos C. Dalakas
Chair, Clinical Neurosciences, Neuromuscular Diseases, Imperial College London, London, UK

Introduction
Sporadic inclusion-body myositis (s-IBM), polymyositis (PM), necrotizing autoimmune myositis, and
dermatomyositis (DM) comprise the four main subsets of acquired inﬂammatory myopathies [1–6].
Among them, IBM is most common in people above
the age of 50, with the majority of patients manifesting their ﬁrst symptoms between 50 and 65 years of
age. Because s-IBM has a very slow and insidious
onset, it is likely that the disease has started decades
before patients seek medical attention, as supported
by ﬁnding advanced signs of myopathology even in
muscles that appear clinically healthy (Dalakas, unpublished observations). Consequently, s-IBM may
not necessarily be a disease of old age but rather of
middle age. s-IBM remains the most enigmatic disorder because it is characterized by inﬂammatory
and degenerative features that are prominent from
the early stages of the disease and persist even in the
most advanced phase. This is puzzling, especially for
the inﬂammation that in most of patients remains
intense throughout the course of the disease. Further, IBM although immunopathologically similar to
PM, follows a slow, indolent, and protracted course,
and does not readily respond to immunotherapies.
Our observations with hundreds of s-IBM muscle
specimens, including sequential biopsies from Chief,
Neuroimmunology Unit, Department of Pathophysiology, University of Athens Medical School, Athens

Greece the same patients over time, have consistently
revealed that in IBM the inﬂammatory cells invade
healthy-looking, nonvacuolated ﬁbers, whereas the
vacuolated ﬁbers are rarely invaded by T-cells, suggesting that the autoimmune inﬂammatory features
coexist with degeneration and the two processes may
progress either in parallel or independently [5–7].
This observation has led us to investigate the interrelationship between molecules involved in inﬂammation and degeneration in an effort to explore therapies
that may have an impact on both processes.
This review is focused on the pertinent immunopathologic features of s-IBM, the speciﬁcity of the
inﬂammatory response, the association with viral
infections, the interrelationship between inﬂammatory and degenerative molecules, and the responses
to various immunotherapies. It does not address the
degenerative component because it is extensively
discussed in other chapters. A hypothesis on how a
primary inﬂammatory process can lead to a selfsustaining degenerative disease resistant to immunotherapies will be also presented.

Immunopathogenesis of s-IBM
A series of clinical observations, disease associations,
and immunopathological studies indicate that immune mechanisms play a fundamental role in the
pathogenesis of s-IBM, even from the outset of the
disease, as detailed below and summarized in Box 8.1.

Muscle Aging, Inclusion-Body Myositis and Myopathies, First Edition. Edited by Valerie Askanas and W. King Engel.
 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

146

Inﬂammatory and Autoimmune Features

Box 8.1 Factors supporting the immunopathogenesis of s-IBM
1 Immunogenetic association with DRb10301 and
DQb10201 alleles and the B8-DR3-DR52-DQ2 haplotype;
the human leukocyte antigen A (HLA-A) haplotype is
associated with earlier disease onset.
2 s-IBM can occur in family members of the same generation (familial inﬂammatory IBM), as seen with
other autoimmune disorders.
3 Association with other autoimmune disorders and
autoantibodies in frequencies analogous to the one
seen in other autoimmune disorders (i.e. Myasthenia
gravis, Lampert-Eaton myasthenic syndrome MG,
LEMS).
4 Increased association with paraproteinemia (22.8%)
in frequencies signiﬁcantly higher than age-matched
controls (2%).
5 Association with common variable immunodeﬁciency
and natural killer cells.
6 Association with HIV and human T-cell lymphotropic
virus type 1 (HTLV-1) infection, with increasingly recognized frequency (more than 40 cases reported).
7 The CD8 þ autoinvasive T-cells: (a) surround major
histocompatibility complex (MHC)-I-expressing ﬁbers
(MHC-I/CD8 þ lesion); (b) express perforin and activation markers of cytotoxicity; (c) are clonally expanded
with restricted amino acid sequences in the CDR3
region of the T-cell receptor (TCR); and (d) TCR families persist over time even in different muscles.
8 There is ubiquitous upregulation of MHC-I antigen and
the costimulatory molecules BB1, ICOS-L, and CD40 on
muscle ﬁbers, even on those not invaded by T-cells,
while the counterreceptors CD28, CTLA-4, ICOS, and
CD40L are overexpressed on the autoinvasive T-cells.
9 There is strong upregulation of cytokines, chemokines, and their receptors at the protein, mRNA, and
gene levels.
10 Some patients may transiently respond to immunotherapies to some degree but they soon become
resistant.

Association with other
autoimmune disorders and
autoantibodies
Based on a series of 99 consecutive patients with
s-IBM, it was found that in at least 20% of them the
disease is associated with systemic autoimmune or
connective tissue disorders or with various autoantibodies directed against nuclear or cytoplasmic
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antigens [1, 8]. Although antibodies against various
synthetases, translation factors, and proteins of the
signal-recognition particles were less commonly
found in IBM compared to PM and DM, they were
still noted in at least 5% of the patients [8]. As with
other inﬂammatory myopathies, the signiﬁcance of
these antibodies remains unclear, but they support
an ongoing autoimmune process and abnormal
immunoregulation. In another series of 52 IBM
patients, 33% of them had other autoimmune
disorders, such as multiple sclerosis, autoimmune
thyroid disease, rheumatoid arthritis, or Sj€
ogren
syndrome [9]. Interestingly, the frequency of the
associated autoimmune disorders in this series was
the same as the one noted for Lambert–Eaton
myasthenic syndrome [9], a classic autoimmune
disorder. The frequency of IBM in patients with
chronic dermatomyositis is also of interest and not
fortuitous. It has been observed in at least ﬁve cases
of others and ours who had classic DM under treatment, but developed many years later the typical
clinicohistological features of IBM, including unresponsiveness to immunotherapies [3, 10].

Immunogenetic associations
An increased frequency of DRb10301 and DQb10201
alleles associated with DR and DQ haplotypes has
been observed [2, 4] and documented in up to 75%
of our patients [11]. Further, the B8-DR3-DR52-DQ2
haplotype is found in 67% of patients, regardless of
whether they have another autoimmune disease, in
frequencies identical to that seen in other autoimmune disorders such as myasthenia gravis or myasthenic syndrome [9]. The human leukocyte antigen
A (HLA-A) haplotype appears to be associated with
earlier disease onset [9], suggesting that immunoregulatory genes are inherently connected with the
manifestation of symptoms.
The classic clinical and histological phenotype of
s-IBM, with prominent endomysial inﬂammation,
has been seen in other family members of the same
generation [12]. This association, which we have
called “familial inﬂammatory IBM,” is analogous to
the familiar occurrence of other autoimmune
disorders, such as myasthenia gravis, rheumatoid
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arthritis, or lupus, in several family members of the
same generation [12].

Association with dysproteinemia,
paraproteinemia, and
immunodeﬁciency
A benign IgG, IgM, or IgA monoclonal gammopathy
has been observed in 16 of 70 (22.8%) IBM patients,
mean age 60.6 years (range 35–77 years), compared
to 2% in age-matched controls (mean age 66.1
years; range 42–80 years) [13]. The monoclonal IgG
extracted from the serum of IBM patients, more
often than the controls, recognized various muscle
proteins of 35–145 kDa, indicating disturbed immunoregulation or continuous B-cell activation [13].
The latter is consistent with clonal expansion of
B-cells noted in the muscles of patients with
s-IBM. [14]. In addition, IBM has been seen in
patients with agammaglobulinemia and common
variable immunodeﬁciency [15, 16]. The patients
with IBM and immunodeﬁciency have been younger by a mean period of 15 years and have responded
to intravenous immunoglobulin (IVIG) or steroids
for a period of time [15, 16]. In our two reported
cases, we have found, in addition to CD8 þ cells
invading major histocompatibility complex I
(MHC-I)-expressing muscle ﬁbers, a high number
of endomysial natural killer cells (NK cells) invading
intercellular cell adhesion molecule 1 (ICAM-1)positive muscle ﬁbers [15]. Based on these ﬁndings,
we have proposed that in patients with immunodeﬁciency/IBM the lymphocyte-induced cytotoxicity
is of two types, one mediated by CD8 þ cytotoxic
T-cells invading MHC-I-expressing muscle ﬁbers
and the other mediated by NK cells invading
MHC-I-negative but ICAM-positive ﬁbers [15].

The autoinvasive CD8+ T-Cells are
Activated, Appear Early, and are
Cytotoxic
In IBM there is evidence of an antigen-directed
cytotoxicity mediated by the autoinvasive CD8 þ
T-cells in a pattern identical to the one observed in

PM [1, 17–19]. The fundamental role of T-cellmediated myocytotoxicity in s-IBM is supported by
the following.
. T-cell invasion of nonnecrotic ﬁbers is found
early and in higher frequency than the Congored-positive ﬁbers [20] suggesting that inﬂammation precedes the accumulation of amyloid and
related stressor molecules.
. The autoinvasive T-cells are activated, as evidenced by their expression of ICAM-I, MHC-I,
CD45RO, and inducible costimulator (ICOS) on their
surface [19–22], suggesting an active participation,
rather than a bystander effect, in muscle-ﬁber injury.
. The CD8 þ cells surround healthy, but MHC-Iclass-expressing, nonnecrotic muscle ﬁbers that
eventually invade [22–24]. The CD8/MHC-I lesion
is characteristic of IBM and PM [22–24] because it
does not occur in inﬂammatory dystrophies or nonimmune myopathies.
. By immuno-electron microscopy, CD8 þ cells and
macrophages send spike-like processes into nonnecrotic muscle ﬁbers, which traverse the basal lamina
and focally displace or compress the muscle
ﬁbers [18].
. The endomysial CD8 þ T-cells, contain perforin
and granzyme granules, as demonstrated with double immunocytochemistry and conﬁrmed by ﬁnding
increased mRNA expression of perforin [19]. In
IBM, the perforin granules are prominent among
the autoinvasive CD8 þ T-cells, especially those that
are activated and express costimulatory molecules [19]. Perforin granules are vectorially directed
towards the surface of the muscle ﬁber, inducing
necrosis upon release, as demonstrated for PM [25].
These cells are also cytotoxic in vitro when exposed to
autologous myotubes [26, 27]. Consequently, as in
PM, the perforin pathway seems to be the major
cytotoxic effector mechanism in IBM. In contrast,
the Fas-/Fas-L-dependent apoptotic process is not
functionally involved, despite expression of the Fas
antigen on muscle ﬁbers and of Fas-L on autoinvasive CD8 þ cells [28–31]. Whether the coexpression
of the antiapoptotic molecules Bcl2, FLICE (Fasassociated death domain-like IL-1-converting enzyme)-inhibitory protein (FLIP), and human IAPlike protein (h1LP) confers resistance of muscle to
Fas-mediated apoptosis remains unclear [30, 31].
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Formation of immunological
synapses between the
autoinvasive cytotoxic CD8+
T-Cells with the MHC-I-Expressing
Muscle Fibers
Muscle ﬁbers normally do not express detectable
amounts of MHC class I or II antigens. In IBM,
however, widespread overexpression of MHC is an
early event that can be seen even in areas remote
from the inﬂammation [22, 32]. Based on in vitro
studies, MHC-I is induced by cytokines and chemokines such as interferon g (IFN-g) or tumor necrosis
factor a (TNFa) [33–36]. Because several of these
cytokines are detected at a given time in increased
levels in the muscle tissue of s-IBM patients [21, 37–41],
the upregulation of MHC class I on the sarcolemma
is probably related to continuous overexpression of
cytokines. In transgenic mice, the MHC class I may
act as an inciting event triggering an atypical,
noninﬂammatory myopathy with “myositisspeciﬁc” antibodies, presumably via the MHC-Iinduced cell stress [42]. In other chronic myopathies including the inﬂammatory dystrophies, and
in contrast to s-IBM, the muscle ﬁbers do not
express the MHC-I antigen or the costimulatory
molecules described below in a ubiquitous and
consistent pattern [32], while the few T-cells in
the proximity to the muscle ﬁbers are clonally
diverse and do not break the sarcolemma to release
cytotoxic granules, as seen in IBM.
A fundamental observation in the immunopathology of s-IBM is the formation of immunological
synapses between the MHC-I-expressing muscle
ﬁbers, which serve as antigen-presenting cells,
and the activated CD8 þ T-cells that invade the
ﬁbers [21, 24], as supported by the following.

Rearrangement of the TCR gene of the
endomysial T-cells
The T-cells recognize an antigen via the T-cell
receptor (TCR), a heterodimer of two a and b
chains, encoded by multiple gene families in the
V (variable), D (diversity), J (joining), and C (constant) regions of the TCR. The part of the TCR that
recognizes an antigen is the CDR3 region, which is
encoded by genes in the V-J and V-D-J segments of
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the TCR gene. If the endomysial T-cells are selectively recruited by a speciﬁc autoantigen, the use
of the V and J genes of the TCR should be restricted
and the amino acid sequence in their CDR3
region should be conserved. In patients with IBM,
but not in those with DM or dystrophies, only
certain T-cells of speciﬁc TCRa and TCRb families
are recruited to the muscle from the circulation
[43–46]. Cloning and sequencing of the ampliﬁed
endomysial or autoinvasive TCR gene families has
demonstrated a restricted use of the Jb gene with
conserved amino acid sequence in the CDR3 region, indicating that these cells are speciﬁcally
selected by antigens and clonally expanded in
situ [43–46]. Immunocytochemistry combined with
polymerase chain reaction and sequencing of the
most prominent TCR families has shown that it is
the autoinvasive, but not the perivascular, CD8 þ
cell population that clonally expands [43–46].
Sequential muscle biopsy specimens obtained during a 19–22 month period from three of our IBM
patients, demonstrated that the clonal restriction of
the same Vb families not only persists among the
autoinvasive CD8 þ cells but these cells also exhibit
conserved amino acid sequence homology in the
complementary CDR3-determining region, indicating speciﬁc recruitment within the muscle to recognize heretofore unknown antigens [45]. That
identical T-cell clones with restricted amino acid
sequence persist in different muscles of IBM patients has now been conﬁrmed in several studies [44, 46], suggesting that the same antigens in
a given patient drive the T-cell-activation process.
Examination with spectratyping of the CDR3 region of the TCR Vb chains of lymphocytes concurrently obtained from the peripheral blood and
muscles has conﬁrmed in a large number of patients the clonality of the autoinvasive T-cells compared to those in the peripheral blood [47]. With
this study we have concluded that in IBM the T-cell
clones expand in situ within the muscle microenvironment after recognizing local antigens [47].

Presence of costimulatory molecules
for synapse formation
The clonally expanded CD8 þ cells are primed to
receive antigenic peptides presented by the MHC-I
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molecule of the antigen-presenting cells, in conjunction with costimulatory molecules to form immunological synapses. The muscle ﬁbers could serve
as antigen-presenting cells provided they possess the
B7 family of costimulatory molecules (B7-1, B7-2,
BB1, or inducible costimulator ligand (ICOS-L)) and
bind to their respective counterreceptors CD28,
CTLA-4, or ICOS on the autoinvasive CD8 þ T-cells.
Indeed, several studies have demonstrated that in sIBM muscles the BB1 (CD80) as well as ICOS-L are
expressed on MHC-I-positive muscle ﬁbers which
make cell-to-cell contact with the CD28/CTLA-4 or

ICOS ligands on the autoinvasive CD8 þ T-cells [19,
48–51] (Figure 8.1). Of importance, the ICOSpositive T-cells are cytotoxic, expressing perforin
granules [19]. Because both BB1 and ICOS-L are
functional molecules induced by IFN-g or TNFa on
human myoblasts, in s-IBM the BB1/CD28 and the
ICOS–ICOS-L interactions would participate in antigen presentation, clonal expansion, and costimulation of memory T-cells [50].
The upregulation of these molecules offers the
potential for therapeutic manipulations because of
the availability of humanized monoclonal antibodies

Figure 8.1 Molecules, receptors, and their ligands

and CD40L on the autoinvasive T-cells. Metalloproteinases
facilitate the migration of T-cells and their attachment to
the muscle surface. Muscle-ﬁber necrosis occurs via the
perforin granules released by the autoaggressive T-cells.
A direct myocytotoxic effect exerted by the released
IFN-g, interleukin 1 (IL-1), or TNFa may also play a
role. Death of the muscle ﬁber is mediated by a form
of necrosis rather than apoptosis.
(Reproduced from Dalakas [21].)

involved in the transgression of T-cells through the
endothelial cell wall and recognition of antigens on muscle
ﬁbers of patients with s-IBM. LFA-1/ICAM-1 binding and
TCR scanning for antigen initiates the formation of an
immunological synapse between MHC-I and TCR.
Stimulation is supported and enhanced by the engagement
of costimulatory molecules BB1, ICOS, and CD40 on the
muscle ﬁbers and their ligands CD28, CTLA-4, ICOS-L,
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against CD28, CTLA4, or CD40L. These agents are
strong inhibitors of T-cell activation and may be
considered for experimental trials in patients with
s-IBM.

Upregulation of cytokines, cytokine
signaling, chemokines, and
metalloproteinases
Cytokines and chemokines are essential in enhancing the activation of T-cells and the induction of
costimulatory molecules for formation of the synapses, as discussed above. Various cytokines, including interleukins (IL-1, IL-2, IL-6, and IL-10), TNFa,
IFN-g, signal transducer and activation of transcription (STAT), and transforming growth factor b
(TGF-b), are variably overexpressed in the muscle
of patients with IBM [33–41]. Using gene array
studies, the upregulated chemokine and cytokine
genes were much higher in the muscles of patients
with IBM compared to those with DM [53].
Chemokines, a class of small cytokines, are important molecules in leukocyte recruitment and
activation at the sites of inﬂammation. Among them,
MCP-1 and MIP-1a are strongly upregulated in IBM
musclesattheproteinandmRNAlevels[38,40,41,52].
The IFN-g-inducible chemokines Mig and IP-10,
and the Mig’s receptor CXCR3, are also strongly
expressed on the muscle ﬁbers and on a subset of
autoinvasive CD8 þ cells [39]. Because Mig and IP10 are produced by myotubes upon IFN-g stimulation, they could facilitate the recruitment of
activated T-cells to the muscle and contribute to
the self-sustaining nature of endomysial inﬂammation [21, 24]. Furthermore, MCP-1 and MIP-1a
have a ﬁbrogenic effect and their presence in the
extracellular matrix along with their in situ synthesis may have an effect in promoting tissue
ﬁbrosis in the late stages of IBM. Various adhesion
and extracellular matrix molecules such as vascular cell adhesion molecule (VCAM), ICAM, and
thrombospondins are also upregulated in the
tissues of patients with IBM [54, 55] and may
enhance the inﬂammatory response or promote
tissue ﬁbrosis in the late stages of the disease.
Another important group of molecules facilitating
the adhesion and transmigration of lymphocytes
is the metalloproteinases (MMPs), a family of
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calcium-dependent zinc endopeptidases involved in
the remodeling of the extracellular matrix. Pathologically, MMPs propagate the inﬂammatory response by facilitating T-cell adhesion to matrices
and endothelial cells and the exit of lymphoid cells
from the circulation to targeted tissues. Among
MMPs, the MMP-9 and MMP-2 are upregulated on
the nonnecrotic and MHC-I-class-expressing muscle
ﬁbers of patients with PM and IBM [54]. Further,
MMP-2 immunostains the autoinvasive CD8 þ Tcells, which make cell-to-cell contact with muscle
ﬁbers. Because collagen IV is prominent on the
muscle membrane, the overexpression of MMPs in
IBM may facilitate T-cell adhesion and enhance Tcell-mediated cytotoxicity by degrading extracellular matrix proteins [54]. Targeting MMPs with pharmacologic agents may offer therapeutic options in
the management of patients with IBM.
What has been a critical observation for the pathogenesis of IBM and the chronicity of the disease is
that the muscle, in vivo and in vitro, can secrete proinﬂammatory cytokines upon cytokine stimulation
in an autoampliﬁcatory mechanism that facilitates
the recruitment of activated T-cells to the muscle
and contributes to the self-sustaining nature of endomysial inﬂammation [19, 21, 24]

Other immune cells support the
autoimmune process in s-IBM but
lack speciﬁcity
Myeloid dendritic cells, potent cells in antigen presentation, are abundantly found in the endomysial
inﬁltrates of all inﬂammatory myopathies including
PM, DM, and IBM [56]. These cells may present local
antigens to T-cells and B-cells and contribute to
muscle-ﬁber injury. A large number of plasma cells
and clonally expanded B-cells are also found in IBM,
PM, and DM muscles [14, 56], suggesting an antigen-speciﬁc humoral immune response. These cells,
however, lack speciﬁcity for IBM, as they are frequently noted in the targeted tissues in several
autoimmune disorders. Their presence simply denotes that different effector mechanisms of T-cells
and B-cells concurrently play an active role in the
autoimmune process. The suggestion that in PM and
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IBM there is a humoral response associated with in
situ production of autoantibodies [14, 56] remains
unproven and highly speculative.

Association with retroviral
infections (HIV, HTLV-1)
Although several viruses, including coxsackieviruses, inﬂuenza, paramyxoviruses, cytomegalovirus, and Epstein–Barr virus have been indirectly
associated with IBM, sensitive methodologies have
not proven any connection with these viruses [57].
The exception has been with HIV and human T-cell
lymphotropic virus type 1 (HTLV-1) infection
where s-IBM has been seen with rather unusual
frequency [57–62]. More than 40 cases of HIV-/
HTLV-1-positive patients with IBM have been reported or are known to us, indicating that this
association is not fortuitous. It appears that in
HIV-positive patients who live longer and harbor
the virus for several years the disease is more frequently recognized. The clinical phenotype and
muscle histology of HIV/IBM patients are identical
to retroviral-negative IBM except that the disease
starts before the age of 50 but several years after
the ﬁrst manifestations of the retroviral infection.
The predominant endomysial cells are CD8 þ cytotoxic T-cells, which, along with macrophages, invade or surround MHC-class-I-antigen-expressing
nonnecrotic muscle ﬁbers [57–60]. Using in situ
hybridization, polymerase chain reaction, immunocytochemistry, and electron microscopy, viral
antigens could not be detected within the muscle
ﬁbers but only in occasional endomysial macrophages [57, 58]. Molecular immunological studies
using tetramers have shown that retrovirally speciﬁc cytotoxic T-cells, whose TCR contains amino
acid residues for speciﬁc HLA/viral peptides, are
recruited within the clonally expanded T-cells and
invade muscle ﬁbers [60–62]. We have interpreted
these observations to suggest that in HIV/HTLV-1IBM there is no evidence of persistent infection of
the muscle ﬁbers with the virus or viral replication
within the muscle, but rather that the chronic
retroviral infection, in genetically susceptible individuals, triggers a persistent inﬂammatory pro-

cess that leads to s-IBM [62]. The retrovirally
infected endomysial macrophages may facilitate
the in situ autoimmune process by secreting cytokines, chemokines, or NO, thereby upregulating
MHC-I or costimulatory molecules and perpetuating the disease.
The development of IBM in HIV-positive patients
should be distinguished from a toxic myopathy
related to long-term therapy with zidovudine,
which is characterized by fatigue, myalgia, mild
muscle weakness, and mild elevation of serum creatine kinase activity [63]. Zidovudine-induced myopathy, which generally improves when the drug is
discontinued, is a mitochondrial disorder characterized histologically by the presence of “ragged-red/blue” ﬁbers. Abnormal muscle mitochondria and
depletion of the muscle mitochondrial DNA by zidovudine result from inhibition of g-DNA polymerase, an enzyme found solely in the mitochondrial
matrix [57, 63].

Amyloid and degenerationrelated molecules in s-IBM: an
interrelationship with
inﬂammation
IBM is a complex disorder because in addition to the
clear immunopathogenic events described above,
there is an equally strong degenerative process as
evidenced by the presence of rimmed vacuoles (almost always in ﬁbers not invaded by T-cells), intracellular deposition of Congo-red-positive amyloid,
and the presence of cytoplasmic ﬁlaments with
accumulation of b-amyloid-related molecules including APP, phosphorylated tau, apolipoprotein E,
g-tubulin, clusterin, gelsolin, and a number of molecules indicative of cell stress, as reviewed in Chapter 7
in this volume. These accumulations, although extensively studiedins-IBM,donotseemtobeuniqueto
this disease, because they have been also observed in
myoﬁbrillar and other vacuolar myopathies [64–68].
Inhibition of the 26S proteasome and impaired autophagy appeartooccurins-IBM[69,70],asdiscussed
elsewhere in this volume by Askanas et al. What
appears a unique association in IBM, however, compared to other chronic vacuolar myopathies, is the

Inﬂammatory and Autoimmune Features
concomitant accumulation of the aforementioned
molecules with a strong primary inﬂammatory response and the overexpression of pro-inﬂammatory
mediators and MHC class I on all the ﬁbers, vacuolated
or not. Regardless of whether the primary event is an
inﬂammatory or protein dysregulation process, the
unique coexistence of the two processes has led our
laboratory to explore whether there is an interrelationship between inﬂammation and degeneration in
anefforttounderstandwhatdriveseachprocessandto
design targeted therapeutic strategies.

Inﬂammation may trigger or enhance
accumulation of b-amyloid
The main inﬂammatory molecules CCL-3, CCL-4,
CXCL-9, IFN-g, and IL-1b are expressed to a higher
degree in s-IBM muscle compared to PM or DM [53].
Most importantly, in s-IBM these molecules appear
to be produced by the muscle ﬁbers themselves,
whereas in PM and DM the majority of the signal
is localized to immune cells, the connective tissue,

Figure 8.2 Proposed mechanism of the interplay between

inﬂammation and degeneration in IBM. Viral or
inﬂammatory triggers lead to clonal expansion of CD8
T-cells and T-cell-mediated cytotoxicity in the perforin
pathway. The released cytokines upregulate MHC
class I molecules and increase levels of the MHC-peptide
loading complex, because the abundance of generated
peptides cannot be conformationally assembled with the
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and the capillaries [71]. In s-IBM, but not in PM or
DM, there is also a signiﬁcant correlation between
the mRNA expression of APP, as a key relevant
degenerative marker, with the inﬂammatory mediators IFN-g and CXCL-9 which also colocalize with
APP/b-amyloid proteins. Further, exposure of muscle cells to pro-inﬂammatory cytokines IL-1b and
IFN-g induces an overexpression of APP with subsequent accumulation of protein aggregates. On this
basis, we have proposed that in s-IBM a continuous
stimulation of inﬂammatory factors may, after a
long period, induce a higher basal expression of APP
and an increased sensitivity to de novo pro-inﬂammatory cytokines that triggers a self-perpetuating
cycle [2, 24, 72] (Figure 8.2). The association between inﬂammation and accumulation of
b-amyloid in skeletal muscle has recently been
shown in a mouse model of s-IBM, where lipopolysaccharide-induced inﬂammation enhanced the
accumulation of proteins such as tau and
b-amyloid [73].

