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Preface

This book contains chapters by internationally rec-

ognized experts and covers two currently very im-

portant topics:muscle aging, and sporadic inclusion-

body myositis, the most common aging-associated

muscle disease. Also described are hereditary inclu-

sion-body myopathies, which are genetically deter-

mined disorders pathologically rather similar to spo-

radic inclusion-body myositis but which become

clinically manifest in early, or sometimes later,

adulthood.

Human muscle aging causes a gradual enfee-

blement of older persons, and is progressively evi-

dent 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 anumberof clinical vignettes

of representative aging patients.

Emphasis is given to various treatable, and not-

yet-treatable, human conditions associated with ag-

ing. We stress that the phrase “you are just getting

old” is not an acceptable medical diagnosis, and that

aging isnot a satisfactory explanation for the causeof

neuromuscular symptoms. Nevertheless, aging cer-

tainly is a risk factor for a number of disorders. A full

neuromuscular evaluation is needed to properly ana-

lyze and diagnose a neuromuscular problem in an

aging patient, as the basis for providing the best

possible treatment. Herein we describe some exam-

ples of successful treatments, but much more re-

mains 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 not-

yet-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 com-

monprogressivemuscle disease of older persons, age

50 and above. As the world population ages, spo-

radic inclusion-body myositis is becoming more

prevalent and a significant health hazard. It causes

increasingly severe muscle weakness, leading re-

lentlessly to pronounced disability, including fre-

quent 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 gen-

erally underdiagnosed, and it is often misdiagnosed.

In this book are presented numerous details of the

newestmolecularmechanisms involved in the path-

ogenesis 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 phys-

ical 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

xi



features of brains of patients with Alzheimer disease

and Parkinson disease. The similarities between spo-

radic inclusion-body myositis and those two most

common neurodegenerative diseases of older per-

sons suggest that aspects of the molecular patho-

genic mechanisms may be extremely similar, or

even in some aspects the same.

Specifically, the similarities of sporadic inclusion-

body myositis with the Alzheimer brain include

accumulations of amyloid-b, phosphorylated tau

and numerous other “Alzheimer disease-

characteristic” proteins. The similarities of inclu-

sion-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-bodymyositis 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 de-

scribed in this book.

Valerie Askanas, MD, PhD

W. King Engel, MD
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Plate 7.1 Engel trichrome staining of s-IBM muscle biopsy. On a 10mm transverse section, this staining demonstrates

typical vacuolatedmuscle fibers. The vacuoles are of various sizes;most contain floccular pinkishmaterial, 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 accumulatedwithin the abnormalmusclefibers.Ab42,a-syn, and cellular prionprotein (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-IBMmuscle

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

peripheral deep-redcolor typically is due to collections of abnormalmitochondria. (b) Parkin stainingperformedona 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-IBMmuscle 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 andTexas redfilters. Plaque-likeand squigglyCongo-red-positive inclusions arepresent in s-IBM

muscle fibers. (f) A very abnormal, atrophicmuscle fiberwith large inclusions identified as b-pleated-sheet amyloid by their

pink crystal violet (CV) positivity. Magnification: (a) �1100; (b–f) �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 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.



Plate13.10 (a,b)Double-labeling experimentusing amonoclonal anti-NCAMantibody (a; red) or amonoclonal anti-PSA-

NCAM 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-IBMmuscle fibers the NCAMprotein 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

patientNCAMmigrates as a discrete bandof130kDa,whereas in s-IBM, as inothermyopathies (not shown),NCAMmigrates

as a broadbandof150–200kDa.On the contrary, in culturedmyotubesnodifference in the electrophoreticmobility ofNCAM

can be detected between h-IBM and controls. This suggests normal sialylation of the NCAM expressed by h-IBMmyotubes.

(f) Double-labeling immunocytochemistry showing h-IBMmyotubes stained by both the anti-NCAM and anti-PSA-NCAM

antibodies. In particular, NCAM is detected as a diffuse cytoplasmic stainingwhereas PSA-NCAM is also strongly represented

along the plasma membrane. Hoechst staining is used to identify nuclei. Scale bars: (a,b,f) 5mm; (c,d) 20mm.



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 andhypertrophy (diameter 5–160mm) consistentwith amoderately severe,

chronic-activemyopathy.Atrophic fibers contain oneormore slit-like rimmedvacuoles. (AcknowledgmentDrRabi Tawil.)

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

ubiquitin-positiveneuronal intranuclear inclusions (b, b inset) containingmodifiedTDP-43protein (c; c inset showsnormal

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 FormanMS, 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.)



Plate16.13 Exogenous expression of disease-relatedVCPmutants 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 inmalenontransgenic, VCP-WT,VCP-R155H, andVCP-A232Emice. (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 fromSaraK. Custer,ManuelaNeumann,HongboLu et al, Transgenicmice expressingmutant 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.)
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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 met-

abolic processes; (b) multifactorial trophic influ-

ences dispensed from its innervating lower motor

neuron (LMN) that are received at each muscle

fiber’s single neuromuscular junction; and (c) cir-

culating trophic influences. The LMN itself is inter-

dependent 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 numerousmuscle fibers

at the neuromuscular junctions. Each LMN in the

human biceps is responsible for activating about 200

muscle fibers and for the continuing trophic nur-

turing of good health of those muscle fibers. Amotor

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 hypo-

thetically 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 sensorynervefibers (faster-

conducting, 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 JoyceKilmer).

Muscle Aging, Inclusion-Body Myositis and Myopathies, First Edition. Edited by Valerie Askanas and W. King Engel.
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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 becom-

ing “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 influ-

ence 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 sarco-

penia. “Sarcopenia” sounds like a definitive diagno-

sis but it is not. It is often erroneously interpreted as

designating a singular pathogenesis. Sarcopenia

simply refers, imprecisely, tomuscle atrophy in aged

animals; it does not indicate or imply anypathogenic

mechanism, of which there are a number of possi-

bilities. 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 as-

yet-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 ex-

perimental 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 forAAM, 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 mus-

cle fibers, similarly to post-mitotic neurons, seem to

bemore susceptible to a chronic cellular aging than are

dividing cells. Cellular aging involves abnormalities

of various subcellular aspects, such as nuclei, mito-

chondria, endoplasmic reticulum, Golgi, and struc-

tural 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-type-

specific.

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 turn-

down, and how can it be controlled? What are the

underlying genetic factors, and/or important epigenet-

ic 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 iden-

tifiable, could become amenable to not-yet-devel-

oped 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-pro-

moting factor they instigate cascades of other genetic

activations and inhibitions, resulting in preferential

atrophy of type-2 or type-1muscle fibers respective-

ly. 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, myogenic-

factor-6, or dynamin-1.)

Some unanswered questions
Is the muscle frailty associated with AAM univer-

sally 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 non-

pigmented hairs, like vascular sclerosis, like accu-

mulation 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 other-

wise-toxified misfolded proteins – that gradually

“rusts” beneficent cellular functions and activates

“atrophy processes”? Why can’t any of the patho-

genic mechanisms putatively contributing to AAM

beprevented or treated now?Muchworkneeds to be

done before we can prescribe an elixir to make the

elderly intellectually brilliant and vigorous.

Indefinable are the terms “normal agedperson” 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

times their typical diameter of about 45–65mm
(in the biceps). Transverse histochemical sections

of muscle biopsies are diagnostically more informa-

tive than longitudinal ones. The universally used

stain for general evaluation of muscle-biopsy histo-

chemistry is the Engel trichrome [4, 5]. (It stains

myofibrils green and their Z-disks red;mitochondria,

t-tubules, longitudinal endoplasmic reticulum,

and plasmalemma red; andDNAandRNAdark 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 (reg-

ATPase) incubated at pH 9.4 [6], and (b) the acid-

preincubated 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 oxidative-

enzyme activities (e.g. cytochrome oxidase (COX),

succinate dehydrogenase (SDH), and hydroxybuty-

rate dehydrogenase), as well as myoglobin and

triglyceride droplets; and they are low in the anero-

bic glycolysis enzymes myophosphorylase and

UDPG-glycogen transferase, in glycogen, and in the

aqueous sarcoplasmic enzyme lactate dehydroge-

nase. The type-2 fibers are oppositely stained with

those reactions. (Interestingly, the very useful mi-

tochondrial oxidative enzymemenadione-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

areutilized for prolongedmuscle 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 amuscle not recently needled
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for electromyography, therapeutic injection, or

“acupuncture therapy”: these can produce con-

founding 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 histo-

chemical 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 nu-

clear 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 canbe rescuedby

reinnervation. Muscle fibers can “switch” their his-

tochemical type when denervated and then rein-

nervated 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-crushþ reinnervation

experiments [16–20]. In human muscle, This seem-

ingly random foreign reinnervation results in type-

grouping (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 consid-

ered a manifestation of “established reinnervation”

(Figure 1.3), namely previously denervated orphaned

musclefibershavingbeensuccessfully reinnervatedby

neurite sprouts from nearby relatively healthy LMN

axons of the opposite (foreign) type.

In abnormal human muscle, two situations pro-

ducemuscle fibers of intermediate degree of staining

with bothATPases: (a) partially convertedfibers that

are in the process of being “switched” due to foreign

reinnervation, which is typically a neuropathic phe-

nomenon (although in amyopathy there can some-

times be “myogenous de-innervation” due to

muscle-fiber abnormality at or near the neuromus-

cular junction with survival of the more distal por-

tion 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 usu-

ally evident in the setting of amyopathy, 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 in-

troduced [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 sprout-

ing 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 ourmuscle 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);

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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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 aging-

associated 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 selec-

tively atrophy, which occurs in various conditions

such as experimental pan-denervation [19, 20]

(Figure 1.2b), glucocorticoid toxicity, disuse, ca-

chexia, remote-effect of a neoplasm, and male cas-

tration; and (b) they aremore prone to hypertrophy

withwork, especially inmen. Innormal 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 tomore testosterone inmen). 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 acid-

pre-incubation for rev-ATPase staining, the2Bfibers

have properties intermediate between the 2A fibers

and the type-1 fibers. In some type-2-fiber atrophies

the subtype-2Bfibers are themore 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, multifac-

eted, 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 infor-

mation regarding human muscle aging. The clinical

and experimental muscle atrophies associated with

cachexia, hyponutrition (starvation), remote (para-

neoplastic) neoplasm, experimental (and probably

human) total denervation without successful rein-

nervation (Figure1.2b), glucocorticoid “myotoxicity”,

and disuse all involve preferential type-2 fiber atrophy,

and they have a number of their molecular degrada-

tive 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

fromthem?Anotherquestion iswhydomusclefibers

(cells) have such an elaborate protein-catabolizing

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 typicallywould showhigh 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.
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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

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) acid-

preincubated 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 atro-

phy (Figure 1.4), and other less frequently seen

atrophies, including vacuolar atrophies. Conceptu-

ally, type-2fiber atrophy canbeeitherneurogenousor

myogenous, or both. Determining which applies to

each specific patient is essential to establishing

patient-specific treatments. We propose that the

putativelyneurogenous type ismuchmore common

(see below).

Mechanisms of muscle-fiber atrophy involve:

. Greater catabolism than synthesis of muscle-fiber

proteins, especially catabolism of myofibrillar pro-

teins,which occursmainly through two subsystems:

Figure1.4 Type-2fiber atrophy in fourmales.Manyof the

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-1fibers There is also a concurrent slight type-grouping

in (a) and slight paucity of type-1 fibers in (d). The patients

in (a–c) have a chronic dysimmuneperipheral neuropathy,

and in (d) a chronic glucocorticoid toxicity. Regular

myofibrillar ATPase, pH 9.4. Magnification: (a) �830;

(b) �2000; (c) �830; (d) �2500.
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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

commonpathologic changes found in theatrophying

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, espe-

cially of molecular neurotrophic factors, some of

which are still able to be produced from crippled but

alivemotor 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 influencingmainly

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 pan-

dysinnervations), to which the type-2 muscle fibers

(or sub-preferentially type-2B fibers) are more sus-

ceptible; 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

cells.”Whereas in denervationdiseases 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

degreeorqualitative lossaffectingonly a fractionof the

presumably several “trophic factors” originating

from the affected LMNs. Denervation always pro-

duces 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 dis-

comforting 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 diabe-

tes) dysimmune neuropathies, (2) genetico-

diabetoid-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 dener-

vation 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 men-

aGPDH reaction; sometimes those fibers are low in

myophosphorylase and/or COX reactivity (Askanas

and Engel, unpublished results) [4]. (The denervat-

ed type-1fibers aremore likely tobe excessively dark

with theNADH-TR, SDH, andpan-esterase reactions

and the denervated type-2 fibers more likely exces-

sively dark with the men-aGPDH reaction.) Slightly

or moderately small “roungulated” (shape between

rounded and angulated) (Figure 1.4a–c), often “pre-

angular,” muscle fibers can indicate either early

recent denervationor type-2fiber atrophy, the latter

evidenced in its early and mid stages as more roun-

gulated 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 neu-

ropathy (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 histochemical-

ly indistinguishable from central-core disease fibers,

they are called “targetoid-core fibers.”

In early andmid stages of recent denervation, e.g.

from amyotrophic lateral sclerosis (ALS) or periph-

eral neuropathy, on transverse sections typically

there are scattered (not grouped) small, angular-

contoured fibers, whose angularity seems to be due

to their being slightly indented by the adjacent

normal fibers, which apparently have greater inter-

nal hydrostatic turgidity pressure than the dener-

vated 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 aremore likely to be roungulated.

In nearly total recent denervation (pan-denerva-

tion), e.g. in the acute neuropathy of Guillian–Barr�e

disease, the denervated fibers are roungulated,

probably because there are no normally turgid mus-

cle 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 dys-

innervation process, which we favour or (b) it is

“strictly a myogenous” process (if such actually ex-

ists) eventuating into atrophic fibers with denerva-

tion-like properties.) Seemingly relevant is that

Goldberg et al. has reported that in rodents biochem-

ical changes are similar between denervation atro-

phy and atrophy caused by cancer cachexia, starva-

tion, disuse, and corticosteroid atrophy [29–37]. It

should also be emphasized that experimental surgi-

cal 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 asso-

ciated ordinary recent denervation and/or estab-

lished 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

wouldbeespecially likely if thatpatient’s type-2fiber

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 glucocorti-

coid-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 ill-

nesses, cast on a limb, arthritic joint pains, and

psychosocial factors, such as depression or intermi-

nable 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

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 (LMNor Schwann cell)

can be complete (resulting in denervation) or partial

(resulting in dysinnervation).

Type-2 fiber atrophy is, after ordinary denerva-

tion and reinnervation, the second most common

pathology we find in muscle atrophy of the aging.

Different human conditions are associated with

type-2fiber atrophy, implying various possible path-

ogenic mechanisms. In the individual patient, de-

termining which cause of the type-2 atrophy is most

influential might lead to an appropriate treatment.

In the various conditions, is there a “final com-

mon path” to the type-2 fiber atrophy? This is not

certain, but several of the conditions associatedwith

type-2 fiber atrophy have the same major players,

such as: ubiquitin ligases and the ubiquitin-protea-

some 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 com-

mon 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 amino-

peptidase [30]; decreasing insulin-like growth fac-

tor 1 (IGF-1)-phosphinositide 3-kinase (PI3K)-

Akt signaling and its activation of mammalian

target of rapamycin (mTOR) and FoxO3

pathways [33]; increasing peroxisome prolifera-

tor-activated receptor g coactivator 1a (PGC-1a;
by suppressing FoxO3 action and atrophy-specific

Human Neuromuscular Aging: Pathology 13



gene transcriptions [34]); enhancing JunB tran-

scription 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, possi-

bilities 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 hypofunc-

tion/disuse, or a putative pain reflex decreasing

LMN function, and/or, in rheumatoid arthritis, a

concomitant dysimmunemechanism; (b) inHIV the

atrophy could be dysschwannian dysimmune neu-

ropathic, 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 changesmight be considered a

“wearing out” or a “weariness” of the cellular pro-

tective 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 protec-

tosome is holding in abeyance the atrophogenic

mechanisms with which the muscle fibers of all of us

are normally equipped. However, those atropho-

genic 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 myos-

tatin, because with the antibodies used no immu-

noreactive 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-2muscle 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 myo-

toxic 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 animalmuscle 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 exer-

cise can mitigate that myosin protein expres-

sion [58]. The actual mechanisms by which myos-

tatin 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 suspen-

sion in humans causes the unloaded (“disused”)

muscles to increase myostatin mRNA and protein

[60], and acute antibody-directed myostatin inhibi-

tion atenuated similar disuse muscle atrophy and

weakness in mice [61].

In aneurally culturedmuscle fibers, tumor necro-

sis 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 dis-

cussed was the hypothetical possibility that the

adjuvant, collaterally, also has an unrecognized

myotoxic effect [62]. That adjuvant-arthritis-asso-

ciated muscle atrophy could also be attenuated

by systemically administrated IGF-1, which also

decreased atrogin-1 and insulin-like growth factor-

binding protein 3 (IGFBP3) [63].

Clinical arthritis is associated with muscle atro-

phy, which may be multifactorial, involving disuse

and perhaps myotoxic cytokines [46]. Terracciano

et al. [46] found type-2fiber atrophy in patientswith

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 upre-

gulated by ubiquitin ligases: muscle RING-finger 1

(MuRF1) and MAFbx (atrogen-1). They target par-

ticular 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

ubiquitination by its associated proteins. Because

the targetedproteins stabilize themyosin-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/lyso-

somal 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, aswell

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, in-

creasing transcription of many autophagy-related

genes, which are also induced in mouse muscle

atrophying due to denervation or fasting. In atro-

phying muscle, decreased IGF-1-PI3K-Akt signaling

stimulates autophagy not only through TOR,

but also more slowly by FoxO3-dependent tran-

scription, thereby coordinating regulation of

proteasome and lysosome systems. Elevated PGC-

1a or PGC-1b [34, 70, 71] was reportedly

“therapeutic,” as manifested in several ways. It pre-

vented 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 gen-

eral, 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 utili-

zation, or (b) for building cellular peptides and

proteins. This martyring occurs in states of hyponu-

trition 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 orga-

nelles by lysosomal enzymes and proteasomal pro-

teolysis, 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, includingLMNs,have an indirectmyoatrophy-

ing effect; and (c) suppress the appetite. Cachecto-

genic toxic cytokines include TNFa and interleukins

1b, 6, 8, 12, and 23, and these can be released by

neoplastic cells, macrophages, and adipocytes. Re-

leased 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; anti-

TNFa drugs etanercept, infliximab, and adalimu-

mab; an anticytokine effect of thalidomide; and

anti-IL12 and anti-IL23 drug ustekinumab (inde-

pendently 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

synthasekinase3b (GSK3-b)) [72]. In tumor-bearing

mice, there is marked muscle wasting and weight

loss, associatedwith increasedphospho-extracellular-

signal-regulatedkinase(pERK)anddecreasedmyosin

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 multifac-

torial combination of low-grade systemic illness,

hyponutrition, hypoactivity, and, possibly low-

grade ischemia from anywhere in the vascular tree,

including the capillaries?

Myotoxic phenomena: glucocorticoid

atrophy

Muscle biopsies of glucocorticoid (corticosteroid)-

treated patients havingmuscleweakness showwhat

we first identified as preferential atrophy of type-2

fibers (the glycolytic, fast-twitch fibers) [4, 8, 10,

41]. In animal experiments, glucocorticoid is con-

sidered to act directly on muscle fibers to cause the

now well-known type-2 fiber atrophy. (Hypothet-

ically, perhaps with glucocorticoid toxicity there

could also be a concurrent toxic neuropathic mech-

anism 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 theubiquitin-proteasome system,

which is considered to have the major role in that

catabolism. It is mediated through increased expres-

sion of several atrogenes, genes involved in muscle

atrophy (such as atrogen1 andMuRF1, which are two

ubiquitin ligases involved in targeting proteins to be

degraded by the proteasome machinery). Glucocor-

ticoids are, according to some investigators, also anti-

anabolic, blunting muscle protein synthesis. Some

aspects of the glucocorticoid atrophymay 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 transcrip-

tion factor FoxO is a major activation switch for the

stimulation of several atrogenes [74]. Glucocorticoid

increases myostatin expression, and in mice myos-

tatin gene deletion prevents glucocorticoid-induced

muscle atrophy. Glucocorticoid increases mRNA of

enzymes involved in proteolytic pathways (atro-

gen1, 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 themuscle

wasting [71]. In glucocorticoid-linked muscle atro-

phy, the myosin heavy chain is preferentially lost.

Other extrinsic triggering mechanisms

or associations ofmuscle 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 parathy-

roid-related-protein (sometimes released from

tumor cells).

. Abnormal immune complexes and/or toxic

antibodies, as follows.

1 In dermatomyositis we have described deposi-

tion of toxic immune complexes in small blood

vesselsofmuscle,whichis typicallyassociatedwith

perifascicular atrophy(meaning theatrophicmus-

cle 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, causedby thosevascular deposits.

2 In myasthenia gravis, which is caused by

toxic antibodies against the nicotinic receptor at the

post-synaptic (muscle side) part of the neuromus-

cular junction, we have found muscle-biopsy fea-

tures of recent denervation and/or type-2 fiber

atrophyineverymyastheniagravispatient [76].This

mechanism of atrophy is literally a myopathic dysre-

ception and might be multifactorial, resulting from

both hypoactivity and possibly impaired concurrent

dysreception of trophic-factors from the LMN.

Additionally, there is probably somebinding 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 trueneuropathic component. (Those pre-

synaptic acetylcholine receptors are probably the

mediators of pyridostigmine-provoked fascicilations

in myasthenics and normals; Engel, unpublished

results.) (Twoother possiblypathogenically relevant

phenomenaarea-bungarotoxin-delineated:(a)neo-
appearance of nicotinic receptors on denervated hu-

manmuscle 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).

. Putativeprion, or “prionoid”, andothermisfolded,

“sticky” abnormal proteins, originating intracellu-

larly or extracellularly, could be capable of disrupt-

ing normal cellular function.

. Neurogenic “susceptibilization:” in individual per-

sons 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 prin-

ciple, could be increased catabolism affecting: (a) an

aspect that ismore active in type-2fibers, or decrease

of a normal mechanism that is more important in

type-2 fibers (such as anerobic glycolysis or mito-

chondrial 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).

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 neuropa-

thy early in the course of the disease, and virogenic

toxicity causing dysneuronal neuropathy later;

(b) often cachexia; (c) hypomotility/disuse; (d) pos-

sible nerve toxicity of anti-HIV drugs; (e) infre-

quently, myotoxicity from viral products.With HIV,

type-2 fiber atrophy in response to a hyponutri-

tional/cachectic aspectwould be altruistic, butwhen

in response to the other causes it would not be.

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.

Not likely

(a)Myotoxins; (b) denervation/dysinnervation dis-

eases (e.g., ALS, peripheral neuropathy, root/nerve

mechanical pressure), although they secondarily

cause dysphagia and hyponutrition; (c) myasthenia

gravis (before hyponutrition), possibly involving

both hypoactivity and insufficient neurotrophic

factors; (d) pain, local or regional (arthritis, osteo-

and rheumatoid, causing hypoactivity and/or a

putative “dolorogenic atrophy”); (e) surgical or phar-

macological 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

Diminished COX staining

Specifically this is the absence, or prominent de-

crease, of COX staining at a given transverse level of

a muscle fiber and often segmentally distributed as

multifocal absences along the long individualmuscle

fibers (Figure 1.5b) (see [80]). These foci are often

increased in aging human muscle, without an iden-

tified mitochondria-related mitochondrial DNA

(mtDNA) or nuclear DNA defect (Engel, unpub-

lished results) [80]. They indicate mitochondrial

abnormality, andwe suggest that theymight be only

the tip of the iceberg, evoking the possibility of an

accompanying, histochemically inapparent crip-

pling 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.

Specific or not-yet-specific mitochondrial

myopathies

Primarydefects ofmtDNA,ornuclearDNA, affecting

muscle mitochondria (with or without other cells),
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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 normal-

diameter muscle fibers (some indicated by asterisks)

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 bymuscle biopsy histochemistry,

but identifying the specific defect requires special

biochemical techniques (see Chapter 4 in this vol-

ume). Not-yet-specific defects presumably underlie

the more commonly seen muscle fibers having

either absent, diminished or, infrequently, exces-

sive, 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 mito-

chondrially focused investigators have deemed

the general aging of muscle a “mitochondrial

myopathy” (seeChapter 4) [83]. Like aginghumans,

“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

mitochondriaarebright redwith theEngel 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, ormen-aGPDH:
they are sometimes deficient in one mitochondrial

enzyme accompanied by an increased amount of

others. The overall cytoarchitecture of the ragged-

red 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 al-

ways,more evident in type-1 fibers (which normally

have more mitochondria). Ragged-red fibers are

more frequent in aging human muscle, and espe-

cially in s-IBM (an aging-associated muscle disease)

(see Chapter 7 in this volume).

A normal variation can be the rugged-red appear-

ance of a bright red rim of packed mitochondria in

many of the type-1 fibers, especially in some persons

doing very vigorous prolonged endurance exercis-

ing such as frequent long-distance cycling. In nor-

mal human muscle, histochemistry demonstrates

that the mitochondria are qualitatively different be-

tween type-1 and type-2 muscle fibers: mitochon-

dria 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” (Fig-

ure 1.6) are based on rearrangements of the normal

orderly array of mitochondria in a delicate pattern

amongst themyofibrils. 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 mitochon-

drial 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 mito-

chondrial oxidative enzyme activity histochemically

(Figure 1.6d) [89]. We now hypothesize that the

mitochondria were secondarily impaired due to in-

tracellular lack of ATP consequent to defective

anaerobic glycolysis caused by the myophosphory-

lase deficiency. By analogy, possibly other, or even

many, mitochondrial abnormalities might be due to

damage inflicted by a glycolytic or other nonmito-

chondrial 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. Therapeuti-

cally 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. (Apparently-

identical changeswere evident inmuscle 14 days following

suprasegmental cordotomy [21].) (b,c) “Decrease-

increase” 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

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-carni-

tine 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 mitochondrial-

supporting 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 mito-

chondrial functional defects occur (see Chapters 7

and 10). From Askanas’ studies, the earliest identi-

fiable pathogenic step in s-IBM is intracellular in-

crease of amyloid-b oligomers,which are considered

to be mitotoxic because their over-expression within

cultured human muscle fibers produces mitochon-

drial abnormalities (see Chapters 7 and 10).

Uncontrolled free radicals can also damage

mitochondria.

Other histochemical changes in aging
muscle fibers

Increased acid phosphatase staining,

a marker of lysosomal activity

Histochemically, themajor amountof enzymatically

active acid phosphatase is associated with

accumulations of lipofuscin granules, typically lo-

cated 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 multipunc-

tate distribution of acid phosphatase (without his-

tochemically discernable lipofuscin granules)

throughout the muscle-fiber cytoplasm. Acid phos-

phatase at both of these sites increases with aging in

everyone, but the amount in aging muscle varies

quantitatively from person to person (Engel, un-

published results). It is not established whether the

gradual increase of the lysosomal acid phosphatase is

beneficial, neutral, or detrimental. It could be a

signal that various invisible, possibly toxic,misfolded

and indigestible molecules are gradually accumula-

ting 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 circu-

lating 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).