MHC to exit the endoplasmic reticulum (ER). As a result,
there is an endoplasmic reticulum stress response, which
leads to activation of the transcription factor nuclear factor
kB (NFkB) and further cytokine release with subsequent
accumulation of misfolded MHC glycoproteins, including
phosphorylated tau and amyloid-related proteins.
(Reproduced from Dalakas [72].)
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aB-crystallin and APP as cell stress
markers
Almost 10 years ago, aB-crystallin has been demonstrated in healthy-looking muscle ﬁbers (termed
“X-ﬁbers”) in IBM muscle [74]. aB-crystallin is a
heat-shock protein which can chaperone proteins in
skeletal muscle, and is associated with cell stress or
b-amyloid clearance. In a quantitative assessment of
multilabeling and serial immunohistochemistry, a
positive correlation between aB-crystallin and bamyloid-associated markers was found in s-IBM
muscles [75]. The normal-appearing muscle ﬁbers
that were positive for aB-crystallin were often double-positive for APP while the degenerating/vacuolated ﬁbers displaying b-amyloid accumulations,
colabeled with aB-crystallin, APP, and markers of
degeneration/regeneration. A signiﬁcant colocalization between APP/b-amyloid and markers of cell
stress and regeneration/degeneration, such as
NCAM and desmin, was also noted. On this basis,
it appears that in the muscle ﬁbers of s-IBM,
aB-crystallin is an early event associated with a
stress response that precedes accumulation of b-amyloid. These observations were strengthened by in
vitro studies which demonstrated that accumulation
of b-amyloid, upon pro-inﬂammatory cell stress,
was preceded by upregulation of APP and aB-crystallin [75]. Interestingly, in cultured human muscle
ﬁbers genetic overexpression of AbPP induces
aB-crystallin [76].

Reconciling the
immunopathogenesis of IBM with
the relative resistance of the
disease to conventional
immunotherapies
In spite of the above-described primary immune
factors, s-IBM remains resistant to most immunotherapies, justifying the contention that it could
be more of a degenerative disease rather than an
autoimmune disease. The general connotation,
however, that IBM is totally resistant to immunotherapy is not entirely correct. In many clinics that
use immunotherapies, including our own, a small
number of patients may transiently respond to com-

mon immunotherapeutic agents such as corticosteroids, azathioprine, methotrexate, or mycophenolate
early in the disease. Up to 25% of patients in a
controlled study have also responded transiently to
IVIG [77]. IVIG has also improved the dysphagia of
IBM in both a controlled study and in uncontrolled
series [77–80]. The beneﬁts from these immunotherapies are limited and short-lived, however;
IBM remains a steadily progressive disease with
overall relative resistance to therapies. This pattern
of transient therapeutic response resembles the
one seen in various other autoimmune diseases
where immune and degenerative features coexist
from the outset. Primary progressive multiple sclerosis is a classic example as many of these patients
partially respond for a period of time but afterwards
they become resistant to all therapies.
The following reasons may explain the lack of
treatment efﬁcacy in s-IBM [5, 6].
. s-IBM is a chronic disease and therapy is always
initiated late, when the degenerative cascade has
already begun, due to insidious onset and very slow
disease progression. After having seen hundreds of
IBM patients, we have come to recognize that the
disease starts long before the patients develop clinical symptoms, as there is a critical threshold above
which weakness is clinically manifested. It is striking
that even patients with minimal clinical weakness
already exhibit muscle atrophy and extensive pathology in certain muscle groups (revealed by histology or muscle imaging).
. The observations discussed above show that aBcrystallin is, along with pro-inﬂammatory markers,
an early event associated with cell stress response
that seems to precede the accumulation of b-amyloid. Since chronic inﬂammation can enhance the
degenerative features and accumulation of misfolded
proteins [24, 72], early initiation of anti-inﬂammatory therapy may arrest progression to clinical IBM.
The following two recent cases support this concept
and emphasize that even the typical IBM histology
can be reversed with early treatment. One was a
rapidly progressive patient with DM who had the
typical pathological features consistent with IBM, but
sustained complete remission with immunotherapy [81]; the second was a patient of ours who presented with rapidly progressive proximal myopathy –
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clinically suspected to be PM – whose biopsy was
consistent with IBM; she too, had complete remission with prednisone and mycophenolate. Such
cases – albeit anecdotal – are not rare; they have
been seen before by others and us and highlight the
concept that early treatment in patients with histological IBM who have not yet developed the clinical
IBM phenotype may lead to complete remission.
. The production of pro-inﬂammatory mediators by
the muscle ﬁbers themselves may pose a problem in
arresting the process because the standard immunosuppressants may not be able to suppress the
factors that trigger the continuous production of
cytokines by the muscle ﬁbers themselves [6].
. The immunopathology is secondary, so that even
a maximal immunosuppression would have a limited effect on the continuing degenerative process.
This is unlikely because, as outlined above, the
immune response in IBM is primary and antigendriven and may even precede degeneration. Regardless, however, of whether the inﬂammation or the
degeneration is the dominant factor, it is likely that
in IBM two processes coexist from the outset and
progress in parallel. Consequently, we believe that
an effective treatment may need to concurrently
suppress both the degenerative and the inﬂammatory component from the outset. The noted interaction of the two processes suggests that application
of agents with double effect may be therapeutically
rewarding. Such agents include rapamycin and the
Interleukin-1b (IL-1b) antagonists, because they
concurrently suppress inﬂammation and stressor
molecules; both of these agents are currently being
considered for experimental studies by our group.
. The correct anti-dysimmune/inﬂammatory agent
has not yet been found as targeted immunotherapy.
Conducting small but intense bench-to-bedside
studies like the one performed with Alemtuzumab [82] possibly is the way to proceed. The latter
study has suggested that suppression of endomysial
inﬂammation might have an effect on some degeneration- or regeneration-associated molecules such
as aB-crystallin and desmin with resulting shortterm clinical stability. This study seems to suggest
that new anti-lymphocyte therapies, if proven safe
for long-term therapy, might have an effect not only
on inﬂammatory mediators but also in halting some

155

elements of degeneration and cell stress if therapy is
applied for long periods. It is a new way of thinking
with implications beyond inﬂammatory myopathies [72]. As the industry is generating new such
agents, we should take advantage if there are no
long-term safety concerns. The same applies to
agents suppressing the “degenerative” molecules.
In Alzheimer disease, where these very same molecules are abundant in the patients’ brains, no
therapy has been effective. Possibly in support of
the neuroinﬂammatory effect, IVIG, a drug that has
anti-inﬂammatory properties, currently shows
some promise in Alzheimer disease [83–86].
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CHAPTER 9

Sporadic inclusion-body myositis:
clinical symptoms, physical ﬁndings,
and diagnostic investigations
Frank L. Mastaglia
Centre for Neuromuscular and Neurological Disorders, University of Western Australia, Queen Elizabeth II Medical Centre, Perth,
WA, Australia

Introduction
Sporadic inclusion-body myositis (s-IBM) is a chronic progressive and disabling condition which affects
males more often than females. The age of onset of
symptoms is variable but is usually after the age of 40
years (Figure 9.1) and the condition eventually leads
to loss of manual control, impaired mobility, and
increasing dependency over 15–25 years [1, 2]. The
clinical phenotype is also quite variable in terms of
the presenting symptoms and severity of muscle
weakness when the patient ﬁrst presents depending
on the stage of the disease and its duration. As the
tempo of the condition is very insidious, and as the
initial symptoms are relatively nonspeciﬁc, many
patients do not present to their medical practitioner
until the disease is quite advanced and there is often a
further delay before appropriate investigations are
carried out and the diagnosis of s-IBM is conﬁrmed [3]. Moreover, it is not uncommon for the
condition to be misdiagnosed on initial presentation.

Presenting symptoms
The earliest and most common complaints are usually
related to weakness or fatigue of the lower limbs and

include difﬁculty rising from the squatting position or
from low chairs, and walking up and down stairs. Less
frequently foot-drop is the presenting symptom
while in some cases falls are the initial presenting
complaint. Exercise-related myalgia of the thighs and
knee pain are not uncommon, particularly if there is
some pre-existing osteoarthritis of the knees. Some
patients present because of noticeable wasting of the
thighs. Less common presenting complaints are difﬁculty with activities involving gripping, such as
holding hand tools or golf clubs, or using keys, spray
cans, or perfume sprays due to weakness of the long
ﬂexors of the thumb and ﬁngers. Dysphagia is common once the disease is established and in some
patients it may be the presenting symptom and reason for referral. The diagnosis of s-IBM may be made
at an earlier stage in such cases when the involvement of the limb muscles is still relatively mild.

Clinical course
The natural history of s-IBM is for the weakness to be
progressive but the rate of deterioration in strength
varies in different patients. The rate of progression
appears to be more rapid in patients with disease
onset after the age of 60 years [4]. A quantitative
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myographic study of 11 patients showed a 4% mean
rate of decline in strength over a 6 month period,
but in a third of cases there was no change in
strength over this period, or even a slight improvement in some cases [5]. As the condition continues
to progress patients have increasing difﬁculty with
a variety of everyday activities such as handwriting,
cutting up food, using other utensils, dressing,
personal hygiene, and mobility and they become
increasingly dependent on their partners or carers.
Most patients need a walking aid (cane or walker)
after 5–10 years and a minority of patients become
wheelchair-bound after 10–15 years [3, 6]. A 10point IBM-functional rating scale (IBM-FRS) has
been developed to quantify and monitor the severity
of such disabilities over time (Table 9.1) [7].
Most s-IBM patients experience falls at some stage
of the disease which may result in fractures, severe
soft tissue injuries, or other more serious injuries.
Falls can occur both in the early stages and late stages,
and tend to be less frequent during the intermediate
stages of the disease, presumably because of the use of
compensatory strategies and a reduction in mobility.
The majority of s-IBM patients develop dysphagia
at some stage of the disease, the frequency varying
from 40–80% in different series [6, 8, 9]. While in
many cases this is relatively mild and may not
even be mentioned by the patients, in some it may
lead to recurrent episodes of choking and aspiration
pneumonia, and may interfere with adequate nutrition. Videoﬂuoroscopy during swallowing shows

20

25

Figure 9.1 Distribution of age at onset
of ﬁrst symptoms in a series of 56
Australian cases of s-IBM. (Reproduced
from Needham et al. [3], with permission
from the BMJ Publishing Group.)

abnormal function of the cricopharyngeal sphincter
in many patients [9]. In some the dysphagia responds to treatment with intravenous immunoglobulin [10], but others require dilatation or botulinum
toxin injection of the sphincter, or a cricopharyngeal
myotomy [11].

Patterns of muscle involvement
The pattern of muscle weakness and atrophy in
s-IBM is characteristically selective and differs from
that in other inﬂammatory myopathies such as
polymyositis and dermatomyositis. In the upper
limbs the muscles ﬁrst affected are the long ﬂexors
of the ﬁngers and thumb, with particular involvement of the ﬂexor digitorum profundus and ﬂexor
pollicis longus. As the disease progresses, weakness
of the superﬁcial ﬁnger and wrist ﬂexors and of the
ﬁnger extensors also develops and there is progressive wasting of the forearm muscles, particularly
of the ﬂexor compartment. In longstanding cases
there is progressive loss of the ability to grip, to close
the hand and to oppose the ﬁngers and thumb, and
contractures of the interphalageal joints frequently
develop [3, 6]. The weakness of the forearm muscles
is often asymmetric and in most cases is more
severe on the nondominant side [12] (Figure 9.2).
As the disease progresses there is also increasing
weakness of more proximal muscle groups such as
the elbow ﬂexors and extensors and the deltoids.

Symptoms, Physical Findings, and Diagnostics

Table 9.1 IBM functional rating scale (IBM-FRS)

(Reproduced from Jackson et al. [7]).
1. Swallowing
– 4 Normal
– 3 Early eating problems—occasional choking
– 2 Dietary consistency changes
– 1 Frequent choking
– 0 Needs tube feeding
2. Handwriting (with dominant hand prior to IBM onset)
– 4 Normal
– 3 Slow or sloppy; all words are legible
– 2 Not all words are legible
– 1 Able to grip pen but unable to write
– 0 Unable to grip pen
3. Cutting food and handling utensils
– 4 Normal
– 3 Somewhat slow and clumsy, but no help needed
– 2 Can cut most foods, although clumsy and slow; some
help needed
– 1 Food must be cut by someone, but can still feed slowly
– 0 Needs to be fed
4. Fine motor tasks (opening doors, using keys, picking up
small objects)
– 4 Independent
– 3 Slow or clumsy in completing task
– 2 Independent but requires modiﬁed techniques or
assistive devices
– 1 Frequently requires assistance from caregiver
– 0 Unable
5. Dressing
– 4 Normal
– 3 Independent but with increased effort or decreased
efﬁciency
– 2 Independent but requires assistive devices
– 1 Requires assistance from caregiver for some clothing
items
– 0 Total dependence
6. Hygiene (bathing and toileting)
– 4 Normal
– 3 Independent but with increased effort or decreased
activity
– 2 Independent but requires use of assistive devices
(shower chair, raised toilet seat, etc.)
– 1 Requires occasional assistance from caregiver
– 0 Completely dependent
7. Turning in bed and adjusting covers
– 4 Normal
– 3 Somewhat slow and clumsy but no help needed
– 2 Can turn alone or adjust sheets, but with great
difﬁculty
– 1 Can initiate, but not turn or adjust sheets alone
– 0 Unable or requires total assistance
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8. Sit to stand
– 4 Independent (without use of arms)
– 3 Performs with substitute motions (leaning forward,
rocking) but without use of arms
– 2 Requires use of arms
– 1 Requires assistance from a device or person
– 0 Unable to stand
9. Walking
– 4 Normal
– 3 Slow or mild unsteadiness
– 2 Intermittent use of an assistive device (ankle–foot
orthosis, cane, walker)
– 1 Dependent on assistive device
– 0 Wheelchair-dependent
10. Climbing stairs
– 4 Normal
– 3 Slow with hesitation or increased effort; uses hand rail
intermittently
– 2 Dependent on hand rail
– 1 Dependent on hand rail and additional support (cane
or person)
– 0 Cannot climb stairs

In the lower limbs the quadriceps femoris muscles
are most severely affected and undergo progressive
atrophy, particularly of the vastus medialis and
lateralis, with relative sparing of the rectus femoris
(Figure 9.2). As in the upper limbs the weakness is
often more severe on the nondominant side. Weakness of the ankle dorsiﬂexors is also common but
severe foot-drop occurs infrequently. Other muscle
groups such as the hip extensors and abductors and
ankle plantar ﬂexors are usually only mildly
affected.
The neck ﬂexors are often weak, while the extensors are usually spared. However, in some cases
there is more severe weakness of the neck extensor
and paraspinal muscles resulting in a “droppedhead” or “bent-spine” syndrome [13]. The cranial
muscles are usually spared apart from mild, or rarely
more severe, weakness of the facial muscles.

Other clinical ﬁndings
Some patients with s-IBM have features of a mild
peripheral neuropathy with depressed lower limb
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Figure 9.2 (a,b) Asymmetric weakness of the ﬁnger ﬂexors, more severe in the left hand, in two s-IBM patients.
(c,d) Quadriceps wasting in s-IBM patients.

reﬂexes and distal sensory impairment [14, 15].
Evidence of a subclinical neuropathy on nerve conduction studies has been reported in 1.5–33% of
cases in different studies [15, 16].

Associated conditions
Unlike dermatomyositis and polymyositis, s-IBM is
not usually associated with other systemic features
such as interstitial lung disease or myocardial involvement. However, some s-IBM patients have
another associated autoimmune disease such as
Sj€
ogren syndrome, systemic lupus erythematosus,
scleroderma, rheumatoid arthritis, or thrombocytopenic purpura [17], and there are also rare reports of
s-IBM developing in patients who have previously
had dermatomyositis [18]. s-IBM has also been
reported to be associated with HIV or human T-cell

lymphotropic virus type 1 (HTLV-1) infection [19],
and with common variable immunoglobulin deﬁciency in some cases [20]. There are rare reports of
the association of s-IBM with macrophagic myofasciitis [21], sarcoidosis [22], Creutzfeldt–Jakob disease [23], and cardiac amyloidosis [24].
Few studies have investigated the association
with malignant disease but it is usually held that
the frequency is not increased in s-IBM [2]. However, a population-controlled Australian study in
Victoria found that there was a 2.4-fold increase
in the risk of concurrent or subsequent malignancy
in patients with s-IBM [25]. The frequency of malignant disease in this study was similar to that
reported by Lotz et al. [8], who found that 15% of
their series of 40 s-IBM cases had an associated
malignancy. These observations therefore suggest
that s-IBM patients should undergo thorough
screening for malignancy.

Symptoms, Physical Findings, and Diagnostics

Diagnosis and differential
diagnosis
The diagnosis of s-IBM can usually be made on
clinical grounds based upon the characteristic
pattern of muscle weakness and atrophy and insidiously progressive clinical course. Muscle magnetic
resonance imaging (MRI) scans may be helpful by
conﬁrming the pattern of muscle involvement in the
upper and lower limbs. However, deﬁnitive conﬁrmation of the diagnosis requires a muscle biopsy.
Proposed criteria for the diagnosis of s-IBM are listed
in Table 9.2, and the muscle-biopsy criteria are
described in Chapter 10 in this volume.
The differential diagnosis of s-IBM is broad and
includes amyotrophic lateral sclerosis (ALS), particularly in patients with asymmetric distal upper-limb
weakness and atrophy and when there is associated
dysphagia; and late-onset forms of distal myopathy
and muscular dystrophy. Differentiation from other
forms of inﬂammatory myopathy such as polymyositis and dermatomyositis can usually be made on
the basis of the proximal pattern of upper- and
lower-limb weakness and lack of ﬁnger weakness
in these conditions. Common misdiagnoses in pa-

Table 9.2 Proposed diagnostic criteria for s-IBM (Modiﬁed
with permission from Phillips BA, Mastaglia FL. [42]).
Characteristic features
A. Clinical features
. Duration of illness more than 6 months
. Age at onset is older than 30 years (but rare under 50
years)
. Slowly progressive muscle weakness and atrophy;
selective pattern with quadriceps femoris and ﬁnger
ﬂexors affected ﬁrst, followed by other muscle groups;
frequently asymmetric and more severe on
nondominant side
. Dysphagia occurs in the majority of cases
B. Laboratory features
. Serum creatine kinase (CK) levels variable elevated (less
than 10 times normal), but may be normal; cardiac
troponin (cTn) is often elevated
. Electromyogram: mixed pattern with short- and longduration motor-unit potentials; ﬁbrillations and
positive waves may be present
. Muscle-biopsy diagnostic criteria (see Chapter 10)
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tients with s-IBM include ALS, polymyositis, arthritis, and old age [3]. In patients with a previous
history of poliomyelitis earlier in life the onset of
s-IBM may be misinterpreted as the postpoliomyelitis syndrome [26].

Laboratory investigations
Biochemical studies
The serum creatine kinase (CK) level is usually
mildly elevated and there is rarely more than a
10-fold elevation, but the level may be normal in
some cases [8, 27]. It is therefore not helpful diagnostically apart from being an indicator of a myopathic process if it is found to be elevated.
The cardiac troponin T (cTnT) level has been
reported to be elevated in the majority of patients with
s-IBM and to remain stable over time. In a study of 42
s-IBM cases Lindberg et al. [28] found that 62% of
cases had cTnT levels of over 0.05 mg/L which is the
usual cut-off level for the diagnosis of myocardial
infarction. The ﬁnding of an elevated cTnT level in a
patient with s-IBM is not therefore necessarily indicative of myocardial ischemia unless the level is known
to have previously been within the normal range.
The possible diagnostic value of plasma amyloid-b
(Ab) levels was investigated in a group of 31 s-IBM
patients. The levels of Ab42 were found to be signiﬁcantly elevated in s-IBM patients when compared to controls and patients with polymyositis but
there was a considerable overlap between the
groups and Ab42 levels were also found to be elevated in patients with dermatomyositis [29].

Serum autoantibodies
No speciﬁc autoantibody has been associated with
s-IBM. However, patients with s-IBM may have
various other autoantibodies such as antinuclear antibody and anti-SSA/-SSB antibodies. Such autoantibodies were found in 20% of s-IBM cases in one large
series [17]. A monoclonal gammopathy may also
occur and was found in 22% of cases in one series [30].

Human leukocyte antigen studies
In white populations around 75% of s-IBM patients
carry the major histocompatibility complex (MHC)
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class II allele human leukocyte antigen (HLA)DRB10301 (serological speciﬁcity DR3) and other
allelic components of the 8.1 MHC ancestral haplotype (HLA-A1, B8) [31]. It has been estimated that
carriers of HLA-DRB10301 have a 10-fold-higher
risk of developing s-IBM [32]. However, the sensitivity and speciﬁcity of this association is not sufﬁciently high to be of diagnostic value. HLA alleles
have also been reported to have modifying effects on
the clinical phenotype of the disease [3, 32]. The
HLA-DR3 allele has been associated with more severe disease, while HLA-DR1/DR3 heterozygotes
were found to have an earlier age of disease onset
and more rapidly progressive weakness in an Australian s-IBM cohort (Figure 9.3).

Electrophysiological studies
Concentric needle electromyography demonstrates
a pattern of early-recruiting, short-duration, lowamplitude polyphasic motor-unit action potentials
(MUAPs) in affected muscles. In addition, larger
long-duration MUAPs are often also present, as well
as ﬁbrillation potentials, positive waves, and in-

creased insertion activity [8, 33]. In some patients
these ﬁndings may lead to a mistaken diagnosis of a
neurogenic disorder such as amyotrophic lateral
sclerosis [34]. While large polyphasic MUAPs can
also be seen in other chronic myopathies, this
“mixed” electromyogram (EMG) pattern with both
myopathic- and neuropathic-appearing MUAPs is
very characteristic of s-IBM and should alert the
electromyographer to the diagnosis. Quantitative
EMG, macro-EMG, and single-ﬁber EMG studies
have failed to show any evidence of a neurogenic
component in s-IBM [33, 35–37]. Nerve-conduction
studies may show reduced amplitude sensory nerve
action potentials as well as reduced motor nerve
conduction velocities and delayed F-wave latencies
in some patients, but evidence of a diffuse peripheral
neuropathy is uncommon [16].

Muscle imaging
Muscle MRI scanning is a useful investigation in
patients with suspected s-IBM, particularly when
the muscle biopsy ﬁndings are inconclusive or if a
biopsy is not possible, and allows recognition of the
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Figure 9.3 Kaplan–Meier curves showing faster rate of deterioration in quadriceps muscle strength in s-IBM patients

carrying the HLA-DR1/DR3 genotype compared with other HLA-DRB1 genotypes.
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Figure 9.4 Proton-density-weighted MRI scans of the thighs (upper panels) and calves (lower panels) in a 78-year-old man
with longstanding s-IBM showing signal change in the quadriceps and medial gastrocnemius muscles.

selective pattern of muscle involvement which is
characteristic of s-IBM [38, 39]. Atrophy and
changes in signal properties are typically found in
the quadriceps femoris and medial gastrocnemius

Figure 9.5 MRI scan at mid-forearm level

showing selective signal change in the ﬂexor
digitorum profundus (FDP; arrow) and not in the
ﬂexor digitorum sublimis (FDS; arrowhead). FPL,
ﬂexor pollicis longus; R, radius; U, ulna; II and V
refer to the portions of those muscles – i.e., FDP and
FDS – that ﬂex the second (II) and ﬁfth (V) digits of
the hand. (Reproduced from Takamure et al. [39],
with permission of the author and publisher.)

muscles in the lower limbs and in the forearm
ﬂexor muscles on proton-density-weighted images
(Figures 9.4 and 9.5)[38], and also on T1- and T2weighted images and with a fat-suppressive short
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tau inversion recovery (STIR) sequence [40, 41].
MRI demonstrates the preferential involvement of
the vasti with relative sparing of the rectus femoris in
the quadriceps muscle complex, of the medial head
of gastrocnemius with sparing of the lateral head,
and of the ﬂexor digitorum profundus within the
forearm ﬂexor muscle complex [38].
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CHAPTER 10

Pathologic diagnostic criteria of
sporadic inclusion-body myositis and
hereditary inclusion-body myopathy
muscle biopsies
Valerie Askanas and W. King Engel
Departments of Neurology and Pathology, University of Southern California Neuromuscular Center, University of Southern
California Keck School of Medicine, Good Samaritan Hospital, Los Angeles, CA, USA

Introduction
The sporadic inclusion-body myositis (s-IBM) muscle biopsy has very characteristic pathologic abnormalities. Proper evaluation of the muscle biopsy,
consisting of the reactions below, is the most important aspect of the s-IBM diagnosis, including its
distinction from polymyositis and hereditary inclusion-body myopathies (h-IBMs). Even though clinical features of s-IBM are quite typical (see Chapter 9
in this volume), s-IBM patients are often misdiagnosed as having polymyositis, especially at earlier
stages of the disease. However, s-IBM patients do not
satisfactorily respond to anti-dysimmune treatment,
in contrast to polymyositis, which is usually responsive to this treatment ([1, 2] and see Chapters 3, 7,
and 8). The correct diagnosis of s-IBM would prevent s-IBM patients from prolonged unsuccessful
anti-dysimmune treatment with drugs that can induce undesirable side effects.
s-IBM patients can be mistakenly diagnosed as
polymyositis because of (a) the various degrees of
lymphocytic inﬂammation (with some macrophages), and (b) the expression on muscle ﬁbers of
major histocompatibility complex I (MHC-I) and
their associated molecules: these are both present

in polymyositis and s-IBM muscle biopsies. Accordingly, we do not consider expression of MHC-I to be
a diagnostic criterion of s-IBM muscle biopsies. We
prefer to utilize speciﬁc light-microscopic and electron-microscopic pathologic diagnostic criteria,
described below, as the essential tools for distinguishing s-IBM from polymyositis.

Light-microscopic diagnostic
abnormalities of the s-IBM muscle
biopsy
Vacuolated muscle ﬁbers
All our stainings are routinely performed on 10 mm
sections of fresh-frozen muscle biopsies. The characteristic features of s-IBM that are evident on the
Engel trichrome staining [3] (the standard general
stain used for fresh-frozen sections of muscle biopsies) are muscle ﬁbers containing one or a few
vacuoles, in a given transverse section. Many of the
vacuoles appear to be autophagic, containing poorly
differentiated pinkish material within the vacuoles
or at the periphery. Reddish-pinkish material on
trichrome staining indicates lipoprotein membranous material [3, 4]. Occasional vacuoles have such
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reddish material accumulated mainly on the periphery, and those vacuoles are sometimes referred to as
“red-rimmed.” However, “rimmed” vacuoles are
rare: most s-IBM vacuoles do not have a distinctive
reddish rim, and many appear somewhat empty.
However, under higher-power magniﬁcation those
vacuoles, in contrast to freezing artifact holes, often
contain a greenish-gray or reddish material characteristic of proteinaceous or membranous material
(see Plate 10.6a–c). We therefore routinely use the
simpler term “vacuolated muscle ﬁbers,” instead of
“muscle ﬁbers with rimmed vacuoles.” In general,
the number of vacuolated muscle ﬁbers in a given
section of an s-IBM muscle biopsy is between three
and 40, or sometimes more, depending on the size of
the biopsy. On a given section of a biopsy, we
consider three or four vacuolated muscle ﬁbers diagnostic, if they are accompanied by other characteristic s-IBM criteria as described below.
Occasionally vacuolated muscle ﬁbers can be invadedbymononucleatedcells(Plate10.6c).Thenumber of muscle ﬁbers containing vacuoles differs not
only among various s-IBM patients, but also on different transverse sections of the same muscle biopsy.
Moreover, two adjacent pieces of the same muscle
biopsy obtained at the same time often have different
numbers of vacuoles, as well as different other features, such as various degrees of inﬂammation.Therefore, we consider unreliable and sometimes misleading evaluation of muscle biopsies before and after a
speciﬁc treatment, as is done in some therapeutic
trials as a supposed criterion of treatment efﬁcacy.

Intracellular amyloid deposits
Congo red staining ﬂuorescence
Intra-muscle-ﬁber b-pleated-sheet amyloid was ﬁrst
discovered in s-IBM muscle ﬁbers by Mendell et al.
using Congo red staining under polarized light [5].
We have described a more reliable ﬂuorescenceenhanced Congo red technique [6] that we routinely use to identify amyloid in s-IBM muscle ﬁbers
(Plate 10.6d,e). Accordingly, multiple or single foci
of amyloid as identiﬁed by the Congo red ﬂuorescence visualized through Texas red ﬁlters are evident within about 40–70% of the s-IBM vacuolated
muscle ﬁbers in a given transverse section, mostly
occurring in the nonvacuolated regions of those
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ﬁbers, and only very rarely actually within the
vacuoles. However, the seemingly “amyloidnegative” ﬁbers can have amyloid foci at other levels
of those same ﬁbers (which are a few centimeters
long and multinucleated). In addition, a number of
seemingly nonvacuolated, normal-appearing muscle ﬁbers also contain amyloid deposits. This ﬂuorescence-enhanced Congo red technique is the best
and most sensitive method for highlighting amyloid
inclusions, which sometimes can be very small or
few. Our double-staining results indicate that in
s-IBM intra-muscle-ﬁber amyloid deposits, as evidenced by their ﬂuorescence-enhanced Congo red
staining, contain either amyloid b (Ab)42 or paired
helical ﬁlament (PHF) tau ([7, 8] and illustrated in
Chapter 7), each of which is known to self-aggregate
to form b-pleated-sheet congophilic amyloid in Alzheimer brain (referenced in Chapter 7). In s-IBM,
intracellular Ab42-containing amyloid deposits
appear under the light microscope in the form of
small round plaques, or ”plaquettes,” while amyloid
deposits containing PHF tau appear mainly as squiggly inclusions [7] (see also Chapter 7). A number of
other proteins accumulated in s-IBM muscle ﬁbers,
including prion, a-synuclein, and others, also have
the propensity to self-aggregate into b-pleated-sheet
amyloid (reviewed in Chapter 7).
Congo red visualized in polarized light is a widely
used amyloid-seeking method; however, it is the
least precise and most difﬁcult to interpret, and
should not be used for s-IBM diagnosis.

Crystal violet
Crystal violet metachromasia staining can also show
the intra-myoﬁber amyloid deposits in s-IBM muscle ﬁbers (Plate 10.6f). This method is more convenient because it does not require ﬂuorescence microscopy, but is less precise because small amyloid
deposits are difﬁcult to identify.
Among several of our patients with other nonIBM vacuolar myopathies, including acid-maltase
deﬁciency, hypokalemic periodic paralysis, myoﬁbrillar myopathy, and undeﬁned types, none had
true amyloid deposits as identiﬁed by crystal violet
staining. Abnormal muscle ﬁbers in myoﬁbrillar
myopathy (as originally reported by De Bleecker
et al. [9]) indeed have ﬂuorescence-enhanced
congophilic accumulations, but we doubt that in
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those patients congophilia represents true amyloid
deposits because in none of our four myoﬁbrillar
myopathy patients was the congophilic material
positive with crystal violet, and it did not produce
an orange ﬂuorescence with thioﬂavin-T, as it is
typical for “real” amyloid (Askanas, unpublished
observations). The only muscle disease, in addition
to s- IBM, in which we have found deﬁnite and
prominent amyloid deposits is h-IBMs due to valosin-containing-peptide (VCP) mutation (see below).

Identiﬁcation of intra-muscle-ﬁber
bundles of phosphorylated-taucontaining PHFs
p62/SQTSM1
p62/SQSTM1 or simply ”p62,” is a shuttle protein
transporting polyubiquitinated proteins to both proteasomal and lysosomal degradation (referenced in
Chapter 7). In s-IBM muscle ﬁbers p62 is an integral
component of PHFs containing tau ([10], and also
referenced and illustrated in Chapter 7). Because, in
s-IBM, light-microscopic staining of p62 is very
abundant and distinctive (Plate 10.7a,b), we strongly recommend it to be included in pathologic investigations of s-IBM muscle biopsies [10]. Advantages of p62 immunoreactivity are: (a) it is not
immunoreactive in muscle-ﬁber nuclei nor in nuclei
of inﬂammatory or connective tissue cells; and (b) at
the ultrastructural level p62 embraces clusters of
PHFs in the form of a thick shell, which enhances
its light-microscopic detectability [10].
For diagnostic purposes, we recommend lightmicroscopic HRP-immunohistochemical staining of
p62, which appears in the form of strongly immunoreactive, various-sized, mainly squiggly, linear, or
small rounded aggregates (Plate 10.7a,b). These are
in the nonvacuolated cytoplasm of approximately
80% of the vacuolated muscle ﬁbers, and in about
20–25% of the muscle ﬁbers that are nonvacuolated
on a given 10 mm transverse section.
SMI-31 monoclonal antibody
Immunostaining with SMI-31 antibody, which was
originally made against the phosphorylated neuroﬁlament heavy-chain protein, recognizes the phosphorylated tau (p-tau) of PHFs in s-IBM muscle and
in Alzheimer brain on immunoblots [11, 12], and it

identiﬁes squiggly inclusions containing p-tau in sIBM muscle ﬁbers [12]. Previously, we have recommended SMI-31 immunostaining as diagnostic [13],
but currently we favor p62 immunoreactivity, because its staining is stronger and more speciﬁc, and it
does not stain muscle-ﬁber nuclei.

Ubiquitin immunoreactivity
If neither p62 nor SMI-31 antibodies are available,
ubiquitin immunoreactivity within muscle ﬁbers
can be used to differentiate s-IBM from polymyositis [14]. Ubiquitin-positive inclusions were also
identiﬁable in formalin-ﬁxed parafﬁn-embedded
muscle biopsies of s-IBM patients, but not in any
other inﬂammatory myopathies [15]. This is important for some laboratories when freshly frozen muscle biopsy specimens are not available (we do not
know whether p62 antibodies detect PHFs in parafﬁn-embedded s-IBM sections).

Alkaline phosphatase staining
In s-IBM, absent or only very faint alkaline phosphatase staining of perimysial connective tissue is
characteristic; even in regions of active disease perimysial connective tissue lacks the typically strong
alkaline-phosphatase-positivity seen in similarly active regions of polymyositis and dermatomyositis,
which is attributable to active ﬁbroblasts [16, 17]
(Plate 10.7c,d). Regenerating/degenerating (regendegen) muscle ﬁbers (containing regenerating features and increased acid phosphatase), which are
very strongly positive with alkaline phosphatase
staining, are typically moderate to abundant in
polymyositis and dermatomyositis, and a number
of other myopathies. However, those ﬁbers are rarely detectable in s-IBM biopsies, which corresponds
to the recently demonstrated decreased regenerative
capability of s-IBM muscle ﬁbers [18].

Ultrastructural diagnostic
abnormalities within s-IBM
muscle ﬁbers
Clusters of PHFs, which individually are 15–21 nmdiameter twisted ﬁlaments containing p-tau, are
characteristic of s-IBM (illustrated and referenced
in Chapter 7). They are most commonly located in
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nonvacuolated areas of vacuolated muscle ﬁbers,
and they are also present in nonvacuolated muscle
ﬁbers. They are essentially identical to PHFs of Alzheimer disease brain, and are immunopositive with
several antibodies reacting with various epitopes of
p-tau, including the ones that speciﬁcally recognize
conformationally modiﬁed p-tau of Alzheimer
brain [12] (Nogalska et al, unpublished work, and
illustrated in Figure 7.1a–d in this volume).
The s-IBM muscle-ﬁber cytoplasm also contains
(a) collections of 6–10 nm amyloid-like ﬁbrils; (b)
ﬁne ﬂocculo-membranous material; and (c) amorphous material: these three contain Ab immunoreactivity [19]. We recently demonstrated that
6–10 nm amyloid-like ﬁbrils preferentially contain
Ab42 immunoreactivity [8] (see Figure 7.3a in this
volume). The combination of tau-positive PHFs plus
Ab42-positive collections of 6–10 nm amyloid-like
ﬁbrils within muscle ﬁbers is currently considered
diagnostic of s-IBM.
s-IBM intranuclear clusters (inclusions) of 15–21
nm-diameter “tubuloﬁlaments,” which on favorable sections sometimes appear as PHFs like those
in the cytoplasm, are often immunopositive with ptau (Figure 7.1e,f in this volume). These nuclear
PHFs are sparse, present in only 2–4% of s-IBM
muscle nuclei, and comprise less than 1% of all the
p-tau-positive structures within s-IBM muscle ﬁbers
(reviewed in [7, 20, 21]). (In some h-IBM patients
with mutant VCP, intranuclear p-tau-positive PHFs
can be frequent [38, 39].)
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whose functions are not yet fully understood. It was
reported to be involved in RNA processing, transcription, and exon skipping (reviewed in [25, 26]).
TDP-43-immunoreactive cytoplasmic inclusions
within s-IBM muscle ﬁbers were reported by several
investigators [27–30], and conﬁrmed by us [31].
However, quantitative comparison of TDP-43immunoreactive inclusions to those of p62 inclusions in 15,600 muscle ﬁbers on adjacent serial
sections of 10 s-IBM biopsies revealed that ﬁbers
positive for p62 inclusions were three times more
frequent than those containing TDP-43 inclusions [31]. Moreover, p62 inclusions were larger
and more distinctive, and two biopsies containing
a number of p62 inclusions did not contain any TDP43 inclusions. Therefore, we do not recommend
TDP-43 for diagnostic evaluation of s-IBM biopsies.
(Interestingly, TDP-43 cytoplasmic inclusions are
prominent in the VCP-mutant h-IBM; see below.)

Small angular muscle ﬁbers,
presumably denervated
These are: (a) histochemically dark with the panesterase
and
NADH-tetrazolium
reductase
reactions, (b) indistinguishable from those in ordinary denervation diseases, and (c) generally considered indicative of “recent denervation” (our
preferred term) [4] (reviewed in [1]). They are a
characteristic feature of s-IBM muscle biopsies and
probably contribute signiﬁcantly to the clinical weakness (reviewed in [1, 21]), but are not diagnostic.

Mitochondrial abnormalities

Light-microscopic aspects that are
important but not diagnostic
MHC-I immunoreactivity
This was proposed by some as diagnostic for s-IBM
muscle biopsies [22–24]; however, the same degree
of, or even more intense, MHC-I immunoreactivity
of muscle ﬁbers is present in polymyositis biopsies.
In our opinion, MHC-I immunostaining should not
be used as a diagnostic criterion of s-IBM.

TDP-43 immunoreactivity
Transactive response DNA-binding protein 43 (TDP43) is a predominantly RNA-/DNA-binding protein,

These include (a) cytochrome c oxidase (COX)negative muscle ﬁbers [32] and (b) ragged-red
ﬁbers [33]. They can be more evident in s-IBM
muscle biopsies than in age-matched controls [32],
but are not diagnostic.

Ultrastructurally characteristic,
but nondiagnostic abnormalities
These include: (a) numerous, various-sized membranous whorls such as myelin-like whorls,multilaminar
bodies, osmophilically dark amorphous material,
and other types of lysosomal debris (illustrated
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in Figure 7.2 in in this volume); and (b) abnormal
mitochondria, some containing paracrystalline
inclusions.

Pathologic characteristics of
h-IBM muscle biopsies
h-IBM due to GNE gene mutation
(GNE-h-IBM)
Clinical aspects ofthis h-IBM are describedin Chapter
12. We introduced the term “hereditary inclusionbody myopathy” (h-IBM) in 1993 [34] to specify
hereditary muscle diseases with pathologic features
like those of s-IBM except for a lack of lymphocytic
inﬂammation; hence the term “myopathy” instead of
“myositis.” However, older h-IBM patients may have
slight inﬂammation in their muscle biopsies [35–37].
. On Engel trichrome staining there are varioussized vacuoles in abnormal muscle ﬁbers, which are
generally similar to those in s-IBM (Plate 10.8a–c).
. PHFs of GNE-h-IBM (where GNE is UDPN-acetylglucosamine-2 epimerase/N-acetylmannosamine kinase) express fewer p-tau epitopes than PHFs
of s-IBM, as detailed previously [12]. However, in
GNE-h-IBM, light-microscopic immunohistochemistry with p62 antibody highlights clusters of PHFs
rather distinctively, although they appear deﬁnitely
smaller and less frequent than those in s-IBM muscle
ﬁbers (Plate 10.8d). Since in s-IBM muscle ﬁbers p62
closely colocalizes with various p-tau epitopes, we
postulate that its less abundant immunoreactivity in
GNE-h-IBM might be attributed to the paucity of
inclusions containing p-tau epitopes in those ﬁbers.
. TDP-43 is expressed in GNE-h-IBM muscle ﬁbers
[27]; however, in our hands, the staining is not very
pronounced, and it is present in very few ﬁbers on a
given transverse section.
. Amyloid, identiﬁed by ﬂuorescence-enhanced
Congo red technique, is usually not present, but in
some older GNE-h-IBM patients it can be detected
within rare muscle ﬁbers.

h-IBM due to VCP gene mutation
(VCP-h-IBM)
Clinical and some pathologic features of this h-IBM
are described in Chapter 15. VCP-h-IBM patients

(where VCP is valosin-containing-peptide),
have: (a) vacuolated muscle ﬁbers on Engel trichrome staining (Plate 10.9a); (b) large plaque-like
amyloid inclusions by Congo red, and (c) clusters of
PHFs by electron microscopy [38]. In the family we
studied, the most characteristic feature was the
presence of numerous large bulging nuclei with
large clumps of amyloid deposits by Congo red
ﬂuorescence [38]. Those clumps of amyloid corresponded to large clusters of PHFs within the nuclei,
which were immunopositive with antibodies directed to various epitopes of p-tau [38, 39]. Also in VCPh-IBM very prominent are TDP-43-immunoreactive
inclusions (Plate 10.9b) [29]. p62 is immunopositive
mainly in nuclei of several muscle ﬁbers, in a squiggly conﬁguration (Plate 10.9c).
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Introduction
Distal myopathy with rimmed vacuoles (DMRV)
[1, 2] is an autosomal recessive disorder that affects
young adults. It is characterized clinically by weakness involving muscles of the distal limbs, and
preferential involvement of the tibialis anterior
muscles during the early stage of the disease. It is
also known as quadriceps-sparing myopathy, because of the peculiar relative sparing of these muscles even in the advanced stages of the illness.
Characteristic ﬁndings, although not exactly pathognomonic, are seen in muscle pathology, and generally regarded as myodegenerative. These include
the presence of scattered atrophic ﬁbers and several
ﬁbers with rimmed vacuoles. These rimmed
vacuoles are believed to possess some autophagic
activity, adjudged from the intense acid phosphatase activity reﬂecting the presence of acidic compartments in cells, reactivity with various lysosomal
markers, and the electron-microscopic ﬁndings of

autophagic vacuoles with various cellular debris
and multilamellar bodies [3, 4]. Within the ﬁbers,
with or without rimmed vacuoles, several inclusions were identiﬁed to be immunoreactive to amyloid, phosphorylated tau, neuroﬁlament, myosin
heavy chain, endoplasmic reticulum-related markers, and others. In addition, 15–20 nm tubuloﬁlamentous inclusions on the nucleus or cytoplasm
have been noted on electron-microscopic observation. The presence of these intramyoﬁber inclusions
gave rise to the nosology hereditary inclusion-body
myopathy (h-IBM), as comparisons were made
with the seemingly nonhereditary type of a similar
myopathy, sporadic inclusion-body myositis. As
opposed to sporadic inclusion-body myositis,
DMRV/h-IBM muscle pathology is generally devoid of inﬂammatory cell inﬁltrates, but also presents with similar degenerative features in the
muscle, although anecdotally some patients have
presented with some inﬂammatory component in
their myoﬁbers [5].

Muscle Aging, Inclusion-Body Myositis and Myopathies, First Edition. Edited by Valerie Askanas and W. King Engel.
 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

177

178

Hereditary Inclusion-Body Myopathies

Mutations in the GNE gene cause
DMRV/h-IBM
The causative gene has been mapped to chromosome 9p12–13 by two separate groups [6, 7], and
later was identiﬁed to be the UDP-N-acetylglucosamine-2 epimerase/N-acetylmannosamine
kinase
(GNE) gene [8]. The protein product, GNE, is mainly

known to be a bifunctional enzyme that catalyzes
the critical steps in sialic acid synthesis in the cytosol.
The initial substrate involved in this pathway is UDP
N-acetylglucosamine (UDP-GlcNAc), the endproduct of hexosamine biosynthesis, and synthesis
starts with the release of UDP from UDP-GlcNAc in
a two-stage process catalyzed by the bifunctional
GNE enzyme [9, 10] (Figure 11.1). GlcNAc is

Figure 11.1 The sialic acid biosynthetic pathway. Sialic
acid biosynthesis occurs within the cytosol and is governed
by the bifunctional enzyme GNE, which has two domains
that possess enzymatic activities: UDP-GlcNAc 2-epimerase
and ManNAc kinase. Synthesis starts with the
epimerization of UDP-GlcNAc to ManNAc by UDP-GlcNAc
2-epimerase after the release of UDP in a two-stage process.
Phosphorylation of ManNAc is catalyzed by ManNAc
kinase, but in some hyposialylated cells this can be done by
GlcNAc kinase. Subsequent steps lead to formation of free

NeuAc and its activation to CMP-NeuAc, which is the
nucleotide substrate for all sialic acids. After transport to the
Golgi apparatus, CMP-NeuAc is then transferred to various
oligosaccharide chains of gangliosides or
sialoglycoproteins. NeuAc can also be degraded by NeuAc
pyruvate lyase into ManNAc. Note that all the enzymes
required for completion of the sialic acid biosynthesis are
found in the cytosol, except for CMP-NeuAc synthetase,
which is found in the nucleus. GL, glycolipid; GP,
glycoprotein.
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epimerized by UDP-GlcNAc-2-epimerase into
N-acetyl-D-mannosamine (ManNAc), and then
ManNAc kinase catalyzes the phosphorylation of
ManNAc into ManNAc-6-phosphate, which is then
condensed with phosphoenoylpyruvate to form
N-acetyl-D-neuraminic acid-9-phosphate (NeuAc9-P). Dephosphorylation of NeuAc-9-P produces
NeuAc, the most abundant sialic acid among mammals. Free NeuAc is then transported into the
nucleus and activated into CMP-NeuAc, a donor
substrate for sialyltransferase, by CMP-NeuAc
synthase. CMP-NeuAc is then transported to the
Golgi apparatus and pumped across its membranes
using a speciﬁc transporter. CMP-NeuAc is ultimately transferred to oligosaccharide chains by a large
family of sialyltransferase enzymes; this process
allows sialylation of gangliosides or sialoglycoproteins. UDP-GlcNAc 2-epimerase has been demonstrated to be the rate-limiting enzyme in sialic acid
synthesis as its activity is feedback-inhibited by
CMP-NeuAc [11]. Interestingly, the loss of this feedback inhibition by CMP-NeuAc due to heterozygous
missense mutations within the allosteric site of UDPGlcNAc 2-epimerase (in the region of codons
263–266) has been demonstrated to cause sialuria,
resulting in cytoplasmic accumulation and urinary
excretion of large quantities of free sialic acid [12].
Sialic acids are N-acylated derivatives of neuraminic
acids, composed of nine carbon a-keto aldonic acids,
and are the most abundant monosaccharides found
in the terminal ends of glycans of eukaryotic cells.
Sialic acids serve a variety of biological and cellular
functions, including cell–cell adhesion and interaction, cell migration, inﬂammation, wound healing,
and metastasis [13, 14]. Its importance in development, atleastinmice,ishighlighted bythe ﬁnding that
inactivation of the gene leads to embryonic lethality.
Other functions of GNE not directly related to sialic
acid biosynthesis have also been identiﬁed [15].
In DMRV/h-IBM, most of the mutations that have
been identiﬁed are missense mutations, with the
exception of a few null mutations, and are scattered
throughout the open reading frame of GNE. Mutations are noted to occur in homozygous or compound heterozygous situations (for a list of reported
mutations, see Huizing et al. [16]). To date, no
individual has been found to be homozygous for a
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null mutation, as probably this type of mutation
would render the organism unable to survive. Nonetheless, there are reports of single-allele null mutations and nonsense or frameshift mutations. So far, a
clear genotype–phenotype correlation has not been
reported, as clearly there are some variations in the
clinical presentation of patients. Interestingly, GNE
mutations have been found in clusters all round the
world, with two large groups identiﬁed: Japanese
and Iranian Jewish patients. The most common
among the Japanese population is p.V572L, followed by p.D176V. Among Jewish Iranian patients,
the common founder mutation, p.M712T, has been
identiﬁed. After identiﬁcation of the causative gene,
one essential question has remained unanswered: is
DMRV/h-IBM a metabolic disease due to reduced or
a lack of sialic acid production?

The GNE protein: isoforms,
expression, enzymatic activities,
and structure
GNE isoforms and expression
GNE protein is predicted to have three isoforms
which are created by four transcript variants. GNE1,
consisting of 722 amino acids, is encoded by GNE
transcripts I and IV [10, 17, 18]. GNE2 and GNE3
have modiﬁed N-termini with the addition of another exon (A1; encodes the ﬁrst 17 amino acids)
and are encoded by two other splice variants [17].
The GNE2 N-terminus is longer by 31 additional
amino acids and is encoded by transcript II. GNE3
lacks exon 2 and thus it does not have the ﬁrst 55
amino acids of GNE1; it is encoded by transcript III.
The tissue expression of three isoforms seems tissuespeciﬁc, but the roles of these isoforms in disease
causation have not been clariﬁed.
GNE1 is a ubiquitously expressed protein with the
highest expression levels found in the liver and
placenta [10, 19]. In addition, GNE1 is the only
isoform with mRNA expression identiﬁed in skeletal
muscles. GNE2 mRNA expression is highest in placenta, followed by liver, kidney, lung, brain, colon,
and pancreas. GNE3 mRNA expression is highest in
colon, followed by kidney, liver, and placenta. Analysis of murine GNE revealed that they have at least
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two isoforms homologous to GNE1 and 2. The murine Gne1 isoform was ampliﬁed from cDNA of ﬁve
tissues examined (brain, colon, kidney, liver, and
skeletal muscle). Murine Gne2 was also expressed in
all of these tissues, except the liver [17].

GNE enzymatic activities
GNE is comprised mainly of two domains – UDPGlcNAc 2-epimerase and ManNAc kinase – with
activities of both enzymes mapped to different regions of the polypeptide. Human GNE1 possesses
both epimerase and kinase activities, implying that it
is the major isoform involved in sialic acid production. The analysis of recombinant human GNE2
displayed selective reduction of UDP-GlcNAc 2epimerase activity by the loss of its tetrameric
state [20], while recombinantly expressed human
GNE3 only possessed kinase activity. In contrast,
murine Gne1 and Gne2 do not show notable differences in terms of activity.
In early studies, site-directed mutagenesis on different conserved amino acid residues was employed
to check the function of GNE protein. Histidine
mutants of the epimerase domain showed a drastic
loss of epimerase activity with almost unchanged
kinase activity. Kinase mutants, on the other hand,
lost their kinase activity but retained their epimerase
activity. Noguchi et al. [21] measured the enzymatic
activity of GNE recombinant proteins (expressed in
COS7 cells) harboring mutations found in both
domains of the GNE gene identiﬁed in DMRV patients. Epimerase mutants had decreased GlcNAc
epimerase activity by about 70–80% and led to a
variable reduction of ManNAc kinase activity. On
the other hand, the kinase mutants preferably reduced ManNAc kinase activities with a slight reduction in epimerase activities, with an exception of a
single mutant, A524V, which decreased epimerase
activity more signiﬁcantly than kinase activity. Penner et al. [22] also analyzed enzymatic activities of
human GNE mutants expressed in insect cells and, in
general, found a preferential reduction of kinase
enzymatic activities in kinase mutants. However,
epimerase mutants had decreased activities of both
domains, indicating that mutation in GNE may
reduce activity of either the epimerase or kinase
enzymes regardless of the location the mutation;

certain mutants led to the marked reduction
(G576E) or almost total ablation (C303X) of enzymatic activities in both domains. What can be surmised from these data is the notion that the defect in
DMRV is due to partial loss of function of GNE, and
that GNE mutants may lead to a variable reduction
of enzymatic activities. It should be noted that
patients can have mutations in either or both epimerase and kinase domains.

GNE protein structure
As a monomer, GNE does not exhibit any activity,
but as a dimer the ManNAc kinase shows activity. It
is only when monomers are formed into a hexamer
that activities of both enzymes are detected [23]. To
estimate the structural perturbation effect due to
site-directed mutagenesis, the oligomeric state of all
mutants was determined by gel ﬁltration analysis.
Because GNE is known to oligomerize into hexamers, Noguchi et al. [21] and Penner et al. [22]
checked the inﬂuence of mutations on GNE protein.
The ﬁndings from both groups are consistent with an
earlier study [24] which showed that mutant proteins (made by site-directed mutagenesis using
conserved amino acid residues) are able to make
hexameric structures, indicating that there is no
inﬂuence of amino acid mutations on protein oligomerization. This is, of course, with the exception of
speciﬁc DMRV/h-IBM mutants, A524V and C303X.
This is further supported by the ﬁnding that secondary structure of the GNE protein is preserved except
in two mutants (G576E, which forms trimers, and
N519S, which showed alteration in secondary structure) [22]. Attempts to correlate enzyme activity and
enzyme structure by three-dimensional modeling
did not give any clue as to what speciﬁcally decreases
activity [22].
Another three-dimensional model was proposed
by Kurochkina et al. [25], which depicted putative
active sites in the epimerase and kinase domains of
the GNE. Most reported GNE mutations appear to
have a proximal (in the active sites and their
vicinity) and distal (at the interfaces of secondary
structures) effects on the structure and function of
the enzyme. Further precise modeling may be
needed to predict the effect of mutations on GNE
structure.