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, andmany

otherAlzheimer- andParkinson-typeproteins in those

accumulations (see Chapters 7 and 10). s-IBM still

lacks a definitive treatment (see Chapter 7). (b) He-

reditary 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) Dermatomy-

ositis often well-treatable (see above and Chapter 3).

Amyloid

Abnormal aggregations of misfolded protein mole-

cules 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, byMibi radioisotope scanning [91]).

We have previously postulated that cyto-disturbance
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from extracellular amyloid [92] and from intracel-

lular amyloid (see Chapters 7 and 10) is not due to

space-occupying mechanical pressure of the visible

deposits, but rather amolecular cytotoxic affinityof the

misfolded amyloid precursor molecules existing as

toxic oligomers and monomers.

Rods

In adult-onset rod myopathy, which we now desig-

nate 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

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 thisman’s age of 45 (it is

more like that of someone age 85). Magnification:

(a) �3330; (b) �4500; (c) �5830.
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successfully treated a patient with intravenous im-

munoglobulin (IVIG) [94], andevenmoreeffectively

when rituximab was added [96]. Interestingly, rods

in animal muscle fibers can be produced by tenot-

omy [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 re-

viewed in detail, partly because it is not certain

which are directly relevant to the complex human

problem.Because therapy for patients is theultimate

goal, biochemical studies of aging human muscle

would be relevant to understanding the pathogen-

esis 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 dysinnerva-

tion 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

typicallyas type-2fiber atrophy.However, sarcopenia

is a termweneverusebecause 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 complainingofmuscleweakness andatrophy,

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 homoge-

nized 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 pre-

synaptic afferent neurons.

Because muscle of “sarcopenic” animals report-

edly shows, typically, type-2 fiber atrophy, the fol-

lowing comments are relevant.

. “Dysinnervation” is our concept of partially im-

paired neurotrophic influence from crippled but

still-alive motor neurons. In human type-2 fiber

atrophies, including those of aged persons, histo-

chemically 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 ho-

mogenized for biochemical and molecular-genetic

studies, should also:

1 be pre-screened “clinically,” including by elec-

trophysiology, for identifiable abnormalities that

in aging humans are considered to cause muscle-

fiber atrophy, especially ones causing type-2 fiber

atrophy. These potential abnormalities include:

overt or subtle partial or pan-denervation or

pan-dysinnervation, hyponutrition/cachexia,

andhormonedysregulations.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 diag-

nostically 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/molecular-

geneticstudiesofmuscleatrophyofagedanimals, 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

characterizesmostmuscle-fiber atrophies, including

type-2 fiber atrophy, denervation atrophy, and atro-

phic fibers in the several myositides and other

myopathies, is there an absolutely unchanging de-

nominator 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 neu-

ropathic 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 suremethod. Considerations include the

following.

Specific treatments
Carefully seek all possibly relevant treatable dis-

eases, and treat any identified correctable causative

disorder. e.g. dysimmune neuropathy or primary

hyperparathyroidism.

Non-specific treatments
1 Correct any hyponutrition, which, in our experi-

ence, 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

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 atrophywithout 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 deter-

mined. 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, pul-

monary, renal, or neoplastic disease; fatigue from

various prescription medicines; or even the weak-

ness itself produced by the atrophying muscles.

Exercise-wise, the following should be done.

1 Exercise to the extent possible, and active resis-

tance 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 syn-

thesis [106]. For patients, the precise salutary

amounts and scheduling of these branch-chain ami-

no 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 sug-

gested byothers; 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 onlywhen 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

knownwhether the degree of reduced testosterone

correlates with an amount of type-2 fiber atrophy.

Both LMNs andmuscle fibers have androgen recep-

tors responsive to testosterone/dihydrotesterone;

thus, testosterone-therapy benefit could be on

LMNs, muscle fibers, or both. Weekly injections of

depo-testosterone, a knownmasculinizing 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 experi-

ments, in animals, suggest that androgens are not

required for peak muscle performance in females

but are inmales,where they act through the andro-

gen receptor to regulate multiple gene pathways

that control muscle mass, strength, and resistance

to fatigue[66]. Inaclinicaluseofdepo-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 transcu-

taneous), and frequency of testosterone therapy are

not known, and must be weighed against its recog-

nized 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 genetic-

or 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 abnor-

malities. 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 aro-

matase inhibitor, such as letrozole, anastrozole, or

exemestane, to sustain the benefit of testosterone

and block estrogenization (but one should note that

aromatase inhibitorscanhavetheirownsideeffects).

Needed is development of a water-soluble, non-

estrogenic 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 regula-

tory factor). This is related to type-2 fiber hypertro-

phy and atrophy [107]. The androgen receptor is a

ligand-dependent transcription factor, containing

binding sequences for the Mef2 family of transcrip-

tion factors, suggesting a functional interaction in

skeletal muscle between the androgen receptor and

Mef2c [108].

In the future, if surreptitiouslydevelopedandused

androgens really do enhance athletic performance

(morehome-runs!),andaresafe,perhapstheycanbe

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 Administration-

approved for “HIV associated cachexia,” i.e. the HIV
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muscle atrophy(wasting) that is typically type-2fiber

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 at-

rophy in aging and in several other settings, anti-

myostatins 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 intramuscu-

larly by gene transfer of an alternately spliced cDNA

of follistatin, and reportedly it has shown anti-atro-

phy 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 report-

edly can reverse cancer cachexia andmusclewasting.

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 cancer-

induced cardiac atrophy). It also “dramatically pro-

longed survival” even when the tumor growth was

not inhibited. That blockage abolished induction of

the ubiquitin ligases and activation of the ubiquitin-

proteasome system [31].

. Other potential therapeutic targets in the adverse

catabolic pathways of muscle fibers are also being

considered.

Potentially salutatory molecular
components for future therapeutic
consideration

IGF-1

In ratswith experimental adjuvant arthritis, system-

ic IGF-1 reportedly counteracted themuscle atrophy

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 cul-

tured 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 adultmuscle, decreasing

JunBexpressionbyRNAinterferencecausesatrophy,

and overexpression of JunB causes independently

stimulated protein synthesis andmuscle-fiber hyper-

trophy. JunB transfected into denervated muscle

“prevents” fiber atrophy. JunB protects atrophy-

targeted proteins by blocking FoxO3 binding to pro-

motersof theubiquitin ligases atrogin-1andMuRF-1,

andthusreducingproteinbreakdowninproteasomes.

Thus, JunB in adult muscle is required for mainte-

nance of muscle size: it can induce hypertrophy and

block atrophy [30]. Autophagy inhibition reportedly

can induce “atrophy andmyopathy” 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].

Pharmacological/biochemical
substanceswithout establishedvalue
for human muscle atrophy of aging
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 ad-

vertised 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 con-

cepts related to clinical and pathogenic aspects of

human neuromuscular aging. There is a large litera-

ture 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 age40 inbothgenders, bywhich time

aging-associated disorders, e.g. the female meno-

pause,andperhaps theearlyphaseof theandropause,

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” in-

vites 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 histo-

chemical techniques. Often, cerebrospinal fluid

(CSF) examination is also needed. Sometimes rel-

evant 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 insufficien-

cy, myocardial infarction, osteoarthritic joints, and

reduced testosterone or estrogen, as well as imbal-

ance, 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 neuro-

muscular 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 concur-

rently multiple neuromuscular malfunctions is a

non-Oslerian, non-Occam’s razor concept that medical

insurance companies can be reluctant to acknowl-

edge (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 com-

binations we have encountered in our patients in-

clude the following.

. “Double neuropathy”: chronic, mild, relatively non-

progressive 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 ex-

plained below in the Clinical Comments section).

The dysimmune neuropathy can be a cause of sig-

nificant worsening of the weakness, peripheral sen-

sory 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 dis-

ease) plus treatable genetico-diabetoid-2 or other dysim-

mune neuropathy, the latter ones being very treatable

with IVIG (as explained below). Although

peripheral sensory neuropathy is sometimes consid-

ered 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 accompa-

nying various disorders, especially neuropathic ab-

normalities, are often well controlled with clonaz-

epam [8, 9] (see vignette 8 in Chapter 3). Most

muscle cramps are neurogenic, a few aremyopathic.

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 treat-

able. In this example, the myasthenia gravis mim-

icked (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 pyridostig-

mine/mestinon alongwith the prednisone) [10–13].

The concurrent cervical-disk myelopathy caused

Babinski responses and slight ALS-like hyperre-

flexia 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 neu-

ropathy. treatable with IVIG, plus unilateral cerebral

arteriovenousmalformation in themotor area caus-

ing hyperreflexic hemiparesis, treated with focal

microembolization. The ipsilateralitywas 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 dom-

inant 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 limb-

muscle 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 iden-

tified, by high serum creatine kinase (CK) and mus-

cle-biopsyhistochemistry, that the newly progressive

weakness was caused by newly coexisting polymyo-

sitis. That polymyositis initially was very responsive

to prednisone, but death ensued 18months later due

to a previously undetectable metastatic cancer of
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undetermined primary site; the polymyositiswas prob-

ably a dysimmune remote effect.

. Ophthalmoparesis, presumably from mitochondrial

myopathy diagnosed by a biceps-muscle biopsy, plus

a dysimmune neuropathy associated with elevated CSF

protein120mg/dL(uppernormalis45mg/dL),which

was treatable with IVIG. One should not assume that

all neuromuscular aspects of a mitochondrial myop-

athy patient are due to an untreatable mitochondrial

or nuclear DNA mutation.

. Progressive brain and spinal-cord multiple scle-

rosis (MS) plus dysimmune peripheral neuropathy,

probably sharing with the MS a dysimmune

etiologic commonality and treatability, in a woman.

With IVIG treatment for>13years, bothaspectshave

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” com-

posed 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 end-

ings and sensory transducers back to their neuro-

nal 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

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 neu-

ropathy” and results in secondary Schwann-cell

damage. Note that from a motor or sensory neu-

ropathy, all symptoms are directly attributable to

the neuronal dysfunction, which may or may not

be secondary to a Schwann-cell dysfunction.

“Diabetic neuropathy”
Apatientwith peripheral neuropathy anddiabetes is

still too often simply diagnosed as “diabetic neu-

ropathy” 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 diabetes-

2-associated dysimmune neuropathies with anti-

dysimmunemeasures [1, 3, 4, 14]. It is now increas-

ingly accepted that in diabetes-2 there is often a

dysimmune neuropathy, commonlywith elevatedCSF

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-dysim-

mune 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 mecha-

nism 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 para-

meters 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 poly-

neuropathy can be manifest as long as 10 years
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before their diabetes-2 becomes clinically evident.

This genetico-diabetoid-2 dysimmune polyneuro-

pathy is often very treatable with IVIG [4].

In a patientwho 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 dysmetabo-

lism. Accordingly, asking about a close family his-

tory 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 “neuronal-
nurturing cells:” an X-Y-Z hypothesis
regarding this devastating and still-
enigmatic 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 ag-

ing-evoked degeneration especially, but not exclu-

sively, of motor-neuron systems (targeted “Cells-

Z”) [15, 16]. Anatomically, the sALS spinal-cord

involvement has a monotonously characteristic to-

pography. 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 cata-

strophic 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-col-

umn 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 path-

ogenic ALS virus would be identified, we hypoth-

esized that, by a virogenic-dysmetabolic mechanism, the

proposed ALS virus might be acting (a) directly on

neurons, especially lower anduppermotor neurons;

or (b), more intriguingly and potentially more ame-

nable 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 (“cells-

Z”) [15,16],or b) inactivatea“toxin-Y” thatpreferen-

tially 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 astro-

cytes” [16] which, like other astrocytes in ALS, man-

ifest oxidative stress [16]; these hypothesized para-

motor-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 andpermanent loss of intrin-

sic factor causes its own topographically character-

istic B12-deficiency myelopathy. In ALS, disturbance

of NNCs could be: (a) indirect, for example dysim-

mune, 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 theNNCmolecularmachinery.

Accordingly, it seems appropriate to seek, by multi-

tissue screening, evidence for a retroviral reverse-

transcriptase 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 repeatedly-

normal liver-function tests (g-glutamyl transpepti-

dase (GGTP), aspartate aminotransferase (AST), ala-

nine aminotransferase (ALT), lactate dehydrogenase

(LDH)).

In a few sALS patients we found that two types

of treatment have produced transient symptom-

atic improvements of strength, but neither was

able to stop the insistent progression of the under-

lying “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 obser-

vations) [22]. (b) With initial TRH (thyrotropin

releasing hormone) treatment of 12 sALS pa-

tients [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 sum-

mating improvements. The TRH mechanism may

have been a neurotransmitter effect stimulating

partially impaired but still-alive lower motor

neurons, analogous in principle to pyridostig-

mine action in myasthenia gravis, and also had

a confounding autorefractoriness [22]). Unfortu-

nately, TRH apparently did not produce a neu-

rotrophic effect able to reverse the degenerative

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.

Wehave alsohypothesized that ametabolic 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, asso-

ciatedwithamutationofSOD1,TDP43,FUS [26], or a

newly-discovered mutution of gene C9ORF72 at

chromosome 9p21 [75]. From this latter was sug-

gested 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 diag-

nosis of ALS, and should always be sought. See also

examples ofALSmimics (above) and see inChapter 3,

vignette 21 about pseudo-ALS, and vignettes 8 and

10. Several conditions sometimes mistakenly diag-

nosed 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),probablyamotor-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” appear-

ance, which had developed slowly and asymmetri-

cally 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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atrophy, and fasciculations, usually asymmetric, in

the shoulder and proximal upper limbs (Engel, un-

published 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 im-

provement (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 treat-

ment, which he declined. Another man, age 68,

developed an acute hanging arm within a few days

following a “horse serum” injection after a mild scor-

pion sting in northernMexico; 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 (ex-

cessive for that individual), and they also can occur

at rest and during sleep. (Caffeine in an older person

might also precipitate sometimes very serious car-

diac 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 mus-

cle macro-cramps. Fasciculations and cramps are

both caused by excess lability of lower motor neu-

rons (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, thefirst 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. Unfortu-

nately, the stimulant caffeine is not forbidden to

children, nor in the Olympics, nor in high-school

and other sports performances, even though most

consider caffeinea performance enhancer. Remarkably,

highly caffeinated “energy drinks” are widely pro-

moted as performance enhancers by their purveyors,

even tominors, and those purveyors enthusiastically

sponsor and put their name on major sports events,

performance venues, and teams. Generally unrecog-

nized 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 com-

monly signal treatable CIDP than ALS.

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

Abnormal Nonfunction Labile, hyperfunction

Motor nerve

Muscle action Weakness, atrophy Fasciculations, cramps, microcramps, brisk reflexes

Muscle fibers: denervated,

de-inhibited, labilized

Fibrillations, positive waves

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
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Amyloidoses
Amyloid diseases are typically associatedwith 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 amyloid-

associated 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 ormore 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) mu-

tant 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

withinmuscle fibers of s-IBMpatients and paralleled

by immunoprecipitation studies (Chapters 7 and 10).

In amyloid peripheral neuropathy, two mecha-

nisms of amyloid-associated toxicity have been

proposed: (a) the electron-microscopically invisible

amyloid molecular precursors (now thought to be

monomeric or oligomeric misfolded protein mole-

cule precursors of the amyloid fibril) may be the

molecular cytotoxic agents damaging the neural tis-

sue 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

favor (a) as the major damaging pathogenic mech-

anism. Perhaps the electron-microscopically invisi-

ble 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 small-

fiber 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 consid-

ered for: (a) the toxicity of misfolded amyloid-b,
prion, a-synuclein; (b) possibly for hyperpho-

sphorylated 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 phe-

nomena,” possibly there are post-translationally mal-

folded toxic, but not necessarily amyloidogenic,

proteins producing “aging changes” in muscle, neu-

rons nerve, Schwann cells, and other cells of the

body: this is our current musing. To understand

the cause and treatment of putatively toxic aging-

associated malfolding mechanisms is an important

research challenge.

In s-IBM the amyloid is accumulated intracellu-

larly in two major types of inclusions, especially con-

taining, 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 ormore of the other co-accumulated proteinsmight

actually have a pathogenic role in initiating or con-

tinuing 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 cyto-

toxic molecularly-destructive affinities for crucial

intracellular components. Whether any of the pro-

teins bound to the aggregated proteins becomes

deficient enough within the cell to cause harm is

not known.

In the Alzheimer brain, although the amyloid-b-
containing 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.” Theymight

actually be due identifiable problems, such as neu-

romuscular, 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 with-

drawal of an effective treatment. An observant

patient can give a reliable report of any change of the

fatigue component of daily activities, such as individu-

ally 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 dis-

missively, 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 neurop-

athy; myasthenia gravis, periodic paralysis, muscle

carnitine deficiency (see below), or hyperparathy-

roidism [8, 34]. The fairly recent and contradictory

reports of the “XMRV retrovirus” allegedly associ-

ated with CFS, recently have not been confirmed.

In the meantime, the US Food and Drug Adminis-

tration (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 debil-

itating neuromuscular disorder, such as a neurop-

athy, can be difficult to determine in the individual

patient. In each CFS-like patient, we recommend

performing: (a) a full battery of blood tests, includ-

ing dysimmune and viral parameters; (b) a histo-

chemically 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 macro-

cramps 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 manifesta-

tions that we consider to be based on proven neu-

ropathic 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 actu-

ally focal crampings, in the neck, upper shoulders or

arms [35]. A positive result in a carefully done “neck-

stretch 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. Lon-

ger-term improvement is often achieved by prop-

erly instructed, repeated neck stretchings utilizing

a home neck-stretch apparatus (begun after mag-

netic 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 appar-

ently abhorrent concept of carrying amuch 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 muscula-

ture, 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” syn-

drome, 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 enfee-

blement of lower-limb muscles affected by a neu-

romuscular disorder, or sometimes from a sensory-

neuropathy ataxia. The patient who falls may have

(a) certain common, relatively easily correctible

causes of falling, such as: medication effects; dysre-

gulations 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 neu-

romuscular/neurologic condition. Each falling

patient deserves careful neurological and neuro-

muscular analysis (see above). Some work-around

assistive devices can be tried – e.g. canes, crutches,

braces,walkers, andwheelchairs – but they are often

disdained by perilously proud seniors. Also very im-

portant: seniors should have, and wear, the best

possible corrective eye-glasses.

Some disorders causing treatable weakness, sen-

sory imbalance, and/or disabling spasticity are dis-

cussed 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.

. Sudden automatic reaction to sudden pain, as from a

painful neuropathy or arthritic conditions, includ-

ing 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 ormechanical radiculopathy. The path-

ogenic 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, undernourish-

ment (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 condi-

tions 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 obfus-

cates the problem.

. Occult hyperparathyroidism, associated with an ele-

vated, or normal, level of ionized calcium, can pres-

ent 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 radio-

isotope 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 mea-

surements 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 increas-

ingly 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 spas-

ticity might be overlooked, for example, potentially

treatable ones such as normal-pressure hydroceph-

alus, subdural hematoma (e.g. in a patient on anti-

coagulant therapy who has recently fallen), and

early abscess or tumor. Other brain disorders affect-

ing 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 dermato-

myositis [37, 38].

Arterioles, or perhaps more proximal vessels: is-

chemia, intermittent or prolonged:

. Duchenne muscular dystrophy: small foci of same-

stage 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 norepi-

nepherine [39–43]. These findings in Duchenne

dystrophy, studied before the dystrophin gene

mutations were found,may indicate a co-pathogen-

ic 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 nor-

mal calcium levels, are virtually diagnostic of diabe-

tes-2 (Engel, unpublished observations since 1981).

Boxing
In the “sport” of boxing, themain aim is brainmaim.

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 acciden-

tal concussions in hockey and football than inten-

tional 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 re-

commendations of the AmericanAcademy of Neuro-

logy 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

withadisposabletoothpick,but (b) todetectdistal 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 aminute). Aging patients

can have an unrecognized tachycardia or arrhythmia,

potentially dangerous, potentially quite treatable. A

number of times we have found a previously unde-

tected 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) manifes-

tation of diabetes-2 by glucocorticoid/prednisone

treatment, and (b) genetico-diabetoid-2dysimmune

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 “nano-

family” composed of identical “monoclonal anti-

bodies” 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 signif-

icance” (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. Histori-

cally, the term “MGUS”was initiated by R.A. Kyle, a

myelomaexpert [44], simply in reference to amono-

clonal antibody that was not associated with a de-

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, liter-

ally 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 perpet-

uating that illogical and misleading use of “MGUS”.

In our group of over 1000 patients presenting, over

the years, to our tertiary referral center with periph-

eral 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 radionu-

clide imaging).

. A monoclonal band, or free light chains, or free heavy

chains in serum, urine, or CSF should not be dis-

missed as “normal in aging.” Rather, those immu-

noglobulins and fragments are indicative of dysim-

munity 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 electro-

pheresis and immunoelectropheresis but, unfortu-

nately, those two inferior techniques are still being

ordered instead of IFEP, sometimes at the insistence

of insurance and Health Maintenance Organization

(HMO) companies.

. If amonoclonal 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 cyto-

toxicity 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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. Thewhite blood cell count (WBC) and “leucopenia” are

illogical and misleading archaisms from ancient

times when blood cells were first seen microscopi-

cally and the best that could be done was to cate-

gorize 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: theWBC is composed mainly

of two disparate cell types, neutrophils and lympho-

cytes. Its use isworse thannonsensical 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 lympho-

cytes are thought to be the undesirable pathogenic

ones in an autoimmune disease. We cannot yet

target only the actual trouble-making B- and T-lym-

phocytes. A step in that direction is the recently

popular rituximab, which targets mainly CD20 B-

lymphocytes (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 efficacymonitoring only with aWBC 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 5–15mg single-dose on

alternate days, if the patient does not have diabetes-

2 or a close-family history of diabetes-2, or another

contraindication for prednisone.

. Examination of CSF is important in many neuro-

muscular 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 45mg/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) abnor-

mal 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 com-

mon among the elderly, and protein elevation is

especially common in diabetes-2 dysimmune neu-

ropathy. Regarding CSF immunoglobulin bands,

we consider even one band abnormal and signifi-

cant, 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-func-

tion tests”, but that is still sometimes being thought

and taught. Distinguishing the source requires anal-

ysis of GGTP and CK (CPK). Serum GGTP is in-

creased only in some liver disorders, and serum CK

(MMtype) is increased only in some skeletal-muscle

disorders, especially inmyopathies, 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 disor-

der [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 amuscle 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 “densifica-

tion” 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 di-

agnostic 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

activatesmore than theusual number ofmotor 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 syn-

drome 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 acti-

vating 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.

Nerve conduction velocities
Denervation and dysinnervation abnormalities are

usually neurogenous (but, atypically, sometimes can

bemyogenous; see Chapter 1). Conceptually, dener-

vation is a complete loss of neural influence on the

muscle fiber (which initially can be reversible by

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 dener-

vation (details in Chapter 1). In general, a dysinner-

vation probably would be more easily treatable and

reversible, and therebyable toprovide short- or long-

term benefit.

Routinely tested clinical nerve conduction veloc-

ities are unable to measure the slow-conducting small-

diameter 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 anoth-

er 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, fast-

conducting fibers as a requirement for the clinical

diagnosis of CIDP. Nor should they be a required

parameter to be monitored for documenting im-

provement 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 can-

not be required. A patient can showgood to excellent

benefit clinically without any improvement of con-

ductionvelocities (Engel, unpublishedobservations).

We propose that in nerve conduction velocity

studies, a ratio between relative slowness of con-

duction 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.

Diagnostic muscle biopsy
interpretations

Diagnosticmuscle 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 in-

fluence 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 dener-

vation 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 andmacro-

phages in relation to abnormal muscle fibers and/or

around blood vessels. Sometimes deposition of im-

munoglobulins in bloodvessels is amajor 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, hyperparathyroid-

ism,amanifestationof recentpan-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-1þ1þ1 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 expen-

sive, 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 involv-

ing 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 inhib-

itor) [55]. These prominently reduced paralyzing-

attack frequency and severity, and increased inter-

ictal strength. They have become standard

treatment.

. Two muscle carnitine deficiency disorders having

increased triglyceride, withinmuscle 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

boywas slightly obese, very intelligent, andhighly

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- andmedium-chain

fatty acid utilization.) Our new hypothesis [56,

57] was that the accumulating long-chain fatty

acids were toxic, by formingmicelles 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 long-

chain 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 dietwas used

very successfully to treat a three family members

who had lifelong weakness and fatty-food intol-

erance due to autosomal dominant lipid neuro-

myopathy (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 chem-

ical company, 4 g/day, for a virtually lifelong-

afflicted, diffusely weak 23-year-old woman, on

a respirator, who was so near death that her

autopsy was being planned. This treatment re-

sulted in dramatic improvement within 10 days.

At 8 months muscle function was normal and

remained so on3 g of L-carnitine/day, eventuating

1 year later in her planning her ownwedding. The

lucky-guess desperation treatment [59]was based

on our identifying excess lipid within the ante-

mortem biopsied muscle fibers of her sister, de-

ceased at age 10 (linked in our laboratory by

having the same family name of the biopsy spec-

imen submitted from a different state).

. HTLV1 subacute severe spastic paraparesis, with

some muscle fasciculations and cramps: anti-

dysimmune therapy (prednisone plus oral cyclophos-

phamide 2mg/kg/day in one, and prednisone plus

total-body irradiation (see below) in the other) in two

men, 68 and 70. Those produced remarkably im-

proved walking (no longer wheelchair-dependent)

[60]. Treatment was initiated because the culture-

negativeCSFhad28and111 lymphocytes, protein of

86 and 254mg/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 coronary-

bypass procedures, each involving many units of

transfused blood. This is an example of virogenic

dysimmune myelopathy. Knowing of the HTLV1

viremia would have made us hesitate before this

treatment. This successful experience encourages

consideration for similar HTLV1 myelopathy treat-

ment in the future, and it re-emphasizes the viro-

genic 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 cyclophospha-

mide, plasmaphereses, before IVIG was available) pro-

duced 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 obser-

vant 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 isnecessary tohelp clarify thepathologic

process. Sometimes general “clinical guidelines” that

are intended to be helpful for patient management

are too restrictive. Accordingly, absence of a guidelines-

designated 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 improve-

ment—and for insurance companies, HMOs, or a

government to do so is contrary to good medical

care. Thatwould be similar to providing intentional-

ly 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 im-

provements. 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. Inourexperiencewith IVIG,

optimal benefitusually lasts only 1–2weeks after the

last infusion, sometimes even shorter. Thus, reap-

pearanceof symptomsbefore thenextdosesuggestsa

Sisyphusian inadequate frequency, a major hin-

drance to long-term summation of benefit, and pos-

sibly ingravescently adding to aspects of irreversibility

of the cellular damage the physician is attempting to

repair. But we also emphasize that individual IVIG

dosesgiven in too-largeamountand/or toorapidly in

one infusion session can be risky, occasionally pro-

ducing 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 newdrugs that enhance regeneration

in the central and peripheral nervous system, to be

given concurrently with anti-pathogenic (e.g. anti-

dysimmune) 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 infu-

sion 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-thick-

ening effect of the IgG infusate. We infuse slowly,

generally not over 100mL/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 250–340mL/hour for a

70 kg patient. Forworrisome patients,we invented,

17 years ago, an infusion schedule of 0.4 g/kg on

two nonconsecutive days every week [4, 6]. This pro-

vides a more even elevation of IgG blood levels and

fewer side effects. More recently, we have some-

times 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 docu-

mented that the necessary therapeutic blood level

was above 2200mg/dL (the laboratory-stated nor-

mal blood level of IgG is 650–1650mg/dL); below

that level, symptoms began to reappear.
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For diabetics, one should use IVIG brandswithout

sucrose. Such as Gammagard-Liquid or Gamunex

(the latter requires brief flushing of the intravenous

line with 10mL 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.”