Function and Mutations of the GNE Gene

Inﬂuence of GNE mutations on
overall cellular sialylation
GNE has been demonstrated to be important in
regulating cell-surface sialylation [26]. Naturally,
the working hypothesis in DMRV/h-IBM is that GNE
mutations can lead to reduced sialylation. This concept of reduced sialylation and its role on disease
pathogenesis has been difﬁcult to comprehend as
most of studies that were done using cellular models
showed conﬂicting results. Noguchi et al. [21] measured the level of sialic acid in muscle and primary
cultured cells from DMRV patients and showed a
60–75% reduction as compared to controls. Similar
results were shown by Saito et al. [27], who identiﬁed a DMRV/h-IBM patient with hyposialylation
of muscle glycoproteins, and Huizing et al. [28], who
showed that a-dystroglycan is hyposialylated in
DMRV/h-IBM patients. Also on the same line,
Brocollini et al. demonstrated the probable hyposialylation of NCAM [29] and neprilysin [30, 31] in
patients. On the other hand, Salama et al. and
Hinderlich et al. found no abnormalities in sialylation of patient-derived lymphoblastoid cell lines [32]
and myoblasts [33] with the M712T mutation.
The inconsistencies of ﬁndings from various
groups may be inﬂuenced by a variety of factors,
including the type of tissue or sample being analyzed
and the methodology being employed. Obviously,
the status and association of sialylation in DMRV/hIBM can only be clariﬁed by using the appropriate
animal model.
Other studies also add to the controversy of the
involvement of hyposialylation in disease pathogenesis, and these were seen in naturally occurring
hyposialylated cells. The cells in the human Blymphoma cell line BJAB K20 are hyposialylated
because they lack GNE mRNA as well as epimerase
activity [34]. Supplementation with N-acetylmannosamine allowed cells to synthesize sialic acid on
glycoproteins, indicating that the presence of additional cellular kinases like GlcNAc kinase allows
cells to synthesize sialic acid. Similarly, Lec3 Chinese hamster ovary (CHO) cell glycosylation mutants had no detectable UDP-GlcNAc 2-epimerase
activity [35] due to a compound heterozygous
mutation (E35X and G135E). Hyposialylation in
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these Lec3 CHO cells was rescued by exogenously
added N-acetylmannosamine or mannosamine but
not by the same concentrations of N-acetylglucosamine, glucosamine, glucose, or mannose. Interestingly, however, only transfection with wild-type
GNE cDNA or GNE cDNA with a kinase mutation
(D413K) restored in vitro UDP-GlcNAc 2-epimerase
activity and cell-surface polysialic acid expression;
on the other hand, cDNA with an epimerase-deﬁcient mutation (H132A or new Lec3 G135E) did not
rescue the Lec3 phenotype.

GNE and its role outside
sialoglycobiology
GNE is involved in a complex but fascinating sialic
acid biosynthetic pathway and its activity is tightly
regulated by well-characterized negative-feedback
inhibition by CMP-NeuAc, in addition to tetramerization promoted by the substrate UDP-GlcNAc,
DNA methylation [36], and phosphorylation by
protein kinase C [37]. Recent reports, however,
allude to its function outside sialic acid synthesis.
In attempts to study how mutations reduce enzymatic activities, it was discovered that GNE interacts
with other proteins, like the collapsin-response mediator protein 1, promyelocytic leukemia zinc ﬁnger
protein [38], and skeletal muscle a-actinin 1 [39].
Indeed, further studies are needed to understand the
mechanisms that regulate GNE and its interaction
with other proteins, and these are essential to understand the disease pathomechanism completely
and thus merit in-depth investigation.

Animal models
To generate animal models for DMRV/h-IBM, several strategies using genetic manipulation of the
GNE gene have been tried. Genetic ablation of Gne
in mice by a simple knockout strategy resulted
to embryonic lethality by 8.5 dpc [40] to 9.5 dpc
(Noguchi et al., unpublished work), suggesting the
importance of sialic acid in early embryogenesis.
Supplementing embryonic stem cells with ManNAc
showed that sialylation can be recovered [40],
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demonstrating that ManNAc itself is a putative
substrate for sialic acid synthesis. Mice that are
heterozygous for deﬁciency were vital. Using the
heterozygous Gne-deﬁcient mice, Gagiannis et al.
[41] quantiﬁed the amount of membrane-bound
sialic acid in different organs of mice as compared
to wild-type mice, and showed 25% organ-speciﬁc
reduction of membrane-bound sialic acids in heterozygous Gne-deﬁcient mice.
Galeano et al. [42] generated a knockin mouse
carrying the M712T mutation, which is the most
common GNE mutation among Jewish patients, on
the murine C57BL/6J background and on the FVB
background. Most homozygous mutant mice died
perinatally and could not survive after the third
postnatal day (P3). Upon further analysis, it was
shown that the M712T mice exhibited a severe renal
phenotype comprised of glomerulonephropathy,
hematuria, severe proteinuria, and podocytopathy
with segmental splitting of the glomerular basement
membrane and effacement of podocyte foot processes. This phenomenon was apparently caused by an
anomaly in morphogenesis of glomerular tissues due
to the remarkable desialylation of podocalyxin, a
major glycoprotein found in podocyte foot processes.
Interestingly, the survival of homozygous mice was
increased to 50% by administration of ManNAc to
pregnant mice because of the reversal of podocytopathy. ManNAc supplementation was continued
until weaning age (about P21). In the M712T mice
that were able to survive beyond P3, however, a
phenotype suggesting skeletal-muscle weakness or
abnormalities in muscle pathology was not found.
From these results it was concluded that the M712T
Gne-knockin mice provide a novel animal model of
hyposialylation-related podocytopathy and segmental splitting of the glomerular basement membrane,
demonstrating the signiﬁcance of sialic acid synthesis
in kidney development and function.
Malicdan et al. [43] took another strategy to
generate an animal model, and have taken into
consideration the following points. First, completely
knocking out the gene was lethal to mice [40]
(Noguchi et al., unpublished data), strongly suggesting that the requirement for sialic acid is very high, at
least in mice, and that a simple knockin strategy may
not allow survival of mice for complete analysis

(DMRV/h-IBM is an early-adult-onset myopathy).
Second, the activity of GNE in mammalian muscles
is quite low and almost undetectable, implying the
possibility that the skeletal muscles may actually
tolerate some levels of decreased GNE activity or
sialylation. With these points in mind, they decided
to create a model whereby the endogenous murine
Gne is replaced by a mutated human GNE. The
authors then proceeded to generate a transgenic
mice that harbored the D176V mutant human
GNE cDNA (hGNED176VTg), using a promoter that
ensures high expression in all tissues. The
hGNED176VTg mice were born normally and had
a normal lifespan; all throughout their lives, these
mice did not manifest muscle or any other symptoms. The hGNED176VTg mice were later crossed
with mice that are heterozygous for Gne deﬁciency
(Gne þ /  ), resulting to Gne  /  hGNED176VTg
(DMRV/h-IBM mouse): a mouse knocked-out of
endogenous Gne but expressing mutated human
GNE. Analysis of mRNA GNE expression revealed
a high expression of the transgenic GNE in most
organs, and the absence of murine Gne expression.
The DMRV/h-IBM mice were born in almost
Mendelian proportions and appeared normal,
although they were slightly smaller than control
littermates. Analysis of overall tissue sialylation revealed that blood and several organs were hyposialylated. As the mice aged, they gradually revealed
several myopathic phenotypes seen in human
DMRV/h-IBM patients. After 20 weeks of age, the
mice started to exhibit some muscle weakness, seen
as impaired motor performance of the mouse during
treadmill examination [44]. Ex vivo analysis of isolated muscles showed physiologic muscle weakness
as revealed by reduced force generation in skeletal
muscles [44]. This reduction of the force was attributed to muscle atrophy, as twitch and tetanic
forces normalized with cross-sectional area were
maintained at normal values. Muscle atrophy was
accompanied by an increase in the number of small
angular ﬁbers in muscle histology and mild elevation of serum creatine. When the mice reached
30 weeks of age, subpar muscle performance in
treadmill exercises was more apparent as compared
with unaffected control littermates. On analysis of
muscle physiology, speciﬁc force generation in
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gastrocnemius and tibialis anterior muscles was notably reduced and was associated with intracellular
deposition of amyloid as seen in gastrocnemius
muscle cryosections and more discernible variation
in ﬁber size together with the presence of small
angular and atrophic myoﬁbers. At about 40 weeks
of age, DMRV/h-IBM mice obviously could not run
as fast as their littermates. Muscle histology
showed the characteristic rimmed vacuoles and

accumulation of autophagic vacuoles [3]
(Figure 11.2) and inclusion bodies that were immunoreactive to various neurodegenerative markers.
Measurement of the muscle force generation
showed increasing worsening of tetanic more than
isometric contractions, and increasing twitch/tetanic
ratio, which could be explained by the increasing
number of structural intramyoﬁber abnormalities
that can impair the contractile system of the muscle.

Figure 11.2 Muscle pathology of Gne  /  hGNED176VTg

by reddish granules that appear like a “rim.” This electron
micrograph (c) shows an intracytoplasmic area that is
composed of autophagic vacuolar structures that surround
some large areas of inclusions. The autophagic vacuoles are
also interspersed with various intracellular debris. Note
that in the areas of such autophagic vacuoles, z-line and
myoﬁbrillar structures are completely abolished. Scale bar
in (b) denotes 20 mm for (a) and (b).

mice. Hematoxylin and eosin (a) shows moderate to severe
variation in ﬁber size with minimal endomysial ﬁbrosis,
absence of necrotic or regenerating ﬁbers, and scattered
small angular and atrophic ﬁbers (arrowheads). Scattered
ﬁbers have rimmed vacuoles (arrows). On modiﬁed
Gomori trichrome stain, ﬁbers with rimmed vacuoles
(shown by arrows in a) are shown to be spaces surrounded
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Intriguingly, some mice died after 20 weeks of age,
invariably affecting the survival rate of the cohort,
but the reason for the demise could not be clariﬁed.
Nonetheless, the Gne  /  hGNED176VTg mouse is
the only existing pathogenic model for DMRV/hIBM at the moment. Moreover, the presence of
hyposialylation suggests some metabolic impairment that could have other implications.

Perspectives for therapy
At the time of writing, there are no therapies currently available for DMRV/h-IBM. In designing
therapeutic strategies for DMRV/h-IBM, several factors need to be considered, foremost of which are the
genetic nature of the disease and potentially correctable metabolic impairments. Other important
factors are the clinical characteristics of the myopathy, including the onset, slowly progressive course
of the disease, and main symptoms involved. General approaches to therapy, with these factors considered, may include pharmacologic therapy
(for the metabolic impairment) and gene therapy
(for the genetic impairment).

Pharmacologic treatment:
compounds for increasing cellular
sialylation
The main target for pharmacologic treatment is to
address the issue of hyposialylation, which may be a
factor that leads to the development of disease. The
main theory is that increasing the inﬂux of sialic acid
from exogenous sources could be beneﬁcial and
could provide cure. Based on this hypothesis, an
open-label, nonrandomized trial on four DMRV/hIBM patients was done using intravenous immunoglobulin G (IVIG) therapy, with the proof of concept
that IgG contains about 8 mmol of sialic acid per
gram [45]. The patients were given IVIG initially as
a loading dose (1 g/kg) on two consecutive days,
followed by three single 400 mg/kg doses every
week. Functional analysis of muscle in patients
showed minimal and transient improvement in
strength after IVIG administration (loading and follow-up doses). Analysis of glycoproteins in muscle
(NCAM and dystroglycan) and plasma (transferrin)

gave inconsistent results. Overall, evaluation of the
response to treatment was complicated as it is difﬁcult to show a drastic improvement on a severe and
progressive myopathy after a short trial period.

Natural compounds: ManNAc and
NeuAc
Another pharmacologic option is the use of metabolites involved in the sialic acid biosynthetic pathway. This is theoretically possible as the function of
other enzymes involved in sialic acid synthesis is not
affected in cells with GNE mutations, suggesting that
metabolite supplementation may be an effective
option in increasing sialic acid levels. This possibility
is further supported by studies on the recovery of
cellular sialylation after supplementation with
ManNAc or sialic acid [26, 40].
Although all metabolites found downstream of
GNE could possibly be used to increase cellular
sialylation, only ManNAc and NeuAc may be considered, as the other compounds are mainly nucleotide derivatives, which are thought to be rarely
incorporated into cells and phosphorylated compounds, and which can be dephosphorylated before
being incorporated into the cell. ManNAc is a natural
compound that is uncharged and enters the sialic
acid pathway after GNE catalysis. It is known that
DMRV/h-IBM patients can have residual ManNAc
kinase activities and this can be used by cells to
synthesize sialic acid. Furthermore, the presence of
other kinases, such as GlcNAc 6-kinase, can phosphorylate exogenously administered ManNAc and
allow its incorporation into the pathway. NeuAc, on
the other hand, is also a natural compound but is
previously thought to be poorly absorbed and incorporated into cells because of its charged (acidic)
nature; however, this theory was challenged by a
study showing that NeuAc can actually be taken up
by eukaryotic cells [46].
The ability of cells to incorporate both ManNAc
and NeuAc to possibly a comparable degree is also
suggested by culture experiments using DMRV/hIBM cells. The addition of ManNAc and NeuAc in the
medium of primary cells from DMRV/h-IBM led to
the recovery of cellular sialylation to a similar level [21]. Nonetheless, this speculation needs to be
carefully interpreted, as other factors found in the
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disease condition itself may inﬂuence the choice of
agent. In other words, it has to be considered that the
target tissue for therapy in DMRV/h-IBM – that is,
skeletal muscle – is atrophied and the presence of
probable defects in endocytosis, as attested by the
presumably arrested autophagic state, can impair
full delivery of drug into myoﬁbers. It is likewise
important to note that ManNAc and NeuAc reportedly use different routes for the entry into cells [47].
ManNAc is believed to enter the cells either by
(passive) diffusion or via a speciﬁc transporter
(Figure 11.3), although diffusion is more probable

as the cellular incorporation rate is enhanced when
the hydrophobicity of ManNAc is increased upon
modiﬁcation by O-acylation. Exogenous free sialic
acid (NeuAc) is incorporated by macropinocytosis
(Figure 11.3) and is subsequently transported from
the endosomes to the lysosomes, and ﬁnally into the
cytosol via the speciﬁc transporter, sialin.
Another issue worth considering that may inﬂuence choice of compounds for therapy is the source
of such molecules. Both ManNAc and NeuAc are
natural compounds. ManNAc is found in trace
amounts and only occurs as a free molecule, as

Figure 11.3 Incorporation of exogenous sialic acid
metabolites into the pathway for sialic acid synthesis.
Mutations in the GNE gene cause reduced GlcNAc
epimerase and ManNAc kinase enzymatic activities, which
can be rescued by supplementation with sialic acid
metabolites. ManNAc or NeuAc can be incorporated

into the cells by two distinct mechanisms. ManNAc is
thought to be absorbed by an active, transporter-mediated
mechanism. NeuAc, on the other hand, is shown to be
absorbed through macropinocytosis. GL, glycolipid; GP,
glycoprotein.
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neither glycoconjugate that includes ManNAc residues nor speciﬁc glycosyltransferase for ManNAc
residues has ever been demonstrated among vertebrates. In contrast, NeuAc is present almost always
as a glycoconjugate in glycoproteins and gangliosides, and is almost never found as a free molecule.
Notwithstanding that both compounds are natural,
large-scale production for drug synthesis by pharmaceutical companies is possible [48].

Pharmacokinetics of sialic acid and its
inﬂuence on designing therapeutic
trials
One of the potential difﬁculties that may challenge
therapeutic design is the fact that extrinsically administered sialic acid is rapidly excreted to urine.
Using radioisotope-labeled NeuAc and sialyllactose
mice and rats, 90% of orally administered NeuAc
was absorbed from the intestine at 4 h but 60–90%
was excreted in the urine within 6 h, and less than
6% NeuAc was incorporated into tissues and
metabolized into ManNAc and pyruvate [49]. Intravenously administered NeuAc led to more rapid
excretion within 10 min. Oral administration of sialyllactose led to longer retention of sialic acid in
tissues, but almost all was excreted within 24 h.
Approximately half of the total amount administered
was retained and metabolized into NeuAc, and eventually excreted. Sialyllactose injected intravenously
into rats was rapidly excreted, similar to NeuAc.
Supplementation of NeuAc both by oral and intraperitoneal routes given for 8 days resulted in the
increased incorporation of NeuAc in brain gangliosides and glycoproteins after oral dosing [50] as
compared to the intraperitoneal route. Further,
when compared to a study done in older mammals,
these experiments suggest that older animals did not
show signiﬁcant incorporation of sialic acid.
Acute dosing of unlabeled NeuAc via the intraperitoneal route also resulted in rapid excretion of
90% of the compound into the urine within
5–30 min [51]. When given intragastrically, 70% of
NeuAc was found in the urine in 30–60 min. A
similar pattern of excretion was seen after a single
dose of ManNAc was given. These results, together
with other studies, suggest that NeuAc and ManNAc
are rapidly excreted and that the intragastric route

may be more advantageous in increasing in the
blood levels of sialic acid, and imply the need for a
frequent and prolonged administration of sialic acid
compounds in order to attain a maintained increase
of sialic acid in tissues.

Unnatural compounds
The use of other compounds or modiﬁed sugars is
permitted by the sialic acid biosynthetic pathway
due to its promiscuous nature. Modiﬁed N-acylmannosamine derivatives have been shown to be
effectively metabolized into corresponding N-acylmodiﬁed neuraminic acid and incorporated into
sialylglycoconjugates [52–54]. As possible as this
may seem, it should be noted that these are actually
“unnatural” and may be associated with as-yetunknown consequences.

Increasing cellular sialylation in
DMRV/h-IBM mice
The ﬁndings in the DMRV/h-IBM mouse model,
especiallythereductioninoverallsialylationofserum
and other organs before the onset of symptoms, led to
the hypothesis that hyposialylation may be related to
the phenotype seen in DMRV/h-IBM muscles. To
prove this hypothesis, there is a need to increase the
sialylation status in DMRV/h-IBM mouse tissue and
evaluatethe responseto sucha phenomenon in terms
of muscle phenotype; in theory, maximum efﬁcacy of
treatment can only be shown by preventing the onset
of muscle weakness [51].
Initial studies involved determining the lowest
effective dose in preventing the onset of myopathy
by giving ManNAc in drinking water of the mouse
amounting to 20 mg (low dose), 200 mg (medium
dose), and 2000 mg (high dose) per kilogram of body
weight per day. Analysis revealed no clear dose–
response correlation in terms of clinical, pathological, and biochemical response to administered sialic
acid metabolites. Hence, low-dose therapy using
three agents (NeuAc, ManNAc, and sialyllactose)
was implemented in DMRV/h-IBM mice before the
onset of disease (10–20 weeks of age). The sialic acid
metabolites were dissolved into the drinking
water of mice, to try to give the drug as frequently
as possible, taking advantage of the fact that mice
drink around 11 times during waking hours.

Function and Mutations of the GNE Gene
The treatment was continued every day, with the
dose adjusted according to the weight of the mice,
until the mice reached the age (54–57 weeks of age)
when they were expected to show full-blown symptoms of myopathy, i.e., the presence of myodegenerative features as seen in muscle pathology.
During the treatment period, survival rate was
remarkably improved as compared with control treated mice with all three compounds. At the end of
treatment, the phenotypes of DMRV/h-IBM mouse
were evaluated and compared with nonaffected littermates. All compounds seemed to be tolerated by
mice in terms of kidney and renal metabolism. In all
compounds, serum creatine kinase activity, motor
performance of mice, physiological contractile properties of isolated skeletal muscles, as well as muscle
pathology were notably improved to a level almost
similar to nonaffected littermates. Intracellular protein deposits and rimmed vacuoles were rarely seen
in the skeletal muscles of treated mice. Sialic acid
levels in the blood and the tissues were elevated, and
more importantly the levels of sialic acid in the
muscle were recovered to almost normal levels after
treatment, providing evidence that prophylactic oral
administration of sialic acid to the DMRV/h-IBM
mice was remarkably effective. These results further
suggest that the three compounds are equally good
options for treatment. These data invariably support
the notion that hyposialylation is one of the key
factors in the DMRV/h-IBM pathogenesis.
Although the results from the above studies are
encouraging, it has to be reiterated that the methodology employed involved a therapy designed for
prevention, something is not applicable for most
patients, as patients at the moment are identiﬁed
only because they are symptomatic. The issues of
which compound should be preferred and the efﬁcacy of such compounds in different stages of the
disease can only be answered by further studies that
will focus on systematic treatment in various and
later ages of DMRV/h-IBM mice.

Other treatment modalities
Other modalities that can be used for therapy include gene and cell therapies. The delivery of a GNE
gene is possible because of its relatively small size.
Gene-delivery systems are now being developed and
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can be evaluated using the DMRV/h-IBM mice or
patient’s cells in the near future. The factors that will
pose some challenge would be the delivery of gene
into the mucle, in addition to the usual safety issues
in gene therapy. Jay et al. [55] attempted to deliver
wild-type GNE and mutant GNE using lipoplex delivery systems in Lec3 CHO cells devoid of epimerase
activity, and showed that epimerase and kinase
activities were recovered in these cells. One may
question, however, how an epimerase mutant can
recover its enzymatic activity [55], whereas previous studies using similar cells but different epimerase mutants failed to do so [35]; future studies would
require clariﬁcation of such issues.
One potential but clear beneﬁt of gene therapy is
that it may provide the chance to understand GNE
itself, as this protein has been implicated to have
roles outside glycobiology [15, 38, 39, 56, 57]. Indeed, the application of gene-/cell-based therapies
will not only give a deﬁnite cure, but also provide
insights necessary to elucidate the precise mechanism of how the GNE gene defect causes this devastating myopathy.
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Introduction
About three decades ago, two types of unique hereditary myopathy were described. The ﬁrst was
reported by Nonaka et al. [1] and was termed distal
myopathy with rimmed vacuoles (DMRV). That
report emphasized the new recognition (at that
time) that distal muscle weakness can be caused by
a primary myopathy and not solely by neurogenic
disorders. The second, reported by Argov and
Yarom [2], highlighted a very unusual clinical feature and accordingly was called quadriceps-sparing
myopathy (QSM). Both conditions shared similar
histological and ultrastructural features of cytoplasmic ‘rimmed’ vacuoles and inclusions composed
of clusters of tubular ﬁlaments [1, 3]. This histological picture was reminiscent of the ﬁndings in
sporadic inclusion-body myositis (although inﬂammation was absent in the hereditary conditions).
Thus, the term hereditary inclusion-body myopathy
(h-IBM) was given to the QSM [4, 5].

It was initially not clear that the two conditions
were similar, despite the common histopathological
features; however, in the past 15 years accumulating
scientiﬁc data have indicated that this may be the
case. In 1996 Mitrani-Rosenbaum et al. [6] linked
h-IBM to chromosome 9p1–q1 and DMRV was
found to be linked to the same region in 1997 [7].
The identiﬁcation of defects in the gene encoding
UDP-N-acetylglucosamine-2 epimerase/N-acetylmannosamime kinase (GNE) in h-IBM [8], followed
by the identiﬁcation of different mutations in this
gene in DMRV [9], has set the ﬁnal basis for uniﬁcation of these two conditions.
We now recognize that h-IBM (IBM2 in the
McKusick classiﬁcation) and DMRV are the same
disorder and use the term GNE myopathy throughout this collaborative chapter. First of its kind, it
compiles the clinical features of both h-IBM and
DMRV to present the full spectrum of the GNE
myopathy. In addition we summarize the epidemiology of this worldwide GNE-related recessive
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disorder and indicate where initial therapeutic ideas
could be implemented in this condition.

Diagnostic criteria
Table 12.1 lists the current suggestions for diagnostic
features of GNE myopathy. Histology is not mandatory for diagnosis, since with typical clinical pattern
molecular diagnosis sufﬁces and biopsy can be
avoided. Some patients may, however, present with
phenotypic variations (as will be discussed below) or
as ’isolates’ (a single patient in an unrecognized
ethnic background) that require diagnostic biopsy
before embarking on genetic identiﬁcation. We
suggest not including the electron-microscopic
ﬁnding of inclusions or the immunohistochemical
demonstration of various upregulated proteins as
a diagnostic criterion since these techniques are
available only in selected (usually researchoriented) places. We also group the criteria into
deﬁnite, most probable, and possible categories to
enable better epidemiological assessment of the
prevalence of this condition.

Clinical phenotypic features
The age of onset is typically in early adulthood. In
the Middle Eastern Jewish population (based on
data from about 140 patients, all homozygous for
the kinase mutation M712T and all examined personally by ZA) the age of ﬁrst symptom was estimated to be 30  6 years (mean  SD). It should be
Table 12.1 Diagnostic criteria for DMRV/h-IBM.
1
2

Adult-onset distal myopathy beginning in the legs
Typical weakness distribution with quadriceps being
spared
3 Mild creatine kinase elevation and nonspeciﬁc
(“mixed”) EMG
4 Rimmed vacuolar myopathy
5 Identiﬁcation of mutations in GNE
Deﬁnite: 1 + 5
Most probable: 1 + 2 + 4
Probable: 1 + 2 + 3

recognized that this estimate is based in many cases
on patients’ recall and thus could be subject to bias.
In the Middle Eastern population the earliest recorded onset is 17 years and the latest is around
48 years [2, 10, 11]. Mean onset in Japanese patients
is earlier, at 26  8 years, and this is the case for a
recently reported series of patients from India, with a
calculated mean age of onset of 26 years [12]. It
should be noted that the mutational status of the
patients in this series is not yet fully established.
It is important to note that there are three identiﬁed elderly persons that are homozygous for the
GNE ”classical” mutation who are clinically unaffected. One is a 75-year-old Persian Jewish female,
belonging to a family with several affected members
who are homozygous for the M712T mutation. She
is clinically unaffected despite having the same genotype. Another subject is in his mid-ﬁfties, also
homozygous for M712T, who was reported to us by
his affected sibs as being completely normal (he was
not examined). The third is a Japanese patient who
harbors the D176V mutation and is unaffected at
the end of the seventh decade of life. It is unclear if
these subjects will ever develop disease signs and
what has protected them for so long a period.
Weakness at onset is typically in the anterior
compartment of the leg (mainly tibialis anterior)
leading to bilateral foot-drop. This mode of onset
led to the early deﬁnition of this condition as a distal
myopathy. Since this pattern of onset is similar to
that of the hereditary neuropathies grouped under
the term Charcot-Marie-Tooth (CMT) disease, several of our patients were initially diagnosed as such
before the correct diagnosis was made. The posterior
calf muscles become involved later and sometimes
are spared until the more advanced stages of the
disease. Very rarely one may encounter patients in
whom the onset of weakness is in the proximal
musculature of the leg without distal weakness [13],
which appeared about 7 years later. Similarly, in
Japanese patients, tibialis anterior muscles are also
preferentially involved. The initial symptoms include gait disturbance and difﬁculty in climbing
stairs and running, in addition to foot-drop. The
gastrocnemius, hamstrings, and paraspinal and sternocleidomastoid muscles are also involved from an
early stage when examined by muscle imaging.