Apossible 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 (contain-

ing 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 some-

times 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-

tient, we often start with daily glucocorticoid, some-

times 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 3mg/kg (with food) can be planned, but we

start at about 2mg/kg and increase it as tolerated. As

a safety aspect, wemonitor 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 alter-

nate-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 compa-

nies, can be toxic. We have recently seen an intol-

erable 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 intoler-

ant 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 immuno-

therapy. Not yet established is whether or not there

will be a long-term toxicity of chronic rituximab

treatment of severely affected dysimmune neuro-

muscular patients, whose disease itself is not life-

shortening. Until now, rituximab has only rarely

caused progressive multifocal leucoencephalopa-

thy, a severe JC-polyomavirus disease of the brain.

Often, each intravenous rituximab dose is

375mg/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 CIDPpatient,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 in-

vites Sisyphus relapses, whereas too-frequent dosing

might jeopardize the bone marrow. Intuitively, we

have recently developed (for a patient with dysim-

mune adult-onset rod-myopathy syndrome, includ-

ing 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 maintenance-

dose 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 pa-

tients who were totally weak, totally limp, on a

ventilator and gastric feeding tube, and previously

unresponsive to all other immunosuppression treat-

ments [68]. Their individual cumulatively dramatic

and long-term improvement was achieved, result-

ing 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 5weeks, 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 knowledge-

able 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 bene-

ficial in an unusual disorder we call “fever-responsive

dysimmune neuropathy”, in a patient who had had

1–3week slight improvements following spontane-

ous fevers [69]. The subsequent patient with fever-

responsive 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 56mg/dL (upper normal is 45mg/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 weak-

ness. 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, andmost or all

of them are suspected to be of that pathogenesis.

The excellent improvement of this fever-respon-

sive 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 patientwe 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 pos-

sibly 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 2mg/kg/day of oral cyclophosphamide (plus

>10 glasses of liquid/day)has beenvery 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 lenalido-

mide, 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 neu-

ropathy, which is especially confusing and deleteri-

ous 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 azathi-

oprine, above). Apparently, the FDA requires phys-

ical-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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CHAPTER 3

Aging of the human neuromuscular
system: patient vignettes
W. King Engel1,2, Shalini Mahajan2, and Valerie Askanas1,2
1Departments of Neurology and Pathology, University of Southern California Neuromuscular Center, University of Southern

California Keck School of Medicine, Los Angeles, CA, USA
2Good Samaritan Hospital, Los Angeles, CA, USA

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-2muscle fiber atrophy,which

is diagnosable only on muscle biopsy. One should

seek an identifiable cause, such as cachexia, disuse,

glucocorticoid toxicity, a “remote” neoplasm, hy-

perparathyroidism, subtle denervation, or supra-

segmental central nervous system (CNS) abnormal-

ity. This mainly-sensory nerve neuropathy can

cause slowed sensory nerve conductions, if involv-

ing large diameter fiber, � small diameter ones.

Ninemonths ago, a 62-year-oldman beganhaving

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 ac-

tivities. His arms tired easily carrying bags of groceries

or holding his 18kg grandchild. He had no symptom-

atic 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 weak-

ness 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 formen is 370 IU/L). Liver-

function tests and other blood chemistries were nor-

mal. The serum anti-neuronal/anti-Hu antibody test

was positive. Immunofixation showed a monoclonal

IgG-kappa band. Sensory and motor nerve conduc-

tion velocitieswere slightly slowed (dysschwannian)

in the lower limbs, and EMG was normal. Cerebro-

spinal fluid (CSF) protein was slightly elevated

(48mg/dL; upper normal is 45mg/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 me-

tastases. 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 neo-

plasm and the type-2 atrophy are detailed in Chap-

ter 1. They include: a paraneoplastic dysimmune or

another type of autogenic toxic neuropathy, and hy-

ponutrition/cachexia. Although his more promi-

nent 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 neuropa-

thy, with a motor component. On the first clinical

examination, the differential diagnosis included

polymyositis; motor neuropathy; facilitating myas-

thenic syndrome of Lambert–Eaton; and a possible

component of brain or high-spinal-cord or menin-

geal 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 inde-

pendent of pro-inflammatory cytokine action. For

example, it might (i) provoke production of cachex-

ins 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 func-

tional “dysinnervation,” asmay be part of the patho-

genic 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 thequadriceps, ankle extensors,

and flexors and/or extensors of the distal phalanges

of the fingers and toes, slightly to moderately ele-

vated CK and no family history, one should consider

sporadic inclusion-body myositis (s-IBM). Muscle-biop-

sy histochemistry, utilizing our special staining tech-

niques (see Chapters 7 and 10 in this volume), is

virtually always diagnostic.

A 60-year-oldman 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 re-

cently has had occasional difficulty swallowing, need-

ing 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 mod-

erate weakness of the glutei, and of the toe and

ankle extensors. He also had prominent weakness

of the flexors of the distal finger phalanges (name-

ly, flexor digitorum profundus, especially of fin-

gers 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: SerumCKwas slightly elevatedat 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 mo-

tor-unit potentials” [1]), plus recent denervation (fi-

brillations 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 in-

clusions, one or a few per fiber on cross-section,

(i) that were congophilic (indicating abnormal pro-

tein aggregated in the b-pleated sheet conformation

of amyloid); and (ii) by immunolocalization con-

tained either amyloid-b protein and or hyperpho-

sphorylated 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

ordysinnervation). (e) Stained squiggles that contain

p-tau protein, which are much better displayed by

the P62 antibody than TDP-43, and by electron-

microscopy are seen as paired helical filaments.

Treatment: There is no enduring treatment for

stopping thegradual progressionof s-IBM.How-ever,

some patients can have useful transient benefit in

response to small or medium doses of oral glucocor-

ticoid treatment, in the range of 15–45mg single dose

on alternate days (see Chapter 7). But note, if the

patientora close familymemberhasdiabetes-2 (type-

2 diabetes), a glucocorticoid can bring out diabetes-2.

Dysphagia sometimes is benefited by IVIG.

Comment: Identifying s-IBM is clinically impor-

tant, for example to distinguish it from amyotrophic

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 di-

agnostic. Treatment is typically begun with a gluco-

corticoid, 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 usedwith 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 neo-

plasm 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 ofmuscles and

occasional deep aching pain inher thighs. She has no

sensory symptoms or imbalance. She has amoderate

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 moder-

ate–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. Sen-

sory 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 demon-

strates 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

42mm/hour (upper normal is 20mm/hour for

women). Complete blood count and thyroid tests

were normal.

EMG of the quadriceps and biceps showed in-

creased 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 motor-

neuron control (on a neuropathic or myopathic

basis), which would normally prevent such sponta-

neous 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 accentua-

tion of these two types of abnormalities at borders

of the fascicles (bundles) ofmuscle fibers; (d) alkaline

phosphatase-positive proliferating perimysial con-

nective-tissue (in muscle biopsies, this is unique

to dermatomyositis, lupus erythematosus, and

sometimes polymyositis, and perhaps some other

collagen-vascular diseases); (e)mononuclear inflam-

matory cells, mainly lymphocytes and some macro-

phages, which are around muscle fibers, and some-

times are invading fibers that otherwise are only

minimally abnormal (but never completely normal

morphologically); (f) perimysial lymphocytic inflam-

mation 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, whichmight be discov-

ered 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 60mg

of single-dose alternate-day oral prednisone, with

potassium supplement. Our “prednisone-accom-

panying” dietary instructions were to omit caffeine

and sodium, and to limit calorie intake (prednisone,

being a glucocorticoid, causes adrenergic stimula-

tion/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 manage-

ment 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 typeof 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 weak-

ening, a falling CK suggests there is ongoing pro-

gressive 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 proliferat-

ing 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 pa-

tients. Occasional patients have side-effects with

generic azathioprine, but good tolerance and ben-

efit 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,

wewould have considered total-body irradiation [3],

if available (see Chapter 2). In some patients we

have found total-body irradiation to be cumula-

tively, 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.

A51-year-oldwomanhadhad slowlyprogressive,

painless proximal muscle weakness for 8 years. She

could not lift her arms to shoulder level; andwalking

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 in-

volvement, 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, 2900mg/dL (normal is 650–1650mg/dL).

Fromour experiencewith numerous patients given

IVIG, we have observed that the serum IgG can, for

more than 24h, be as high as 3000–4500mg/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

yoga poses. Because her own pathologically ele-

vated 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-B-

lymphocyte 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. Ge-

netic testing for this can confirm thediagnosis. There

is no effective treatment for the genetic muscle

weakening. If pharyngeal constriction is demonstra-

ble by a cine-swallowing test, progressively severe

swallowing difficulty can often be satisfactorily im-

proved by gradual dilation of the pharyngeal con-

striction using a bougie, performed by a gastroen-

terologist 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 interfer-

ingwith her vision, and it is a constant effort for her

to keep the eyelids open; in fact, she has alreadyhad

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 trou-

blesome are pieces of meat, bread, and lettuce.

Small dry particles such as nuts can produce aspi-

ration 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 fatigu-

ing more often in the past 3 years.

Examination: There was bilateral ptosis, which did

not worsen during 2min 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

slightlynasal.Swallowingwater inthepresenceofthe

physician required extra attempts. Tendon reflexes

were reduced throughout. Plantar reflexes, and sen-

sory and cerebellar examinations, were normal.

Laboratory: Blood counts and chemistries, includ-

ing thyroid tests, were normal. Antibodies to the

nicotinic acetylcholine receptor and to striatedmus-

cle were negative (the former are typically positive

in myasthenia gravis (MG), and the latter would

suggest the presence of a thymoma).

Nerve conductionswere normal. Also normalwas

low-frequency repetitive neuromuscular-junction

stimulation (distinct fromMG,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 trinucleo-

tide expansion in both the patient and her mother.

Treatment: There is no effective treatment for this

genetic muscle weakening. Severe swallowing dif-

ficulty can often be satisfactorily improved by esoph-

ageal 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 mus-

cular dystrophy because, although there is promi-

nent 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 myofibril-

lar proteins, as well as genes encoding intermediate-

filament 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 neurop-

athy, which in two sporadic patients we have found

clearly responsive to IVIG and therefore represent-

ing a treatable dysimmune phenomenon. There is

no widely effective treatment for the myofibrillar

myopathy itself, but certainly a treatable dysim-

mune aspect should be sought.

This patient is a 74-year-oldwomanwho 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 symp-

toms 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 hemogramwere normal.

CSF proteinwas elevated, 94mg/dL (normal<46mg/

dL), strongly suggesting a dysimmune neuropathy.

Nerve conductions velocities were slow, and indi-

cative of a dysschwannian neuropathy. Her EMG

showed (a) a BSAP pattern indicating fractionated

motor units, which can bemyopathic 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 de-

generative myofibrillar material and absent cross-

striations, appearing amorphous and hyaline, red-

dish or dark-purplish in color. In these same regions

there was absence of the usual intermyofibrillar

oxidative enzyme activity of mitochondria and re-

ticulum.A fewmuscle fibers had vacuoles possessing

some autophagic features. No lymphocytic or mac-

rophagic 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 coex-

isting “genetico-diabetoid-2 dysimmune neuropathy,”

a type of chronic immune dysschwannian poly-

neuropathy (CIDP) (sometimes less precisely called

chronic inflammatory demyelinating polyneuropa-

thy, Chapter 2).We therefore treatedher 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 treat-

ment for myofibrillar myopathy, this patient greatly

benefited from treatment of her coexisting dysim-

mune motor-sensory neuropathy. This exemplifies

the need for carefully seeking treatable aspects in

each patient (see Chapter 2).

Neuromuscular junction disorder

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 symptomatical-

ly with an anti-cholinesterase such as pyridostig-

mine/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 admis-

sion to intensive-care (intubation, ventilation, and

nasogastric feeding as needed), stopping any pyridos-

tigmine, starting a) plasmaphereses (which remove

both toxicMG 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

MGpatient, 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 visuali-

zation and removal of the entire anteriormediastinal

contents. Now, some thymectomies, especially for

fragile surgical candidates, are being done by mini-

mally invasive multiple-probe surgery, but the com-

pleteness 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 pastmonth 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 bifa-

cial weakness (can’t whistle; a snarl-type of hori-

zontal smile), diplopia, especially on lateral gaze to

each side (attributable to bilateral sixth-nerveweak-

ness) 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 (3Hz) showed an

18% decremental response of the compound-mo-

tor-unit potential indicating MG (normal is <11%

decrement). Nerve conduction studieswere normal.

Computed tomography (with contrast) of the me-

diastinum revealed a mass, presumably thymoma.

Treatment: Following three daily plasmapher-

eses, the patient was concurrently started on (a)

prednisone at 60mg single dose daily (which sub-

sequently was gradually converted to single dose

on alternate days) and (b) 2.5mg/kg Imuran di-

vided-dose daily (evolving to 3mg/kg daily as

needed and tolerated; see Chapter 2). A thoracic

surgeon performed a presumably complete exci-

sion 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 mech-

anism [4], possibly from viral infection of them.

Neurogenic disorders

Vignette 8. “Multi-microcramps”
(not “fibromyalgia”) and a cramps-
fasciculations syndrome
“Multi-microcramps” can be the clinical presenta-

tion 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 macro-

cramps, and sometimes fasciculations. The motor-

nerve 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, ac-

cording to our experience, treatment with bedtime

very-low-dose clonazepam/Klonopin (off-label,

0.5–2mg) is often extremely beneficial for rapidly

reducing the intensity and frequency of the symp-

toms (and sometimes is mildly soporific), overall

resulting in amuch better quality of life. Presumably

it is suppressing the causative distal-twig nerve

instability/irritability, thereby reducing the “micro-

cramps.”This canprovide reduceddiscomfort during

the day and more restful sleep at night. At a given

dose, it eitherprovides relief thefirstnight –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 0.25–0.5mg 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 effec-

tiveness. 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 Administra-

tion (FDA)-approved for multi-microcramps, it

can be effective and safe, producing much less-

pained, better-slept, grateful patients. Pharmaco-

logically, 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 mani-

festations encompassing microcramps, macro-

cramps, and fasciculations, all due to spontaneous

firings from anywhere in the lower motor neuron:

soma, axon–Schwann-cell complex, or distal axonal

twigs.Multi-microcrampswe consider to be caused by

rather diffuse, repetitive firings ofmany distal axonal

twigs, each activating a very few of its muscle fi-

bers [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

samemuscle of a variable number ofmotor neurons,

each activating most or all of its family of approxi-

mately 200 muscle fibers. Fasciculations probably in-

volve 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

15–20min and a prolonged hot shower he feels

“looser” again. He now is having the painful tight-

ness 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 get-

ting to sleep and staying asleep very difficult, result-

ing 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

had mild muscle cramps after prolonged exercise.

Hehasno thyroid disorder. There is no familyhistory

of any neuromuscular disease, or diabtes-2.

Examination: Examination reveals slight hyperre-

flexia diffusely (probably due to a pathologic hyper-

excitability of his lower motor neurons). In resistance

testing, muscle strength is normal.

Studies: Voltage-gated Kþ 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) anti-

bodies (which are detected in some patients with

“stiff-person syndrome”) were negative. Thus his

presumed pathologic antibody remains unidenti-

fied. Thyroid and parathyroid hormones were nor-

mal. Serum potassium, sodium, magnesium, and

ionized calciumwere normal. Lumbosacral and cer-

vical spinemagnatic resonance imaging (MRI) scans

were unremarkable.

Nerve conductions showed mild–moderate dys-

schwannian 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% im-

provement” according to the patient. This was ob-

tained immediately by taking 1mg at bedtime and

0.5mg in themorning. These doses did not causehim

any daytime sleepiness side effect. For putatively

more definitive and rather rapid anti-dysimmune

benefit, plasmaphereses (for hemodynamically sta-

ble patients) couldbeadded, but thepatient 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 repeat-

edly, because IVIG benefit begins to wane within 7–

14 days after the last dose. Oral anti-dysimmune

therapies that we have found beneficial are Imur-

an/azathioprine plus low-dose alternate-day predni-

sone, and previously used cautious and closely-

monitored oral cyclophosphamide [8].

Comment: Symptomatic treatments are: (a) omit in-

take of all stimulants and (b) consider treating with
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low-dose clonazepam/Klonopin [6, 7]. (Note: qui-

nine has been an effective treatment of muscle

cramps for at least a century, but recently the FDA

hasmore 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 recom-

mended for malaria.)

Multi-microcramps appears to be an autoimmune

disorder, sometimes, but not always, caused by an

identifiable toxic antibody against voltage-gated po-

tassium 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-dysim-

mune treatment, given that: (a) antibody positivity

is basically a quantitative testing (it is conceivable that

a sub-threshold amountof a toxic antibody could cause

clinically evident damage; thus, absence of a detect-

able 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 un-

known type of antibody may be causative.

This group of patients can often be improved by

repeated plasmaphereses or repeated IVIG infu-

sions. While improvement with either of these

treatments is essentially diagnostic of toxic circu-

lating antibodies, with or without toxic cytokines,

their benefits are only transient. More sustained

improvement, sometimes accumulating dramati-

cally, requires stopping production of those

toxins from B-lymphocytes (�macrophages), such

as was done very successfully with: (a) oral cyclo-

phosphamideþ oral prednisoneþ plasmaphereses,

for a severely crippled similar patient who in 1990

we designated “syndrome of continuous motor-

unit activity” [8] (and some have called neuromyo-

tonia), 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 “stiff-

person syndrome,”which hasmore 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, espe-

cially 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 sur-

gically removing overly active parathyroid hor-

mone (PTH)-producing cells that are not grouped

into an easily detectable adenomatous lump is dis-

cussed 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 dimin-

ished than brute strength. There are no sensory

symptoms, and no cardiac or respiratory abnor-

malities; nor is there any abnormality of swallow-

ing or speaking. She has passed three renal stones

in the past 12 months.

Examination: She had bilateral moderate weak-

ness of proximal leg muscles, e.g. hip flexion, ex-

tension 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 102pg/mL (normal is

14–72pg/mL). Serum total and ionized calcium values

were variably high, both ranging between high-

normal and slightly above-normal. Total calcium

was 10.5–11.2mg/dL (normal 8.6–10.6mg/dL),

and ionized calcium being 1.31 and 1.34mmol/L
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(normal is 1.12–1.32mmol/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 fast-

twitch motor units, but only of the earlier-activated

type-1-fiber slow-twitch motor units) [9]. Nerve

conductions were normal. Muscle biopsy histo-

chemistry showed moderate–prominent type-2 fiber

atrophy, slight recent denervation, and slight– moder-

ate established reinnervation.

Imaging: Although the soft-tissue sestamibi radio-

nuclide scan of the neck seeking a PTH adenomawas

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 real-

time 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,

canwalk at least 5miles 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; specula-

tively, 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 cachecto-

genic cytokine network components, such as tumor

necrosis factor a and interleukins-6, -5, and -8,

perhaps impairing energy utilization of amotor-unit

component.

Vignette 10. Multifocal motor
neuropathy with conduction block - a
pseudo-ALS
Multifocalmotorneuropathywith conductionblock

can involve one ormore limbs. It may ormay not be

associated with IgM anti-GM1 antibody. One should

also look for other dysimmune abnormalities

through immunofixation electropheresis, quantita-

tive immunoglobulins, and testing for immune com-

plexes, antinuclear factor, and rheumatoid factor.

Response to IVIG treatment is often excellent or

good and, more recently, the immunosuppressant

rituximab has sometimes been successful.

A62-year-oldmanhas 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 andwas 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 occa-

sional twitches (fasciculations) of muscles in his

right arm and forearm, and in his left thigh and calf.

He often is awakened at night by calfmuscle 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 aremuscle fasciculations in the

right arm and forearm, and left thigh and calf. The

right arm and forearmmuscles were moderate weak

andatrophic.Hehas slight–moderateweakness ofhis

right hand muscles. There is a slight proximal left

lower-limbweakness 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 68mg/dL (normal up

to 45mg/dL). Nerve conductions showed an asym-

metric 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 cumula-

tively 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 phas-

ing 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 im-

provement 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) large-

diameter nerve fibers conveying position and vibra-

tion sense, and/or (b) small-diameter nerve fibers

conveying pain and temperature sensations. It may

be associated with a postural or action tremor, pre-

sumably due to lack of subconscious normal posi-

tion-sense information caused by impaired large-

diameter 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 immuno-

globulin; or b) in the CSF as one or more oligoclonal

bands.

A 60-year-oldmanhas had, for 14months, 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 6months, he also has beenhaving

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

musclehe is attempting to contract, butwithhis 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

absenceof vibratory sensation at the toes andankles,

and absent position sense in the toes. In his feet and

lower half of the legs there is prominent hypersen-

sitivity to pain stimuli (tested using a round tooth-

pick), 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 sen-

sory loss in the soles.

Studies: Serum IgG was high, 2568mg/dL (normal is

650–1650mg/dL). By immunofixation electropher-

esis, the patient had an IgG-kappamonoclonal band (not

tobedismissedas a “normal” agingphenomenon)and

free kappa light chains in theurine). Serumcomplement

C3 and C4 levels were low. CSF protein was elevated

at 93mg/dL (normal up to 45mg/dL). Sensory nerves

were totally unresponsive in the lower limbs, and in

the upper limbs they manifested a prominent dys-

schwannian sensory neuropathy. Motor nerves had

slight–moderate dysschwannian abnormality in the lower

and upper limbs. EMG showed slight recent denerva-

tion 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; infusingmoremight 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

24h, and followed by a cumulatively very significant

benefit. Improvement initially was of the numbness,

paresthesias, andpain of his feet and legs, and then of

hisbalance, and slight–moderate improvementof the

intention tremor. Note that although benefit from

repeatedplasmaphereses 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 (10mg) alter-

nate-day prednisone, with careful monitoring espe-

cially of the absolute neutrophils (by weekly com-

plete 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 care-

fully watched for any clinical regression.

Comment: A patient’s IgG-kappa or other monoclonal

band shouldnotbedismissed as “normal in aging;” it is

an important dysimmune parameter that is more

common in aging but is not normal. The likelihood

that themonoclonal immunoglobulin is the cause of a

patient’s neuromuscular disorder is based on clinical

judgment. Careful and prolonged treatment is usu-

ally 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 genetico-
diabetoid-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

(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 vibra-

tory 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 un-

responsive, probably due to the numbness of the

soles and the extensor and flexorweakness of all her

toes. Her hypertension was well-controlled with

telmisartan, ramipril, and sotalol by her cardiologist.

Laboratory studies: CSF: proteinwas high, 116mg/dL

(upper normal is 45mg/dL); glucose was high

95mg/dL (upper-normal is 70mg/dL); and there

were two abnormal oligoclonal immunoglobulin

bands. She had normal serum quantitative immu-

noglobulins and did not have a detectable monoclo-

nal band. Nerve conductions showed severe dys-

chwannian sensory-motor neuropathy in the lower

more than the upper limbs. EMG showed recent

denervation and established reinnervation, espe-

cially in distal lower-limb muscles. Quadriceps bi-

opsy showed bothmoderate 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 ad-

vised. The IVIG involved 0.4 g/kg/day on two non-

consecutive days every week, infusion rate not over
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100mL/h (and slower if her carefully monitored

blood pressure rose during an infusion).

Within 1week she began to show improvement,

and at 1month shehad increased ability tomoveher

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 respon-

sive to, and dependent upon, her IVIG therapy as

evidencedbyher symptomsbeginning 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 infu-

sions 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 predni-

sone) or rituximab, to try to diminishher dependence

on IVIG.

Comment: In suspected diabetic-2 dysimmune poly-

neuropathy and in genetico-diabetoid-2 dysimmune poly-

neuropathy 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 themore likely

the neuropathic process will respond to IVIG treat-

ment. In both conditions, careful and prolonged

treatment is typically needed to achieve summated

and sustained improvement, and to avoid the Sis-

yphus phenomenon.However, IVIG, as excellent as

it is, being the best and safest anti-dysimmune treat-

ment, 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 symp-

toms 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 neuropa-

thy in an elderly patient, one should consider a

possible dysimmune effect of a “remote paraneoplastic

syndrome.” This is commonly associated with small-

cell 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

provokingneoplasm; and (b) anti-dysimmune treat-

ment, 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 burningpains inhis

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 oneof themhebrokehiswrist, 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 speak-

ing. 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 mod-

erate 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 unelicita-

ble in the lower limbs, while in the upper limbs they

showedmoderate dysschwannian plus dysneuronal

neuropathy (see Vignette 12). EMG showed slight

recent denervation and slight reinnervation. Quad-

ricepsmuscle biopsy showed slight–moderate recent

denervation and moderate reinnervation. CSF pro-

tein was elevated at 61mg/dL (normal up to 45mg/

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 radi-

ation 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 neuropa-

thy, 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 anti-

dysimmune.

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 un-

usually unresponsive, or (c) the dysimmune com-

ponent 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

all of our>300patientswhohave received repeating

dosings of IVIG for a dysimmune disorder state that

they “never” contract the local community viruses

that infect family, friends, and coworkers. Accord-

ingly, IVIG’s triple benefitmight be an excellent treat-

ment, perhaps life-saving: a) for moderate or severe

cases of an epidemic or pre-pandemic flu, especially

patients who are unresponsive to “specific” antivir-

als; 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 re-

spond to various oral and intravenous antimicrobial

treatments, given as an in-patient. Because the diag-

nostic 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 ventilator-

dependence in the intensive care unit (at which time

he also had developed a complicating bacterial pneu-

monia and septisemia). By the timewewere 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 neuropa-

thy, one of us (W.K.E.) started IVIG, 0.4 g/kg/day on

five consecutive days. Then a series of three infu-

sions 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 3months, the patientwas 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 antibac-

terial 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 dysim-

mune 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 IgManti-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 dys-

immune neuropathies); other neuropathies associ-

ated with diabetes-2; and toxicities from drugs and

from the environment. This patient’s lifelong high-

arched feet and difficulty getting a good fit of shoes

(both abnormalities also present in her father, pa-

ternal uncle, and paternal grandfather) had pro-

voked, prior to our seeing her, a diagnosis of

“untreatable late progressive CMT disease” for her

late-onset prominent neuropathic worsening. How-

ever, we considered a newer, potentially treatable,

dysimmune neuropathy in this patient because her

CSF protein was 146mg/dL, with normal cell count.

That possibility was confirmed because our treat-

ment with IVIG has been providing sustained,

cumulative benefit. Interruption of the IVIG sched-

ule 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, progres-

sive spontaneous pain in the feet and lower legs, and

dysthetic sensations in her soles. Initially shenoted 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 requir-

ingmaximal Vicodinmedication three times daily to

try to diminish them, along with locally supervised

nightly quinine to counteract the muscle cramps.

At night her feet painwas 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 “weakankles” and “high arches” fromchildhood

(asdidher father,paternaluncle, andpaternal grand-

father). She was never athletic, would often sprain

her ankle, and frequentlywouldhavemuscle cramps

while trying to exercise. There has not been any

subjective proximal muscle weakness. She was er-

roneously 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 mid-

palms. Tendon reflexes were absent throughout.

Her feet are floppy at the ankles, and her arches are

very high (pes cavus). There is prominent exten-

sion 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 dys-

immune markers were normal. CSF protein was

prominently elevated at 146mg/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 sen-

sory 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 twononconsecutive days

every week. Initially, improvement became subjec-

tively evident after 2 weeks of IVIG treatment, and

thebenefits gradually summated. The improvements

included elimination of the constant peripheral neu-

ropathic 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 some-

what 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 isOK; during a secondweek

off IVIG the increased feet pain necessitates one daily

Vicodin;andduringa thirdweekoff shehaddefinitely

lessenergy,andwalkingandascendingstairs“became

verydifficult,” anddescendingbecame “very scarey”.

The resurgent feet pain was “terrible,” requiring ice-

water 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

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 andmotor neuron axonal extensions.

If the dysschwannian process is severe and/or chron-

ic, a secondary dysneuronal aspectwill be induced andbe

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, progres-

sively worsening numbness of his feet and legs,

gradually ascending up to the mid-thighs. He also

had intermittent, sudden electrical-shock-like sensa-

tions in his feet. He feels stiffness whenwalking, and

has greater difficulty lifting his feet to ascend curbs

and stairs. He stumbles on irregularities of the side-

walk or the ground. He frequently loses his balance,

andhas fallena few timeswhilewalkingand stepping

upordown thecurb.Hehas difficultywithbalance in

darkness or with his eyes closed. He recently devel-

oped somedifficultywith recentmemory.There isno

abnormality of swallowing or speaking.

Examination: He is thin but not definitely under-

nourished. He has increased muscle tone at the

knees and slowness of walking, but he has normal

power to resist the examiner’s force. Sensory exam-

ination shows: absent vibratory sense and position

sense at his toes and ankles, and a moderately

prominently decreased sensitivity to touch and pin-

prick in his feet and legs up to mid-thighs. Romberg

test is positive. Tendon reflexeswere 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 indi-

cator of a B12 deficiency (see Comment below). In

this patient, the serum vitamin B12 level was low,

150pg/mL (normal is 225–1000pg/mL), and the folic

acid level was moderately elevated. Serum anti-parietal-

cell antibody and anti-intrinsic factor antibodywere very

high, and methylmalonic acid was elevated.

Nerve conductions showed a combined dyssch-

wannian and dysneuronal sensorimotor polyneuro-

pathy in the lower more than the upper limbs. EMG

in the lower limbs distally showed slight–moderate

recent denervation and slight established reinnerva-

tion. Quadriceps muscle biopsy showed slight–mod-

erate recent denervation and reinnervation.

Treatment: We began high-dose vitamin B12

(cyanocobalamin), 1000mg, 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-fashionedmethodofonce-monthlyB12 injections

with a larger needle in a buttock muscle, this subcu-

taneous 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 (1mg twice daily). In general, after 4–12

weeksofdailyB12 injections, if thebenefit is estimated

to be maximal, the frequency might be reduced, for

example, to about one to three timesweekly, depend-

ing on the clinical status, as was done in this patient

after 12 weeks. The benefit was as follows. Within

1week after starting B12 injections this patient had

less fatigue andmore energy. By about 3–6weeks, he

noted gradual return of sensation in his thighs and

upper legs, and slightly in his feet. Balance also began

to improve, as didhiswalking, andmemory.By about

8 weeks of treatment, the electrical-shock sensations

were gone from his feet and his other sensory symp-

toms 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 neces-

sary 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 associatedwith positive serum

antibodies against parietal cells and/or intrinsic fac-

tor). Anti-dysimmune treatment is not useful be-

cause 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

manyother persons, are taking inmultivitamins 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 multi-

vitamins 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 gastroin-

testinal disorders, and especially if therewas surgical

removal of some of the upper gastro-intestinal tract.

Note: regarding another aspect, one should remem-

ber that (a) the blood red cell mean corpuscular

volume (MCV) is raised by certain anti-dysimmune

and anticancer chemotherapies, such as azathio-

prine and cyclophosphamide, and (b) that macro-

cytosis can persist, despite B12 and folic acid treat-

ment, for years after chemotherapy is discontinued.

Vignette 17. Amyloid neuropathy,
dysimmune, due to B-lymphocyte
dyscrasia
Nonhereditary amyloid neuropathy usually pre-

sents as a painful sensory neuropathy, often with

some autonomic dysfunction. It usually begins in

elderly or mid-age patients, but sometimes in youn-

ger adults. It is typically due to a B-lymphocyte

overproduction of the variable region of an immu-

noglobulin light-chain. While this can occur with

multiple myeloma, none of our nonhereditary am-

yloid patients has had myeloma detectable by bone

marrow, bone X-ray survey, or radionuclide scan-

ning. A radionuclide scan with 99mTc sestamibi

scintigraphy (done technically like a bone scan but

focusedon the soft tissues of the limbs andheart) can

demonstrate, in muscle such as in the thighs, amy-

loid-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 histochemis-

try. 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 frag-

ments. If production of pre-amyloid fragments could

be stopped, aggregated tissue amyloid can be slowly

catabolized by macrophages and circulating protei-

nases. Symptomatically, control of pain, hyponutri-

tion, 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, causinghim to frequently removehis

socks and rub those areas, which were also moder-

ately 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, espe-

cially 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 inconti-

nence, diarrhea, and impotence. He has exercise

intolerance associated with weakness, pain, imbal-

ance, 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 ap-

petite 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 Lmaximal vital capacity

(per our commercial hand-held respirometer) is

moderately reduced. He is unable to tandem walk,

and the Romberg test is positive. Sensory examina-

tion 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 ismoderate loss of touch senseof the toes, feet,

and lower legs; and there are similar but less prom-

inent abnormalities in the hands and forearms. The

patient is hoarse, and the other cranial nerves are

normal. Strength is slightly reduced generally, but

he can perform somewhat better when looking at

the regions being tested, attributable to his position-

sense 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 ele-

vated, 67mg/dL. Search for myeloma was negative.

Sensory nerve conductionswereunobtainable in the

lower limbs and showed a mixed dysschwannian-

dysneuronal neuropathy in the upper limbs. Motor

nerve conductions were slightly decreased. EMG

revealed slight–moderate denervation and estab-

lished reinnervation in distal limb muscles. Quadri-

ceps 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 andwalls

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

thanmotor polyneuropathy, especially if there is also

cardiac involvement (e.g., cardiomyopathy) and/or

autonomic dysfunction. There could be an autoso-

mal dominant genetic pattern of similarly affected

persons—e.g., if the amyloid is caused by the TTR-

Met30 mutation of transthyretin (TTR), that is easily

tested for. As with other sensory more than motor

polyneuropathies, all treatable causes such as dysim-

mune, anti-MAG, and diabetes-2, should be sought.

A soft-tissue radionuclide scan, whichwe 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 cytotoxicmutant

transthyretin is being synthesized.

A 62-year-old man has had, for the last 3 years,

pain, numbness, and tingling in his feet that pro-

gressively 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 consti-

pation, 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 cardiomy-

opathy, a known concomitant of mutant-TTR amy-

loidosis. 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 au-

tosomal 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 andankles. There ismoderatedistalweakness 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 normo-

cytic anemia. Sestamibi nucleotide imaging dis-

closed abnormal uptake in muscle tissue of the

thighs, and the heart. Nerve-conduction studies

show a sensory-motor mixed dysneuronal dys-

schwannian polyneuropathy. EMG showed in distal

muscles slight–moderate recent denervation and

moderate established reinnervation. Quadriceps

muscle biopsy showed prominent recent denerva-

tion 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 pro-

posed 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 pro-

teins, 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 thatmacrophages and tissue pro-

teases can gradually remove abnormal amyloid

fibrils, and also the presumably toxic pre-amyloid

monomers and oligomers; that removalmight be is a

slow process. (Note that we think that the amyloid-

associated molecular cytotoxicity affecting periph-

eral nerves is due to the “invisible,” (even with the

electronmicroscope.)monomers or oligomers of the

mutant-TTR; see Chapter 2 [16].)

Vignette 19. Carpal-tunnel median-
nerve, 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 over-

looked and frequently able to be well treated. It

74 Muscle Aging



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 conduc-

tion block or focally decreased median nerve-

conduction 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 distin-

guish carpal tunnel abnormality from cervical radi-

culopathies, 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 nowa-

days), 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 recog-

nize and prevent the provoking pressure. Some-

times in an early general peripheral neuropathy or

ALS, simple ulnar-pressure neuropathy is mistak-

enly 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 symp-

toms 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 pro-

gressed from being intermittent and relieved in

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 (fasci-

culations) in her thenar muscles. She tried wear-

ing 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 oppo-

nens 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 de-

nervation in the opponens pollicis and abductor

pollicis brevis. Nerve conductions and EMG in the

lower limbs were normal.

Treatment: The patient had separate bilateral car-

pal tunnel release surgeries. She rapidly had signif-

icant improvement during the following fewweeks,

and she was able to return to work.

Comment: For therapeutic purposes, it is important

to distinguish between a focal mechanical neurop-

athy and a generalized neuropathy, or the coexis-

tence of both. One should consider various periph-

eral neuropathies (such as potentially treatable dys-

immune 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.

Human Neuromuscular Aging: Patient Vignettes 75



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 mul-

tiple spinal regions. Unfortunately, ALS still carries a

dismal prognosis: the survival rate is � 3–5 years

after onset,withonly 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 genemay 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 pa-

tients, families, and caregivers. These measures in-

clude 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 thighat rest, and the

twitches are transiently increased after exercise.

Walking is more difficult, and his legs feels “stiffer;”

sometimes theyhavean involuntary spasm,and they

fatiguemoreeasily thanayearago.Hehasno sensory

symptoms.Generalmedical 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 im-

mune parameters are normal. CSF protein is slightly

elevated, 75mg/dL, suggesting impaired blood-CSF

barrier. Nerve conductions were normal. EMG of

muscles in three limbs diffusely showed prominent

recent denervation (fibrillations, positivewaves) and

slight–moderate established reinnervation (en-

larged, 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 (type-

grouping).

Comment: See Chapter 2 for more information

about ALS. In general, the more elevated the CSF

protein, themore likely there is a dysimmunemech-

anism, 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 neu-

ropathy; coexisting peripheral motor neuropathy

and spondylotic cervicalmyelopathy, and coexisting

MG and cervical spondylotic myelopathy; motor

neuropathy with conduction block; and multi-

microcramps (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. Ifwe 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

andoften given the grimprognosis typical of the lower

motor-neuron form of ALS [19]. But to the contrary,

ourpatient demonstrates that treatmentof this clinical

manifestation can sometimes have a cumulative and

sustained excellent clinical result.

A now 57-year-oldman had developed over a 19-

year period, from age 24, progressive weakness and

muscle atrophy causing inability to raise either arm,

especially his right arm, more than 15 degrees away

fromhis side. Early on, he also becameunable to grip

a glass of water, and his handwriting considerably

worsened. He reported occasional twitches (fascicu-

lations) 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 med-

ical 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 samemuscles on the left.Occasional

fasciculations were evident inmuscles 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 cerebel-

lar examination was normal.

Laboratory studies: Routine hemogram, blood

chemistries, and vitaminB12, B1, B2, B6, andD levels

were normal, as were our detailed and repeated

screenings for dysimmune parameters including a

paraneoplastic panel. CSF showedhigh-normal pro-

tein of 44mg/dL (normal is up to 45mg/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 dys-

neuronal and slightly dyschwannian neuropathy

involving his upper limbs, right more than left.

Sensory nerve conductions were normal. EMG

revealed recent denervation and established rein-

nervation prominently in the veryweakupper 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, whichwas 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, immunosuppressionwas tried. Ini-

tially, he had an allergic reaction to generic azathi-

oprine plus prednisone; therefore, IVIGwas initiated

at 0.4 g/kg/day for five consecutive days, every third

week. Very early benefit became evident on thenext

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 improve-

ment while very gradually reducing the frequency

of IVIG treatments, now to 3 days every 6-10weeks,

plus Imuran 100 mg 3�/day.

Comment: The cumulatively dramatic benefit be-

ing sustained for 14 years is attributable to the

IVIG benefiting a presumably dysimmune patho-

genesis, 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” dys-

immune 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 cer-

vical spinal cord (occasionally misinterpreted as

fibromyalgia). A simple clinical test of neck stretch-

ing [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 signifi-

cant mechanical component. Transient improvement

would be an indication for therapeutic neck

stretchings at home or in physiotherapy (after a

cervical MRI demonstrates no contraindicating le-

sion), while transient worsening would suggest trying

again with the neck somewhat less or somewhat

more flexed to seek a favorable position for improve-

ment 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 narrow-

ings, 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 4months, 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 el-

bow flexion. The pains interfere with her sleeping

(“painful insomnia”). In the upper right trapezius

there is a transverse bundle of tendermuscle that the

patient sayswhen touched feels like a “sausage,” and

weagree. Shehad slightly reduced sensitivity to pain

in her right arm in the C-5 nerve-root distribution.

Cranial nerve testing was normal. Vibratory sensa-

tion 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, ev-

ident 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 radiculo-

myelopathy from: a secondary or primary tumor,

abscess, arteriovenous malformation, or post-irradi-

ation 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 radiculo-

pathy 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 MRI-

demonstrable 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

78 Muscle Aging



ago [21] as a common and treatable cause of neck

pain and focal muscle “sausage cramps,” and is be-

coming 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 theupper

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 benefi-

cial 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 im-

pairment, and urinary incontinence are three com-

mon 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-pres-

sure hydrocephalus is important to be recognized,

because treatment might dramatically benefit the

patient’s quality of life, including safety when walk-

ing, 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 4months. During this timehe

has also been progressively forgetful, and now has

difficulty doing simple calculations. His social graces

are preserved. He also has occasional urinary incon-

tinence 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 papille-

dema was evident. The sensory examination was

normal. Tendon reflexeswere slightly increased and

the plantar responses were extensor.

Studies: Blood count, chemistry, and vitamin le-

vels 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

whitematter enhancement on contrast. No obstruc-

tion 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, andurinary incontinence.

This first improvement lasted about 2 weeks, after

which his symptoms gradually returned. After an-

other CSF removal, the patient had the same im-

provement. Therefore a neurosurgeon installed a

ventriculo-peritoneal shunt, with a programmable

valve that can be adjusted for changes in the intra-

cranial pressure. This is providing more enduring

benefit.

Comment: Other possibilities for his presenting

symptoms include small strokes (including multi-

infarct dementia), chronic subdural hematoma,

low-grade tumor metastases, B12 deficiency, atypi-

cal Alzheimer disease, prion disease, and chronic

fungal or other infection.
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Mitochondrial changes in aging with
particular reference to muscle, and
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Sarcopenia and mitochondria

Considering that skeletal muscle accounts for almost

half of the human body mass and is rich in mito-

chondria, 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 mitochon-

drial theory of aging” first proposed on biochemical

grounds by Denham Harman in 1981 [2] and con-

firmedonmolecular grounds a decade later bySoong

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 exper-

imental evidence of mitochondrial involvement in

the aging process, and finally the therapeutic mea-

sures 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 cannow

be explained by mitochondrial mechanisms (see

below). The different mitochondrial content and

metabolic makeup of type 1 and type 2muscle fibers

can also explain the different muscle-specific sus-

ceptibility to sarcopenia in the rat, as type 1 fibers

containing abundant mitochondria are relatively

resistant to age-related changes [8]. The more uni-

form 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 in-

clude atrophy, especially of type 2 fibers, some

degree of fiber type-grouping due to loss of motor

neurons and denervation, and modest lipid infiltra-

tion presumably due to mitochondrial dysfunction

(see below). However, the most crucial morpholog-

ical 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 extraocularmuscles of normal aged subjects [9].

He also noted that some of the COX-negative fibers

reacted intensely with the stain for succinate dehy-

drogenase (SDH), suggesting excessive mitochon-

drial proliferation, or – put another way – many

COX-negative fibers were ragged-red fibers (RRFs),

a typical histochemical feature of primary mito-

chondrial diseases [10].

In fact, the age-related accumulation of COX-

negative RRFs in normal human muscle has com-

plicated 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 specimenpathological?” 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 prox-

imal 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 SDH-

hyperactive, COX-negative fibers, also increasewith

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 “catastrophicmitochondrial

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 thou-

sands 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, reactiveoxygen 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 muta-

tions, 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 in-

dividual fiber regions, the efficiency of the respira-

tory chain decreases, leading to excessive produc-

tion of ROS and oxidative stress. Third, oxidative

stress induces mitochondrial-mediated apoptosis,

with gradual loss of muscle fibers, i.e., sarcopenia.

Avoluminous literature supports thevalidity 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 4977bp (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 fromthose found inmuscle frompatients

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 oth-

er species also accumulate in muscle during ag-

ing [13, 18–20]. Second, skeletal muscle is a syncy-

tiumand, 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 lesionswas supported in ratmuscle

by the colocalization of fiber atrophy, fiber splitting,

and oxidative nucleic acid damage [22]. Third, re-

ferring 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 path-

ogenic thresholds for mtDNA deletions and point

mutations alike are both high and steep, such that

mitochondrial dysfunction does not occur until

80–90%ofmtDNAs aremutated 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 muta-

tions in the control region ofmtDNAaccumulated in

normal elderly individuals [29]. It should be men-

tioned, however, that in another study [13] quan-

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 accumula-

tion of mutations.

Massive accumulation of mtDNAmutations were

associated with dramatic premature aging in trans-

genic mice (“mutator mice”) expressing an error-

prone version of the catalytic subunit of polymerase

g (polg) [30, 31], but the severedecline in respiratory

chain function and ATP production was not accom-

panied 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 prema-

ture aging or merely a correlate has generated in-

tense 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 agingmousemodels 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

ofmitochondria 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 age-

related cellular decline.”

Having established that mtDNA somatic muta-

tions, 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 respira-

tory 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 con-

firmed by transcriptional profiling [42]. Defects of

the respiratory chain hyperpolarize the electro-

chemical 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 de-

fenses 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 antioxi-

dant 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].

Age-related muscle apoptosis
Apoptosis is a highly conserved cascade of events

resulting in cell destruction without associated in-

flammation or damage to surrounding tissues. The

executioner enzymes are cysteine-aspartic proteases

(caspases) that are normally present as inactive pro-

enzymes (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 path-

way, 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

effector domain (DED) engages procaspase-8.Active

caspase-8 activates the effector caspase-3.

The intrinsic pathways of caspase activation

involve the endoplasmic reticulumor themitochon-

dria. 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 apop-

tosome, within which procaspase-9 is activated and

engages the effector caspase-3 [43]. The release of

cytochrome c occurs via the mitochondrial perme-

ability transition pore (mtPTP), which is composed

of the inner membrane adenine nucleotide translo-

cator (ANT), the outer membrane voltage-depen-

dent anion channel (VDAC; also known as porin),

Bax, Bcl2, and cyclophilin D [1]. Opening of the

mtPTP releases into the cytoplasm not only cyto-

chome 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 accumu-

late, the propensity to apoptosis increases, thus

connecting mtDNA damage, ETC dysfunction, ROS

accumulation, and cell death, or sarcopenia [47].

Mitochondrial biogenesis: closing
the circle

In recent years, all the different age-related mito-

chondrial changes have converged onmitochondri-

al biogenesis and, more specifically, to the peroxi-

some 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 bio-

genesis and function [49], and its role in the path-

ogenesis (and alleviation) of sarcopenia has become

increasingly clear. In aged tissues, includingmuscle,

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 collabora-

tors illustrated both the pathogenic role of PGC-1a
and its potential therapeutic usefulness [53–56].

First, they used a knock-in mouse model of mito-

chondrialmyopathy, a partial COXdeficiency due to

a mutation in the assembly gene COX10. Promoting

mitochondrial biogenesis either by transgenic ex-

pressionof PG1-aor byadministrationof bezafibrate

(a PGC-1a activator) resulted in improved respira-

tory chain function and ATP production, delayed

appearance of the myopathy, and prolonged life-

span [53]. Next, they explored the effects of upre-

gulating the expression of PGC-1a transgenically in

aged mice and they found that all features of sarco-

penia, including muscle atrophy, respiratory chain

function decline, oxidative stress, apoptosis, autop-

hagy, 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 im-

proved exercise performance, bonemineral density,

and longer lifespan [54]. Finally, Wenz et al. re-

turned to their transgenic animal models of COX-

deficient myopathy to show that enhancing mito-

chondrial 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].

Is sarcopenia preventable?

Life elixir is still the stuff of fairy tales, but – having

succeeded to prolong life beyond anybody’s expec-

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-relatedmuscle atrophy and

weakness is a mitochondrial “disease,” just as pre-

dicted 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 ini-

tiated before age 40, when mtDNA mutations start

accumulating and muscle mass starts declining.

Asmentioned 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 expendi-

ture). Needle muscle biopsies showed that members

of theCRandCREXgroupshad increased expression

of PGC-1a and other proteins involved inmitochon-

drial biogenesis (e.g., TFAM, Sirtuin1), increased

mtDNA content, and decreased mtDNA

damage [61].

This study should be confirmed and extended, but

it bodeswell as a preventivemeasure for sarcopenia,

even if it requires two of the most unpopular be-

havioral 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 ofGerontology Ethel PercyAndrus,GerontologyCenter, University of SouthernCalifornia, 3715McClintockAvenue,

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 spe-

cies generatedas by-products of cellularmetabolism,

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 proteoly-

sis. 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 protea-

some is comprised of the catalytic 20S core, and two

19S regulatory complexes. The 19S regulator med-

iates the recognition of poly-ubiquinated proteins,

and permits their access to the 20S core complex

for degradation. In mammalian cells, the degrada-

tion 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 second-

ary and tertiary protein structure, which is a feature

of proteins that have undergone oxidative modifi-

cation. This selective recognition and removal of

oxidatively damaged proteins is critical in minimiz-

ing protein aggregation, and the formation of cross-

linked products, which are toxic to the cell.

The second major system is the mammalian Lon

protease. Lon is primarily localized inmitochondria,

with some data indicating that a Lon variant is

transported to peroxisomes. Localization to an or-

ganelle such as themitochondria 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 inmitochondria.

There is a growing body of evidence that suggests

that aging and certain neurodegenerative diseases

are a consequence of cumulative damage to macro-

molecules by free radicals [1]. The list ranges from

heart attacks and strokes, to cancer, neurodegener-

ative diseases such as Alzheimer and Parkinson

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.

89



disease, and inclusion-body myositis [2, 3]. Oxida-

tively 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

amarker 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 car-

bonyl 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, gener-

ating 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 mitochon-

dria 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 forma-

tion 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 themisfold-

ing of previously functional proteins, or refolding of

newly synthesized proteins. Chaperone and heat-

shock proteins (HSPs) are present in the mitochon-

drial matrix where they assist in refolding, and/or

the import of new proteins into the mitochondria.

Themajority ofmitochondrial 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]. Ifmitochondrial oxidized proteins canno 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 forma-

tion 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-linkswith one another, creating large

protein aggregates if not promptly removed. Degra-

dation 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 dam-

aged cellular constituents.

The Lon protein, like most other mitochondrial

proteins, is encoded by the nuclear genome, and the

protein is subsequently transported into mitochon-

dria. Lon has a fascinating structure that encom-

passes all if its functional properties in one single

peptide. Unlike the proteasome, and most other

major catalytic proteases which are hetero-oligo-

meric, 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 conservedATPase 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 chap-

erone 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 themiddle of the Lon peptide resides the

substrate-recognition domain [28]. This area pref-

erentially binds to specific proteins based on the

amino acid sequence. InEscherichia 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 do-

main prefers a specific sequence, or a certain prop-

erty 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 hydro-

phobicity is a feature common to all oxidized pro-

teins so far tested [7]. Similar to the 20S proteasome

in the cytoplasm, the recognition of such (normally

shielded) hydrophobic residues may be the mecha-

nismbywhich Lon catalyzes the repair or removal of

oxidatively modified proteins.

At theC-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,

Lon proteolysis occurs via a conserved catalytic

serine-dyad domain which interacts with the

AAAþ module [30]. It is hypothesized that the

binding of ATP to the AAAþ 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 impor-

tantmulti-functional protease for themitochondria,

and permits Lon to act as a chaperone, a mtDNA-

binding protein, and a protease, which preferential-

ly 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 phenome-

non, 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 neuro-

degenerative diseases such as Alzheimer disease,

Parkinson disease, Lewy body dementia, and Hun-

tington 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 pa-

tients [41]. One such similarity to Alzheimer disease

is the accumulation of amyloid-b (Ab), phosphory-
lated 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 ex-

pression and abnormal accumulation of 26S protea-

some, but reduced proteasome activities [44]. The

inverse relationship between increased expression
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and decreased activity may be an attempt to over-

compensate 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 dysfuc-

tion, colocalization microscopy and immunoprecip-

itation assays have shown that Ab does bind with

proteasome [44]. In humanmuscle cells overexpres-

sing 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 degra-

dationofmost proteins in thecell [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 cre-

ating toxic by-products while further inhibiting pro-

teasome 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 age-

related 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 accumu-

lated 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 cardiacmyocytes [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 mitochon-

dria [55, 56], typically much larger than mitochon-

dria in younger cells. These enormousmitochondria

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 mitochon-

dria [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 post-

mitotic cells such as muscles, plays a major role in

aging. Since we discovered that the Lon protease

modulates oxidized protein levels in themitochon-

dria, 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 rhabdomyo-

sarcoma (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 mul-

tiple stressors [65]. The inducibility of Lon during

such stressors led to protection against the produc-

tion of protein carbonyls, preserved mitochondrial

function and improved cell survival, until stress

conditions subsided, after which Lon levels re-

turned back toward initial basal levels [65]. These

data suggest that overall mitochondrial function-

ality relies on the ability of the Lon protease to

respond to stress, and maintain a protective envi-

ronment, 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 MnSODþ /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 concom-

itant 52% higher content of e-carboxymethyllysine

(CML) protein in thematrix 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 detri-

mental 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 tran-

scription. 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 Lonmay

switch between roles depending on the condition of

themitochondria, and thismight helpmitochondria

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

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 en-

ables 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 ab-

normal proteins slows the rate of degradationof both

normal and abnormal proteins, and also promotes

cellular aging [71–75]. Numerous studies have re-

ported 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 thatweremuchhigher than those

seen inwhole-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 rag-

ged-red fibers, cytochrome oxidase-negativemuscle

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. In-

terestingly, 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 high-

er level of Lonproteolysis [78]. Future studies geared

towards understanding how to manipulate Lon ex-

pression and activity in mammalian cells and ani-

mals may lead to the possibility of treatments that

might improveproteinquality control, andprovide a

better quality of life for those with myositis, sarco-

penia, or other myopathies.
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CHAPTER 6

Human muscle protein metabolism in
relation to exercise and aging: potential
therapeutic applications
Micah J. Drummond1 and Blake B. Rasmussen2
1Department of Physical Therapy, University of Utah, Salt Lake City, UT, USA
2Department of Nutrition & Metabolism, Division of Rehabilitation Sciences, Sealy Center on Aging,

University of Texas Medical Branch, Galveston, TX, USA

Introduction

Senescence is an inevitable process in humans.