GNE myopathy: Clinical Features and Epidemiology
Usually, the iliopsoas is the ﬁrst and most affected
of the hip muscles with a lesser degree of weakness
in the glutei, hamstrings, and adductors as the disorder evolves in the lower limbs. The quadriceps
muscle remains strong (normal power or minimal
reduction) despite the continuous weakening of all
other proximal lower limb muscles and this feature
is usually preserved through the course of the disease in most patients, even in wheelchair-bound or
bedridden patients. This unique pattern of QSM is
observed in the vast majority of patients with GNE
mutations reported worldwide and facilitates the
clinical recognition of this condition. However, in
a minority of patients (less than 5% in the Middle
Eastern cluster) the quadriceps may also become
very weak even in the earlier phase of the disease [11, 14]. In other communities the quadriceps
was sometimes reported to be “partially” spared.
The reason why the quadriceps is unaffected
(both clinically and histologically) is unclear. Biochemical evaluation of the quadriceps in few patients did not show any difference between this and
the other muscles [15], so the protective mechanism
(clearly important for potential therapy approaches
and understanding the disease pathophysiology)
currently remains unknown.
The disease progresses slowly to affect the upper
limbs, mainly the scapular musculature. This has led
in the past to a false classiﬁcation of such patients as
having scapuloperoneal syndrome (thought to be a
neurogenic disease) [2]. Weakening of the distal
muscles of the arm and the hand occurs usually at
later stages, affecting also the long ﬁnger ﬂexors
which are typically affected in the sporadic IBM.
Neck ﬂexors (but not the extensors) may become
affected too. Mild facial weakness was reported in two
families [16], but the vast majority of patients have
no facial involvement and ocular musculature was
never found to be affected. Respiration seems to be
well preserved until the very ﬁnal stages of the disease.
Ankle tendon reﬂexes maybe lost and sensory
subjective complaints are sometimes reported at the
early stages of the disease, but there are no objective
signs of neuropathy. Tendon reﬂexes may be gradually lost as the disease progress. The brain and other
organs are not involved in GNE-opathy. However, in
the Japanese community there have been anecdotal
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reports describing patients with some cardiac symptoms, ranging from seemingly benign to even lethal
arrhythmia. In one patient with the homozygous
V572L mutation, cardiac arrhythmia was fatal. Autopsy revealed that there were prominent vacuoles
in cardiac ﬁbers (although there was no histological
conformation whether these were indeed similar to
the rimmed vacuoles found in the skeletal muscles).
The patient’s brother, who had the same GNE mutation and presented with distal muscle weakness,
also subsequently died suddenly due to cardiac
arrhythmia. Another DMRV patient also showed
severe cardiac involvement; cardiac biopsy was done
because atrioventricular block revealed adipose tissue inﬁltration in the cardiac muscles.
Recently, a mouse model with a knock in M712T
mutation resulted in early fatal kidney disease [17]
so it should be noted that human patients do not
have renal involvement.
Progression rate is variable and many patients of
the Middle Eastern Jewish cluster remain ambulatory, even 15–20 years (or more) after disease onset.
Complete loss of ambulation occurs early in those
patients with marked quadriceps involvement, even
after a few years. Loss of ambulation seems to occur
earlier in other populations: the average time to the
wheelchair-bound state was estimated recently to be
3–9 years in the Indian series [12]. In Japan, however, there seems to be a wider variation, as patients
lose their ability to walk independently in the age
range of 26–57 years (average of 12 years after
disease onset) [1]. Some of Middle Eastern patients
reached the eighth decade and several are alive at
the seventh decade of life, suggesting the overall
longevity is not markedly affected.

Clinical laboratory tests
Routine laboratory tests toward muscle disease are
nonspeciﬁc. Serum creatine kinase (CK) activity is
usually mildly elevated, up to ﬁve times the upper
maximal normal value, but normal levels may be
observed at onset. Rarely levels as high as 1500 IU/L
have been recorded and higher levels should alert
the physician to an additional cause or mistaken
diagnosis.
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Conventional concentric needle electromyography (EMG) may be misleading. Spontaneous activity
in the early-affected tibialis anterior (mainly ﬁbrillation potentials) may be found, raising the possibility of a neurogenic condition or an inﬂammatory
myopathy. Such spontaneous activity is not present
in other muscles [2]. The motor units are small and
polyphasic in most muscles, but reduced recruitment with prolonged, large, and even polyphasic
units were also recorded in some affected muscles,
again suggesting some neurogenic involvement.
However, when quantitative EMG was applied to
several Persian Jewish patients the myopathic nature of this condition became apparent [10]. Nerve
conductions are normal even in those patients with
sensory complaints and reduced tendon reﬂexes.
In muscle histology, myopathic changes with
variation in size in both type 1 and 2 ﬁbers are seen.
Rimmed vacuoles are present mostly in ﬁbers which
are atrophic, and, on occasions, these ﬁbers with
rimmed vacuoles appear to form small groups.
Rimmed vacuoles are thought to be clusters of autophagic vacuoles, as these are viewed on electron
microscopy to be areas of double-membraned vacuoles, in addition to myeloid whorls and cellular
debris. On light microscopy these rimmed vacuoles
are positively stained with acid phosphatase ﬁbers,
indicating that acidic organelles are present, and
autophagic markers like LC3-II may be demonstrated. Other ﬁndings on muscle biopsy, including necrotic and regenerating ﬁbers, and inﬂammatory
inﬁltrates, can rarely be seen.

Differential diagnosis
In institutions where staff are not familiar with GNE
myopathy the correct diagnosis may sometimes be
delayed. When faced with clinical and histological
data the differential diagnosis may be one of the
following.
1 Sporadic inclusion-body myositis: the main
distinctive points of this condition from the GNE
myopathy are the later onset and the presence of
diffuse inﬂammatory inﬁltrates in the muscle sample. Also, in the sporadic condition the quadriceps is
usually the ﬁrst muscle to be involved.

2 Other distal myopathies with rimmed vacuoles [18]: these other conditions are at times very
hard to distinguish from DMRV/h-IBM especially in
the early phase, where quadriceps sparing is not
apparent. Molecular analysis maybe mandatory for
correct diagnosis.
3 CMT and other peroneal muscular atrophies: the
early weakness of the peroneal muscles in DMRV/hIBM mimics these neurogenic conditions. The
peripheral neuropathic forms of CMT are easily
distinguishable by clinical examination (showing
sensory impairment) and nerve-conduction studies.
More difﬁcult differential diagnosis is distal spinal
muscular atrophy (SMA). EMG may show a nondistinctive mixed pattern and serum CK is either not
elevated or only modestly raised in both conditions.
Biopsy showing grouping and other neurogenic
features without vacuoles may make the SMA diagnosis more plausible.
4 Scapuloperoneal syndromes: patients at a more
advanced stage, with upper-limb and scapular
involvement, may look similar to those with a
scapuloperoneal syndrome [2]. Even before GNE
sequencing one may recognize the typical
distribution of weakness which is different in these
conditions.
5 Limb girdle muscular dystrophy (LGMD): some
DMRV/h-IBM patients with proximal weakness beginning in the legs may be clinically indistinguishable from adult-onset LGMD. The distal onset and
lack of quadriceps sparing make the diagnosis easier
as this is not the case in most LGMD syndromes. Very
high serum CK levels and a biopsy with necrotizing
myopathy usually lead to the correct diagnosis. One
should remember that in LGMD type 2G rimmed
vacuoles may be abundant.

Epidemiology
This is a worldwide disorder and patients were diagnosed in many countries, including Europe, North
and Middle America, and Africa (see below). Interestingly, the identiﬁcation of patients with GNE
myopathy comes mainly from two sources: a Middle
Eastern cluster with a single founder mutation and a
”concentration” of cases in Japan which is composed
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Figure 12.1 World distribution of mutation clusters.
The largest mutations clusters are p.M712T and p.V572L.
The former is found in Jewish patients mainly in Israel
and the USA. The latter is found in East Asia including

Japan. However, there are also other mutation clusters.
Note that p.A631V in the USA was actually found in
Vietnamese patients. The same mutation is found in
Southeast Asian patients.

of numerous mutations with two founder mutations
and several single-occurrence mutations (Figure 12.1).
The Middle Eastern cluster was ﬁrst recognized in
Persian Jews, mostly originating from present-day
Iran [2]. The vast majority of these Jews left Iran
around 1948 (immigrating to Israel). A second wave
of immigration occurred after 1978 and many of
them arrived to the USA, creating two strong communities: in Los Angeles, California, and in Long
Island, New York. Also, Jews from Iran’s neighboring countries (Afghanistan, Iraq, and Uzbekistan),
with a very similar ethnic and cultural background
to Persian Jews, were found to carry the disorder [13]. A more surprising observation was the
identiﬁcation of three families from the Karaite sect
(a group of Jews that separated from mainstream

Judaism in the Middle Ages on religious grounds)
who immigrated to Israel from Egypt. Even more
intriguing was the ﬁnding of three Muslim Arab
families with the same disorder. The six Muslim
patients are of Bedouin origin (two families) and
twin brothers of Palestinian origin (the Palestinians
are thought to be of different historical and ethnic
background from the nomad Bedouins). All these
families were found not only to have the same
homozygous GNE mutation (M712T), but were homozygous carriers of a similar haplotype (about
700 kb) around the GNE gene. One of the families
described from Tunisia [19] is also Muslim Arab,
carrying the homozygous M712T mutation, but
there are no haplotype data for these patients. This
is the basis of our deﬁnition of the Middle Eastern
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cluster of h-IBM. Preliminary unpublished results
indicate that the age of this mutation is about 2500
years. In Israel, 119 patients from 62 families were
diagnosed by molecular tests to have a M712T homozygous mutation and there are other patients who
have refused molecular testing but who have been
diagnosed clinically over the past 25 years (Argov et
al., unpublished work). There is no central registry of
Persian Jewish patients residing in the USA (or elsewhere), but 23 patients from 10 families were tested
in Jerusalem and found also to have the Middle
Eastern mutation. We estimated (conservatively)
that there are another 50–70 patients in this community dispersed across several countries around the
world (especially in the USA), some of whom were
diagnosed using molecular testing in other laboratories. The calculated mutation carrier frequency in
this community was 6.8% [8], compatible with our
estimation of prevalence of 1 in 1500 adults who
have both of their parents of Persian Jewish origin.
In Japan, two founder mutations have been identiﬁed: V572L and D176V. To date, V572L accounts
for 54% of mutated alleles identiﬁed, while D176V
accounts for 22%. The exact prevalence of DMRV to
date, nonetheless, has not been calculated, but in the
NCNP Institute (Tokyo, Japan) the number of cases
from 1978 to 2009 was about 108 (Momma et al.,
unpublished results). As NCNP serves as the main
referral center for the diagnosis of muscle diseases in
Japan, the most practical method for estimating the
present prevalence of DMRV is by a calculation
based on the prevalence of Duchenne muscular
dystrophy (DMD). The prevalence of DMD is approximated to be 1.9–3.4 per 100 000 population,
and is believed to be similar from country to country.
From 1979 to 2006 NCNP had a total of 536 DMD
cases, bringing the total number of cases in Japan to
about 1500–4000. At this same period about 50 cases
of DMRV were diagnosed. Thus, the number of GNE
myopathy cases in Japan should be about 150–400
cases, with a prevalence of 1.71–3.05 per 1 000 000
Japanese population.
Several reports have surfaced describing the
mutation spectrum of GNE myopathy elsewhere in
Asia. In Korea, it has been found that the most
common mutation is V572L, which is seen in 11
out of 16 cases, and further implicating a common

founder mutation with Japan [20]. In Thailand
there was a report of four cases, three of which have
a common mutation, V696M [21]. In Taiwan, two
patients from the same family were conﬁrmed to
have GNE mutations [22]. A series of patients from
a single region of India was also recently presented [12]. Because of increased awareness of this
disease, we expect further reports of mutational
analysis in other Asian countries, particularly China.
There are numerous GNE myopathy patients
identiﬁed from other European and North American
countries, and not all have been reported in the
literature. All the published Italian, Spanish, Greek,
German, Irish, Mexican, white, and African American patients from the USA, and North African
patients, have conﬁrmed GNE mutations [8, 19,
21, 23–31]. There are a few more families who have
been tested in our laboratories but whose data
remains unpublished.

Therapy
There are two general approaches to potential therapy for GNE-associated myopathy: metabolic and
genetic.
Since the myopathy is associated with defects in
the GNE enzymatic activity, affecting the sialic acid
synthetic pathway, the assumption is that reduced
sialylation is a major part of the pathogenesis of this
condition. Thus, attempts were made to increase
the levels of sialic acid in humans by infusing
intravenous immunoglobulin (IVIG; which contains high sialic acid levels) to very few patients.
This short-term open trial showed mainly a subjective improvement [32].
A more obvious approach is to supplement the
deﬁcient sialic acid pathway with one of its intermediates. The use of N-acetylmannosamine (ManNAc) is based on the recent ﬁndings in the transgenic
Gne / hGNED176VTg mouse model, in which
feeding with ManNAc led to improved muscle function as well as biochemical measurements [33].
Also, feeding ManNAc to pregnant mice with a
knockin M712T mutation led to improved outcome
in the newborn pups [17]. The dose and mode of oral
administration of this sugar compound in humans
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is still undetermined. A planned ManNAc trial at the
US National Institutes of Health awaits toxicology
studies before approval. However, we are aware of
several patients taking high doses of ManNAc (produced by a nonpharmaceutical company) unsupervised for a few months. In the transgenic animal
model other compounds were tried with a similar
positive therapeutic effects [33] and thus any compound (preferably natural) with high sialic acid
content could be considered as a potential therapeutic agent. This is discussed in detail elsewhere in this
book (see Chapter 11).
A more complicated therapeutic intervention in
GNE-opathy is gene therapy. The whole ﬁeld of
genetic therapy in myology is evolving but in this
disorder there is one advantage and this is the
relatively small size of the GNE gene, which can
ﬁt several vectors. One approach is to deliver the
normal gene via a special delivery system (lipoplex). A compassionate trial in one patient
with GNE-associated myopathy is currently taking
place [34].

Genetic counseling
Counseling in GNE-opathies is similar to that for any
other recessively inherited disorder. The counselor
should be aware of the variable severity of this
myopathy while trying to predict the outcome for
a homozygous or compound heterozygous person.
Even in the same family we observed different
severities of the myopathy. The three known elderly
subjects with conﬁrmed homozygous GNE mutations but with a normal phenotype (see above) make
genetic counseling even more complicated.
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CHAPTER 13

Consequences of the hereditary
inclusion-body myopathy-characteristic
GNE mutations on muscle proteins in vivo
and in vitro
Aldobrando Broccolini and Massimiliano Mirabella
Department of Neuroscience, Catholic University School of Medicine, Rome, Italy

Introduction
Autosomal recessive hereditary inclusion-body myopathy (GNE myopathy, h-IBM; MIM 600737) is
due to mutations of the UDP-N-acetylglucosamine2 epimerase/N-acetylmannosamine kinase (GNE)
gene [1]. GNE codes for a bifunctional enzyme, the
UDP-N-acetylglucosamine-2 epimerase/N-acetylmannosamine kinase (GNE/MNK), with independent epimerase and kinase activities, that is expressed in different tissues and has a critical role in
the biosynthesis of sialic acid. Sialic acid is normally
present on the distal ends of N- and O-glycans and is
involved in many biological functions including
cellular adhesion, stabilization of glycoprotein structure, and signal transduction [2, 3]. Although mutations of the GNE gene responsible for h-IBM result in
the reduction of both epimerase and kinase activities [4], the cellular pathogenic cascade responsible
for the progressive degeneration of muscle ﬁbers has
not been fully elucidated. Moreover, the selective
involvement of skeletal muscle is particularly perplexing in consideration of the fact that this tissue
expresses relatively low levels of the enzyme in
comparison to other tissues, like liver, lung, and
kidney [5], that remain unaffected. This suggests

the existence of putative susceptibility factors of
skeletal muscle to a generalized metabolic
impairment.
An object of controversy is whether GNE mutations lead to reduced sialylation of muscle glycoproteins and this has a pivotal role in h-IBM pathogenesis. Although numerous lines of evidence corroborate this hypothesis, other investigators believe
that hyposialylation of muscle glycoproteins represents only a minor by-product of a metabolic impairment that may instead crucially affect other
subcellular compartments. Below are summarized
the main experimental data available that support
each hypothesis.

GNE mutations result in impaired
sialylation of muscle
glycoproteins in vivo and in vitro
It has been shown that two independent lines of
Lec3 Chinese hamster ovary cell glycosylation mutants carrying homozygous mutations of the Gne
gene have a reduced level of cellular sialic acid. This
is reﬂected by a reduced amount of polysialic acid
(PSA) on the neural cell adhesion molecule
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(NCAM) [6], a sensitive indicator of any perturbation occurring in the sialic acid metabolic pathway [7, 8]. Coincident throughout this experimental indication is the fact that a transgenic mouse
model expressing the human GNE gene with the p.
D176V mutation on a Gne-knockout background is
characterized by a reduced level of sialic acid in
serum and other tissues and develops a myopathy
that resembles h-IBM [9]. Moreover, in this animal
model the prophylactic supplementation of sialic
acid metabolites prevents the development of the
myopathic phenotype [10], thus strengthening the
hypothesis that a reduced amount of cellular sialic
acid underlies disease pathogenesis. However, to
date few clues are available regarding speciﬁc proteins or cellular processes whose function becomes
impaired following this metabolic defect. Muscle
sialoglycoproteins presumed to have a role in hIBM pathogenesis will be discussed below.

a-Dystroglycan
The identiﬁcation of a gene defect resulting in impaired production of sialic acid within the cell has
initially placed h-IBM in the group of myopathies
arising from disturbed glycosylation of muscle glycoproteins such as Fukuyama congenital muscular
dystrophy (FCMD) and muscle-eye-brain disease
(MEB). These disorders are caused by mutations of
speciﬁc glycosyltransferases that result in abnormal
glycosylation of a-dystroglycan (a-DG) [11]. a-DG
is a member of the dystrophin–glycoprotein complex that undergoes post-translational N-linked
and O-linked glycosylation and provides a connection between proteins of the extracellular matrix
(i.e., laminin, perlecan, neurexin, and agrin) and
the cellular cytoskeleton. In particular, sialylated Olinked glycans appear to have a critical role in ligand
binding [12]. In FCMD and MEB an abnormally
glycosylated a-DG shows a reduced laminin-binding
capability and this is likely responsible for the muscle
and brain pathology observed in these disorders [11].
Despite an early report showing a reduced glycosylation of a-DG in h-IBM muscle [13], later studies
have shown that a-DG is only and inconstantly
hyposialylated and, more importantly, its capacity
for binding laminin is never hampered [14]. Provided
that this functional aspect is crucial in maintaining

cellular homeostasis, we believe that a-DG does not
have a relevant role in the pathogenic cascade activated in h-IBM muscle.

NCAM
NCAM is a member of the immunoglobulin superfamily of adhesion molecules and physiologically
binds long linear homopolymers of a-2,8-sialic acid
residues thus forming PSA-NCAM. In skeletal muscle PSA-NCAM plays a role during muscle-ﬁber
development and regeneration whereas in mature
muscle ﬁbers its expression is restricted to the neuromuscular junction (NMJ) [15, 16]. As stated
above, NCAM is a sensitive indicator of the level
of sialic acid within the cell [7, 8]. Accordingly, in
h-IBM muscle we have found that NCAM is consistently hyposialylated and this results in increased
electrophoretic mobility of the protein by SDS/
PAGE. Indeed, by Western-blot analysis NCAM appears as a sharp band of approximately 130 kDa
rather than a broader band with a molecular weight
ranging between 150 and 200 kDa as observed in all
other myopathies [17]. This abnormality has been
conﬁrmed also by other investigators and used to
monitor the efﬁcacy of therapeutic attempts aimed
to restore the normal level of sialic acid within the
muscle of h-IBM patients [18]. The possible pathogenic role of hyposialylated NCAM in h-IBM muscle
ﬁbers is not known. PSA-NCAM has a role in NMJ
physiology, as mice lacking NCAM show structural
and functional abnormalities of the NMJ [16].
In vitro, cultured h-IBM myotubes cannot be properly innervated by neurites of rat spinal cord explants thus suggesting a mechanism of “myogenous
dysreception to innervation” [19]. It can be speculated that in h-IBM muscle ﬁbers the underlying
metabolic defect results in abnormal sialylation of
NCAM and therefore in impairment of NMJ, as these
ﬁbers are initially properly innervated but later
probably lose their contact with the nerve terminal.
However, our more recent immunochemical studies
(see Plate 13.10; Broccolini and Mirabella, personal
observation 2009), using both anti-NCAM and
anti-PSA-NCAM antibodies, have shown that in
h-IBM muscle the NCAM protein present along the
NMJ is normally sialylated (Plate 13.10a,b), whereas
the protein expressed by nonregenerating abnormal
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ﬁbers (which probably represents the majority
of NCAM expressed by h-IBM muscle) is not
(Plate 13.10c). Likewise, the NCAM that is expressed
by the rare regenerating muscle ﬁbers of h-IBM
muscle appears to be normally sialylated (Plate
13.10d). The mechanism underlying such difference
in sialylation of NCAM within h-IBM muscle needs
further explanation. The presence of PSA-NCAM in
regenerating h-IBM muscle ﬁbers is in keeping with
the fact that primary cultured h-IBM myotubes
show NCAM with an apparently normal molecular
weight by Western blot and are immunolabeled by
both anti-NCAM and anti-PSA-NCAM antibodies
(Plate 13.10e,f). This is in agreement with a previous
report showing no signiﬁcant difference in sialic acid
content between h-IBM and normal control muscle
cells in culture [20].
The signiﬁcance of this evidence is 2-fold. First,
h-IBM muscle is still able to produce some amount
of sialic acid but mainly during its developmental/
regenerative stage and, to a lesser extent, in the
mature muscle ﬁber as reﬂected by the PSA-NCAM
that is present postsynaptically at the NMJ. A plausible explanation for such a difference between
h-IBM adult muscle and cultured myotubes is that
the latter express a higher level of GNE mRNA, and
possibly of the corresponding protein, that can
compensate for the functional impairment of the
gene (Broccolini and Mirabella, personal observation 2009). Moreover, it has been shown that GNEdefective B-lymphoma cell lines are still capable of
synthesizing sialic acid through N-acetylglucosamine kinase (NAGK), which acts as a rescue enzyme phosphorylating N-acetylmannosamine in
place of N-acetylmannosamine kinase [21]. Similarly to GNE mRNA, NAGK mRNA expression is
higher in aneurally cultured myotubes than in the
mature skeletal muscle (Broccolini and Mirabella,
personal observation 2009). Therefore the possibility exists that increased NAGK can efﬁciently compensate for deﬁcient GNE in h-IBM myotubes, thus
warranting a normal level of sialic acid. Of course
we cannot rule out the possibility that, within
h-IBM myotubes and regenerating muscle ﬁbers,
sialic acid is synthesized by other as-yet-unknown
metabolic pathway(s) speciﬁcally activated in the
immature ﬁber and then progressively shut down
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as muscle differentiation progresses. If hyposialylation of glycoproteins indeed plays a role in h-IBM
pathophysiology, then to better understand and
possibly modulate the molecular mechanism(s) underlying the biosynthesis of sialic acid in cultured
myotubes and regenerating muscle ﬁbers would
potentially offer a therapeutic avenue for this
disorder.
Second, it is advisable to exercise great prudence
when analyzing data obtained from h-IBM aneurally cultured muscle cells as possible consequences
arising from GNE mutations in such an experimental
setting do not automatically recapitulate the pathologic changes taking place in the mature h-IBM
muscle.
Finally, despite the lack of a conclusive evidence
of hyposialylated NCAM playing a role in h-IBM
muscle degeneration, such an abnormal level of
sialylation of NCAM, as evidenced by Western-blot
analysis, can be used as a pre-genetic cellular marker
to identify patients with a GNE myopathy in the
routine diagnostic workup of muscle biopsy in the
laboratory. This can be helpful especially
when encountering h-IBM patients with uncommon clinical or pathologic features. Indeed, it has
been recently shown that, out of a cohort of
84 patients with an uncharacterized muscle disorder, in three patients the NCAM protein showed
increased electrophoretic mobility on Western blot,
suggesting its abnormal sialylation. The subsequent
genetic study demonstrated that they all carried
pathogenic mutations of the GNE gene [22].

Neprilysin
h-IBM muscle shares many similarities with that of
sporadic inclusion-body myositis (s-IBM), including
the abnormal accumulation of amyloid b (Ab). Accumulated Ab possibly participates in the pathologic
cascade that leads to muscle degeneration, as has
been previously demonstrated for s-IBM [23]. However, the functional relationship between GNE defects, sialic acid metabolism, and the accumulation
of Ab in h-IBM muscle is still elusive. Very recently,
attention has been given to neprilysin, a zinc metallopeptidase known to cleave Ab at multiple
sites [24], that plays a role in the pathogenesis of
Alzheimer disease through the regulation of Ab
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levels in the brain [25–27]. Neprilysin contains a
large amount of sialic acid and changes in the sugar
moieties of the protein can affect its stability and
enzymatic activity [28, 29]. Interestingly, we have
shown that neprilysin is hyposialylated in h-IBM
muscle and this is associated with a signiﬁcant reduction in its expression and enzymatic activity. The
link between abnormal sialylation and functional
impairment of neprilysin is provided by the evidence
that, in vitro, the enzymatic removal of sialic acid
from glycoproteins of cultured human normal myotubes results in reduced neprilysin activity. This is
likely caused by a reduced expression of the protein,
secondary to its reduced stability, rather than an
impairment of the catalytic properties. Moreover,
provided that the experimental desialylation of
muscle glycoproteins results in impairment of neprilysin, we have found that this is associated with
the appearance of Ab cytoplasmic inclusions within
cultured normal myotubes [30]. We do not know
whether this functional defect of neprilysin is in
itself sufﬁcient to trigger Ab accumulation. In fact,
h-IBM muscle is also characterized by increased
expression of the Ab precursor protein [31, 32],
conceivably promoted by abnormal cellular mechanisms connected with mutations of the GNE
gene. However, in the complex and still undisclosed
abnormal milieu of h-IBM muscle, it is possible that
hyposialylated and dysfunctional neprilysin has a
role in hampering the cellular Ab-clearing system,
thus contributing to its accumulation within vulnerable ﬁbers. How hyposialylation of neprilysin
affects its stability is not known, although interference with the correct processing of the protein in the
endoplasmic reticulum (ER), leading to a more rapid
degradation, can be hypothesized. In general terms,
the possibility exists that, in h-IBM, hyposialylation
of glycoproteins may perturb their proper folding
and trafﬁcking through the ER and Golgi network
and the translocation to the plasma membrane.
This would activate a mechanism of ER stress that
is intended to manage the accumulation of abnormal proteins [33, 34]. Once ER stress conditions
are established, the misfolded and unfolded proteinstrapped in the ER are retrotranslocated to the
cytoplasm and degraded by either the ubiquitinproteasome system or the autophagic process [33].