However, medical interventions, improvements in

social and behavioral patterns, and renewed exer-

cise and nutritional patterns have lengthened life-

span. As the aging population continues to increase,

a consequence thatwill need to be attended to is age-

related 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 devia-

tions 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

fifthdecadeof life [2] and, onaverage, 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 morbidi-

ty [8–11]. Therefore, it is of great value to reduce or

restore the muscle loss that accompanies aging. Al-

thoughgreatstrideshavebeenachieved,themechan-

isms 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 bal-

ance is positive andmuscle cell size increases. This is

termed muscle hypertrophy. An increase in muscle

cell size caneasily be identified followinga resistance

exercise training paradigm complemented with ad-

equate nutritional intake (e.g., essential amino

acids). Alternatively, when protein breakdown

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.

97



exceeds muscle protein synthesis – due to increases

in protein breakdown, decreases in muscle protein

synthesis, or both – net protein balance is negative

andmuscle cell size decreases. This is termedmuscle

atrophy.Adecrease inmuscle cell size canquickly be

identified within days of bedrest or physical inac-

tivity and limb immobilization but age-related sar-

copenia, 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 empha-

sized 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. There-

fore, research has focused on cellular mechanisms

that control muscle protein synthesis, i.e., the regu-

lation ofmRNA translation initiation and elongation

via the mammalian target of rapamycin (mTORC1)

pathway. Many elegant reviews thoroughly detail

this cellular sigaling cascade and discuss how essen-

tial amino acids, resistance exercise, and insulin feed

in through this pathway at various points [13, 14].

However, other cellular pathways may also contrib-

ute 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). Phos-

phorylation of 4E-BP1 releases its inhibition on eu-

karyotic 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 con-

traction-induced mTORC1 activation was previous-

ly thought to occur via Akt [19]. However, recent

evidence has linked muscle contraction to the acti-

vation of phospholipase D1 and D2 (PLD). PLD

synthesizes phosphatidic acid which binds and acti-

vates 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 con-

verges on the mTORC1 pathway through inhibition

oftuberoussclerosiscomplex2(anegativeregulatorof

mTORC1) [23, 24], activation of rpS6 by p90 ribo-

somal protein S6 kinase polypeptide 1 (RSK1) [17],

and/or inhibitionof eEF2kinase (anegative regulator

of eEF2) [18]. ERK signaling can also stimulate trans-

lation initiation independent of mTORC1 through

mitogen-activating protein kinase-interacting kinase

1 (MNK1) [25].

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 inmuscle-mass increases (hypertrophy).

This is commonly seen with resistance exercise

andessential aminoacid supplementation.Muscle

protein balance tips toward the negative direction

(dark shade) when protein breakdown is

accelerated, synthesis is decreased, or both,

resulting inmuscle-mass decreases (atrophy). This

can be seen in models of disuse such as bedrest/

physical inactivity and limb immobilization.
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Most cellular signaling data associated with pro-

tein 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 exer-

cise, 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 pro-

tein turnover would likewise be affected. Although

some report slowermuscle 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 break-

down 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 16h/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 (pro-

tein synthesis or breakdown) from day to daywould

be too small to detect even with the most advanced

technologies. Therefore, a probable hypothesis to

the gradual loss ofmusclemass in older adults is that

aged skeletalmuscle 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

insulinarepowerful stimulatorsofmuscleanabolism

in young, healthymuscle [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,Guilletetal. reported

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.
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that, followingan insulinandaminoacid intravenous

infusion, older subjects had a reducedmuscle protein

synthesis responseandmTORC1signaling (e.g.,S6K1

phosphorylation) compared to younger indivi-

duals [44]. It has been suggested that this anabolic

resistance may be partially attributed to a reduced

ability of insulin to vasodilate the endothelium and

delivernutrientstothemuscle[42,43,46].Fujitaetal.

showed a nice relationship between muscle protein

synthesis and blood flow following a supraphysiolo-

gical insulininfusioninolderadults[46]. Inthis study,

a high insulin infusion stimulated muscle protein

synthesis, mTORC1 signaling and muscle blood flow

but a normal increase in insulin did not [46]. Inter-

estingly, this insulin resistance can be counteracted

with an acute bout of aerobic exercise [47]. Anabolic

resistance can also be identified in older persons fol-

lowing ingestion of amino acids [45, 48]. The mech-

anismof resistance toaminoacids isunclear, but since

amino acids can increase insulin levels, the level of

dysfunctionmay also be at the endothelium. Howev-

er, amino acids can activatemTORC1 independent of

insulin (Figure 6.2) [49, 50]. It is unknown whether

impairment may also occur along this nutrient-

sensitive 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 ex-

ercise 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 ex-

ercise 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 24h following a single bout of resis-

tance exercise [67]. These data are in stark contrast

to young muscle, which responds robustly with an

increase in muscle protein synthesis and mTORC1

signaling 1–48h following an acute bout of resis-

tance exercise [66–68]. In previous work, we sug-

gested 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 exer-

cise [62]. In support, phosphorylation of ERK1/2

and MNK1 were increased in the young but un-

changed in older subjects [62]. A purported hy-

pothesis is that older adults have an increase in

markers of cellular stress that may affect the re-

modeling response following resistance exer-

cise [62, 69, 70]. Perhaps AMP-activated protein

kinase, a negative regulator of muscle protein syn-

thesis, 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 nutri-

tion and/or exercise contributes to age-related mus-

cle loss. More likely, sarcopenia is a very complex

process caused by a multiplicity of events, some of
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which have beenmentioned above. However, other

contributors of sarcopenia that are beyond the scope

of this chapter include neuromuscular impairments,

hormonal deficiencies, low-grade chronic inflam-

mation,andapoptosis.Werecommendthefollowing

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]. There-

fore, protein quantity must be considered to max-

imize 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 acidmixture 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

keybranched-chain aminoacid that stimulatesmus-

cle protein synthesis through the mTORC1 path-

way [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 syn-

thesis response to a given amount of ingested pro-

tein. 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 sup-

plementing meals with extra leucine may stimulate

muscle protein synthesis and intracellular signaling

in older human skeletal muscle.

Few data are available on chronic protein supple-

mentation 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 ther-

apeutic potential of supplementing with leucine is

suspect. Recently, Verhoeven and colleagues per-

formed 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 sig-

nificant 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 supplementationwas 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
Asmentioned previously, following an acute bout of

resistance exercise, muscle protein synthesis rapidly

increaseswithin1h [68] and can remain elevatedup

to 24–48h post-exercise in young, healthy partici-

pants [86, 87]. When resistance exercise is per-

formed independently of nutrient intake, protein

breakdown exceeds synthesis and protein balance is

negative [88, 89]. However, when nutrients in the

formof 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 synthe-

sis response [41, 91–93]. Furthermore, resistance

exercise training combined with protein supple-

mentation 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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Whennutrition in the formof 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 exer-

cise period, the response was similar between age

groups [62]. This result has also been supported by

Koopman et al. [100]. It remains unknown ifmuscle

protein synthesis in the old continues to be elevated

beyond 6h post-resistance exercise and protein in-

gestion, 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 12-

week resistance-exercise training program, older

subjects who consumed a 10 g protein mixture im-

mediately after the exercise bout experienced mus-

cle hypertrophy while this was not the case in

another group of older adults that consumed protein

2h later [52]. Therefore, providing nutritional sup-

plementation (e.g., essential amino acids, protein) in

combination with each resistance exercise session

may maximize muscle size following a resistance-

exercise 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 supple-

mentation 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 en-

hanced 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 recent-

ly 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 Med-

icine recommends that exercise intensity be at least

70% of the 1RM to achieve maximum muscle

hypertrophy [104]. However, for most older indi-

viduals, 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 atten-

tion has focused on resistance exercise that requires

intensities ranging around 20–50% 1RM. In nor-

mal circumstances, resistance exercise at a low load

is more useful for improving muscular endur-

ance [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 exer-

cise [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 under-

stand the metabolic and molecular mechanisms of

BFR. Evidence from our laboratory suggests that

translation initiation through themTORC1pathway

is acutely enhanced followingBFR [113],while gene

transcription is unaffected [114]. In our study, phos-

phorylation 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]. Inter-

estingly, we have also observed these results in

healthy older men following BFR exercise. Perhaps

BFR causes type 2muscle fibers to be recruited [115]

through a premature fatigue of active fibers. This

wouldseemlogical, since type2musclefibersexpress

more S6K1 than do type 1 muscle fibers [116]. An-

other possible mechanism would be through

hormonal regulation. The most common hormonal

feature followingaboutofBFRexercise isanincrease
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in growthhormone 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 ab-

sence 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 chron-

ic [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 deter-

mine the effects of BFR during exercise train-

ing [120].Themost commonsideeffectwas localized

bruising while smaller incidents of numbness and

lightheadedness were reported [120]. Others have

reportednoeffectonprothrombin timeormarkersof

coagulation [122], while only a few cases of venous

thrombosis were indicated [121]. Although the con-

cernofBFRisfarfromexhaustive,dataontherelative

safety of BFR in older persons are limited. The only

informationavailable at this time is fromasmall 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 fibrin-

degradationproduct) showednochange immediate-

ly 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, in-

gestion of an adequate amount of essential amino

acids or protein following traditional resistance ex-

ercise, 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.

Conclusion

Human sarcopenia, characterized by a gradual loss

inmusclemass and strength, can bepartly 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 cost-

effective and practical measures by which to reverse

or attenuate the muscular decline due to aging.
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CHAPTER 7

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 patho-

genically a complex, multi-factorial muscle disease

associated with aging. The s-IBM muscle biopsy ex-

hibits an unusual, specific pathologic phenotype,

which combines multi-faceted muscle-fiber degen-

eration with extracellular T-cell inflammation.

s-IBMmuscle-fiber degeneration is characterized by

vacuolization and intracellular accumulation of

ubiquitinated multiple-protein aggregates (inclu-

sions) [1–3]. Although it is yet not known whether

(a)mononuclearcell inflammationprecedesmuscle-

fiber degeneration, or (b) abnormal metabolically

modified proteins accumulated within the muscle

fibers provoke an inflammatory response, it is be-

comingmore apparent that s-IBM is a unique type of

muscle-fiber degeneration leading to muscle-fiber

atrophy. The result is muscle-fiber death and relent-

lessly 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(seebelow).Therefore,wehaveproposed

that in s-IBM the prominent “degenerative” compo-

nent, including accumulation of misfolded proteins

withinmusclefibers (seebelow), iseliciting theT-cell

inflammatory reaction [1, 3]. We have also postu-

lated for several years that the aging milieu of the

s-IBM muscle fiber and of the total patient may be

facilitating the lymphocytic inflammation. Interest-

ingly, some of the older patients with hereditary

inclusion-body myopathy (h-IBM), caused by mis-

sense mutations in the UDP-N-acetylglucosamine-2

epimerase/N-acetylmannosamine kinase (GNE)

gene, have various degrees of lymphocytic inflam-

mation[8–10],eventhoughthat formofh-IBMisnot

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 vol-

ume). A foot-drop can increase the likelihood of

tripping and falling [7]. There is currently no en-

during treatment available for this devastating

muscle disease (see below).

Very intriguing is the multi-faceted muscle de-

generation in s-IBM and its many similarities to the

complex neuronal degenerations occurring both in

Alzheimer and Parkinson disease brains. The simi-

larities include (a) abnormal accumulations ofmany

of the same putatively pathogenic proteins, (b) their

similar posttranslational modifications, and (c) sim-

ilar defective mechanisms of protein disposal: those

contribute to the observed abnormal protein aggre-

gations, 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 oxida-

tive 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 organ-

specific, involving postmitotic muscle fibers or post-

mitotic neurons. s-IBM patients do not develop

dementia, and Alzheimer and Parkinson disease pa-

tientsdonothave themuscleweakness characteristic

of IBM, indicating that themechanismof organ target-

ing is different in those diseases. The tissue affected,

muscle versus brain, may be influenced by various

epigenetic and/or genetic factors, such as: (a) etio-

logic 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 intra-

cellular 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 un-

folding/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 pro-

tein degradation, their molecular modifications and

abnormal aggregation. These aspects are important

because in s-IBM muscle fibers the abnormal mis-

folding, accumulation, and aggregation of proteins

are associated with their inadequate disposal, both

through impaired autophagy and inhibited function

of the 26Sproteasome.Wepropose 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 IBMmodels

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 putativepathogenic role

General considerations
The IBM autophagic vacuoles, which typically con-

tain membranous debris, appear to be lysosomal,

and to be a result of muscle-fiber destruction [2, 7]
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(Plate 7.1). While some of the vacuoles appear

“rimmed” by a trichrome reddishmaterial (that color

indicating lipoprotein membranous material [21]),

often the vacuoles do not have an obvious rim

and appear “empty” (those sometimes must be dif-

ferentiated from freezing artifact holes, detailed in

Chapter 10).

Normal human multi-nucleated skeletal muscle

fibers are usually several centimeters long. On a

given 10mm transverse section of an s-IBM muscle

biopsy, the aggregates are present mainly in vacu-

ole-free regions of vacuolated muscle-fiber cyto-

plasm 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 immunocytochem-

ical staining with an antibody recognizing a specific

protein accumulatedwithin 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 fluores-

cence-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 some-

times confused in the literature.). Intra-muscle-fiber

b-pleated-sheet amyloid inclusions in s-IBM

muscle fiberswere first identified in 1991 [27]. Now,

for an experienced muscle pathologist using

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 AbPP-
cleaving 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) autophago-

some-related protein LC3; (e) mutated ubiquitin

(UBBþ 1); (f) various transduction and transcription

factors; and (g) several other proteins (Table 7.1 and

references therein, and reviewed in [1–5]). Immu-

nohistochemically 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 proteinsmight ormight not have their

normal cellular function and/or structure.

Belowwedescribe properties of someof themajor

proteins that accumulate, emphasizing their possi-

ble 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-IBMmuscle fibers have increased mRNA signal for

AbPP-751, which contains the Kunitz-type protease

inhibitor motif [73]. Themechanism of this apparent

AbPPoverproduction in s-IBM isnot yet clarified,but

the AP-1 transcription complex, Redox-factor-1 [1],

and transcription factorNFkB (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-IBMmuscle fibers.

Ab aggregates p-Tau aggregates References

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

[22–25]

b-pleated sheet

amyloid

(Congo redþ , crystal

violetþ )

þ þ [4–6, 26, 27]

Proteins, various

Aggregate-prone proteins

Ab42/40 þ þ � � [22, 23, 28]

a-Synuclein þ þ � � [29–31]

Phosphorylated tau � � þ þ [24, 25]

Prion protein,

cellular

þ þ þ þ [32]

Myostatin þ þ � � [33]

AbPP/AbPP processing/Ab deposition

AbPP/

phosphorylated

AbPP

þ þ [22, 34]

BACE1 and BACE2 þ þ � � [35, 36]

Nicastrin þ þ þ þ [37]

Presenilin 1 þ þ þ þ [38]

Neprilysin þ þ NK NK [39]

NOGO-B þ þ � � [40]

Cystatin C þ þ � � [41]

Transglutaminase 1

and 2

þ NK NK NK [42]

Protein degradation systems

Ubiquitin-proteasome system

Ubiquitin þ þ þ þ [43, 44]

Proteasome

subunits

þ þ þ þ [11]

Parkin þ þ NK NK [31]

UbcH7 þ þ � � [35]

UBBþ1 þ þ þ þ [45]

RNF5 þ NK � NK [46]

Autophagy

LC3 þ � � � [13, 47]

Both

p62 � � þ þ [48]

VCP NK NK NK NK [49]
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Table 7.1 (Continued)

Ab aggregates p-Tau aggregates References

Light

microscopy

Electron

microscopy

Light

microscopy

Electron

microscopy

Heat-shock proteins

Hsp70 and its

cofactors

þ þ þ þ [50]

Hsp40 þ þ þ þ [50]

CHIP þ þ þ þ Paciello and Askanas,

unpublished results

(2006)

Endoplasmic reticulum chaperones

BiP/GRP78 þ þ � � [15]

GRP94 þ þ � � [15]

Calnexin þ þ � � [15]

Calreticulin þ þ � � [15]

ERP72 þ þ � � [15]

HERP þ þ � � [14]

Tau protein kinases

ERK � � þ þ [51]

CDK5 � � þ þ [52]

GSK-3b NK NK þ þ [53]

Casein kinase 1a NK NK þ NK [54]

Markers of oxidative stress

Nitrotyrosine þ þ þ þ [55]

SOD1 NK NK NK NK [56]

Malondialdehyde þ þ þ þ [57]

a1-
Antichymotrypsin

þ NK NK NK [58]

NFkB NK NK þ þ [59]

Seleno-gluththione

peroxidase-1

NK NK NK NK [60]

Catalase NK NK NK NK [60]

Ref-1 þ þ þ þ [64]

iNOS, eNOS � � þ þ [65]

Transcription/RNA metabolism

RNA polymerase II � � þ þ [61]

RNA � NK þ NK [62]

SMN � � þ þ [62]

c-Jun þ þ þ þ [65]

NFkB NK NK þ þ [59]

PPARg þ þ NK � [63]

Ref-1 þ þ þ þ [64]

TDP-43 NK þ � þ [66–70]

Cholesterol metabolism

Apolipoprotein E þ þ þ þ [71]

LDLR þ þ þ þ [72]

VLDL þ þ � [72]

Cholesterol þ þ [72]
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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 mem-

ber 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 non-

coding 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 Alzhei-

mer transgenicmicemodels [80]. Increased BACE1-

AS transcript was also demonstrated in s-IBM mus-

cle 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-over-
expressing cultured muscle fibers (Vattemi and

Askanas, unpublished observation, 2003). Accord-

ingly, both b- and g-secretases appear to participate

in Ab production within s-IBM muscle fibers.

Finally, other factors contributing to Ab produc-

tion, deposition, and oligomerization, are also in-

creased 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 cyste-

ine-protease inhibitor, was previously proposed

to participate in Ab deposition within amyloid

plaques of Alzheimer disease brain [82], is also in-

creased in s-IBMmuscle 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 plasma-

lemmal microdomain caveolae, an intracellular

transporter of cholesterol [83], is abnormally accu-

mulated within s-IBM muscle fibers. We therefore

propose that within s-IBMmuscle 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-IBMmusclefibers; how-

ever, 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 dis-

ease brain and in brains ofAlzheimermousemodels,

and itwas considered tobe detrimental by increasing

generation of Ab and inducing tau phosphoryla-

tion [34, 86, 87]. Active glycogen synthase kinase

3b (GSK-3b)was proposed tohave 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 phosphoryla-

tion of tau [89].

While AbPP695 is preferentially present in neuro-

nal cells, the AbPP751 isoform is more abundant in

peripheral tissues [90], and is the isoform overpro-

duced and accumulated as aggregates in s-IBMmus-

cle fibers [22, 73, 91]. Phosphorylation of AbPP is
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considered a regulatory mechanism of AbPP metab-

olism. Phosphorylation on Thr-668 of neuronal iso-

form 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 pathogene-

sis [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-IBMmuscle fibers and in the AbPP-
overexpressing cultured humanmuscle 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 controlmus-

cle 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 ofGSK-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 agowere

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 ag-

gregates into extracellular congophilic b-pleated
sheets composed of 6–10nm amyloid-like fibrils,

which themselves are clustered as extracellular

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 impor-

tance 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

ofAb in abnormalmuscle fibers appears to play a key

pathogenic role. Based on in vitro human muscle

tissue culture and in vivo animal models, increased

AbPP andAb accumulation areupstreamsteps in the

development of the s-IBM pathologic phenotype

(details below in the section entitled Experimental

models designed to elucidate the IBMpathogenesis).

Ab is released from AbPP as a 40- or 42-amino

acid peptide.Ab42 is consideredmore 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, Ab42was 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 immuno-

electron-microscopic localization to 6–10nm amy-

loid-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 age-

matched control biopsies did not have any detectable

Ab42 or Ab40 [28].

Recently, the putative importance of Ab42 cyto-

toxicity in s-IBMmuscle 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 themost 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 Alzhei-

mer 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 immuno-

fluorescence, in someof the abnormal s-IBMmuscle

fibers, ADDLs were accumulated in the form of

plaque-like inclusions, and in very small fibers were

often increased diffusely. Normal and disease con-

trols were negative [100]. This novel demonstration

ofAb42 oligomers in s-IBMmuscle biopsies provides

additional evidence that intra-muscle-fiber accu-

mulation of Ab42 oligomers in s-IBM may contrib-

ute 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 elu-

cidate the IBM pathogenesis).

Phosphorylated tau
In s-IBM muscle fibers as in Alzheimer disease

brain [103–105], p-tau is accumulated intracellular-

ly 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 immu-

nohistochemistry (Figure 7.1b–d) [24, 25]. A well-

characterized 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 extracel-

lular 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 accumu-

lations 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 di-

rect evidence yet that p-taumight be toxic to s-IBM

muscle fibers; however, this possibility should

be explored.

Masses of PHFs accumulated in the form of p-tau-

containing 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-tau-

containing PHFs (referenced in Table 7.1). Hypothet-

ically, those proteins might be either passively

captured within the p-tau-containing PHFs and

thereby be removed from their normal locale, which

might impair theirnormal physiological functions, or

they might be “actively,” and disruptively, bound to

tauorotherproteins thereby the interactionwith 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 suscepti-

ble to oxidative damage [110]. Oxidative and

nitrotyrosine stress is known to occur in s-IBMmus-

cle fibers ([12, 55] and below), and nitration and

oxidative stress affect tau assembly and

phosphorylation [111, 112].
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The mechanisms leading to the abnormal phos-

phorylation and accumulation of tau in s-IBM

are not well understood. In addition to the over-

expression 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 140kDa 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,

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-tauof PHFs inAlzheimerdisease

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 (10nm gold

particles). Magnification: (a) �21,000; (b)

�48,000 (5nm gold); (c) �24,000 (10nm

gold); (d) �12,000 (10nm gold); (e) �6000; F

�30,000. Antibodies Alz-50 and PHF-1 were

generously provided by Dr Peter Davies.
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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 overex-

pression induced mitochondria abnormalities. Pre-

viously, 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 lyso-

somes was shown to be facilitated by chaperone-

mediated autophagy [119]. Consequently, it has

beenproposed that abnormal accumulationofa-syn
in various degenerative disorders is caused mainly

by inhibition of autophagy, probably due to defec-

tive chaperone-mediated autophagy [122]. While

abnormalities ofa-synwere usually considered cen-

tral to the Parkinson disease pathogenesis, and ab-

normalities 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 exper-

imental models (a) fragments of a-syn are found in

amyloid plaques, (b) Ab promotes a-syn aggrega-

tion; (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-IBMmuscle 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 compo-

nents composed of 6–10nm amyloid-like fibrils

and amorphous and fibrillar material [30]). More

recently, we have demonstrated a preferential

presence of the 22 kDaO-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 par-

kin [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 toxic-

ity [124]. CathepsinD 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 (re-

viewed 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 mitochon-

dria through the autophagosomal-lysosomal

system) [125]. In s-IBM muscle fibers aggregates

of parkin are accumulated, and parkin is in-

creased by immunoblots [31]. In brains of spo-

radic 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 mecha-

nism 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 mitochondriopa-

thies, including ones with genetically determined

mitochondrial DNA mutations. They are also pres-

ent 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 trans-

membrane 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 (re-

viewed in [134]). Physiologically, PrPc has been

shown to have several functions, including cell-

cycle regulation, differentiation, and intracellular

signaling (recently reviewed in [132]). Experimen-

tal overexpressionof PrPc in transgenicmice resulted

in neurodegeneration, which was not transmissi-

ble [135]. Several years ago we demonstrated that

PrPc and its mRNA are abnormally accumulated in

the form of inclusions in s-IBM abnormal muscle

fibers [32, 136] (Plate 7.2c).

Still unknown is whether abnormally accumulat-

ed PrPc in s-IBM muscle fibers results mainly from

increased synthesis or defective clearance through

the impaired proteasomal and autophagic degrada-

tions 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 frag-

ment Ab, as well as the PrPc and AbPP mRNAs,

were increased at thepostsynaptic domainofhuman

NMJs [22, 73, 136, 137], it was proposed by

ourselves and others [94, 136] that their colocaliza-

tion 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 path-

ogenesis, even though this influence is still mainly

considered extraneuronal (review in [138]).

However, in our view it seems likely that Ab42-
oligomer–PrPc complexes can also occur intracellu-

larly (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 regeneratingmuscle fibers [136] is

now supported by a new study reporting that over-

expression 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 myos-

tatin dimer were significantly increased on immu-

noblots, andMSTNPP immuno-colocalizedwithAb/
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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 toMSTNPP causes its posttranslationalmod-

ification that lessens its traffic and degradation,

resulting in accumulation.

Recently, the importance of MSTNPP accumula-

tion 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 en-

hance each other’s aggregation, oligomerization,

and b-pleated-sheet formation.

Other proteins abnormally accumulated in

s-IBMmuscle 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 pro-

teins and organelles. Quality-control mechanisms

assure that anymalfunctioning or damaged intracel-

lular 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 non-

dividing postmitotic cells because their abnormal

proteins cannot be distributed during cell divi-

sion [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 aggre-

gates in s-IBM muscle fibers can result from in-

creased 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 in-

teraction 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 improp-

erly folded proteins are usually cytoplasmic, infre-

quently 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 pro-

tein disposal, oxidative stress, and “aging” [122].

Diseases characterized by protein misfolding

and aggregation are termed “conformational dis-

eases” (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 andmisfolding, 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 ubiquitin-

mediated ATP-independent process [16, 146].

In contrast, long-lived, structural proteins and/or

variously damaged or misfolded proteins, and obso-

lescent 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 (re-

viewed 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 character-

ized by accumulation of multi-protein aggregates

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 demon-

strated proteasomal abnormalities, as evidenced

by: (a) abnormal accumulation of 26S proteasome

subunits by immunocytochemistry and immuno-

electron 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-protea-
some interrelationship may be important in induc-

ing proteasomeabnormalities in s-IBMmusclefibers

because: (a)Ab andproteasome subunits colocalized

by light microscopy and were associated electron

microscopically with the same structures; (b) there

was physical association of AbPP/Ab and protea-

some protein by immunoprecipitation studies;

and (c) in cultured human muscle fibers overex-

pressing AbPP/Ab proteasome activity was inhibited

([11], and also see our culture IBM model below).

Other factors present in s-IBM muscle fibers

thatmight contribute to inhibiting proteasome func-

tion include an aging muscle-fiber environment;

protein overcrowding; oxidative stress [5, 6, 161];

and accumulated p-tau [5, 6, 161], a-syn [30],

and UBBþ 1 [45]. All of these are capable of inhibit-

ing proteasome activity in other systems [159, 160,

162–164].

In s-IBM muscle fibers, UBBþ 1, a known inhib-

itor of proteasomal function, is accumulated in the

form of aggregates. UBBþ 1 is a product of

“molecular misreading,” a phenomenon designat-

ing 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 UBBþ 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, combinedwith factors such as oxidative stress

and perhaps other detrimental molecular events,
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leads to abnormal production and accumulation of

UBBþ 1 [45].