Nevertheless further studies are necessary to verify
this hypothesis.

Other possible consequences of
h-IBM-associated GNE mutations
on muscle function outside of the
sialic acid biosinthetic pathway
An alternative hypothesis is that GNE mutations
may signiﬁcantly affect other cellular mechanisms
independent from the synthesis of sialic acid. This
has arisen from the recent identiﬁcation of proteins
that physically interact with GNE/MNK or whose
expression is modulated by GNE/MNK.

Collapsin response mediator
protein 1, promyelocytic leukemia
zinc-ﬁnger protein, and a-actinin 1:
new molecular partners of GNE/MNK
In vitro studies have shown that GNE/MNK is able to
interact with factors such as the collapsin response
mediator protein 1 and the promyelocytic leukemia
zinc-ﬁnger protein [35], but none of these molecular
partners has been proven so far to be involved in the
pathogenic cascade of h-IBM muscle. More recently,
GNE/MNK has been demonstrated to physically
interact also with a-actinin 1, and these two proteins
partially colocalize in the sarcomere of mature
muscle ﬁbers. However, in vitro, no gross difference
has been observed between the interaction of aactinin 1 with wild-type GNE/MNK and mutated
GNE/MNK [36]. Although this line of evidence
provides novel interesting clues on additional roles
of GNE/MNK outside of the sialic acid biosynthetic
pathway, it remains to be determined how even a
minor impairment of the interaction between a-actinin 1 and GNE/MNK, as hypothesized in h-IBM,
may impact the viability of muscle ﬁbers.

Possible role of mutated GNE/MNK
in activating the apoptotic cascade
In h-IBM the terminating cellular process, either
necrotic or apoptotic, that is primarily responsible
for the progressive reduction of muscle bulk, has not
been unequivocally elucidated. Indeed, h-IBM muscle ﬁber necrosis is an infrequent feature found in
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association with endomysial inﬂammation [37], and
cellular abnormalities ascribable to the activation of
the apoptotic cascade have been described in only an
isolated report [38]. Nonetheless, recent studies
have pointed out a new and unpredicted role of
mutated GNE/MNK in the activation of the apoptotic cascade, mainly based on data arising from in vitro
analysis. Accordingly, it has been shown that after
exposure to staurosporine cultured primary h-IBM
muscle cells have increased expression of the active
forms of caspase 3 and 9 and diminished phosphorylated Akt [39]. This suggests impairment of the
apoptotic cascade and possibly of the insulin-like
growth factor-I/Akt signaling pathway.
Mitochondria are considered central players in the
apoptotic cascade [40]. Although no major mitochondrial abnormalities have beenever described inh-IBM
muscle, a recent study has shown dysregulation of
genes involved in various mitochondrial processes,
including modulation of apoptosis. In addition, primary h-IBM myoblasts display slightly abnormal mitochondria that appear more branched than in control
cells [41]. These mitochondrial abnormalities are different from those observed in s-IBM muscle where
cytochrome c oxidase-deﬁcient muscle ﬁbers and
large-scale mitochondrial DNA deletions are encountered, possibly secondary to Ab overexpression and
increased oxidative stress in the cellular milieu of aged
muscle [42–44]. On the contrary, in h-IBM it is not
exactly known how mutated GNE/MNK can inﬂuence mitochondrial function. A report by Wang and
coworkers has convincingly demonstrated that GNE/
MNK regulates the expression of the ST3Gal5 and
ST8Sia1 sialyltransferases that control the cellular
levels of the GM3 and GD3 gangliosides, respectively
[45]. Interestingly, GM3 and GD3 gangliosides regulate the mRNA level of BiP, a master regulator protein
involved in ER stress that has also a role in diverse
cellular processes such as proliferation, senescence
and apoptosis [46–48]. GD3 elicits production of reactive oxygen species from complex III of the mitochondrial electron transport chain that leads to the
opening of the mitochondrial permeability transition
pore and the activation of cytochrome c-dependent
caspase 3 [49]. Nevertheless, the molecular mechanisms through which GNE/MNK inﬂuences the level of
expression of GM3 and GD3 gangliosides are not
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understood and, more importantly, no studies
have been conducted on how this functional relationship becomes modiﬁed by mutations of the
GNE gene.
If future studies prove that GNE/MNK has a role in
cellular pathways other than that of sialic acid and
possibly more relevant for maintaining skeletal muscle homeostasis, then this will also provide valuable
clues to understanding the speciﬁc susceptibility of
muscle to a generalized metabolic impairment that is
peculiar to h-IBM.
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Function and structure of
VCP mutations leading to
inclusion-body myopathy associated
with Paget disease of bone
and frontotemporal dementia
Cezary Wojcik
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Education Evansville, IN, USA

Introduction
Autosomal dominant inclusion-body myopathy associated with Paget disease of bone and frontotemporal dementia (IBMPFD) is a multisystem disorder
caused by missense mutations of the valosincontaining protein (VCP/p97) gene on chromosome
9p13.3 (OMIM 167320) [1, 2]. IBMPFD is characterized by a triad of: (a) inclusion-body myopathy
(IBM), which clinically presents as a progressive
proximal myopathy; (b) Paget disease of bone;
and (c) premature frontotemporal dementia (FTD)
with neuronal nuclear inclusions containing ubiquitin, VCP, and TAR DNA-binding protein 43 (TDP43) [3–6]. However, only a minority of patients
(12%) show the complete triad of symptoms [1, 6],
whereas some patients manifest additional symptoms such as dilated cardiomyopathy with heart
failure [7, 8], hepatic ﬁbrosis, or cataracts [9].

Endoplasmic reticulum,
endoplasmic reticulumassociated degradation, and the
unfolded protein response
VCP was originally puriﬁed as a major ATPase associated with endoplasmic reticulum (ER)-derived
microsomes, but is also ubiquitous in the cytoplasm
and the nucleus [10–12]. The ER comprises about
half of the total membrane area and one-third of the
newly translated proteins in a typical eukaryotic
cell [13, 14]. Professional secretory cells synthesize
13 million secretory proteins per minute in a
crowded environment where ER protein concentrations reach 100 mg/mL [15]. After cotranslational
insertion into the ER, new proteins undergo folding,
assembly, and post-translational modiﬁcations,
which are scrutinized by a rigorous quality-control
mechanism [16]. Misfolded proteins which fail to
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refold properly are retrotranslocated to the cytosol
where they undergo degradation mediated by
the ubiquitin-proteasome system (UPS), a process
known as ER-associated degradation (ERAD) [16–20].
Besides its quality-control function, ERAD is also
exploited in the regulated degradation of properly
folded proteins, such as 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase) and
inositol trisphosphate (IP3) receptors [21, 22]. An
increase in protein misfolding within the ER leads
to an integrated cellular response, which involves
translational attenuation, decreasing the input of
new proteins, followed by a transcriptional reaction known as the unfolded protein response
(UPR) [23–26]. UPR leads to the upregulation of
multiple proteins, including components of ERAD,
which counteract at different levels the ER dysfunction caused by protein misfolding. Thus, UPR
is an adaptative mechanism which promotes survival. However, prolonged UPR activation eventually triggers apoptosis [14, 15].

Structure and function of VCP
VCP is an abundant and highly conserved ATPase of
the AAA family which is essential in yeast, Drosophila, and mice [27–29]. It was originally isolated as a
factor necessary for the homotypic fusion between
membranes of the ER and mitotic Golgi fragments [12, 30–32]. Later it was implicated in
UPS-dependent degradation of cytosolic proteins
[33–36], ERAD [21, 22, 37, 38], regulated ubiquitin
-dependent processing [39, 40], mitotic spindle
disassembly [36, 41], replication, and nucleotide
excision repair [42, 43], as well as autophagosome
maturation [44].
VCP has two adjacent D1 and D2 AAA domains
assembling into a hexameric ring [45–47], with the
N-terminal domains of the individual subunits free
to interact with multiple proteins [48, 49]. Among
the more than 30 known proteins which interact
with VCP the Ufd1-Npl4 dimer is of particular importance, forming a stable VCPUfd1-Npl4 complex
involved in UPS-dependent protein degradation [35,
50–53]. VCPUfd1-Npl4 is involved in recovery of
oligo-ubiquitinated substrates, promotion of the
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extension of their polyubiquitin chain by the activity
of an associated E4 (Ufd2), and then ﬁnally transfer
of those substrates to Rad23, which delivers them to
the 26S proteasome for ﬁnal degradation [54, 55].
While the role of yeast Cdc48, Ufd1, and Npl4 in
ERAD is well established, implication of mammalian
VCPUfd1-Npl4 complex in ERAD is based mostly upon
reconstitution experiments, with dominant negative VCP mutants inhibiting ERAD of a model
quality-control substrate in permeabilized cells [17,
52, 56, 57]. In contrast, more solid evidence exists
for the involvement of VCP in the regulated degradation of properly folded ER proteins, such as IP3
receptors upon binding of IP3 [22] and HMG-CoA
reductase in the presence of abundant cholesterol
[21]. The role of VCP in ERAD is supported by the
fact that it interacts with multiple proteins involved
in ERAD, including ubiquitin ligases gp78 and
HRD1, peptide N-glycanase, and Rad23 [38, 55,
58–61]. RNA interference (RNAi) of VCP, Ufd1, and
Npl4 induces accumulation of polyubiquitinated
proteins in form of multiple dispersed cytosolic ubiquitin-positive aggregates [36, 62–64]. Moreover,
VCP, Ufd1, and Npl4 are required for aggresome
formation [36, 65, 66]. Overexpression of dominant
negative ATPase mutants of VCP [67, 68] or RNAi of
VCP [36, 64] induces formation of ER-derived vacuoles, a process which is enhanced by proteasome
inhibition. RNAi of Ufd1 and Npl4 does not induce
vacuole formation indicating that this function does
not require the VCPUfd1-Npl4 complex [36, 64, 65].
VCP also appears to be involved in the control of
protein glycosylation within the ER [69].
The VCPUfd1-Npl4 complex is recruited to the ER
membrane through interactions with VCP-interacting membrane protein (VIMP) and derlin-1[38, 57,
70]. While this ﬁnal stage seems to be common to all
substrates, mechanistic differences exist on earlier
stages, where ERAD-C, ERAD-M, and ERAD-L is
distinguished depending upon the location where
the misfolded domain of an ERAD substrate is
located: cytosol, the ER membrane, or the ER
lumen [71–74]. Retrotranslocation may be mediated through the Sec61 translocon [73, 75] or a novel
derlin-1 protein channel [38, 57, 70], while tailanchored ER proteins may be removed from the
membrane directly by the proteasome [75].

208

Hereditary Inclusion-Body Myopathies

Despite the elegance and simplicity of this model
derived mostly from studies in yeast, it is known that
not all ERAD is UPS-dependent [20, 76, 77]. Even
when UPS is involved, ERAD does not always require VCPUfd1-Npl4. While yeast Cdc48, Ufd1, and
Npl4 mutants are defective in ERAD and accumulate
polyubiquitinated substrates in association with the
ER [53, 56, 78–80], even in yeast some substrates are
extracted from the ER and degraded without those
factors [81, 82]. In mammalian cells the situation is
far more complex, since VCP mediates the retrotranslocation of some but not all ERAD substrates,
while Ufd1-Npl4 appears to delay retrotranslocation [64, 65]. Moreover, 26S proteasomes bind directly to the retrotranslocation channel formed by
Sec61 [83] and are recruited to ER membranes after
ER stress [84], most likely directly interacting with
the emerging polypeptides [85]. The A1 chain of
cholera toxin is known to exploit the ERAD pathway
to reach the cytosol [86]; however, VCP does not
appear to be required for this process [87, 88]. The
extrapolation of the yeast model to mammalian cells
was made mostly based on the requirement of VCP
for the degradation of a single substrate – the major
histocompatibility complex (MHC) class I heavy
chain – in permeabilized cells expressing the US11
protein of the cytomegalovirus (CMV) [52, 56, 57].
This is hardly a physiological situation, since the
degradation of MHC class I heavy chains relies on
viral proteins the expression of which induces
UPR [89].
There is reason to believe that the role played by
mammalian homologs is quite different from yeast
Cdc48p, Ufd1p, and Npl4p. VCP and Cdc48 are 71%
identical but VCP fails to rescue yeast Cdc48 mutations [90], and in mammalian cells, contrary to
yeast, an impairment of the VCP ATPase activity
reduces the size of polyubiquitin chains synthesized
on the MHC class I heavy chains [56].
Ufd1-Npl4 probably performs a regulatory function, preventing the premature retrotranslocation
of emerging proteins and their delivery to the 26S
proteasome [65, 88, 91]. This is similar to the role
of Rad23, another polyubiquitin-binding protein
involved in ERAD [55, 92, 93]. Following retrotranslocation most ERAD substrates are normally
degraded locally by ER-recruited proteasomes,

while heavily misfolded proteins which “choke”
proteasomes are delivered by a microtubule-dependent mechanism to a specialized area around
the centrosome, called the proteolytic center of the
cell [94, 95]. When proteasome activity is inhibited
all substrates are diverted to this pathway, forming
aggresomes [94–97]. VCP interacts with Ufd1-Npl4
at a later stage following retrotranslocation, securing the delivery of ERAD substrates to the proteolytic center of the cell. Therefore cells deﬁcient in
components of the VCPUfd1-Npl4 complex form dispersed aggregates of ubiquitinated proteins rather
than single aggresomes at the proteolytic center [36, 65]. Overexpression of two different VCP
mutants associated with IBMPFD (R155H and
A232E) impairs the degradation of cotransfected
DF508-CFTR, a polytopic membrane protein mutated in cystic ﬁbrosis, which is degraded by the
ERAD pathway. However, at the same time there
is a global impairment of the UPS as evidenced
by accumulation of polyubiquitinated proteins.
Moreover, cystic ﬁbrosis transmembrane conductance regulator (CFTR) is a heavily glycosylated
protein and observed changes in its levels may
have been secondary to VCP’s role in protein
glycosylation [2].

Involvement of VCP in human
disease
The importance of VCP is highlighted by the fact that
its levels and activity must be tightly regulated in
order to maintain proper homeostasis. Any departure from the physiological status quo results in
pathology. Therefore, increased VCP expression
and/or activity is associated with cancer, while impaired VCP function is associated with neurodegenerative disorders. VCP has prosurvival and antiapoptotic functions which depend on the activation
of prosurvival Akt and nuclear factor kB (NFkB)
pathways; therefore, loss of function or depletion of
VCP triggers apoptosis [36, 64, 65, 68, 98, 99].
However, VCP may also promote apoptosis induced
by ER stress [100] and overexpression of poly-Q
proteins [101], which may depend on its role in the
processing of caspases [99].

VCP Mutations Leading to IBMPFD
Overexpression and increased activity of VCP is
associated with poor prognosis in several types of
human cancer, including esophageal squamous cell
carcinoma [102], non-small-cell lung carcinoma [103], pancreatic ductal adenocarcinoma [104],
colorectal adenocarcinoma [105], gastric carcinoma [106], and hepatocellular carcinoma [107]. Poor
prognosis in cancer is also associated with increased
expression of the gp78 ER-anchored Ubiquitin [108,
109], which directly interacts with VCP [110]. It is
likely that upregulation of VCP increases the resistance of cancer cells to ER stress [111]; therefore,
development of potential inhibitors of VCP is of great
interest for cancer therapy [112].
VCP also plays an important role in the pathogenesis of neurodegenerative diseases. VCP has been
observed in ubiquitin-positive intraneuronal inclusions found in common neurodegenerative diseases
such as Parkinson disease, Huntington disease, and
amyotrophic lateral sclerosis (ALS) [62, 67, 113].
Such inclusions are often regarded as signs of
“intracellular indigestion” that is associated with
impaired UPS function and can be modeled by protein aggregates induced with proteasome inhibitors
or “aggresomes” [94, 96, 114]. While there is some
controversy over whether VCP is actually recruited to
aggresomes, it is required for efﬁcient aggresome
formation [36, 66, 68]. Expression of several pathologic VCP mutants promoted formation of aggregates
in cells co-expressing polyglutamine proteins as well
as cells treated with proteasome inhibitors [2, 115].
Overexpression of VCP protects the cells against the
formation of discrete cytoplasmic aggregates of misfolded proteins [116], while in another system it is
associated with a worsening of the neurodegenerative phonotype [101]. The C-terminal tail of VCP
interacts with histone deacetylase HDAC6, a mediator for aggresome formation, suggesting that VCP
participates in transporting ubiquitinated proteins to
aggresomes. This function of VCP is impaired by
inhibition of the deacetylase activity of HDAC6 or
by overexpression of VCP mutants that do not bind
ubiquitinated proteins or HDAC6 [117]. VCP prevents protein aggregation in vitro and in vivo, mainly
through the D1 and D2 domains of VCP [66, 118].
Whenever the UPS is inhibited and aggresomes
form at the proteolytic center, they can no longer be

209

removed by the UPS even if proteasome inhibitors
are removed. Instead, formation of autophagosomes
engulﬁng dense protein aggregates is observed [94].
Indeed, a recent work has conﬁrmed those early
ﬁndings, showing that accumulation of polyubiquitin chains constitutes a signal triggering the
formation of autophagosomal vacuoles [119]. VCP
deﬁciency by RNAi-mediated knockdown or overexpression of disease-associated VCP mutants
(R155H and A232E) VCP results in signiﬁcant
accumulation of immature autophagic vesicles,
some of which are abnormally large, acidiﬁed, and
exhibit cathepsin B activity. VCP was found to be
essential to autophagosome maturation under basal
conditions and in cells challenged by proteasome
inhibition, but not in cells challenged by starvation,
suggesting that VCP might be selectively required for
autophagic degradation of ubiquitinated substrates.
Indeed, a high percentage of the accumulated autophagic vesicles have ubiquitin-positive contents, a
feature that is not observed in autophagic vesicles
that accumulate following starvation or treatment
with baﬁlomycin A. Finally, we show accumulation
of numerous, large lysosomal-associated membrane
protein (LAMP)-1- and LAMP-2-positive vacuoles
and accumulation of LC3-II in myoblasts derived
from patients with IBMPFD. We conclude that VCP
is essential for maturation of ubiquitin-containing
autophagosomes and that defect in this function
may contribute to IBMPFD pathogenesis [44].

VCP mutations associated with
IBMPFD
There is no evidence that common variants in VCP
confer a strong risk to the development of sporadic
FTD [120] or Paget disease of the bone in the absence
of myopathy and dementia [121]. Multiple VCP
mutations associated with IBMPFD have been described. In the ﬁrst study linking them to IBMPFD six
different VCP mutations (R155H, R155P, R155C,
A232E, R95G, and R191Q) were found in 13 different families [1, 5]. Since then, multiple mutations of
the VCP gene have been described, most of them
affecting the N-terminal region of the CDC48 domain, which is involved in ubiquitin binding, for
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example: R155C [122, 123], R93C, R155C [9],
R159H [124], G157R [125], N387H, L198W [126],
R93C [127], and R159C [128]. VCP mutations are
clustered mostly in exon 5 of the VCP gene. They are
associated with interfamilial and intrafamilial? variability in terms of severity, distribution of weakness
and presence or not of Paget disease or cognitive
impairment [127]. The penetrance of the VCP mutations is estimated to be 82% for myopathy, 49% for
Paget disease, and 30% for frontotemporal dementia [129]. Only a minority of patients (12%) show
the complete triad of IBMFD symptoms [1, 6]. It is
therefore likely that some mutations affect more one
aspect of VCP function than another, which translates into different, yet often overlapping, sets of
clinical symptoms [9]. Moreover, other genes could
account for decreased penetrance in some cases of
the same mutation [130], as has been observed for
APOE 4 [129].
Mice expressing mutant VCP (R155H or A232E) in
all tissues develop pathology that is limited to muscle, brain, and bone, recapitulating the spectrum of
disease in humans with IBMPFD. The mice exhibit
progressive muscle weakness with IBM including
rimmed vacuoles and TDP-43 pathology. The mice
exhibit abnormalities in behavioral testing and pathological examination of the brain shows widespread
TDP-43 pathology. Furthermore, radiological examination of the skeleton reveals that mutant mice
develop severe osteopenia accompanied by focal
lytic and sclerotic lesions [131].

Molecular and cellular effects of
IBM-associated VCP mutations
Based on the known role of VCP in different cell
signaling pathways, pathogenesis of each of the
major IBMFD symptoms can be analyzed separately.
Glutathione S-transferase pull-down experiments
showed that all three pathologic VCP mutations
tested do not affect the binding to Ufd1, Npl4, and
ataxin-3 [7]. Moreover, mutated VCPs have preserved ATPase activities as well as elevated binding
afﬁnities not only for those VCP cofactors, but also
for ubiquitinated proteins [115]. Structural analysis
demonstrated that both arginine residues which are

most often mutated (R93 and R155) are both surface-accessible residues located in the center of cavities that may enable ligand binding. Mutations at
R93 and R155 are predicted to induce changes in the
tertiary structure of the VCP protein. The search for
putative ligands to the R93 and R155 cavities identiﬁed cyclic sugar compounds with high binding
scores [7]. Moreover, depletion of cellular VCP by
RNAi signiﬁcantly alters the proﬁle of N-linked
oligosaccharides, further implying this protein in
regulation of glycans [69]. Indeed, lysosomal membrane proteins LAMP-1 and LAMP-2 show increased
molecular weights in myoblasts from IBMPFD patients due to differential N-glycosylation [132]. It
remains to be tested how the differential glycosylation patterns of multiple membrane-associated
proteins affect their functions contributing to the
pathology of IBMPFD.
Expression of several pathologic VCP mutants
promoted formation of aggregates in cells coexpressing polyglutamine proteins as well as cells treated
with proteasome inhibitors [115]. These ﬁndings
indicate that the molecular mechanism leading to
pathology associated with VCP mutations may involve increased propensity to aggregate formation.
Therefore, decreasing aggregate formation-promoting activities and/or increasing unfoldase activities
could be of signiﬁcance for the treatment of
IBMPFD [115]. The alteration of cellular processes
by mutant VCP is relatively subtle, since it only
occurs in postmitotic cells such as neurons and
cardiomyocytes, taking many years to develop a
phenotype. There is no evidence of any protein
aggregates in actively dividing cells of the same
paients nor in stably transfected cell lines [7].

Effect on the bone
Mutations that predispose individuals to Paget disease of bone have been identiﬁed in four genes
related to the RANKL/OPG/RANK/NF-kB signaling
pathway including VCP [133]. Upon binding of the
receptor activator of NFkB ligand (RANK) ligand
produced by osteoblasts to the RANK receptor expressed by osteoclast precursors, a signal transduction cascade is activated which ultimately leads to
formation and activation of osteoclasts, and therefore to increased bone resorption. This signaling
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pathway involves different branches of the
UPS [134]. It involves the formation of Lys-63linked polyubiquitin chains on TRAF6, which are
necessary for the recruitment of subsequent factors
such as the zinc-ﬁnger domain of TAB2 to the
complex, necessary for the activation of the TAK1
kinase. Subsequently, TAK1 activates downstream
kinases to activate the transcription factor NF-kB.
NF-kB is normally inactive by being associated with
inhibitory proteins of the inhibitory kB (IkB) family
which obliterate the nuclear localization sequence
(NLS) of this transcription factor, preventing its
transloction to the nucleus. Activation of NF-kB is
caused by IkB polyubiquitination, followed by VCPmediated extraction of polyubiquitinated IkB and its
delivery to the 26S proteasome for degradation.
Released NF-kB then translocates to the nucleus
and initiates the transcription of genes involved in
osteoclast activity. VCP has a known role in mediating the degradation of IkBa by the ubiquitin-proteasome pathway [135]. Expression of two different
mutant VCPs (R155H or A232E) in transgenic mice
leads to increased degradation of IkB and therefore to
increased NF-kB activation [131]. However, there is
no association between common VCP varaints with
sporadic Paget disease of the bone in the absence of
myopathy and dementia [121].

Effects on the central nervous system
Expression of several pathologic VCP mutants promoted formation of aggregates in cells coexpressing
polyglutamine proteins as well as cells treated with
proteasome inhibitors [115]. In the central nervous
system IBMPFD is characterized by frontal and temporal lobar atrophy, neuron loss and gliosis, and
ubiquitin-positive inclusions, which are distinct
from those seen in other sporadic and familial cases
of frontotemporal lobal dementia [136]. Formation
of such ubiquitin-positive inclusions is a hallmark of
neurodegeneration found in different spontaneous
and hereditary neurodegenerative disorders, which
results from concerted impairment of the UPS [114]
and autophagy [137] and leads to cell loss by
apoptosis [138].
Ubiquitinated inclusions colocalized with accumulations of TDP-43 in both intranuclear inclusions
and dystrophic neuritis from IBMPFD patients sug-
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gesting that a dominant negative loss or alteration of
VCP function results in impaired degradation of
TDP-43 [139]. The formation of intraneuronal
TDP-43-containing inclusions is the common link
between neuronal changes seen in IBMPFD and
sporadic ALS, sporadic frontotemporal lobar dementia, and most familial forms of frontotemporal lobar
dementia [136, 139, 140]. TDP-43 is a highly conserved, ubiquitously expressed protein, predominantly localized to the nucleus under normal conditions, which participates in transcription, splicing
regulation, microRNA biogenesis, apoptosis, cell division, mRNA stabilization, and regulation of neuronal plasticity by acting as a neuronal activity
response factor. It undergoes dramatic changes in
subcellular distribution from the nucleus to the
cytoplasm in affected cells in FTD, ALS, and IBMPFD.
However, the exact mechanism of how this leads to
pathology remains unknown [141]. Clearence of
cellular TDP-43 requires a concerted action of both
the UPS and the autophagic pathway [140].

Effects on muscle
The UPS is involved in the degradation of myoﬁbrillar proteins, especially during muscle atrophy associated with states as different as denervation, sepsis,
uremia, congestive heart failure, and cachexia associated with cancer. While each of these pathological
conditions involves the induction of a slightly different set of genes, they all induce of common set of
genes known as atrogenes, which include components of the UPS such as different ubiquitin
ligases [142–144]. However, VCP and its direct interactors are not among those atrogenes. Therefore,
the role of VCP in degradation of structural proteins
in the skeletal muscle remains unknown. It is reasonable to assume that in myoﬁbers VCP also participates in ERAD, which has a very speciﬁc function
in muscles due to the spatial architecture of the
sarcoplasmic reticulum. Pathogenic VCP mutations
lead to the accumulation of ubiquitinated inclusions
and protein aggregates in samples of patient muscle,
as well as in muscle from transgenic animals. Formation of those aggresome-like inclusions is most
likely a protective mechanism from direct toxic
effects of soluble species of misfolded proteins. Nevertheless, mutant VCP may disrupt normal homeo-
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stasis through its effect on the structure and function
of the sarcoplasmic reticulum, through decreased
activity of the UPS by recruitment of its components
into aggresomes, and/or by impaired degradation of
speciﬁc regulatory proteins, resulting in degeneration of skeletal muscle [6].
Expression of several pathologic VCP mutants
promoted formation of aggregates in cells coexpressing polyglutamine proteins as well as cells treated
with proteasome inhibitors [115].
In an animal model of transgenic mice expressing
VCP with the R155H mutation under a musclespeciﬁc promoter an increase in the levels of polyubiquitinated proteins and formation of aggresomes
preceded the onset of structural changes and
measurable associated muscle weakness [145].
Moreover, increasing weakness was paralleled by
increased levels of polyubiquitin conjugates. At the
same time myoﬁbers displayed vacuolation and disorganized membrane morphology with reduced
caveolin-3 expression at the sarcolemma [145].
Similar to the changes found in neurons from
patients with IBMPFD, in myoﬁbers the TDP-43
nuclear staining is decreased, while it appears
recruited to sarcoplasmic ubiquitinated inclusions
[146]. Decreased nuclear content of TDP-43 may
alter microRNA, contributing to the pathology [147].
These changes resembled those found in samples
of human skeletal muscle from IBMPFD patients
bearing three different VCP mutations (R93C,
R155H, and R155C). They all had degenerative
changes and ﬁlamentous VCP- and ubiquitin-positive
cytoplasmic and nuclear protein aggregates. Mutant
VCP leads to a novel form of dilatative cardiomyopathy
with inclusion bodies. In contrast to postmitotic
striated muscle cells and neurons of IBMPFD patients,
evidence of protein aggregate pathology was not
detected in primary IBMPFD myoblasts or in transient
and stable transfected cells using wild-type VCP and
R93C-, R155H-, R155C-VCP mutants. Glutathione
S-transferase pull-down experiments showed that all
three VCP mutations did not affect binding to Ufd1,
Npl4, and ataxin-3 [7].
Myoblasts derived from patients with IBMPFD
accumulate numerous, large LAMP-1- and LAMP2-positive vacuoles containing ubiquitin-positive
material consistent with immature autophago-

somes. Mutant VCP thus dysregulates autophagy of
aggresome-like material in myoﬁbers resulting in
the observed pathology. This dysregulation may
result from its impaired role in the processing of
N-glycosylated proteins, since both LAMP-1 and
LAMP-2 are hyperglycosylated under those conditions [44, 132]. This further supports the role of VCP
in the glycosylation of proteins in the ER [69].
Autophagy is required for cellular survival and for
the clearance of damaged proteins and altered organelles. Excessive autophagy activation contributes
to muscle loss in different catabolic conditions. However, muscle-speciﬁc Atg7-null mice that are deﬁcient in basal autophagy display muscle atrophy,
weakness, and features of myoﬁber degeneration
including formation of protein aggregates, abnormal
mitochondria, accumulation of membrane bodies,
sarcoplasmic reticulum distension, vacuolization,
oxidative stress, and apoptosis [148]. All these features strikingly resemble the phenotype observed in
mice overexpressing the mutant VCP in skeletal
muscle, suggesting that impairment of autophagy
due to mutant VCP may be the main cause of
skeletal-muscle pathology in IBMFD patients.

Conclusions and perspectives
Since one of the best studied roles of VCP is its
involvement in ERAD, it has been proposed that
mutant VCP impairs degradation of proteins
extracted from the ER, causing the observed
pathology. Indeed, markers of ER stress and impaired ERAD have been reported in cells expressing
mutant VCP [2, 136]. However, neither patients with
IBMPFD nor transgenic mice expressing mutant VCP
have any pathology involving b cells of the pancreas,
B-lymphocytes, or other cell types sensitive to ER
stress [6, 131]. This strongly argues against a major
role of impaired ERAD in IBMPDFTD pathology. The
triad of symptoms observed in patients with IBMPFD
can be explained by the selective derangement of the
role played by VCP in other biological pathways.
Paget disease of the bone results from dysregulation
of the RANKL/RANK/NFkB signaling pathway, likely due to increased NFkB activation. Both IBM and
frontotemporal dementia result from cell degener-
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ation and death secondary to deﬁcient targeting of
polyubiquitinated aggregates of proteins or aggresomes in myoﬁbers to the autophagic vacuoles,
which probably results from an altered pattern of
protein glycosylation and deﬁcient binding of mutant VCP to oligosaccharide moieties. One of the
known important regulatory proteins whose degradation is impaired under these conditions is TDP-43.
Future attempts to treat patients with IBMPTD
may involve stimulation of autophagy, use of chemical chaperones minimizing protein aggregation,
and increasing the unfoldase activity of VCP. Prevention of Paget disease of the bone should involve
inhibition of the NFkB pathway. Unfortunately,
proteasome inhibitors such as Velcade, which
directly inhibit IkBa degradation and therefore are
one of the strongest available NFkB activation inhibitors, could increase the pathology associated
with accumulation of polyubiquitinated proteins in
muscle and the central nervous system.
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Introduction
Clinical features of VCP hereditary
inclusion-body myopathy
Hereditary inclusion-body myopathy (h-IBM) is a
heterogeneous group of disorders associated with
rimmed vacuoles and cytoplasmic and intranuclear
inclusions of 15–21-nm ﬁlaments [1]. An autosomal
recessive quadriceps-sparing form of the disorder
with onset in early adulthood prevalent among the
Iranian Jewish population is associated with mutations in the UDP-N-acetylglucosamine-2 epimerase/
N-acetylmannosamine kinase (GNE) gene [2, 3].
Nonaka inclusion-body myopathy is an allelic disorder with a similar phenotype [4].
Inclusion-body myopathy associated with Paget
disease of the bone and frontotemporal dementia
(IBMPFD; OMIM 167320), ﬁrst reported in 2000, is
an autosomal dominant, progressive, and ultimately

lethal condition with onset typically in the 20s to
30s. Physical exam reveals muscle weakness and
atrophy of the pelvic and shoulder girdle, marked
scapular winging, and difﬁculty walking up stairs
[5–7]. Muscle disease typically progresses to involve
other limb and respiratory groups; ultimately, individuals die in their 50s to 60s from progressive
muscle weakness, and cardiac and respiratory failure [5, 8]. Electromyography shows both myopathic
and neurogenic changes suggestive of myopathy,
and serum creatine kinase concentration is usually
normal to mildly elevated (range, 40–1145 U/L;
normal range, 20–222 U/L).
Histologically, patients show the presence of
rimmed vacuoles and inclusion bodies in the muscle
ﬁbers (see Plate 15.11). Electron micrographs of
affected skeletal muscle demonstrate prominent
15–21-nm tubuloﬁlamentous inclusions within
myonuclei. Weihl et al. [9] identiﬁed large TAR
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DNA-binding protein 43 (TDP-43)-positive ubiquitinated inclusions in muscle cytoplasm in IBMPFD
patients, thus adding h-IBMs to the growing list of
TDP-43-positive inclusion diseases. Kimonis et al. [5]
reported cardiomyopathy in three out of 11 individuals in the original family. Hubbers et al. [10] reported that mutant valosin-containing protein (VCP)
leads to a novel form of dilatative cardiomyopathy
with inclusion bodies.

Paget disease of the bone in IBMPFD
Paget disease of the bone (PDB) is a common
condition characterized by increased and disorganized bone turnover, which can affect one or
several skeletal regions (Figure 15.1). These abnormalities disrupt normal bone architecture and lead
to various clinical complications such as bone pain,
osteoarthritis, pathological fracture, and bone deformity. Genetic mutations play an important role
in PDB by disrupting normal signaling in bone
remodeling. The nuclear factor kB (NFkB) signaling pathway is one such pathway identiﬁed as
being important in PDB. To date there are four
gene mutations or polymorphisms in the NFkB
signaling pathway associated with increased risk
of PDB. These include TNFRSF11A, which encodes
receptor activator of NFkB ligand (RANK),
TNFRSF11B, which encodes osteoprotegerin, VCP,
and SQSTM1 [11, 12], the latter of which encodes
the signaling adaptor p62, a multidomain protein
implicated in the activation of the transcription
factor NFkB [13–16]. Recently variants in optineurin (OPTN) was found to be a risk factor for
Paget’s disease in a genome-wide association study
[15]. Interestingly OPTN mutations have also been
found in patients with amyotropic lateral sclerosis
[16]. Thus these mutations are likely to predispose
to PDB by disrupting normal NFkB signaling. NFkB
plays a critical role in cell survival, in addition to
regulating bone turnover.
Early-onset PDB is seen in 49% of IBMPFD patients [5, 7], and typically begins in the 30s to 40s,
the mean age of onset being 42 years. The diagnosis
of PDB is based on serum alkaline phosphatase
(ALP) concentration, urine concentrations of pyridinoline (PYD) and deoxypyridinoline (DPD), and
radionuclide scans or skeletal radiographs. Zoledro-

Figure 15.1 Lateral spine X-ray of a 43-year-old man with

Paget disease and myopathy shows sclerotic changes of the
vertebral body at the level of T7 thoracic vertebral body.

nic acid is a potent bisphosphonate that has recently
been licensed for the treatment of established PDB.
A single injection results in sustained biochemical
remission in over 95% of subjects for up to
2 years [17]. It is therefore feasible and appropriate
to identify these patients, since they represent a
high-risk group who might gain beneﬁt from early
therapy.

Frontotemporal dementia in IBMPFD
Frontotemporal dementia (FTD) is a clinicopathological entity comprising about 3% of all dementias

Familial Myopathy, Paget Disease of Bone, and Frontotemporal Dementia
of the elderly [18–20]. Symptoms typically involve
personality or mood changes such as depression and
withdrawal, and language difﬁculties. Patients may
become disinhibited or exhibit antisocial behavior.
Some individuals with asymmetric involvement of
the left hemisphere may develop extraordinary visual or musical creativity while experiencing language impairment. In contrast to Alzheimer disease
patients who typically develop early symptoms of
episodic memory loss, FTD patients exhibit altered
behavior or loss of speech or language as initial
manifestations. Episodic memory in FTD is relatively
preserved. In later stages of FTD, patients may develop Parkinsonism or amyotrophic lateral sclerosis
(ALS)-like features.
In the disinhibition-dementia-Parkinsonismamyotrophy complex, mapping to chromosome
17q21–q22, mutations disrupt the tau (microtubule-associated protein tau; MAPT) gene. The majority of FTD families, however, have no demonstrable tau mutations [21–24]. Recently FTD has
been associated with mutations in progranulin
[25], which maps very close to the MAPT gene on
chromosome 17, accounting for early confusion in
the designation of FTD-17 families. Progranulin
mutations are associated pathologically with ubiquinated neuronal cytoplasmic inclusions positive for
TDP-43. In contrast, FTD associated with mutations
in the CHMP2B gene have ubiquitin-positive but
TDP-43-negative inclusions.
In patients with IBMPFD, onset of dementia in
affected individuals occurred on average at 54 years
(range 39–62 years) with an overall frequency of
33% [26]. The diagnosis of FTD is based on comprehensive neuropsychological assessments that reveal
behavioral alteration (e.g. personal/social unawareness, or disinhibition), early expressive language
dysfunction or semantic loss, and preservation of
memory, orientation, and ideomotor praxis [27].
We performed a systematic analysis of the brain
neuropathologic changes in eight patients with VCP
mutations and identiﬁed ubiquitin-positive neuronal intranuclear inclusions and dystrophic neurites
[28] (see Plate 15.12), making VCP disease another
example of familial frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U).
Neumann et al. [29] found that a hyperphosphory-
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lated, ubiquitinated, and cleaved form of TDP-43,
known as pathologic TDP-43, is the major disease
protein in ubiquitin-positive tau- and a-synucleinnegative FTD (FTLD-U), and in ALS. Accumulations
of TDP-43 colocalized with ubiquitin pathology in
eight of our patient IBMPFD brains, including both
intranuclear inclusions and dystrophic neurites
[30]. FTD associated with VCP is now classiﬁed
under the rubrick of FTLD-U along with disorders
such as ALS [31, 32]. Thus our work on the FTD
associated with IBMPFD has lent new insights into
the common pathogenesis of a spectrum of ubiquitin-related disorders that include FTD alone (progranulin-associated), FTD plus muscle and bone
disease (IBMPFD), familial FTD with ALS, and motor-system degeneration without FTD (ALS).
Because of the variable phenotype in inclusionbody myopathy, PDB and FTD modiﬁer genes were
evaluated. From a database of 231 members of 15
families, 174 had an apolipoprotein E (APOE) genotype available for regression analysis. Analysis of the
data suggested a potential link between the APOE 4
genotype and the FTD found in IBMPFD. In contrast
we observed no association between FTD and the
MAPT H2 haplotype [33].

Molecular studies of IBMPFD
A genome scan, performed at the Marshﬁeld mammalian genotyping center, revealed linkage to
chromosome 9p13.3–p12 in the original family reported [5] and three other families [6]. IBMPFD was
subsequently attributed to being caused by mutations in the gene encoding VCP by Watts et al. [26],
who identiﬁed six missense mutations in VCP in 13
families. VCP is highly conserved in evolution, belonging to the family of AAA proteins (ATPases
associated with a variety of cellular activities) and
has two ATPase domains (D1 and D2) [34–38] and
two linker domains (L1 and L2), as well as the Nterminal- and C-terminal domains (Figure 15.2).
VCP forms homohexamers and binds to multiple
cofactors at both its N-terminal and C-terminal domains. Through binding cofactor molecules, VCP
can adapt its function to suit many homeostatic
processes important for the cell’s life cycle. It has
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Figure 15.2 Functional domains and disease mutations in VCP. The domains of VCP include the ubiquitin-binding Nterminal domain (CDC48), ﬂexible linker (L1), ﬁrst AAA ATPase domain (D1), linker region (L2), second AAA ATPase
domain (D2), and the C-terminal domains. There are 17 exons and arrows indicate the locations of all 20 mutations. The
majority of mutations occur in the ubiquitin-binding N terminal domain.

been reported to be involved in several cellular
activities including endoplasmic reticulum (ER)associated degradation (ERAD) of proteins, homotypic membrane fusion, transcription activation,
nuclear envelope reconstruction, postmitotic
organelle reassembly, cell-cycle control, and apoptosis [39–41].
BMPFD is increasingly recognized as a distinct
disorder although it is still underdiagnosed because
of its variable phenotype, which leads to misdiagnoses. Kimonis et al. [8] reviewed data on 49
affected individuals in nine IBMPFD families and
identiﬁed myopathy among 42 (87%) individuals,
diagnoses including limb girdle muscular dystrophy
(LGMD), facioscapular humeral muscular dystrophy, scapuloperoneal muscular dystrophy, and
ALS, among others. Kimonis and Watts [42, 43]
have reviewed clinical results in IBMPFD and summarized ﬁndings in 20 families harboring 10 missense mutations [44].
As a result of studies in patients from our North
American families with VCP mutations [26], families
are now being reported from several parts of the
world with unique phenotypes: Germany [45, 46],
France [47], Austria [48], Italy [49, 50], the UK [51],
and other families from the USA [52] and by our
group [53]. As a result of increased awareness of VCP
disease, and hence accurate reporting of VCP disease,
the phenotypic range associated with VCP mutations
has signiﬁcantly expanded. Dilated cardiomyopathy,

cataracts, sphincter disturbance, hepatic ﬁbrosis, and
features of ALS and Parkinson disease are now a part
of the spectrum of IBMPFD manifestations.
At the present time 20 disease mutations have
been reported (Figure 15.2, Table 15.1) with many
more mutations expected to be identiﬁed as recognition of this disorder increases. The majority of the
mutations have been found to cluster in the Nterminus of VCP which encompasses a domain that
can bind ubiquitin and other substrate-recruiting
proteins [54, 55]. In particular, we have identiﬁed a
mutation hotspot at amino acid residue 155 (R155H/
P/C/S/L). Additionally, most of the mutated residues
causing IBMPFD are adjacent and potentially interact with each other, suggesting that these residues
may have a similar and speciﬁc function within the
VCP homohexamer [53].
We reviewed clinical features of families with VCP
disease in order to perform a genotype/phenotype
analysis. Because of the enormous intrafamilial variation, genotype/phenotype analysis was difﬁcult
between families. Notable associations, however,
included a more severe and early-onset myopathy
and dementia in family 6 that had the A232E mutation. Families with the R159C mutation did not
develop PDB [57]. Although, none of the mutations
had a signiﬁcant effect on the age of onset for FTD
(which was relatively consistent between families
with VCP mutations), there was an increase in the
incidence of FTD among females.
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Table 15.1 List of VCP disease mutations

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Amino acid

c. DNA Base change

Exon

Domain

Number of
families

References

I27V
R93C
R95G
R95C
P137L
R155C
R155H
R155P
R155S
R155L
G157R
R159H
R159C
R191Q
L198W
I206F
A232E
T262A
N387H
A439S

79A ! G
277C ! T
283C ! G
283C ! T
410C ! T
463C ! T
464G ! A
464G ! C
463C ! A
N/A
469 G ! C
476G ! A
476G ! A
572G ! A
593T ! G
828A ! T
695C ! A
N/A
1159A ! C
N/A

2
3
3
3
4
5
5
5
5
5
5
5
5
5
6
6
6
7
10
11

N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
Linker 1
Linker 1
Linker 1
Junction (L1–D1)
AAA D1
AAA D1
Linker 2

1
4
2
1
1
5
8
1
1
1
1
2
2
1
1
1
1
1
1
1

[80]
[10, 47, 81]
[26]
[44]
[82]
[12, 26, 45, 47, 83]
[10, 26]
[26]
[69]
[84]
[46]
[48]
[49, 52]
[26, 52]
[53, 84]
[82]
[26]
[52]
[53]
[85]

VCP is at the intersection of the
ubiquitin-proteasome system and
autophagy
The ubiquitin-proteasome system (UPS) is the major
extralysosomal pathway responsible for degradation
of both structural and regulatory proteins during
muscle remodeling in eukaryotes. The UPS comprises a ubiquitin-conjugating system and the 26S
proteasome. The ubiquitin-proteasome protein degradation system (UPD) has been shown to involve
VCP via its cooperation with a binary Ufd1/Npl4
cofactor, enabling VCP targeting of speciﬁc substrates for degradation [54, 56–58]. Protein degradation mediated by the UPS is essential for the
elimination of misfolded proteins from the ER in
response to ER stress. It has been reported that the
AAA ATPase p97/VCP/CDC48 dislocates proteins
across the ER membrane allowing subsequent ubiquitin-dependent degradation by the 26S proteasome in the cytosol. Degradation of a prototypical
misfolded ERAD substrate, DF508 CFTR, is slowed in
IBMPFD mutant-expressing cells. Consistent with

this, the undegraded DF508CFTR colocalized with
IBMPFD mutant p97/VCP in ubiquitinated inclusions. [59]. Hubbers et al. [10] found that transient
and stable expression of IBMPFD mutants p97/VCP
R93C, R155C, and R155H in HEK293 and C2F3
myoblasts did not result in an increase in ubiqutinated proteins. Genetic studies in Caenorhabditis
elegans revealed that IBMPFD mutations selectively
impair the proteasomal degradation of the myosin
chaperone, Unc-45, lending support for the dysregulation of the UPS [60–62].
Alterations in UPS function have been implicated
in the pathogenesis of a variety of sporadic and
familial neurodegenerative diseases including Parkinson disease, Alzheimer disease, polyglutamine
repeat diseases, and ALS [63–65]. Mizuno et al. [66]
called VCP “vacuole-creating protein” and demonstrated that VCP was observed in ubiquitin-positive
intraneuronal inclusions in both motor neuron disease with dementia, and ballooned neurons in
Creutzfeldt–Jakob disease. In Alzheimer disease,
VCP has been found in dystrophic neurites while
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granules of granulovacuolar degeneration and neuroﬁbrillary tangles were not positively stained for
VCP. In Parkinson’s disease, Lewy and Marinesco
bodies and Lewy neurites have been found to stain
positive for VCP as well. These results indicate that
VCP reacts with abnormal or misfolded proteins and
plays a role in accelerating the process of degeneration and cell death.
A gain-of-function concept explains much of
the phenotype seen in this disease as indicated by
the work by other researchers [67, 68]. The work
of our laboratory and that of other researchers
suggest that VCP-mutation-induced neurodegeneration is mediated by several mechanisms including ERAD ubiquitin-proteasome and autophagy pathways. IBMPFD thereby joins familial
forms of Alzheimer disease, Parkinson disease,
Marinesco–Sj€
ogren syndrome, and other neurodegenerative diseases in which intracellular protein accumulation results from perturbation of ER
chaperone function.
Autophagy is a process that degrades long-lived
proteins and cytoplasmic components within autophagosomes. Proteins and cytoplasmic components destined for degradation are sequestered and
enveloped into vesicles that later mature through a
series of steps including membrane fusion with
lysosomes. Upon activation of autophagy, the
18 kDa LC3 (LC3-I) protein undergoes proteolytic
cleavage followed by lipid modiﬁcation converting
the 18 kDa form into the 16 kDa membrane-bound
form (LC3-II). LC3-II is speciﬁcally localized to the
autophagosomal membranes whereas LC3-I is primarily cytosolic. The conversion from LC3-I to LC3II is used as a marker for autophagic processing in
mammalian cells. A buildup of either molecule
suggests a disruption in the normal maturation of
autophagosomes. Western-blotting analysis has
demonstrated that protein lysates extracted from
mutant cells have signiﬁcantly increased amounts
of LC3-II when compared to wild-type cell lines
[69]. Related research [69] found accumulation of
enlarged vacuoles in myoblasts from patients with
VCP-associated inclusion-body myopathy. These
ﬁndings suggest an impairment of autophagosome
maturation and hence accumulation of autophagosomes at an immature state which are seen as

vacuoles. Further analysis of the enlarged vacuoles
via immunological staining revealed positivity for
LAMP-1 and LAMP-2 antibodies. LAMP proteins
are lysosomal-associated membrane proteins suggesting that vacuoles are able to fuse with the
endosomal or lysosomal compartments (Figure
15.3). Lysosomal membrane proteins LAMP-1 and
LAMP-2, however, showed increased molecular
weights in patients’ myoblasts due to differential
N-glycosylation [69].
Ju et al. [70, 71] also identiﬁed impaired autophagy in cells transfected with VCP mutations, and in
an overexpressing transgenic mouse model, by demonstrating increased ubiquitinated p62/sequestosome, a marker for autophagy. Sequestosome is a
multimeric protein complex that serves as a depot
for proteins destined for degradation. p62 has an LIR
domain (LC3-interacting region) that recognizes
and binds LC3, thereby initiating the ﬁrst steps in
autophagy. It is already known that mutations in the
p62/sequestosome is a cause of PDB, seen in approximately 50% of familial and 30% of simplex
cases of Paget disease. Similarly, p62 is found to be
associated with a number of other diseases associated with cytoplasmic inclusion bodies. In particular, p62 has been identiﬁed in neuronal and glial
inclusions associated with FTD [72] and mutations
have been identiﬁed in ALS.

Figure 15.3 Accumulation of LAMP-1-positive vacuoles
in cultured myoblasts from an IBMPFD patients with the
R155H mutation. Mutant cells are also defective in
myotube formation.
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Autophagy has also been implicated in the other
type of h-IBM, autosomal recessive distal myopathy
with rimmed vacuoles (DMRV) or h-IBM. h-IBM is
an early adult-onset distal myopathy caused by
mutations in the GNE gene which encodes a bifunctional enzyme involved in sialic acid biosynthesis. It
is pathologically characterized by the presence of
rimmed vacuoles, especially in atrophic muscle
ﬁbers, which also occasionally contain congophilic
materials that are immunoreactive to b-amyloid,
lysosomal proteins, ubiquitin, and tau proteins.
Hyposialylation plays an important role in the pathogenesis of DMRV/h-IBM. It is uncertain if a similar
mechanism may be involved in VCP h-IBM [73].
Disruption of the ER/autophagy pathway thus holds
potential for revealing insights into the pathogenesis
of VCP muscle, bone, and brain disease.

VCP mouse models
Human and mouse VCP proteins differ by only one
amino acid residue at position 684. The targeted
homozygous deletion of VCP by Cre-loxP technology was reported to result in early embryonic
lethality [74]. In contrast, heterozygous mice lacking one VCP allele and having one wild-type allele
were apparently indistinguishable from their wildtype littermates. Weihl et al. [75] found that
transgenic mice overexpressing the most common
human IBMPFD mutation (R155H) under the regulation of a muscle creatine kinase promoter
became progressively weaker in a dose-dependent
manner starting at 6 months of age. These mutant
mice showed muscle pathology including coarse
internal architecture, and disorganized membrane
morphology and vacuole-like clefts with reduced
caveolin-3 expression at the sarcolemma. Even
before animals displayed measurable weakness
there was an increase in ubiquitin-containing
protein inclusions and high-molecular-weight
ubiquitinated proteins.
Recently Custer et al. [76] reported a transgenic
mouse overexpressing mutant forms of VCP. The
mice expressed muscle weakness, and pathology
characteristic of inclusion-body myopathy including
blue rimmed vacuoles, and TDP-43 pathology.
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Radiological examination of the skeleton revealed
focal lytic and sclerotic regions in the vertebrae and
femur. Additionally the brain revealed widespread
TDP-43 lesions and the mice also exhibited abnormalities in behavioral testing. To replicate the human disease associated with VCP mutations our
laboratory [77] has generated a knock-in mouse
model of the common VCP R155H mutation. Mice
demonstrated progressive muscle weakness, vacuolization of myoﬁbrils, and centrally located myonuclei, in addition to TDP-43- and ubiquitin-positive
inclusion bodies in quadriceps myoﬁbrils and brain.
Additionally, muscle sections showed increased
numbers of autophagosomes, elevated caspase-3
activity, and an increased number of TUNELpositive nuclei supporting involvement of autophagy and apoptosis in the pathogenesis of the
disease. Bone histology showed increased osteoclastogenesis suggestive of PDB. The Custer overexpressed mutant VCP transgenic mice and our
knock-in mice thus replicate the human disease and
represent useful models for trials of novel therapies
for diseases with similar pathogenesis.