A failure to degrade/remove surplus proteins, in-

cluding 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 still-

soluble, early intermediates of protein aggregates, in

the formofdimers and trimers canalso induceprotea-

some 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 deu-

biquitination of histones, andmajor histocompatibil-

ity complex I (MHC-I) presentation (reviewed

in [114]).Whether proteasomal abnormalities partic-

ipate inantigenpresentationandT-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 autophago-

somal-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-autop-

hagy, 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 compo-

nents 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 of-

ten occurs in the literature).

Macroautophagy designates formation and mat-

uration of “autophagosomes,” which are structures

carrying degradation-destined proteins and

organelles to the lysosomes for their lysosomal deg-

radation. After an autophagosome fuses with the

lysosomal membrane, it disposes its cargo into the

lysosome,where it is thendegradedby the lysosomal

enzymes [120, 145, 150, 166]. Autophagosomes

proliferate andmaturewhen 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 formationofautophagosomalvacuoles [166].This

occurs in s-IBMmusclefibers and inneuronsof 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]. Ac-

cordingly, 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
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their formation was not well understood. We have

recently demonstrated [13] for the first time that in

s-IBMmuscle fibers there is increased formation and

maturation of vacuolar autophagosomes, as indicat-

ed 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 stud-

ied [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

cathepsinDandBenzymatic 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

present both in s-IBM and polymyositis, does not

contribute to impairment of the autophagic/lyso-

somal degradation in s-IBM.

Impaired autophagy in s-IBMmuscle fibersmight

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 transport-

ing polyubiquitinated proteins to either proteasomal

or lysosomal degradation [179, 180]. p62 is an in-

tegral component of inclusions in brains of various

neurodegenerative disorders, for example inAlzhei-

mer disease neurofibrillary tangles and Lewy bodies

of Parkinson disease. InAlzheimer 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 immunocytochem-

istry [48]. p62 immunocolocalized with p-tau by

using two p-tau-recognizing antibodies, including

AT100 (Plate 7.4a–c). By immuno-electron micros-

copy p62 associates with PHFs, and strongly em-

braces 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 polymyosi-

tis and dermatomyositis: we suggested using p62

Figure 7.2 Transmission electron microscopy (EM) of an

s-IBM vacuolated muscle fiber. Shown is a vacuole

containing inclusions consisting of numerous various-

sized membranous whorls of autophagosomal/lysosomal

debris. Magnification: �70,000.
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immunoreactivity as an important diagnosticmarker

of s-IBM ([48], and see Chapter 10).

In normal cultured human muscle fibers, exper-

imental inhibition of either proteasomal or lysosom-

al protein degradation caused substantial increase of

p62 [48], suggesting that similar in vivomechanisms

known to be present in s-IBM muscle fibers might

contribute to the p62 increase in them.

Transactive response DNA-binding
protein 43
Transactive responseDNA-binding protein 43 (TDP-

43) is an RNA-/DNA-binding protein whose func-

tions 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-immuno-

reactive inclusions in the most common subtype of

cerebral frontotemporal lobar degeneration (FTLD)

associatedwith ubiquitin-positive inclusions, and in

sporadic amyotrophic lateral sclerosis (ALS) [182,

183], and (b) identification of mainly missense mu-

tations of TDP-43 in familial and sporadic ALS [182,

183]. TDP-43-immunoreactive cytoplasmic inclu-

sions 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-IBMmus-

cle fibers [68–70] might be against TDP-43 playing

an important pathogenic role. In s-IBMmuscle, it is

possible that TDP-43 could be considered a second-

ary pathology, as others have suggested for Alzhei-

mer disease brains [182]. Experimentally, TDP-43 is

increased when either autophagy or the 26S protea-

someare inhibited [184, 185].Becausebothprotein-

disposal systems are inhibited in s-IBMmuscle fibers

(reviewed above), their malfunctioning might con-

tribute 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 pro-

teins, 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 accumula-

tion 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 ER-

associated 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 pro-

cess [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 chaper-

ones calnexin, calreticulin, GRP94, BiP/GRP78, and

Figure 7.3 Single-label gold-immuno-electron

microscopy of Ab42, and double-label gold immuno-

electron microscopy of p62 plus p-tau in s-IBM muscle

fibers. (a)Ab42 (5nmgold particles) is immunolocalized to

6–10nm amyloid-like fibrils, while in (b) p62 (10nm gold

particles) and p-tau (5nm gold particles) intermingle on

paired-helical filaments. Magnification: (a) �80,000;

(b) �40,000.
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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 Alzhei-

mer disease brain, it has been postulated that pro-

longed 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, cal-

reticulin, 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 accumula-

tion, 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 accumula-

tion 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

wehave also demonstrated in s-IBMmuscle 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, calreti-

culin, and PDI were shown to be involved in assem-

bly and maturation of human MHC-I [194, 195],

which is critical formuscle fibers to become antigen-

presenting [1]. In various systems, theUPR has been

shown to be involved in the induction of inflam-

matory 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-IBMmuscle 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 NADþ -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 neuropatholo-

gy [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 in-

creased activity [201], decreased SIRT1 deacetylase

activity might be directly responsible for the pre-

sumably detrimental NFkB activation in s-IBM
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muscle fibers. Our study provides, to our knowl-

edge, 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 beenproposed formanyyears to

play an important pathogenic role in neurodegen-

erative 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-IBMmuscle fibers contain increased and

activated NFkB [59, 75].

In s-IBMmuscle 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 theThiJ/PfpI/DJ-1 superfamily (reviewed in [204]

and referenced in [12]). In s-IBMmusclefibers, DJ-1

is (a) highly oxidized and (b) abnormally accumu-

lated 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-1was 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 refer-

enced 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 ineffec-

tive [1, 12]. Our studies indicated for the first time

thatDJ-1might play a role inhumanmuscle 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 damagedmuscle 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 abnormal-

ities 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 in-

creased expression of aBC can occur under various

stressful conditions (reviewed in [207]), we hypoth-

esized that in morphologically “undamaged” s-IBM

muscle fibers aBC might be induced in response to

the early increase in them of “morphologically in-

visible” soluble Ab oligomers (not in aggregates).

Therefore, we studied aBC in cultured humanmus-

cle fibers shortly after overexpressing AbPP in them

and before typical structural abnormalities charac-

teristic to IBMhad 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 oligo-

mers [208]. Similarly, in biopsied s-IBM muscle

fibers, aBC was significantly increased on the im-

munoblots 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 pre-

cipitate [207]. In Alzheimer brain, aBC binds to

AbPP, and in vitro, aBC binds to Ab and prevents

Ab fibrilization and aggregation [209, 210]. How-

ever, 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 elucida-

tion, 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-IBMmuscle 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-IBMmuscle

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 ex-

cessiveAbPPandAb contribute to themitochondrial

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-yet-

unknown 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 abnormali-

ties 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 presumablyweak-

ened 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 aggregatedwithin cytoplasm,where

it is physically associatedwithAbPPanda-syn [217].

Cytochrome c is involved in electron transport

withinmitochondria, and its release frommitochon-

dria 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 pres-

ent [217], which is in agreement with our studies

and others that apoptosis is not participating in the s-

IBM pathogenic cascade (reviewed and referenced

in [5]). However, in s-IBM muscle fibers the asso-

ciation of cytochrome c with AbPP and a-syn may

enhance their oligomerization and fibrilization,

thereby influencing their toxicity, as has been pro-

posed 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 pro-

teins 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, vari-

ous proteins and their mRNAs are expressed within

and along the length of the fiber. As a result ofmotor

innervation, in normal mature fibers the same pro-

teins, termed “junctional proteins,” become in-

creased at the postsynaptic region of the NMJ and

suppressed everywhere in the fiber. This normal

accumulation of proteins and their mRNAs postsyn-

aptically we have termed “junctionalization” of the

muscle fiber [5, 219]. Several of the “s-IBM

proteins” and “s-IBMmRNAs” that are accumulated

in nonjunctional regions of s-IBMmuscle 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 fibersweproposed 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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unrestrained extrajunctional expression of

“junctional genes,” possibly influenced by a patho-

logically 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 someof 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 postsyn-

aptic region. Some s-IBMfibers have abnormal NMJ

structure [220]. Unlike cultured normal human

muscle fibers, culturedmuscle 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 pa-

tients’ biopsied muscle fibers may cause the ob-

served morphologic abnormalities, and an intracel-

lular 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 neuromuscu-

lar 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) Va-

l122Ile mutation [223]. In addition to the skeletal

muscle pathological features typical of s-IBM, there

Table 7.2 Accumulation of the Same Proteins and

Moleculeswithin the aggregates of s-IBMmusclefibers and

at the postsynaptic domain of human neuromuscular

junctions (NMJs).

s-IBM NMJs

NMJ proteins

nAchR protein/mRNA þ þ
43 kDa rapsyn þ þ

Aggregate-prone proteins

AbPP/Ab protein/mRNA þ þ
Prion protein, cellular protein/mRNA þ þ
a-synuclein þ þ
phosphorylated-tau þ �

AbPP processing/Ab deposition

BACE1, BACE2 þ þ
Cystatin C þ þ
Presenilin1 þ þ

Markers of oxidative stress

SOD1 þ þ
nNOS, iNOS þ þ
a1-antichymotrypsin þ þ
Seleno-gluththione peroxidase-1 þ þ
Catalase þ þ
Ref-1 þ þ
NFkB þ þ
Malondialdehyde þ þ
Nitrotyrosine þ �

Transcription/RNA metabolism

RNA polymerase II þ þ
SMN þ þ
c-Jun, c-Fos þ þ
NFkB þ þ
Ref-1 þ þ

Cholesterol metabolism

ApoE þ þ
LDLR þ þ
VLDLR þ þ

Cytokines/growth factors

FGF þ þ
TGF-1b þ þ
IL-1a þ þ
IL-1b þ þ
IL-6 þ þ

Protein degradation

Ubiquitin þ þ
Signal transduction components

ERK þ þ
GSK-3b active þ þ

Other

SIRT1 � þ
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were unique aspects. They included: (a) congophilic

deposits coimmunoreactive for both TTR and Ab
within vacuolatedmuscle 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 am-

yloidfibrillogenesisofAbwithinhismusclefibersand

inmusclebloodvessels. Inothersystems,non-mutant

TTR can protectively sequester Ab, prevent amyloid

fibril formation in vitro, andmitigate Ab cytotoxity in

vivo [225]. We have proposed that if our patient’s

cardiac amyloidosis,musclebloodvessel 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 polymorph-

isms of TTR or other as-yet-unknown susceptibility

genes – congenital or induced by viral, environmen-

tal, 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 s-

IBM 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 con-

gophilic proteins, including Ab and gelsolin; and (b)

in addition to the intra-myofiber accumulation of

gelsolin and themulti-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 inflammationwas 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

gelsolin model is helpful because in patients’ biop-

sies one cannot study the sequence of events.

Since overexpressedwild types of either gelsolin or

TTRbindAb,prevent itsaggregation,andprotectfrom
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

Oneofour approaches toexploremolecularmechan-

ismsparticipating in the s-IBMpathogenesis 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-TC-

Models). Others have utilized experimental trans-

genicmicemodels. Thesemodelswill 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

themusclefibers;(b)congophilicinclusionsinsomeof

the muscle fibers; (c) aggresome formation; (d) nu-

clear PHFs; (e) mitochondria abnormalities including

COX deficiency; (f) cholesterol accumulation; (g) in-

creasedaBC;(h) increasedparkin; (i) increasedmyos-

tatin; and (j) inability to become innervated [31, 141,

214, 221, 230, 231]. This cultured human muscle

model clearly demonstrates that AbPP/Ab overex-

pression can be central to the induction of IBM-char-

acteristic phenotype.
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Cultured muscle fibers from h-IBM due

to GNE mutation

In our culturedmuscle fibers of h-IBM due to a GNE

mutation, the presumably genetically determined

increase of AbPP/Ab preceded other IBM-type ab-

normalities [221], including (a) their inability to

become properly innervated by normal fetal spinal

cord neurons, and (b) having morphologically ab-

normal NMJs [221]. We therefore postulated that

spontaneous AbPP/Ab overexpression in s-IBM pa-

tient 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 trans-

genic mouse models. The first demonstration in

transgenic mice of the importance of AbPP/Ab
in the induction of the IBMphenotypewas provided

in 1998 by Fukuchi et al. [232] and Jin et al. [233].

A newer mouse model in which experimental ma-

nipulation 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 abnormali-

ties [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 pro-

posed 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 overex-

pressing theGNEV572Lmutation,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,
andperhaps 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-IBMpatients, 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 humanmuscle fibers

created our ER(þ )-IBM-HM-TC-Model. This model

exhibits several abnormalities that are present in s-

IBMmuscle biopsies, such as: (a) a strong induction

of the UPR; (b) increased activation of NFkB; (c)
increased myostatin mRNA and protein, as a re-

sponse 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 autop-

hagy as evidenced by (i) decreased activities of

lysosomal proteolytic enzymes cathepsins D and

B, (ii) increased LC3-II, and decreased phosphory-

lation of p70 S6 kinase; and (iii) decreasedVMA21, 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 fol-

lowing: (a) accumulation of ubiquitinated aggre-

gates; (b) developmentof aggresomes; (c)aB-crystal-
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in increase and accumulation in aggregates; (d) par-

kin increase and aggregation; (e) myostatin aggrega-

tion; (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 au-

tophagyhas 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 toxic-

ity 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/dysim-

mune component of s-IBM, but they are considered

largely ineffective, even though an occasional

patient appeared to benefit [7, 238–240]. Attempted

anti-dysimmune/anti-inflammatory treatments in-

clude: (a) corticosteroids; (b) methotrexate; (c)

azathioprine; (d)mycophenolate; and (e) cyclospor-

ine (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 15–45mg) 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 14mg SDAD prednisone.With

muscle involvement, endurance for one’s daily ac-

tivities 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, swallow-

ing difficulty is slightly improved by prednisone

(W. K. Engel, unpublished observations). But the

overall failure of various forms of immunosuppres-

sion therapy to stop s-IBM progression [242] sug-

gests that a dysimmune mechanism is neither par-

amount 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 dysschwan-

nian 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 multi-

factorial, toward various intra-muscle-fiber

detrimental aspects described above, including: (a)

preventing abnormal accumulation and oligomeri-

zation of Ab42, a-syn, and p-tau, and blocking their
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putative oligomeric toxicity on normal cellular com-

ponents; 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) decreas-

ing 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 intra-

muscle-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 abro-

gate 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 ap-

proaches. These are based on our IBM-culture mod-

els 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) signifi-

cantly decreased in them myostatin mRNA and

protein, whichwas associatedwith NFkB deacetyla-

tion (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]. Res-

veratrol 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-IBMpatients. Recently, SIRT1 activitywas

reported to increase autophagy [245]. In s-IBM

muscle fibers autophagy is impaired [13], and

our studies suggest that resveratrol induces lysosom-

al 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 clin-

ical 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, phosphorylatedAbPP, andAb oligomers [34].

In addition, lithium significantly increased the

inactive form of GSK-3b [34]. Accordingly, treating

of s-IBMpatients 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 trans-

genic 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 functionmight be useful

in decreasing putatively toxic protein oligomers and

their aggregation in s-IBM muscle. Recently atten-

tion 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 exer-

cise, 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 orwithout 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 light-

weight 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-bodymyositis (s-IBM),polymyo-

sitis (PM), necrotizing autoimmune myositis, and

dermatomyositis (DM) comprise the four main sub-

sets of acquired inflammatory myopathies [1–6].

Among them, IBM is most common in people above

the age of 50, with themajority of patientsmanifest-

ing 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, un-

published observations). Consequently, s-IBM may

not necessarily be a disease of old age but rather of

middle age. s-IBM remains the most enigmatic dis-

order 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. Fur-

ther, IBMalthough 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 Pathophys-

iology, University of AthensMedical School, Athens

Greece the samepatients 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, sug-

gesting that the autoimmune inflammatory features

coexist with degeneration and the two processesmay

progress either in parallel or independently [5–7].

This observation has led us to investigate the interre-

lationship betweenmolecules involved in inflamma-

tionanddegeneration inaneffort toexplore therapies

that may have an impact on both processes.

This review is focused on the pertinent immuno-

pathologic features of s-IBM, the specificity of the

inflammatory response, the association with viral

infections, the interrelationship between inflamma-

tory 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 self-

sustaining degenerative disease resistant to immu-

notherapies will be also presented.

Immunopathogenesis of s-IBM

A series of clinical observations, disease associations,

and immunopathological studies indicate that im-

mune mechanisms play a fundamental role in the

pathogenesis of s-IBM, even from the outset of the

disease,asdetailedbelowandsummarized inBox8.1.
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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 autoan-

tibodies directed against nuclear or cytoplasmic

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 treat-

ment, but developed many years later the typical

clinicohistological features of IBM, including unre-

sponsiveness to immunotherapies [3, 10].

Immunogenetic associations

An increased frequencyofDRb10301 andDQb10201
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 autoim-

mune disorders such as myasthenia gravis or myas-

thenic syndrome [9]. The human leukocyte antigen

A (HLA-A) haplotype appears to be associated with

earlier disease onset [9], suggesting that immuno-

regulatory 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

Box 8.1 Factors supporting the immuno-
pathogenesis of s-IBM

1 Immunogenetic association with DRb10301 and

DQb10201allelesandtheB8-DR3-DR52-DQ2haplotype;

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 gen-

eration (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 Associationwith common variable immunodeficiency

and natural killer cells.

6 Association with HIV and human T-cell lymphotropic

virus type 1 (HTLV-1) infection, with increasingly rec-

ognized frequency (more than 40 cases reported).

7 The CD8þ autoinvasive T-cells: (a) surround major

histocompatibility complex (MHC)-I-expressing fibers

(MHC-I/CD8þ lesion); (b) express perforin and activa-

tionmarkers of cytotoxicity; (c) are clonally expanded

with restricted amino acid sequences in the CDR3

region of the T-cell receptor (TCR); and (d) TCR fam-

ilies persist over time even in different muscles.

8 There isubiquitousupregulationofMHC-Iantigenand

the costimulatorymolecules 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, chemo-

kines, and their receptors at the protein, mRNA, and

gene levels.

10 Some patients may transiently respond to immu-

notherapies to some degree but they soon become

resistant.
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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 IgAmonoclonal gammopathy

has been observed in 16 of 70 (22.8%) IBMpatients,

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 immu-

noregulation 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 youn-

ger by ameanperiod of 15 years andhave 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 CD8þ 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 immunode-

ficiency/IBM the lymphocyte-induced cytotoxicity

is of two types, one mediated by CD8þ 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 CD8þ

T-cells in a pattern identical to the one observed in

PM [1, 17–19]. The fundamental role of T-cell-

mediated myocytotoxicity in s-IBM is supported by

the following.

. T-cell invasion of nonnecrotic fibers is found

early and in higher frequency than the Congo-

red-positive fibers [20] suggesting that inflamma-

tion precedes the accumulation of amyloid and

related stressor molecules.

. The autoinvasive T-cells are activated, as evi-

denced by their expression of ICAM-I, MHC-I,

CD45RO,and induciblecostimulator (ICOS)ontheir

surface [19–22], suggesting an active participation,

ratherthanabystandereffect, inmuscle-fiber injury.

. The CD8þ cells surround healthy, but MHC-I-

class-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 non-

immune myopathies.

. By immuno-electron microscopy, CD8þ cells and

macrophages send spike-like processes into nonne-

crotic muscle fibers, which traverse the basal lamina

and focally displace or compress the muscle

fibers [18].

. The endomysial CD8þ T-cells, contain perforin

and granzyme granules, as demonstrated with dou-

ble immunocytochemistry and confirmedbyfinding

increased mRNA expression of perforin [19]. In

IBM, the perforin granules are prominent among

the autoinvasive CD8þ T-cells, especially those that

are activated and express costimulatory mole-

cules [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 vitrowhenexposed 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 autoinva-

sive CD8þ cells [28–31]. Whether the coexpression

of the antiapoptotic molecules Bcl2, FLICE (Fas-

associated death domain-like IL-1-converting en-

zyme)-inhibitory protein (FLIP), and human IAP-

like 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 chemo-

kines 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 “myositis-

specific” antibodies, presumably via the MHC-I-

induced cell stress [42]. In other chronic myopa-

thies 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 immunopa-

thology 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 CD8þ T-cells that invade the

fibers [21, 24], as supported by the following.

Rearrangementof theTCRgeneof 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 (con-

stant) 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

the TCR gene. If the endomysial T-cells are selec-

tively 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 re-

gion, 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, CD8þ

cell population that clonally expands [43–46].

Sequential muscle biopsy specimens obtained dur-

ing a 19–22month period from three of our IBM

patients, demonstrated that the clonal restriction of

the same Vb families not only persists among the

autoinvasive CD8þ cells but these cells also exhibit

conserved amino acid sequence homology in the

complementary CDR3-determining region, indicat-

ing specific recruitment within the muscle to rec-

ognize heretofore unknown antigens [45]. That

identical T-cell clones with restricted amino acid

sequence persist in different muscles of IBM pa-

tients has now been confirmed in several stud-

ies [44, 46], suggesting that the same antigens in

a given patient drive the T-cell-activation process.

Examination with spectratyping of the CDR3 re-

gion of the TCR Vb chains of lymphocytes concur-

rently obtained from the peripheral blood and

muscles has confirmed in a large number of pa-

tients the clonality of the autoinvasive T-cells com-

pared 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 microen-

vironment after recognizing local antigens [47].

Presence of costimulatory molecules
for synapse formation
The clonally expanded CD8þ cells are primed to

receive antigenic peptides presented by the MHC-I
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molecule of the antigen-presenting cells, in con-

junction with costimulatory molecules to form im-

munological synapses. Themuscle 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 CD8þ T-cells.

Indeed, several studies have demonstrated that in s-

IBM 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 CD8þ T-cells [19,

48–51] (Figure 8.1). Of importance, the ICOS-

positive 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 an-

tigen presentation, clonal expansion, and costimu-

lation of memory T-cells [50].

The upregulation of these molecules offers the

potential for therapeutic manipulations because of

theavailabilityofhumanizedmonoclonalantibodies

Figure 8.1 Molecules, receptors, and their ligands

involved in the transgression of T-cells through the

endothelial cell wall and recognition of antigens onmuscle

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,

andCD40L 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].)

150 Sporadic Inclusion-Body Myositis



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 enhanc-

ing the activation of T-cells and the induction of

costimulatory molecules for formation of the syn-

apses, as discussed above. Various cytokines, includ-

ing interleukins (IL-1, IL-2, IL-6, and IL-10), TNFa,
IFN-g, signal transducer and activation of transcrip-

tion (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 impor-

tant molecules in leukocyte recruitment and

activationat the sites of inflammation.Among them,

MCP-1 andMIP-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 CD8þ cells [39]. Because Mig and IP-

10 are produced by myotubes upon IFN-g stimu-

lation, they could facilitate the recruitment of

activated T-cells to the muscle and contribute to

the self-sustaining nature of endomysial inflam-

mation [21, 24]. Furthermore, MCP-1 and MIP-1a

have a fibrogenic effect and their presence in the

extracellular matrix along with their in situ syn-

thesis may have an effect in promoting tissue

fibrosis in the late stages of IBM. Various adhesion

and extracellular matrix molecules such as vascu-

lar 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 ofmolecules facilitating

the adhesion and transmigration of lymphocytes

is the metalloproteinases (MMPs), a family of

calcium-dependent zinc endopeptidases involved in

the remodeling of the extracellular matrix. Patho-

logically, MMPs propagate the inflammatory re-

sponse 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

thenonnecrotic andMHC-I-class-expressingmuscle

fibers of patients with PM and IBM [54]. Further,

MMP-2 immunostains the autoinvasive CD8þ T-

cells, 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 T-

cell-mediated cytotoxicity by degrading extracellu-

larmatrix proteins [54]. TargetingMMPswith phar-

macologic agents may offer therapeutic options in

the management of patients with IBM.

What has been a critical observation for the path-

ogenesis of IBM and the chronicity of the disease is

that the muscle, in vivo and in vitro, can secrete pro-

inflammatory 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 en-

domysial inflammation [19, 21, 24]

Other immune cells support the
autoimmune process in s-IBM but
lack specificity

Myeloid dendritic cells, potent cells in antigen pre-

sentation, are abundantly found in the endomysial

infiltrates of all inflammatory myopathies including

PM,DM, and IBM[56]. These cellsmaypresent local

antigens to T-cells and B-cells and contribute to

muscle-fiber injury. A large number of plasma cells

and clonally expandedB-cells are also found in IBM,

PM, and DM muscles [14, 56], suggesting an anti-

gen-specific humoral immune response. These cells,

however, lack specificity for IBM, as they are fre-

quently noted in the targeted tissues in several

autoimmune disorders. Their presence simply de-

notes that different effector mechanisms of T-cells

and B-cells concurrently play an active role in the

autoimmune process. The suggestion that in PMand
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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 coxsackie-

viruses, influenza, paramyxoviruses, cytomegalovi-

rus, 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 re-

ported 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 fre-

quently 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 CD8þ cyto-

toxic T-cells, which, along with macrophages, in-

vade or surround MHC-class-I-antigen-expressing

nonnecrotic muscle fibers [57–60]. Using in situ

hybridization, polymerase chain reaction, immu-

nocytochemistry, and electron microscopy, viral

antigens could not be detected within the muscle

fibers but only in occasional endomysial macro-

phages [57, 58]. Molecular immunological studies

using tetramers have shown that retrovirally spe-

cific 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-1-

IBM 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 in-

dividuals, 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 cyto-

kines, chemokines, or NO, thereby upregulating

MHC-I or costimulatory molecules and perpetuat-

ing 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 cre-

atine kinase activity [63]. Zidovudine-induced my-

opathy, which generally improves when the drug is

discontinued, is a mitochondrial disorder character-

ized histologically by the presence of “ragged-red/-

blue” fibers. Abnormal muscle mitochondria and

depletion of the muscle mitochondrial DNA by zi-

dovudine result from inhibition of g-DNA polymer-

ase, an enzyme found solely in the mitochondrial

matrix [57, 63].

Amyloid and degeneration-
related 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 (al-

most always in fibers not invaded by T-cells), intra-

cellular deposition of Congo-red-positive amyloid,

and the presence of cytoplasmic filaments with

accumulationofb-amyloid-relatedmolecules includ-

ing APP, phosphorylated tau, apolipoprotein E,

g-tubulin, clusterin, gelsolin, and a number of mole-

cules indicative of cell stress, as reviewed inChapter 7

in this volume. These accumulations, although ex-

tensively 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 au-

tophagy appeartooccurins-IBM[69,70],asdiscussed

elsewhere in this volume by Askanas et al. What

appears a unique association in IBM, however, com-

pared to other chronic vacuolar myopathies, is the
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concomitant accumulation of the aforementioned

molecules with a strong primary inflammatory re-

sponse and the overexpression of pro-inflammatory

mediatorsandMHCclass Ionall thefibers,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 interrela-

tionship between inflammation and degeneration in

anefforttounderstandwhatdriveseachprocessandto

design targeted therapeutic strategies.