Treatment
Currently there are no known treatments for the
muscle component of VCP disease or the dementia
however treatment trials are needed in this disease.
PDB, however, is well treated with bisphosphonates
and it is hypothesized that progressive disease can be
prevented if treated at an early stage of the disease.
Autophagy is negatively regulated by the mammalian target of rapamycin (mTOR) and can be induced
in all mammalian cell types by mTOR inhibitors
such as rapamycin. A number of investigators have
reported dramatic effects of rapamycin on the size
of renal angiomyolipomas and sub-ependymal
giant cell astrocytomas in tuberous sclerosis patients
[78, 79], neuroﬁbromatosis, and polycystic kidney
disease. Autophagy is a major clearance pathway for
the removal of mutant huntington protein associated
with Huntington disease, and many other diseasecausing, cytoplasmic, aggregate-prone proteins.
Research in IBMPFD will likely address important
pathophysiologic principles underlying many other
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common related disorders. Pharmacologic strategies
to modify autophagy and other pathways such as
proteasomal inhibition, and ER stress modiﬁers, may
hold potential not only in VCP disease but also other
disorders such as the vacuolar myopathies including
GNE-associated h-IBM, sporadic inclusion-body
myositis (s-IBM), oculopharyngeal muscular dystrophy (OPMD), and other proteinopathies such as FTD
and ALS. Potential therapeutic strategies can be explored using the available cell and mouse models for
preclinical studies.
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Drosophila and mouse models
of hereditary myopathy caused
by mutations in VCP/p97
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Introduction
Inclusion-body myopathy associated with Paget’s
disease of the bone and frontotemporal dementia
(IBMPFD) is an autosomal dominant, multisystem
disease, affecting muscle, brain, and bone [1–3].
Symptoms are predominantly manifested as muscle
weakness, occurring in approximately 90% of
patients, with a mean onset of 45 years [4, 5]. However, 51% of patients also develop Paget’s disease of
the bone and 32% develop frontotemporal dementia
(FTD), with a mean onset of 42 and 54 years, respectively [6, 7]. Other, less commonly reported symptoms include cardiomyopathy, hepatic ﬁbrosis, cataracts, and sensory-motor axonal neuropathy [8–10].
Muscle weakness often initially occurs in the
proximal or distal lower extremities, followed
by the scapulohumeral, axial, facial, and tongue
muscles [3, 11]. Consequently, IBMPFD is often
misdiagnosed as limb girdle muscular dystrophy,
fascioscapular humeral dystrophy, Welander or
Miyoshi distal myopathies, as well as amyotrophic
lateral sclerosis (ALS) [11]. Weakness slowly
progresses with age, often leading to wheelchair
conﬁnement of the patient. IBMPFD ultimately
culminates in death, usually by the late 60s, due to
respiratory or cardiac failure, or as an indirect result
of FTD, such as feeding apraxia [12].

The myopathic features of IBMPFD vary tremendously between patients, but usually encompass the
typical characteristics of inclusion-body myopathy
(IBM), including the presence of ubiquitin-positive
inclusions, centralized nuclei, and an increased
prevalence of endomysial connective tissue [3, 10,
13]. In addition, inclusions containing TAR DNAbinding protein-43 (TDP-43), which colocalize with
ubiquitin, are often found in the sarcolemma and
sarcoplasm of affected muscles [14, 15]. However,
TDP-43-positive inclusions are also found in
several other myopathies, as well as dominantly
inherited and sporadic cases of ALS [16]. Other
myopathic characteristics of IBMPFD may include
regional variations in muscle-ﬁber size, as well as the
presence of rimmed vacuoles and/or inﬂammatory
inﬁltrates [3, 10, 11].
Paget’s disease of the bone is a metabolic bone
disorder in which one or more of the bones undergo
continuous dysregulated remodeling [6, 17]. Hyperactivation of osteoclasts in the affected bones leads to
improper resorption of bony tissue, followed by a
compensatory overproduction of poorly formed bone
by osteoblasts. This typically results in both osteoporosis and bone deformation, and can lead to frail,
disﬁgured bones that are prone to fracture [6]. This,
coupled with the symptoms of IBM, can lead to greatly
diminished mobility of patients with IBMPFD.
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The onset of FTD is characterized by the emergence of language and behavioral abnormalities,
resulting from progressive neurodegeneration of the
frontotemporal lobes of the brain [18]. The pathology observed in brain tissue from these patients
largely resembles that of other tau-negative, ubiquitin-positive FTD cases, including redistribution
of TDP-43 protein from the nucleus to the cytoplasm, often within distinct ubiquitin-containing
inclusions [19, 20]. Interestingly, TDP-43-positive
inclusions can be found in either the cytoplasm or
the nucleus of neuronal cells, although the functional signiﬁcance of this is unclear. Nevertheless,
it has been speculated that the localization of
both TDP-43 and ubiquitin within these inclusions
is the result of impairment in one or more proteindegradation pathways [7, 18, 21].
To date, IBMPFD has been detected in 26 families,
and all known cases have been found to result
from missense mutations in the valosin-containing
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protein (VCP/p97) gene on chromosome
9p21.1–p12 [9, 22–26]. VCP is a highly conserved,
multifunctional chaperone, belonging to the
AAA þ (ATPase associated with diverse cellular
activities) family of ATPases [27]. The VCP protein
contains three functional domains: an N-terminal
domain, which mediates substrate and cofactor
binding, and two ATPase domains (D1 and D2),
which mediate the catalytic activity of VCP
(Figure 16.1a). In its active form, VCP exists as a
homohexamer, which forms a ring-like structure
around a central pore. The N-terminal domains
are positioned on the outward edge of the ring,
while the D1 and D2 domains are located near the
inner pore (Figure 16.1b,c). It is likely that multiple
various cofactors are able to direct the speciﬁcity
of VCP substrate binding and, thus, function
by binding the N-terminal domain on the outside
surface of the homohexamer, forming a large
proteinaceous complex [28–32].
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Figure 16.1 Schematic of VCP protein structure. (a) VCP consists of two ATPase domains (D1 and D2) and an N-terminal

domain (N). (b) Structure of VCP homohexamer, illustrating barrel shape and central pore. (c) Structure of VCP monomer.
N, D1, and D2 domains are indicated by grey shading. Disease-causing mutations are indicated by boxed regions.
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VCP has been well characterized to play many
roles in a myriad of cellular processes, especially
protein degradation via autophagy or the ubiquitin-proteasome system (UPS) [33, 34]. VCP shuttles
ubiquitinated substrates to the 26S proteasome
and, thus, is a key regulator of both endoplasmic
reticulum-associated degradation (ERAD) and the
ubiquitin-fusion domain (UFD) pathways. In addition, VCP activity has recently been shown to be
required for proper autophagosome maturation,
and impaired autophagy has been suggested to contribute to the accumulation of toxic proteins, leading
to IBMPFD-associated degeneration [35]. VCP is also
an important regulator of sarcomere maintenance,
chromatin decondensation following mitosis, nuclear envelope formation, and membrane fusion events
leading to the biogenesis of the Golgi and ER [33].
VCP substrates include (although this is certainly not
an exhaustive list) inhibitory kB (IkB), cyclinE,
Hif1a, ataxin-3, BRCA, and auroraB kinase [14],
implicating a role for VCP in varied cellular functions, ranging from the initiation of inﬂammatory
responses to DNA repair.
Since mutations in VCP primarily result in progressive muscle weakness, it is not surprising that
VCP plays a critical role in the regulation of sarcomere integrity. In a Caenorhabditis elegans model of
IBMPFD, VCP was found to indirectly control sarcomere formation by tightly regulating the levels of
the mysosin chaperone protein, Unc-45, which is
required for myosin assembly during thick ﬁlament
formation [36]. Interestingly, both attenuated as
well as augmented Unc-45 protein levels result
in myoﬁbril disorganization, producing extensive
sarcomeric defects. VCP controls the available
cellular stores of Unc-45 protein by mediating its
turnover through ubiquitin-dependent proteolysis.
Disease-causing mutations in VCP lead to an overaccumulation of Unc-45 and, thus, myopathic
degeneration [37, 38].
Fourteen unique mutations have been detected in
patients with IBMPFD [9, 22–26], mostly affecting
the N-terminal and D1 domains (Figure 16.1).
Of these mutations, R155H is the most common,
occurring in approximately 50% of affected families,
while the A232E mutation results in the most
severe symptoms [1, 13, 26, 39]. In order to glean

insight into the mechanism in which VCP mutations
result in the tissue-speciﬁc symptoms of IBMPFD,
it becomes necessary to utilize robust models of
VCP-induced degeneration. Both invertebrate and
mammalian systems have proven successful in fully
characterizing the mechanisms of disease pathogenesis. The fruit ﬂy has proved to be a powerful and
effective tool for elucidating the pathogenesis of
disease by detecting genetic modiﬁers through
genetic screens, since ﬂies exhibit both rapid life
cycles and generation times, allowing analysis of
large numbers of progeny quickly [40]. In contrast,
mammalian models, such as the laboratory mouse,
are essential to determine the mechanism and
extent of pathology in complex tissues, closely replicating human disease states [41]. Here we review
the characterization and insights gained from
recently developed models of IBMPFD in both
Drosophila melanogaster and Mus musculus.

A model of IBMPFD in Drosophila
melanogaster
The fruit ﬂy Drosophila melanogaster has a long and
rich history as an important model organism for
biologists and has helped provide the foundation
for present-day research in genetics, developmental
biology, neurobiology, and cancer research. In recent years, studies using fruit ﬂies have provided
important insights into the pathogenesis of neurodegenerative and neuromuscular disorders [40, 42].
Most human genes have a ﬂy counterpart, but the
ﬂy genome is much more compact with smaller gene
families and less redundancy, fewer and smaller
introns and splice variants, and simpler noncoding
regulatory regions [43], thus making genes easier
to study and their functions easier to understand.
The presence of numerous powerful genetic tools
developed over the last century has allowed these
genes to be manipulated rapidly to allow their in vivo
function to be investigated. Drosophila models of
disease have the added advantage of permitting
unbiased genetic screens [44, 45], which can lead
to unanticipated insights into pathogenesis.
Drosophila has a highly conserved ortholog
of human VCP encoded by the gene TER94 [46].
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This gene encodes a single protein, referred to as
dVCP, that shares 92% sequence similarity with
human VCP (hVCP). Moreover, all amino acid residues mutated in association with human disease
are conserved in dVCP [47]. To investigate the
mechanism by which VCP mutations result in
IBMPFD, we generated Drosophila that overexpressed wild-type or mutant forms of TER94 [47].
The mutant versions of TER94 (dVCP) were designed
to replicate the mutations in human VCP that cause
disease. Overexpression of mutant dVCP, but not
wild-type dVCP, resulted in pronounced degeneration in the eye, brain, and muscle when expression
was targeted to these tissues. Speciﬁcally, mutant
dVCP expression in the eye produced a severe external rough eye phenotype with necrotic patches
and vacuolar degeneration (Plate 16.13a). Expression of mutant dVCP in the central nervous system
resulted in greatly reduced hatch rates and shortened lifespan as a result of neurodegeneration [47].
Interestingly, degeneration associated with the
A232E mutation was more pronounced than the
R155H mutation, recapitulating the differential
levels of symptom severity seen in human cases of
IBMPFD (Plate 16.13). This ﬂy model of VCP-related
disease promises to be an important tool for future
studies of the disease pathogenesis. Indeed, our
study provides evidence that mutations in VCP
indirectly impact regulation of RNA metabolism, as
described below.
To gain insight into which biological pathway(s)
are disrupted by disease-causing mutations in VCP,
we performed an unbiased, two-stage genetic screen
to identify dominant genetic modiﬁers of mutant
VCP-related eye degeneration in the Drosophila
model [47]. In the ﬁrst stage, we performed a
“deﬁciency screen” to rapidly identify genomic
intervals containing genetic modiﬁers. This was
accomplished by genetic cross of ﬂies expressing
mutant VCP with “deﬁciency strains” that each
contain a unique heterozygous deletion in the ﬂy
genome. By screening through several hundred
deﬁciency lines, we were able to interrogate over
95% of the entire ﬂy genome for regions of haploinsufﬁciency that signiﬁcantly exacerbate or mitigate the degeneration associated with expression of
mutant VCP. After ﬁltering and validation, we iden-
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tiﬁed 10 chromosomal regions containing genes of
interest. In the second stage, we identiﬁed the speciﬁc genes of interest by RNA interference (RNAi)mediated knockdown. We made use of transgenic
ﬂies expressing double-stranded RNA targeting every gene within the chromosomal regions of interest
and screened for those that replicated the effect of
exacerbating or mitigating VCP-related degeneration. In this way, we were able to deﬁne a series of
individual genes whose expression level strongly
inﬂuences VCP-related degeneration. Speciﬁcally,
we identiﬁed three RNA-binding proteins as dominant suppressors of degeneration. Hrb27C, x16, and
TDPH are Drosophila homologs of DAZAP1, 9G8, and
TDP-43, respectively [47]. All three contain RNA
recognition motifs (RRMs) and all are multifunctional proteins involved in transcription, mRNA
export, splicing, and translation. The genetic interaction observed between VCP and these three RNAbinding proteins strongly suggests an intersection
between ubiquitin signaling and control of RNA
metabolism.
Of the three RNA-binding proteins identiﬁed in
this screen, TDP-43 stands out as a particularly
interesting ﬁnding. Abnormal deposition of TDP43 in ubiquitin-positive cytoplasmic inclusions is a
prominent histopathological feature of familial IBM
and sporadic inclusion-body myositis (s-IBM) as
well as several human neurodegenerative diseases,
including familial and sporadic forms of ALS and
FTD. Indeed, TDP-43 pathology is the most sensitive
and speciﬁc feature of IBM where it is reported to be
present in approximately 23% of patient muscle
ﬁbers [15]. The importance of TDP-43 in these diseases is underscored by the discovery that mutations
in TDP-43 are causative of disease. In diseases characterized by TDP-43 pathology, the immunoreactivity of this protein is shifted from its normal location
in the nucleus to multiple discrete, ubiquitinpositive puncta in the cytoplasm [48–50]. To investigate the relationship between VCP and TDP-43, we
performed genetic crosses of ﬂies expressing dVCP
(wild-type or mutant) with ﬂies expressing TDP-43
(wild-type or mutant) [47]. Coexpression of wildtype TDP-43 and wild-type dVCP did not result in
degeneration. In contrast, coexpression of wildtype TDP-43 and mutant dVCP resulted in strong
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exacerbation of the degenerative phenotype. When
examined histologically, it became apparent that as a
consequence of expressing mutant VCP, TDP-43 was
redistributed to cytoplasm. This phenomenon was
enhanced, and degeneration exacerbated further,
by introducing a disease-associated mutation into
TDP-43. These ﬁndings suggested that degeneration
initiated by mutations in VCP is mediated by inappropriate cytoplasmic accumulation of TDP-43. To
test this idea, we engineered ﬂies expressing TDP-43
that was directed to the cytoplasm by introducing
mutations to the nuclear localization sequence.
These results revealed that targeting excess TDP43 to the cytoplasm is sufﬁcient to cause
degeneration [47].
The implication of these ﬁndings is that VCP plays
some role in regulating the activity of RNA-binding
proteins and mutations in VCP impair this function.
Thus, there may be mechanistic overlap between the
pathogenesis of IBM and the vast array of diseases
that are characterized by defects in RNA metabolism,
including myotonic dystrophy, oculopharyngeal
muscular dystrophy, spinal muscular atrophy, and
many others [51].

A model of IBMPFD in Mus
musculus
Muller et al. [52] generated mice with a targeted
deletion of VCP. Homozygous deletion of VCP resulted in early embryonic lethality, whereas heterozygous mice were found to be viable, healthy, and
otherwise normal. This indicates that VCP activity is
essential during development, and that one allele is
sufﬁcient for normal function. To model the myopathic features of IBMPFD, Weihl et al. [53] generated transgenic mice that express wild-type VCP(wt)
or VCP(R155H) under control of the muscle-speciﬁc
creatine kinase promoter. Mice expressing VCP
(R155H) exhibited muscle weakness that was associated with the presence of ubiquitin-containing
inclusions, increased endomysial connective tissue,
and variable muscle-ﬁber sizes. Thus, expression of
mutant VCP in mouse muscle was found to recapitulate, at least in part, the myopathy associated with
IBMPFD.

In order to more closely model human IBMPFD,
we generated transgenic mice expressing human
VCP(wt), VCP(R155H), or VCP(A232E) under the
ubiquitous chicken b-actin promoter [54]. Expression of mutant VCP in these mice resulted in decreased lifespan and decreased body mass, while
expression of VCP(wt) had no effect, compared to
nontransgenic (NT) control mice. In addition, mice
expressing mutant VCP demonstrated an obvious
clasping phenotype (a nonspeciﬁc indicator of central nervous system pathology), which ﬁrst became
prevalent at 3–6 months and progressively worsened with age. It is apparent that expression of
mutant VCP results in a distinct phenotype that is
not observed in response to expression of wild-type
VCP. Therefore, transgenic expression of mutant
human VCP in the mouse is a useful tool to model
the multisystem pathological responses found in
IBMPFD.
To assess the extent of myopathic degeneration in
response to mutant VCP, we tested muscle strength
of wild-type and mutant mice by evaluating their
performance in a hanging wire test, which is an
assay of limb strength. Both VCP(R155H) and VCP
(A232E) mice demonstrated decreased muscle
strength, which progressed with age, compared to
VCP(wt) and NT mice (Plate 16.14a). Moreover,
VCP(A232E) mice displayed greater weakness than
VCP(R155H) mice, reproducing the symptom severity observed in human IBMPFD patients carrying the
A232E mutation. Histological analysis of skeletal
muscle sections from these mice revealed myogenic
atrophy characterized by the presence of centralized
nuclei, irregular ﬁber sizes, rimmed vacuoles, and
modest inﬂammatory inﬁltrates, which were not
found in wild-type and NT mice [54]. Thus, the
known myopathic features of IBMPFD were fully
recapitulated in our transgenic mouse model.
To further investigate the pathological mechanism
of muscle weakness and degeneration, we immunostained muscle tissue sections from wild-type and
mutant VCP mice with an antibody that recognizes
TDP-43. In NT and VCP(wt) mice TDP-43 expression
was localized to the nuclei of muscle ﬁbers. However,
extensive sarcoplasmic redistribution was observed
in degenerating muscle ﬁbers of mutant VCP mice
(Plate 16.14b–e). Moreover, sarcoplasmic expression
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of TDP-43 colocalized with ubiquitin staining, suggesting that mutant VCP results in impaired protein
degradation, leading to TDP-43 accumulation in the
sarcoplasm. As predicted by our fruit ﬂy model,
sarcoplasmic localization of TDP-43 may be a driving
force in muscle-ﬁber degeneration in the mouse [47].
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Upon staining of muscle tissue sections with
modiﬁed trichrome Gomori staining, we found the
presence of rimmed vacuoles in the sarcoplasm
of affected muscle ﬁbers from VCP(A232E) mice
(Plate 16.14f), which is a relatively common pathological feature of IBM in IBMPFD patients [55, 56].
In addition, ultrastuctural analysis of muscle tissue
from wild-type and mutant VCP mice by transmission electron microscopy also revealed the presence
of disrupted sarcomeres and highly disorganized
myoﬁbril structure in VCP(R155H) and VCP
(A232E) mice. Interestingly, we also found an
accumulation of enlarged, abnormally shaped mitochondria in these tissues (Figure 16.2a–f), which
were very similar in morphology to the abnormal
mitochondria present in the indirect ﬂight muscles
of mutant VCP fruit ﬂies (unpublished observation).
Since VCP has been shown to be an important
mediator in autophagosome maturation during
autophagy as well as to be a regulator of membrane
fusion events [33, 35], it is plausible that the presence of these abnormal mitochondria in mutant VCP
muscle may be the result of a defect in a previously
uncharacterized role of VCP in mitochondrial
clearance and mitophagy.
Since VCP has been well characterized to indirectly
control sarcomere organization by regulating the
cellular levels of Unc-45 during muscle ﬁber development [37], we quantiﬁed Unc-45 protein levels in
muscle tissue lysates from wild-type and mutant
VCP mice. Unc-45 protein levels were found to be
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Figure 16.2 VCP mutant mice show loss of myosin-ﬁber
integrity and stabilization of the myosin chaperone protein
Unc-45b. (a–d) Transmission electron micrographs of
quadriceps muscle (20 000) from nontransgenic (a), VCPWT (b), VCP-R155H (c), and VCP-A232E (d) mice. Normal
mitochondria are indicated by white arrowheads;
degenerated mitochondria are indicated by arrows. (e,f)
Cross-sectional transmission electron microscopic images
of quadriceps muscle from VCP-R155H (e) and VCP-A232E
(f) mice. (g) Western-blot analysis of Unc-45b expression in
skeletal muscle lysates from 12-month-old nontransgenic
(NT), VCP-WT, and mutant (RH, R155H; AE, A232E) mice.
(h) Quantitative image analysis of Unc-45b Western blots
from three separate experiments. (Reprinted with
permission from Custer et al., [54] with permission from
Oxford University Press.)
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signiﬁcantly increased in VCP(R155H) and VCP
(A232E) mice (Figure 16.2g,h), suggesting the presence of mutant VCP results in the inappropriate
stabilization of Unc-45. As shown in other models,
elevated expression of Unc-45 leads to irregular myosin assembly and severely disrupted myoﬁlament
formation [36, 38]. This, in addition to sarcoplasmic
redistribution of TDP-43 and an accumulation of
abnormal mitochondria, would certainly be predicted to play a causal role in the progressive myopathic degeneration and weakness found in IBMPFD.
Although the myopathy observed in mutant VCP
mice is both signiﬁcant and severe, we also found
pathological degeneration in brain and bone [54].
Mutant VCP mice displayed deﬁcits in learning and
memory, and exhibited increased anxiety, which
was associated with the redistribution of TDP-43 to
the cytoplasm of cells of the frontal cortex, pons,
brainstem, and lumbar spinal cord. In addition,
mutant VCP mice developed loss of trabecular
bone volume and thickness, resulting in decreased
bone density and hypomineralization, compared to
wild-type and NT mice. Taken together, it is clear
that exogenous expression of human VCP(R155H)
or VCP(A232E) in the mouse recapitulates the
degeneration of muscle, brain, and bone found in
IBMPFD patients [26]. Of important note, the heart,
liver, kidney, spleen, and intestinal tissues of these
animals were found to be overtly free of any pathology, further reproducing the tissue speciﬁcity of
IBMPFD symptoms [54].

Future roles of animal models
In summary, both of our models of IBMPFD, in the
fruit ﬂy and mouse, have yielded considerable insight into the pathogenesis of IBMPFD in speciﬁc
tissues. Using the fruit ﬂy, we have found a genetic
interaction between mutant VCP and TDP-43, revealing TDP-43 to be a signiﬁcant effector of
IBMPFD-associated degeneration, and not simply
an indicator of cytotoxic stress. Consequently, we
also found cellular mislocalization of TDP-43 in the
brain and muscle of mice expressing mutant VCP.
In addition, we have found altered Unc-45 levels in
response to mutant VCP in muscle, consistent with

the role Unc-45 has been shown to play in myopathic degeneration in other models. Finally, we
have found the presence of abnormal mitochondria
in the muscle of the mouse, as well as the fruit ﬂy,
suggesting this is a conserved, yet previously uncharacterized, property of IBMPFD, which should be
investigated in human tissues. Thus, by utilizing
multiple animal models of one disease, we have
shed light on several potential, previously unknown
mechanisms of pathogenesis by VCP mutation.
Although IBMPFD is a rare disease, the symptoms
are progressively debilitating with little to no therapeutic treatment currently available [57]. It is,
therefore, an important endeavor to further improve understanding of the mechanisms of IBMPFD
pathogenesis in order to elucidate druggable targets
for therapeutic intervention of this disease. We have
identiﬁed TDP-43 and Unc-45 as important downstream mediators of IBMPFD. Other targets of VCP,
such as nuclear factor kB (NFkB), have also been
suggested to play a role in mediating the symptoms
associated with IBMPFD [58–60]. Use of animal
models will be important to further characterize
the mechanism of these targets of mutant VCP in
pathogenesis. In addition, animal models will prove
to be quite useful in identifying unknown modiﬁers
of VCP function in IBMPFD disease onset and
progression.
In addition to the identiﬁcation of druggable targets of IBMPFD, animal models will also be highly
valuable in the screening of newly developed targeted drug therapies. Recently, Bursavich et al. [61]
synthesized several novel inhibitors of VCP.
Utilizing in vitro systems and cell lines to perform
high-throughput screens, the ability of these compounds to inhibit the ATPase activity of VCP was
assessed. Use of an animal model, such as the fruit
ﬂy, could be used as a ﬁrst step in the characterization of these compounds in an in vivo system. Since
Drosophila grow rapidly and are relatively easy to
produce in large numbers quickly, they would be an
excellent candidate for high-throughput screening
of drug efﬁcacy in vivo. Moreover, selective expression of mutant VCP in the ﬂy eye would further
improve testing efﬁciency because the eye is an
unessential organ and the effect of expression of
toxic genes can be easily observed without affecting
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the viability of the organism [40]. Once promising
compounds have been identiﬁed in the fruit ﬂy, they
can then be tested in preclinical trials in mice. This
would provide information into the efﬁcacy and
potential side effects of drugs before being moved
into clinical trials with IBMPFD patients.
In conclusion, we have shown that there are
many beneﬁts to be gained from the use of multiple
animal models of a single disease. Combining animal
models is a broad yet specialized approach to fully
characterize the mechanism of pathogenesis, identify therapeutic targets, and test the efﬁcacy of
developed therapies. This method would allow
scientists and clinicians to develop therapies for the
treatment of patients more quickly. Currently, drug
companies spend an unprecedented amount of
money on drug discovery research, with little relative gain. According to a 2001 study by the Tufts
Center for the Study of Drug Development, approximately US$802 million and 10–15 years is spent on
the development of a single compound that is actually used to treat patients, with a large portion of
money and at least 6 years spent on preclinical
research [62]. Utilizing multiple animal models for
all aspects of preclinical drug-discovery research
would greatly streamline the time required for the
production of new drugs and, thus, reduce the costs
associated with such development. IBMPFD is one of
many heritable, neurodegenerative diseases in
which there is no known cure and no treatment
currently available. Any approach which could
speed the development of treatments for persons
affected by such diseases is something all researchers, in both the laboratory and clinical setting,
should consider.
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