Inflammationmay 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-IBMmuscle compared to PMorDM[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,

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 med-

iators IFN-g and CXCL-9 which also colocalize with

APP/b-amyloid proteins. Further, exposure of mus-

cle cells to pro-inflammatory cytokines IL-1b and

IFN-g induces an overexpression of APP with sub-

sequent 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-inflam-

matory cytokines that triggers a self-perpetuating

cycle [2, 24, 72] (Figure 8.2). The association be-

tween inflammation and accumulation of

b-amyloid in skeletal muscle has recently been

shown in a mouse model of s-IBM, where lipopoly-

saccharide-induced inflammation enhanced the

accumulation of proteins such as tau and

b-amyloid [73].

Figure 8.2 Proposedmechanism 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

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 dem-

onstrated in healthy-looking muscle fibers (termed

“X-fibers”) in IBM muscle [74]. aB-crystallin is a

heat-shock proteinwhich 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 b-
amyloid-associated markers was found in s-IBM

muscles [75]. The normal-appearing muscle fibers

that were positive for aB-crystallin were often dou-

ble-positive for APP while the degenerating/vacuo-

lated fibers displaying b-amyloid accumulations,

colabeled with aB-crystallin, APP, and markers of

degeneration/regeneration. A significant colocaliza-

tion 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-am-

yloid. 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-crys-
tallin [75]. Interestingly, in cultured human muscle

fibers genetic overexpression of AbPP induces

aB-crystallin [76].

Reconciling the
immunopathogenesis of IBMwith
the relative resistance of the
disease to conventional
immunotherapies

In spite of the above-described primary immune

factors, s-IBM remains resistant to most immu-

notherapies, 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 immuno-

therapy 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 corticoster-

oids, azathioprine,methotrexate, ormycophenolate

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 immu-

notherapies 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 scle-

rosis 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 clin-

ical symptoms, as there is a critical threshold above

whichweakness is clinicallymanifested. It is striking

that even patients with minimal clinical weakness

already exhibit muscle atrophy and extensive pa-

thology in certain muscle groups (revealed by his-

tology or muscle imaging).

. The observations discussed above show that aB-
crystallin is, along with pro-inflammatory markers,

an early event associated with cell stress response

that seems to precede the accumulation of b-amy-

loid. Since chronic inflammation can enhance the

degenerative features and accumulationofmisfolded

proteins [24, 72], early initiation of anti-inflamma-

tory 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

typicalpathological features consistentwith IBM,but

sustained complete remission with immunothera-

py [81]; the second was a patient of ours who pre-

sentedwith rapidlyprogressiveproximalmyopathy–
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clinically suspected to be PM – whose biopsy was

consistent with IBM; she too, had complete remis-

sion 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 histo-

logical IBM who have not yet developed the clinical

IBM phenotype may lead to complete remission.

. The production of pro-inflammatorymediators by

the muscle fibers themselves may pose a problem in

arresting the process because the standard immu-

nosuppressants 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 lim-

ited effect on the continuing degenerative process.

This is unlikely because, as outlined above, the

immune response in IBM is primary and antigen-

driven andmay evenprecede degeneration. Regard-

less, 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 inflamma-

tory component from the outset. The noted inter-

action 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 Alemtuzu-

mab [82] possibly is the way to proceed. The latter

study has suggested that suppression of endomysial

inflammation might have an effect on some degen-

eration- or regeneration-associated molecules such

as aB-crystallin and desmin with resulting short-

term 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

elements of degeneration and cell stress if therapy is

applied for long periods. It is a new way of thinking

with implications beyond inflammatory myopa-

thies [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 mo-

lecules 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-bodymyositis (s-IBM) is a chron-

ic 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 thedisease is quite advancedand there is oftena

further delay before appropriate investigations are

carried out and the diagnosis of s-IBM is con-

firmed [3]. Moreover, it is not uncommon for the

condition to bemisdiagnosed on initial presentation.

Presenting symptoms

Theearliestandmostcommoncomplaintsareusually

related to weakness or fatigue of the lower limbs and

includedifficulty rising fromthesquattingpositionor

fromlowchairs, andwalkingupanddownstairs.Less

frequently foot-drop is the presenting symptom

while in some cases falls are the initial presenting

complaint. Exercise-relatedmyalgiaof 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 dif-

ficulty 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 com-

mon once the disease is established and in some

patients it may be the presenting symptom and rea-

son for referral. The diagnosis of s-IBMmay bemade

at an earlier stage in such cases when the involve-

ment of the limb muscles is still relatively mild.

Clinical course

Thenatural history of s-IBM is for theweakness 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 6month period,

but in a third of cases there was no change in

strength over this period, or even a slight improve-

ment 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 10-

point IBM-functional rating scale (IBM-FRS) has

beendeveloped to quantify andmonitor the severity

of such disabilities over time (Table 9.1) [7].

Most s-IBMpatients experience falls at some stage

of the disease which may result in fractures, severe

soft tissue injuries, or other more serious injuries.

Falls canoccurboth in theearly stagesand latestages,

and tend to be less frequent during the intermediate

stagesof thedisease,presumablybecauseoftheuseof

compensatory strategies and a reduction inmobility.

Themajority 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 nu-

trition. Videofluoroscopy during swallowing shows

abnormal function of the cricopharyngeal sphincter

in many patients [9]. In some the dysphagia re-

sponds to treatmentwith intravenous immunoglob-

ulin [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 involve-

ment 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 progres-

sive 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]. Theweakness of the forearmmuscles

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.
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Figure 9.1 Distribution of age at onset

of first symptoms in a series of 56

Australian cases of s-IBM. (Reproduced

fromNeedhametal. [3],withpermission

from the BMJ Publishing Group.)
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In the lower limbs the quadriceps femorismuscles

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. Weak-

ness 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 ex-

tensors are usually spared. However, in some cases

there is more severe weakness of the neck extensor

and paraspinal muscles resulting in a “dropped-

head” or “bent-spine” syndrome [13]. The cranial

muscles are usually spared apart frommild, 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

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 Foodmust 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

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 Slowwith 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
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reflexes and distal sensory impairment [14, 15].

Evidence of a subclinical neuropathy on nerve con-

duction 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 in-

volvement. However, some s-IBM patients have

another associated autoimmune disease such as

Sj€ogren syndrome, systemic lupus erythematosus,

scleroderma, rheumatoid arthritis, or thrombocyto-

penic 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 defi-

ciency in some cases [20]. There are rare reports of

the association of s-IBM with macrophagic myofas-

ciitis [21], sarcoidosis [22], Creutzfeldt–Jakob dis-

ease [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]. How-

ever, 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 ma-

lignant 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.

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.
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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 insid-

iously progressive clinical course. Muscle magnetic

resonance imaging (MRI) scans may be helpful by

confirming the pattern ofmuscle involvement in the

upper and lower limbs. However, definitive confir-

mation 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), partic-

ularly 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 polymyo-

sitis 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-

tients with s-IBM include ALS, polymyositis, arthri-

tis, 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 postpoliomye-

litis 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 diag-

nostically apart from being an indicator of a myo-

pathic process if it is found to be elevated.

The cardiac troponin T (cTnT) level has been

reported to be elevated in themajority of patientswith

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 0.05mg/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 indic-

ative ofmyocardial 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 sig-

nificantly elevated in s-IBM patients when com-

pared to controls and patients with polymyositis but

there was a considerable overlap between the

groups and Ab42 levels were also found to be ele-

vated 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 an-

tibody and anti-SSA/-SSB antibodies. Such autoanti-

bodieswere found in 20%of s-IBM cases in one large

series [17]. A monoclonal gammopathy may also

occurandwas foundin22%ofcases inoneseries [30].

Human leukocyte antigen studies
In white populations around 75% of s-IBM patients

carry the major histocompatibility complex (MHC)

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 long-

duration motor-unit potentials; fibrillations and

positive waves may be present
. Muscle-biopsy diagnostic criteria (see Chapter 10)
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class II allele human leukocyte antigen (HLA)-

DRB1�0301 (serological specificity DR3) and other

allelic components of the 8.1 MHC ancestral haplo-

type (HLA-A1, B8) [31]. It has been estimated that

carriers of HLA-DRB1�0301 have a 10-fold-higher

risk of developing s-IBM [32]. However, the sensi-

tivity and specificity of this association is not suffi-

ciently high to be of diagnostic value. HLA alleles

have also been reported to havemodifying effects on

the clinical phenotype of the disease [3, 32]. The

HLA-DR3 allele has been associated with more se-

vere disease, while HLA-DR1/DR3 heterozygotes

were found to have an earlier age of disease onset

and more rapidly progressive weakness in an Aus-

tralian s-IBM cohort (Figure 9.3).

Electrophysiological studies
Concentric needle electromyography demonstrates

a pattern of early-recruiting, short-duration, low-

amplitude polyphasic motor-unit action potentials

(MUAPs) in affected muscles. In addition, larger

long-durationMUAPs 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 somepatients, 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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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

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 T2-

weighted images and with a fat-suppressive short

Figure9.4 Proton-density-weightedMRI scans of the thighs (upper panels) and calves (lower panels) in a 78-year-oldman

with longstanding s-IBM showing signal change in the quadriceps and medial gastrocnemius muscles.

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 thosemuscles – i.e., FDPand

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.)
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tau inversion recovery (STIR) sequence [40, 41].

MRI demonstrates the preferential involvement of

the vastiwith 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) mus-

cle biopsy has very characteristic pathologic abnor-

malities. Proper evaluation of the muscle biopsy,

consisting of the reactions below, is the most impor-

tant aspect of the s-IBM diagnosis, including its

distinction from polymyositis and hereditary inclu-

sion-body myopathies (h-IBMs). Even though clin-

ical features of s-IBMare quite typical (see Chapter 9

in this volume), s-IBM patients are often misdiag-

nosed as having polymyositis, especially at earlier

stages of the disease.However, s-IBMpatients donot

satisfactorily respond to anti-dysimmune treatment,

in contrast to polymyositis, which is usually respon-

sive to this treatment ([1, 2] and see Chapters 3, 7,

and 8). The correct diagnosis of s-IBM would pre-

vent s-IBM patients from prolonged unsuccessful

anti-dysimmune treatment with drugs that can in-

duce undesirable side effects.

s-IBM patients can be mistakenly diagnosed as

polymyositis because of (a) the various degrees of

lymphocytic inflammation (with some macro-

phages), 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. Accord-

ingly, 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 elec-

tron-microscopic pathologic diagnostic criteria,

described below, as the essential tools for distin-

guishing s-IBM from polymyositis.

Light-microscopic diagnostic
abnormalities of the s-IBMmuscle
biopsy

Vacuolated muscle fibers
All our stainings are routinely performed on 10mm
sections of fresh-frozen muscle biopsies. The char-

acteristic features of s-IBM that are evident on the

Engel trichrome staining [3] (the standard general

stain used for fresh-frozen sections of muscle biop-

sies) 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 membra-

nous material [3, 4]. Occasional vacuoles have such
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reddishmaterial accumulatedmainly on the periph-

ery, 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 charac-

teristic 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 sometimesmore, depending on the size of

the biopsy. On a given section of a biopsy, we

consider three or four vacuolated muscle fibers di-

agnostic, if they are accompanied by other charac-

teristic s-IBM criteria as described below.

Occasionally vacuolated muscle fibers can be in-

vadedbymononucleatedcells(Plate10.6c).Thenum-

ber of muscle fibers containing vacuoles differs not

only among various s-IBM patients, but also on dif-

ferent transverse sections of the samemuscle biopsy.

Moreover, two adjacent pieces of the same muscle

biopsy obtained at the same time oftenhave different

numbers of vacuoles, as well as different other fea-

tures,suchasvariousdegreesof inflammation.There-

fore, we consider unreliable and sometimesmislead-

ing 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 amyloidwas 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 fluorescence-

enhanced Congo red technique [6] that we routine-

ly 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 fluores-

cence visualized through Texas red filters are evi-

dent within about 40–70% of the s-IBM vacuolated

muscle fibers in a given transverse section, mostly

occurring in the nonvacuolated regions of those

fibers, and only very rarely actually within the

vacuoles. However, the seemingly “amyloid-

negative” 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 mus-

cle fibers also contain amyloid deposits. This fluo-

rescence-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 evi-

denced 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 ofwhich is known to self-aggregate

to form b-pleated-sheet congophilic amyloid in Alz-

heimer 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 appearmainly as squig-

gly 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 mus-

cle fibers (Plate 10.6f). This method is more conve-

nient because it does not require fluorescence mi-

croscopy, but is less precise because small amyloid

deposits are difficult to identify.

Among several of our patients with other non-

IBM vacuolar myopathies, including acid-maltase

deficiency, hypokalemic periodic paralysis, myofi-

brillar 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 valo-

sin-containing-peptide (VCP)mutation (see below).

Identification of intra-muscle-fiber
bundles of phosphorylated-tau-
containing PHFs

p62/SQTSM1

p62/SQSTM1 or simply ”p62,” is a shuttle protein

transporting polyubiquitinated proteins to both pro-

teasomal and lysosomal degradation (referenced in

Chapter 7). In s-IBMmuscle 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 strong-

ly recommend it to be included in pathologic in-

vestigations of s-IBM muscle biopsies [10]. Advan-

tages of p62 immunoreactivity are: (a) it is not

immunoreactive inmuscle-fiber nuclei nor innuclei

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 light-

microscopic HRP-immunohistochemical staining of

p62, which appears in the form of strongly immu-

noreactive, 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 themuscle fibers that are nonvacuolated

on a given 10mm transverse section.

SMI-31 monoclonal antibody

Immunostaining with SMI-31 antibody, which was

originally made against the phosphorylated neuro-

filament heavy-chain protein, recognizes the phos-

phorylated tau (p-tau) of PHFs in s-IBMmuscle and

in Alzheimer brain on immunoblots [11, 12], and it

identifies squiggly inclusions containing p-tau in s-

IBMmuscle fibers [12]. Previously, we have recom-

mended SMI-31 immunostaining as diagnostic [13],

but currently we favor p62 immunoreactivity, be-

cause its staining is stronger andmore 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 polymyosi-

tis [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 impor-

tant for some laboratories when freshly frozenmus-

cle biopsy specimens are not available (we do not

know whether p62 antibodies detect PHFs in paraf-

fin-embedded s-IBM sections).

Alkaline phosphatase staining
In s-IBM, absent or only very faint alkaline phos-

phatase staining of perimysial connective tissue is

characteristic; even in regions of active disease peri-

mysial connective tissue lacks the typically strong

alkaline-phosphatase-positivity seen in similarly ac-

tive regions of polymyositis and dermatomyositis,

which is attributable to active fibroblasts [16, 17]

(Plate 10.7c,d). Regenerating/degenerating (regen-

degen) muscle fibers (containing regenerating fea-

tures 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 othermyopathies. However, those fibers are rare-

ly detectable in s-IBM biopsies, which corresponds

to the recently demonstrateddecreased regenerative

capability of s-IBM muscle fibers [18].

Ultrastructural diagnostic
abnormalities within s-IBM
muscle fibers

Clusters of PHFs, which individually are 15–21 nm-

diameter 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 Alz-

heimer 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 6–10nm amyloid-like fibrils; (b)

fine flocculo-membranous material; and (c) amor-

phous material: these three contain Ab immunore-

activity [19]. We recently demonstrated that

6–10nm 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 6–10nm 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 favor-

able sections sometimes appear as PHFs like those

in the cytoplasm, are often immunopositive with p-

tau (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 structureswithin s-IBMmuscle fibers

(reviewed in [7, 20, 21]). (In some h-IBM patients

with mutant VCP, intranuclear p-tau-positive PHFs

can be frequent [38, 39].)

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 (TDP-

43) is a predominantly RNA-/DNA-binding protein,

whose functions are not yet fully understood. It was

reported to be involved in RNA processing, tran-

scription, and exon skipping (reviewed in [25, 26]).

TDP-43-immunoreactive cytoplasmic inclusions

within s-IBMmuscle fibers were reported by several

investigators [27–30], and confirmed by us [31].

However, quantitative comparison of TDP-43-

immunoreactive inclusions to those of p62 inclu-

sions 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 inclu-

sions [31]. Moreover, p62 inclusions were larger

and more distinctive, and two biopsies containing

a number of p62 inclusions did not contain any TDP-

43 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 pan-

esterase and NADH-tetrazolium reductase

reactions, (b) indistinguishable from those in ordi-

nary denervation diseases, and (c) generally consid-

ered 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 clinicalweak-

ness (reviewed in [1, 21]), but are not diagnostic.

Mitochondrial abnormalities
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-sizedmembra-

nouswhorlssuchasmyelin-likewhorls,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)
Clinicalaspectsofthish-IBMaredescribedinChapter

12. We introduced the term “hereditary inclusion-

body 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;hencetheterm“myopathy”insteadof

“myositis.”However,olderh-IBMpatientsmayhave

slight inflammation in theirmusclebiopsies [35–37].

. On Engel trichrome staining there are various-

sized 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 UDP-

N-acetylglucosamine-2epimerase/N-acetylmannosa-

mine kinase) express fewer p-tau epitopes than PHFs

of s-IBM, as detailed previously [12]. However, in

GNE-h-IBM, light-microscopic immunohistochemis-

try with p62 antibody highlights clusters of PHFs

rather distinctively, although they appear definitely

smaller and less frequent than those in s-IBMmuscle

fibers (Plate 10.8d). Since in s-IBMmuscle 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 tri-

chrome 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 corre-

sponded to large clusters of PHFs within the nuclei,

whichwere immunopositive with antibodies direct-

ed to various epitopes of p-tau [38, 39]. Also in VCP-

h-IBMveryprominent are TDP-43-immunoreactive

inclusions (Plate 10.9b) [29]. p62 is immunopositive

mainly in nuclei of several muscle fibers, in a squig-

gly configuration (Plate 10.9c).
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CHAPTER 11

Function and mutations of the GNE
gene leading to distal myopathy with
rimmed vacuoles/hereditary inclusion-
body myopathy, animal models, and
potential treatment
May Christine V. Malicdan, Satoru Noguchi, and Ichizo Nishino
Department of Neuromuscular Research, National Institute of Neuroscience,

National Center of Neurology and Psychiatry, Tokyo, Japan

Introduction

Distal myopathy with rimmed vacuoles (DMRV)

[1, 2] is an autosomal recessive disorder that affects

young adults. It is characterized clinically by weak-

ness 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, be-

cause of the peculiar relative sparing of these mus-

cles even in the advanced stages of the illness.

Characteristic findings, although not exactly patho-

gnomonic, are seen in muscle pathology, and gen-

erally 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 phospha-

tase activity reflecting the presence of acidic com-

partments 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 inclu-

sions were identified to be immunoreactive to am-

yloid, phosphorylated tau, neurofilament, myosin

heavy chain, endoplasmic reticulum-related mar-

kers, and others. In addition, 15–20nm tubulofila-

mentous inclusions on the nucleus or cytoplasm

have been noted on electron-microscopic observa-

tion. 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 de-

void of inflammatory cell infiltrates, but also pre-

sents with similar degenerative features in the

muscle, although anecdotally some patients have

presented with some inflammatory component in

their myofibers [5].
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Mutations in the GNE gene cause
DMRV/h-IBM

The causative gene has been mapped to chromo-

some 9p12–13 by two separate groups [6, 7], and

later was identified to be the UDP-N-acetylglucosa-

mine-2 epimerase/N-acetylmannosamine kinase

(GNE) gene [8]. The protein product, GNE, ismainly

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 endpro-

duct 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-GlcNAc2-epimerase

and ManNAc kinase. Synthesis starts with the

epimerization of UDP-GlcNAc toManNAc 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 (NeuAc-

9-P). Dephosphorylation of NeuAc-9-P produces

NeuAc, the most abundant sialic acid among mam-

mals. 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 ultimate-

ly transferred to oligosaccharide chains by a large

family of sialyltransferase enzymes; this process

allows sialylation of gangliosides or sialoglycopro-

teins. UDP-GlcNAc 2-epimerase has been demon-

strated 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 feed-

back inhibition by CMP-NeuAc due to heterozygous

missensemutationswithin the allosteric site ofUDP-

GlcNAc 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 carbona-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 interac-

tion, cell migration, inflammation, wound healing,

and metastasis [13, 14]. Its importance in develop-

ment,atleastinmice,ishighlightedbythefindingthat

inactivation of the gene leads to embryonic lethality.

Other functions of GNE not directly related to sialic

acid biosynthesis have also been identified [15].

InDMRV/h-IBM,most of themutations 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. Muta-

tions are noted to occur in homozygous or com-

pound 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

null mutation, as probably this type of mutation

would render the organismunable to survive.None-

theless, there are reports of single-allele null muta-

tions andnonsense or frameshiftmutations. 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, fol-

lowed 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 ametabolic 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 an-

other 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 tissue-

specific, but the roles of these isoforms in disease

causation have not been clarified.

GNE1 is a ubiquitously expressed proteinwith the

highest expression levels found in the liver and

placenta [10, 19]. In addition, GNE1 is the only

isoformwithmRNA expression identified in skeletal

muscles. GNE2 mRNA expression is highest in pla-

centa, followed by liver, kidney, lung, brain, colon,

and pancreas. GNE3 mRNA expression is highest in

colon, followed by kidney, liver, and placenta. Anal-

ysis of murine GNE revealed that they have at least
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two isoforms homologous to GNE1 and 2. The mu-

rine Gne1 isoform was amplified from cDNA of five

tissues examined (brain, colon, kidney, liver, and

skeletalmuscle).MurineGne2was also expressed in

all of these tissues, except the liver [17].

GNE enzymatic activities
GNE is comprised mainly of two domains – UDP-

GlcNAc 2-epimerase and ManNAc kinase – with

activities of both enzymes mapped to different re-

gions of the polypeptide. Human GNE1 possesses

both epimerase andkinase activities, implying that it

is the major isoform involved in sialic acid produc-

tion. The analysis of recombinant human GNE2

displayed selective reduction of UDP-GlcNAc 2-

epimerase 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 differ-

ences in terms of activity.

In early studies, site-directed mutagenesis on dif-

ferent 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 pa-

tients. 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 re-

ducedManNAc kinase activities with a slight reduc-

tion in epimerase activities, with an exception of a

single mutant, A524V, which decreased epimerase

activity more significantly than kinase activity. Pen-

ner et al. [22] also analyzed enzymatic activities of

humanGNEmutants 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 enzy-

matic activities in both domains. What can be sur-

mised 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 epim-

erase 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 hexam-

ers, Noguchi et al. [21] and Penner et al. [22]

checked the influence ofmutations on GNE protein.

Thefindings fromboth groups are consistentwith an

earlier study [24] which showed that mutant pro-

teins (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 olig-

omerization. This is, of course, with the exception of

specific DMRV/h-IBMmutants, A524V and C303X.

This is further supported by the finding that second-

ary structure of the GNE protein is preserved except

in two mutants (G576E, which forms trimers, and

N519S,which showed alteration in secondary struc-

ture) [22].Attempts to correlate enzymeactivity and

enzyme structure by three-dimensional modeling

didnot give any clue as towhat 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.
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Influence of GNE mutations on
overall cellular sialylation

GNE has been demonstrated to be important in

regulating cell-surface sialylation [26]. Naturally,

theworkinghypothesis inDMRV/h-IBM is thatGNE

mutations can lead to reduced sialylation. This con-

cept 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] mea-

sured 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 iden-

tified a DMRV/h-IBM patient with hyposialylation

ofmuscle glycoproteins, andHuizing 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 hypo-

sialylation of NCAM [29] and neprilysin [30, 31] in

patients. On the other hand, Salama et al. and

Hinderlich et al. found no abnormalities in sialyla-

tionof 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/h-

IBM can only be clarified by using the appropriate

animal model.

Other studies also add to the controversy of the

involvement of hyposialylation in disease patho-

genesis, and these were seen in naturally occurring

hyposialylated cells. The cells in the human B-

lymphoma cell line BJAB K20 are hyposialylated

because they lack GNE mRNA as well as epimerase

activity [34]. Supplementation with N-acetylman-

nosamine allowed cells to synthesize sialic acid on

glycoproteins, indicating that the presence of ad-

ditional cellular kinases like GlcNAc kinase allows

cells to synthesize sialic acid. Similarly, Lec3 Chi-

nese hamster ovary (CHO) cell glycosylation mu-

tants had no detectable UDP-GlcNAc 2-epimerase

activity [35] due to a compound heterozygous

mutation (E35X and G135E). Hyposialylation in

these Lec3 CHO cells was rescued by exogenously

added N-acetylmannosamine or mannosamine but

not by the same concentrations ofN-acetylglucosa-

mine, glucosamine, glucose, or mannose. Interest-

ingly, however, only transfection with wild-type

GNE cDNA or GNE cDNA with a kinase mutation

(D413K) restored in vitroUDP-GlcNAc 2-epimerase

activity and cell-surface polysialic acid expression;

on the other hand, cDNA with an epimerase-defi-

cientmutation (H132Aor newLec3G135E) 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 tetramer-

ization 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 enzy-

matic activities, it was discovered that GNE interacts

with other proteins, like the collapsin-response me-

diator protein 1, promyelocytic leukemia zinc finger

protein [38], and skeletal muscle a-actinin 1 [39].

Indeed, further studies are needed tounderstand the

mechanisms that regulate GNE and its interaction

with other proteins, and these are essential to un-

derstand the disease pathomechanism completely

and thus merit in-depth investigation.

Animal models

To generate animal models for DMRV/h-IBM, sev-

eral 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 het-

erozygous 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 theM712Tmice 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 process-

es. This phenomenon was apparently caused by an

anomaly inmorphogenesis 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 podocyto-

pathy. 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 segmen-

tal 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 suggest-

ing that the requirement for sialic acid is veryhigh, at

least inmice, and that a simple knockin strategymay

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 symp-

toms. The hGNED176VTg mice were later crossed

with mice that are heterozygous for Gne deficiency

(Gneþ /� ), 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 re-

vealed that blood and several organs were hyposia-

lylated. 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 impairedmotor performance of themouse during

treadmill examination [44]. Ex vivo analysis of iso-

lated muscles showed physiologic muscle weakness

as revealed by reduced force generation in skeletal

muscles [44]. This reduction of the force was attrib-

uted 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 eleva-

tion 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 no-

tably 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 immu-

noreactive 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
mice. Hematoxylin and eosin (a) showsmoderate 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

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 20mm for (a) and (b).
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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/h-

IBM at the moment. Moreover, the presence of

hyposialylation suggests some metabolic impair-

ment that could have other implications.

Perspectives for therapy

At the time of writing, there are no therapies cur-

rently available for DMRV/h-IBM. In designing

therapeutic strategies for DMRV/h-IBM, several fac-

tors need to be considered, foremost ofwhich are the

genetic nature of the disease and potentially cor-

rectable metabolic impairments. Other important

factors are the clinical characteristics of the myop-

athy, including the onset, slowly progressive course

of the disease, and main symptoms involved. Gen-

eral approaches to therapy, with these factors con-

sidered, 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, whichmay 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/h-

IBM patients was done using intravenous immuno-

globulin G (IVIG) therapy, with the proof of concept

that IgG contains about 8mmol 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 400mg/kg doses every

week. Functional analysis of muscle in patients

showed minimal and transient improvement in

strength after IVIG administration (loading and fol-

low-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 diffi-

cult 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 meta-

bolites involved in the sialic acid biosynthetic path-

way. This is theoretically possible as the function of

other enzymes involved in sialic acid synthesis is not

affected in cellswithGNEmutations, 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 con-

sidered, as the other compounds are mainly nucle-

otide derivatives, which are thought to be rarely

incorporated into cells and phosphorylated com-

pounds, and which can be dephosphorylated before

being incorporated into the cell.ManNAc is anatural

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 phos-

phorylate 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 in-

corporated 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/h-

IBMcells. The additionofManNAcandNeuAc in the

medium of primary cells from DMRV/h-IBM led to

the recovery of cellular sialylation to a similar lev-

el [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 otherwords, 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 report-

edly 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 influ-

ence 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 andManNAc 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 resi-

dues nor specific glycosyltransferase for ManNAc

residues has ever been demonstrated among verte-

brates. In contrast, NeuAc is present almost always

as a glycoconjugate in glycoproteins and ganglio-

sides, and is almost never found as a free molecule.

Notwithstanding that both compounds are natural,

large-scale production for drug synthesis by phar-

maceutical 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 ad-

ministered 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 6h, and less than

6% NeuAc was incorporated into tissues and

metabolized intoManNAc and pyruvate [49]. Intra-

venously administered NeuAc led to more rapid

excretion within 10min. Oral administration of sia-

lyllactose led to longer retention of sialic acid in

tissues, but almost all was excreted within 24h.

Approximately half of the total amount administered

was retained andmetabolized into NeuAc, and even-

tually excreted. Sialyllactose injected intravenously

into rats was rapidly excreted, similar to NeuAc.

Supplementation of NeuAc both by oral and in-

traperitoneal routes given for 8 days resulted in the

increased incorporation of NeuAc in brain ganglio-

sides 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 intra-

peritoneal route also resulted in rapid excretion of

90% of the compound into the urine within

5–30min [51]. When given intragastrically, 70% of

NeuAc was found in the urine in 30–60min. A

similar pattern of excretion was seen after a single

dose of ManNAc was given. These results, together

with other studies, suggest that NeuAc andManNAc

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-acyl-

mannosamine derivatives have been shown to be

effectively metabolized into corresponding N-acyl-

modified 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-yet-

unknown consequences.

Increasing cellular sialylation in
DMRV/h-IBM mice
The findings in the DMRV/h-IBM mouse model,

especiallythereductioninoverallsialylationofserum

andotherorgansbefore theonset of symptoms, led to

thehypothesis thathyposialylationmaybe 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-IBMmouse tissue and

evaluatetheresponsetosuchaphenomenoninterms

ofmusclephenotype; intheory,maximumefficacyof

treatment canonlybeshownbypreventing theonset

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 20mg (low dose), 200mg (medium

dose), and 2000mg (high dose) per kilogramof body

weight per day. Analysis revealed no clear dose–

response correlation in terms of clinical, patholog-

ical, 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.
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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 theywere expected to show full-blown symp-

toms of myopathy, i.e., the presence of myodegen-

erative features as seen in muscle pathology.

During the treatment period, survival rate was

remarkably improvedascomparedwithcontrol trea-

ted mice with all three compounds. At the end of

treatment, the phenotypes of DMRV/h-IBM mouse

were evaluated and compared with nonaffected lit-

termates. All compounds seemed to be tolerated by

mice in terms of kidney and renal metabolism. In all

compounds, serum creatine kinase activity, motor

performance ofmice, physiological contractile prop-

erties of isolated skeletal muscles, as well as muscle

pathology were notably improved to a level almost

similar to nonaffected littermates. Intracellular pro-

tein deposits and rimmed vacuoles were rarely seen

in the skeletal muscles of treated mice. Sialic acid

levels in the blood and the tissueswere 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 meth-

odology 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 effi-

cacy 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 in-

clude gene and cell therapies. The delivery of a GNE

gene is possible because of its relatively small size.

Gene-delivery systems arenowbeing developed and

can be evaluated using the DMRV/h-IBM mice or

patient’s cells in the near future. The factors thatwill

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 de-

livery systems in Lec3CHO 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 previ-

ous studies using similar cells but different epimer-

asemutants failed to do so [35]; future studieswould

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]. In-

deed, the application of gene-/cell-based therapies

will not only give a definite cure, but also provide

insights necessary to elucidate the precise mecha-

nism of how the GNE gene defect causes this dev-

astating myopathy.

Acknowledgment

This study is supported partly by the “Research on

Psychiatric and Neurological Diseases and Mental

Health” from the Japanese Health Sciences Foun-

dation; the Program for Promotion of Fundamental

Studies in Health Sciences of the National Institute

of Biomedical Innovation (NIBIO); “Research Grant

(22-5) for Nervous and Mental Disorders” from the

Ministry of Health, Labour and Welfare; the Kato

Memorial Trust for Nambyo Research; and the

Neuromuscular Disease Foundation.

References

1 Nonaka I, Sunohara N, Ishiura S, Satoyoshi E. (1981)

Familial distal myopathy with rimmed vacuole and

lamellar (myeloid) body formation. J Neurol Sci 51,

141–155.

2 Kumamoto T, Fukuhara N, NagashimaM et al. (1982)

Distal myopathy. Histochemical and ultrastructural

study. Arch Neurol 39, 367–371.

Function and Mutations of the GNE Gene 187



3 Malicdan MC, Noguchi S, Nishino I. (2007) Autop-

hagy in a mouse model of distal myopathy with

rimmed vacuoles or hereditary inclusion bidy myop-

athy. Autophagy 3, 396–398.

4 Kumamoto T, Ito T, Horinouchi, H et al. (2000) In-

creased lysosome-related proteins in the skeletal mus-

cles of distal myopathy with rimmed vacuoles. Muscle

Nerve 23, 1686–1693.

5 Yabe I, Higashi T, Kikuchi S et al. (2003) GNE muta-

tions causing distal myopathy with rimmed vacuoles

with inflammation. Neurology 61, 384–386.

6 Mitrani-Rosenbaum S, Argov Z, Blumenfeld A et al.

(1996) Hereditary inclusion body myopathy maps to

chromosome 9p1-q1. Hum Mol Genet 5, 159–163.

7 Ikeuchi T, Asaka T, Saito M et al. (1997) Gene locus

for autosomal recessive distal myopathy with

rimmed vacuoles maps to chromosome 9. Ann Neurol

41, 432–437.

8 Eisenberg I,AvidanN, PotikhaTet al. (2001)TheUDP-

N-acetylglucosamine 2-epimerase/N-acetylmannosa-

mine kinase gene is mutated in recessive hereditary

inclusion body myopathy. Nat Genet 29, 83–87.

9 Brooks SA, Dwek MV, Schumacher U. (2002) Func-

tional and Molecular Gycobiology. BIOS Scientific Pub-

lishers, Oxford.

10 Stasche R, Hinderlich S, Weise C et al. (1997)

A bifunctional enzyme catalyzes the first two steps in

N-acetylneuraminic acid biosynthesis of rat liver. Mo-

lecular cloning and functional expression of UDP-

N-acetyl-glucosamine 2-epimerase/N-acetylmanno-

samine kinase. J Biol Chem 272, 24319–24324.

11 Schauer R. (2004) Sialic acids: fascinating sugars in

higher animals and man. Zoology 107, 49–64.

12 Leroy JG, SeppalaR,HuizingMet al. (2001)Dominant

inheritance of sialuria, an inborn error of feedback

inhibition. Am J Hum Genet 68, 1419–1427.

13 Varki A. (1997) Sialic acids as ligands in recognition

phenomena. FASEB J 11, 248–255.

14 Hynes RO, Lander AD. (1992) Contact and adhesive

specificities in the associations,migrations, and target-

ing of cells and axons. Cell 68, 303–322.

15 Wang Z, Sun Z, Li AV, Yarema KJ. (2006) Roles for

GNE outside of sialic acid biosynthesis: modulation of

sialyltransferase and BiP expression, GM3 and GD3

biosynthesis, proliferation and apoptosis, and ERK1/2

phosphorylation. J Biol Chem 281, 27016–27028.

16 Huizing M, Krasnewich DM. (2009) Hereditary inclu-

sion body myopathy: a decade of progress. Biochim

Biophys Acta 1792, 881–887.

17 Reinke SO, Hinderlich S. (2007) Prediction of three

different isoforms of the human UDP-N-acetylgluco-

samine 2-epimerase/N-acetylmannosamine kinase

FEBS Lett 581, 3327–3331.

18 WattsGDJ, ThorneM,KovachMJet al. (2003)Clinical

and genetic heterogeneity in chromosome 9p associ-

atedhereditary inclusionbodymyopathy: exclusionof

GNE and three other candidate genes. Neuromuscul

Disord 13, 559–567.

19 Hortskorte R, N€ohring S, Wiechens N et al. (1999)

Tissue expression and amino acid sequence of murine

UDP-N-acetylglucosamine-2-epimerase/N-acetyl-

mannosamine kinase. FEBS J 260, 923–927.

20 Reinke SO, Eidenschink C, Jay CM, Hinderlich S.

(2009) Biochemical characterization of human and

murine isoforms of UDP-N-acetylglucosamine 2-

epimerase/N-acetylmannosamine kinase (GNE). Gly-

coconj J 26, 415–422.

21 Noguchi S, Keira Y, Murayama K et al. (2004) Reduc-

tion of UDP-N-acetylglucosamine 2-epimerase/N-

acetylmannosamine kinase activity and sialylation in

distal myopathy with rimmed vacuoles. J Biol Chem

279, 11402–11407.

22 Penner J,ManteyLR,ElgavishSet al. (2006) Influence

of UDP-GlcNAc 2-Epimerase/ManNAc kinase mutant

proteins on hereditary inclusion body myopathy. Bio-

chemistry 45, 2968–2977.

23 Hinderlich S, St€asche R, Zeitler R, ReutterW. (1997) A

bifunctional enzyme catalyzes the first two steps in

N-acetylneuraminic acid biosynthesis of rat liver. Pu-

rification and characterization of UDP-N-acetylgluco-

samine 2-epimerase/N-acetylmannosamine kinase. J

Biol Chem 272, 24313–24318.

24 Effertz K, Hinderlich S, Reutter W. (1999) Selective

loss of either the epimerase or kinase activity of UDP-

N-acetylglucosamine 2-epimerase/N-acetylmannosa-

mine kinase due to site-directedmutagenesis based on

sequence alignments. J Biol Chem 274, 28771–28778.

25 Kurochkina N, Yardeni T, Huizing M. (2010) Molec-

ular modeling of the bifunctional enzyme UDP-

GlcNAc 2-epimerase/ManNAc kinase and predictions

of structural effects ofmutations associatedwithHIBM

and sialuria. Glycobiology 20, 322–337.

26 Keppler T, Hinderlich S, Langner J et al. (1999) UDP-

GlcNAc 2-epimerase: a regulator of cell surface sialyla-

tion. Science 284, 1372–1376.

27 Saito F, Tomimitsu H, Arai K et al. (2004) A Japanese

patient with distal myopathy with rimmed vacuoles:

missense mutations in the epimerase domain of the

UDP-N-acetylglucosamine 2-epimerase/N-acetyl-

mannosamine kinase (GNE) gene accompanied by

hyposialylation of skeletal muscle glycoproteins. Neu-

romuscul Disord 14, 158–161.

188 Hereditary Inclusion-Body Myopathies



28 Huizing M, Rakocevic G, Sparks SE et al. (2004)

Hypoglycosylation of alpha-dystroglycan in patients

with hereditary IBM due to GNEmutations.Mol Genet

Metab 81, 196–202.

29 Ricci E, Broccolini A, Gidaro T et al. (2006) NCAM is

hyposialylated in hereditary inclusion bodymyopathy

due to GNE mutations. Neurology 66, 755–758.

30 Broccolini A, Gidaro T, Morosetti R et al. (2006)

Neprilysin participates in skeletal muscle regeneration

and is accumulated in abnormal muscle fibres of in-

clusion body myositis. J Neurochem 96, 777–789.

31 Broccolini A, Gidaro T, De Cristofaro R et al. (2008)

Hyposialylation of neprilysin possibly affects its ex-

pression and enzymatic activity in hereditary inclu-

sion-body myopathy muscle. J Neurochem 105,

971–981.

32 Salama I, Hinderlich S, Shlomai Z et al. (2005) No

overall hyposialylation in hereditary inclusion body

myopathy myoblasts carrying the homozygous

M712T GNE mutation. Biochem Biophys Res Commun

328, 221–226.

33 Hinderlich S, Salama I, Eisenberg I et al. (2004) The

homozygous M712T mutation of UDP-N-acetylgluco-

samine 2-epimerase/N-acetylmannosamine kinase

results in reduced enzyme activities but not in altered

overall cellular sialylation inhereditary inclusionbody

myopathy. FEBS Lett 566, 105–109.

34 Hinderlich S, Berger M, Keppler OT et al. (2001)

Biosynthesis of N-acetylneuraminic acid in cells lack-

ing UDP-N-acetylglucosamine 2-epimerase/N-acetyl-

mannosamine kinase. Biol Chem 382 291–297.

35 Hong Y, Stanley P. (2003) Lec3Chinese hamster ovary

mutants lack UDP-N-acetylglucosamine 2-epimerase

activity because ofmutations in the epimerase domain

of the Gne gene. J Biol Chem 278, 53045–53054.

36 Oetke C, Hinderlich S, Reutter W, Pawlita M. (2003)

Epigenetically mediated loss of UDP-GlcNAc 2-epim-

erase/ManNAc kinase expression in hyposialylated

cell lines. Biochem Biophys Res Commun 308, 892–898.

37 Horstkorte R, N€ohring S, Danker K et al. (2000) Pro-

tein kinase C phosphorylates and regulates UDP-N-

acetylglucosamine-2-epimerase/N-acetylmannosa-

mine kinase. FEBS Lett 470, 315–318.

38 Weidemann W, Stelzl U, Lisewski U et al. (2006) The

collapsin response mediator protein 1 (CRMP-1) and

the promyelocytic leukemia zinc finger protein (PLZF)

bind to UDP-N-acetylglucosamine 2-epimerase/N-

acetylmannosamine kinase (GNE), the key enzyme

of sialic acid biosynthesis. FEBS Lett 580, 6649–6654.

39 Amsili S, Zer H, Hinderlich S et al. (2008) UDP-N-

acetylglucosamine 2-epimerase/N-acetylmannosa-

mine kinase (GNE) binds to alpha-actinin 1: novel

pathways in skeletal muscle? PLoS One 3, e2477.

40 Schwarzkopf M, Knobeloch KP, Rohde E et al. (2002)

Sialylation is essential for early development in mice.

Proc Natl Acad Sci USA 99, 5267–5270.

41 Gagiannis D, Orthmann A, Danssmann I et al. (2007)

ReducedsialylationstatusinUDP-N-acetylglucosamine-

2-epimerase/N-acetylmannosamine kinase (GNE)-

deficient mice. Glycoconj J 24, 125–130.

42 GaleanoB,KlootwijkR,Manoli Ietal. (2007)Mutation

in the key enzyme of sialic acid biosynthesis causes

severe glomerular proteinuria and is rescued by N-

acetylmannosamine. J Clin Invest 117, 1585–1594.

43 MalicdanMC,Noguchi S, Nonaka I et al. (2007)AGne

knockout mouse expressing human GNE D176V mu-

tation develops features similar to distal myopathy

with rimmed vacuoles or hereditary inclusion body

myopathy. Hum Mol Genet 16, 2669–2682.

44 Malicdan MC, Noguchi S, Hayashi YK, Nishino I.

(2008) Muscle weakness correlates with muscle atro-

phy and precedes the development of inclusion body

or rimmed vacuoles in the mouse model of DMRV/

hIBM. Physiol Genomics 17, 106–115.

45 Sparks S, Rakocevic G, Joe G et al. (2007) Intravenous

immune globulin in hereditary inclusion body myop-

athy: a pilot study. BMC Neurol 7, 3.

46 Oetke C, Hinderlich S, Brossmer R et al. (2001) Evi-

dence for efficient uptake and incorporation of sialic

acid by eukaryotic cells.Eur J Biochem268, 4553–4561.

47 Bardor M, Nguyen DH, Diaz S, Varki A. (2005) Mech-

anism of uptake and incorporation of the non-human

sialic acidN-glycolylneuraminic acid intohumancells.

J Biol Chem 280, 4228–4237.

48 Yamaguchi S, Ohnishi J, Maru I, Ohta Y. (2006)

Simple and large-scale production of N-acetylneura-

minic acid and N-acetyl-D-mannosamine. Trends Gly-

cosci Glycotechnol 18, 245–252.

49 N€oule U, Schauer R. (1981) Uptake, metabolism and

excretion of orally and intravenously administered,

14C- and3H-labeledN-acetylneuraminic acidmixture

in the mouse and rat.Hoppe Seylers Z Physiol Chem 362,

1495–1506.

50 Carlson SE,House SG. (1986)Oral and intraperitoneal

administration of N-acetylneuraminic acid: effect in

rat cerebral and cerebellar N-acetylneuraminic acid.

J Nutr 116, 881–886.

51 Malicdan MC, Noguchi S, Hayashi YK et al. (2009)

Prophylactic treatment with sialic acid metabolites

preclude the development of a myopathic phenotype

in the DMRV-hIBM mouse model. Nat Med 15,

690–695.

Function and Mutations of the GNE Gene 189



52 Luchansky SJ, Yarema KJ, Takahashi S, Bertozzi CR.

(2003) GlcNAc 2-epimerase can serve a catabolic

role in sialic acid metabolism. J Biol Chem 278,

8035–8042.

53 CharterNW,Mahal LK,Koshland Jr., DE, Bertozzi CR.

(2000) Biosynthetic incorporation of unnatural sialic

acids into polysialic acid on neural cells. Glycobiology

10, 1049–1056.

54 Gagiannis D, Gossrau R, Reutter W et al. (2007)

Engineering the sialic acid in organs of mice using

N-propanoylmannosamine. Biochem Biophys Acta

1770, 297–306.

55 Jay C, Nemunaitis G, Nemunaitis J et al. (2008) Pre-

clinical assessment of wt GNE gene plasmid for man-

agement of hereditary inclusion body myopathy 2

(HIBM2). Gene Regul Syst Bio 2, 243–252.

56 Krause S, Hinderlich S, Amsili S et al. (2005) Locali-

zation of UDP-GlcNAc 2-epimerase/ManAc kinase

(GNE) in the Golgi complex and the nucleus of mam-

malian cells. Exp Cell Res 304, 365–379.

57 Amsili S, Shlomai Z, Levitzki R et al. (2007) Charac-

terization of hereditary inclusion body myopathy

myoblasts: possible primary impairment of apoptotic

events. Cell Death Differ 14, 1916–1924.

190 Hereditary Inclusion-Body Myopathies



CHAPTER 12

GNE myopathy (hereditary inclusion-
body myopathy/ distal myopathy with
rimmed vacuoles): clinical features
and epidemiology
Zohar Argov1, Ichizo Nishino2, and Ikuya Nonaka3
1Department of Neurology, Hadassah-Hebrew University Medical Center, Jerusalem, Israel
2Department of Neuromuscular Research, National Institute of Neuroscience,

National Center of Neurology and Psychiatry, Tokyo, Japan
3National Institute of Neuroscience, National Center of Neurology and Psychiatry, Tokyo, Japan

Introduction

About three decades ago, two types of unique he-

reditary 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 fea-

ture and accordingly was called quadriceps-sparing

myopathy (QSM). Both conditions shared similar

histological and ultrastructural features of cyto-

plasmic ‘rimmed’ vacuoles and inclusions composed

of clusters of tubular filaments [1, 3]. This histolog-

ical picture was reminiscent of the findings in

sporadic inclusion-body myositis (although inflam-

mation was absent in the hereditary conditions).

Thus, the termhereditary inclusion-bodymyopathy

(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-acetyl-

mannosamime 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 unifi-

cation 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 through-

out 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 epidemi-

ology 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 manda-

tory for diagnosis, since with typical clinical pattern

molecular diagnosis suffices and biopsy can be

avoided. Some patients may, however, present with

phenotypic variations (aswill 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 research-

oriented) 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 per-

sonally by ZA) the age of first symptom was esti-

mated to be 30� 6 years (mean� SD). It should be

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 re-

corded 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 iden-

tified elderly persons that are homozygous for the

GNE ”classical” mutation who are clinically unaf-

fected. One is a 75-year-old Persian Jewish female,

belonging to a family with several affectedmembers

who are homozygous for the M712T mutation. She

is clinically unaffected despite having the same ge-

notype. 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, sev-

eral of our patients were initially diagnosed as such

before the correct diagnosis wasmade. 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 legwithout distal weakness [13],

which appeared about 7 years later. Similarly, in

Japanese patients, tibialis anterior muscles are also

preferentially involved. The initial symptoms in-

clude gait disturbance and difficulty in climbing

stairs and running, in addition to foot-drop. The

gastrocnemius, hamstrings, and paraspinal and ster-

nocleidomastoid muscles are also involved from an

early stage when examined by muscle imaging.

Table 12.1 Diagnostic criteria for DMRV/h-IBM.

1 Adult-onset distal myopathy beginning in the legs

2 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
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Usually, the iliopsoas is the first andmost affected

of the hip muscles with a lesser degree of weakness

in the glutei, hamstrings, and adductors as the dis-

order 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 dis-

ease 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 dis-

ease [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. Bio-

chemical evaluation of the quadriceps in few pa-

tients did not show any difference between this and

the othermuscles [15], so the protectivemechanism

(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 facialweaknesswas 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

wellpreserveduntil theveryfinalstagesofthedisease.

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 grad-

ually lost as the disease progress. The brain and other

organs arenot involved inGNE-opathy.However, in

the Japanese community there have been anecdotal

reports describing patients with some cardiac symp-

toms, ranging from seemingly benign to even lethal

arrhythmia. In one patient with the homozygous

V572L mutation, cardiac arrhythmia was fatal. Au-

topsy 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 mu-

tation and presented with distal muscle weakness,

also subsequently died suddenly due to cardiac

arrhythmia. Another DMRV patient also showed

severe cardiac involvement; cardiac biopsywas done

because atrioventricular block revealed adipose tis-

sue 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 ambula-

tory, even 15–20 years (ormore) after disease onset.

Complete loss of ambulation occurs early in those

patientswithmarked quadriceps involvement, even

after a few years. Loss of ambulation seems to occur

earlier in other populations: the average time to the

wheelchair-bound statewas estimated recently to be

3–9 years in the Indian series [12]. In Japan, how-

ever, 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 electromyogra-

phy(EMG)maybemisleading. Spontaneousactivity

in the early-affected tibialis anterior (mainly fibril-

lation potentials) may be found, raising the possi-

bility 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 recruit-

ment 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 na-

ture 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 presentmostly 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 au-

tophagic vacuoles, as these are viewed on electron

microscopy to be areas of double-membraned va-

cuoles, 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 demonstrat-

ed. Other findings on muscle biopsy, including ne-

crotic 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 sam-

ple. Also, in the sporadic condition the quadriceps is

usually the first muscle to be involved.

2 Other distal myopathies with rimmed va-

cuoles [18]: these other conditions are at times very

hard to distinguish fromDMRV/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

earlyweakness of the peronealmuscles inDMRV/h-

IBM 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 non-

distinctivemixed pattern and serumCK is either not

elevated or only modestly raised in both conditions.

Biopsy showing grouping and other neurogenic

features without vacuoles may make the SMA di-

agnosis 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 be-

ginning in the legs may be clinically indistinguish-

able from adult-onset LGMD. The distal onset and

lack of quadriceps sparing make the diagnosis easier

as this is not the case inmost LGMDsyndromes. 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 di-

agnosed inmany countries, includingEurope,North

and Middle America, and Africa (see below). Inter-

estingly, the identification of patients with GNE

myopathy comesmainly from two sources: aMiddle

Eastern cluster with a single foundermutation and a

”concentration” of cases in Japanwhich is composed
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of numerous mutations with two founder mutations

and several single-occurrencemutations (Figure 12.1).

TheMiddle 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 secondwave

of immigration occurred after 1978 and many of

them arrived to the USA, creating two strong com-

munities: in Los Angeles, California, and in Long

Island, New York. Also, Jews from Iran’s neighbor-

ing countries (Afghanistan, Iraq, and Uzbekistan),

with a very similar ethnic and cultural background

to Persian Jews, were found to carry the disor-

der [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 GNEmutation (M712T), but were ho-

mozygous 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

p.V696M

p.V572L

p.A631V

p.C13S

p.D176V

East Asian

Japanese

East Asian

South Asian

Southeast Asian

p.M712T Jewish

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.
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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 ho-

mozygousmutationand thereareother patientswho

have refused molecular testing but who have been

diagnosed clinically over the past 25 years (Argov et

al., unpublishedwork). There is no central registry of

Persian Jewish patients residing in the USA (or else-

where), 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 com-

munity dispersed across several countries around the

world (especially in the USA), some of whom were

diagnosed using molecular testing in other laborato-

ries. 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 foundermutations have been iden-

tified: 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, hasnot 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 ofmuscle 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 ap-

proximated to be 1.9–3.4 per 100 000 population,

and is believed to be similar fromcountry 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 sameperiod about 50 cases

of DMRVwere 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 pre-

sented [12]. Because of increased awareness of this

disease, we expect further reports of mutational

analysis in otherAsian countries, particularlyChina.

There are numerous GNE myopathy patients

identified fromother European andNorthAmerican

countries, and not all have been reported in the

literature. All the published Italian, Spanish, Greek,

German, Irish, Mexican, white, and African Amer-

ican patients from the USA, and North African

patients, have confirmed GNE mutations [8, 19,

21, 23–31]. There are a fewmore families who have

been tested in our laboratories but whose data

remains unpublished.

Therapy

There are two general approaches to potential ther-

apy 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 amajor 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 con-

tains high sialic acid levels) to very few patients.

This short-term open trial showed mainly a sub-

jective improvement [32].

A more obvious approach is to supplement the

deficient sialic acid pathway with one of its inter-

mediates. The use of N-acetylmannosamine (Man-

NAc) is basedon the recentfindings in the transgenic

Gne� /� hGNED176VTg mouse model, in which

feeding withManNAc led to improvedmuscle func-

tion as well as biochemical measurements [33].

Also, feeding ManNAc to pregnant mice with a

knockin M712T mutation led to improved outcome

in thenewborn pups [17]. The dose andmode of oral

administration of this sugar compound in humans
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is still undetermined. A plannedManNAc 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 (pro-

duced by a nonpharmaceutical company) unsuper-

vised for a few months. In the transgenic animal

model other compounds were tried with a similar

positive therapeutic effects [33] and thus any com-

pound (preferably natural) with high sialic acid

content could be considered as a potential therapeu-

tic 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 (lipo-

plex). A compassionate trial in one patient

with GNE-associated myopathy is currently taking

place [34].

Genetic counseling

Counseling inGNE-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 themyopathy. The three known elderly

subjects with confirmed homozygous GNE muta-

tions butwith anormal phenotype (see above)make

genetic counseling even more complicated.
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CHAPTER 13

Consequences of the hereditary
inclusion-body myopathy-characteristic
GNEmutations onmuscle 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 my-

opathy (GNE myopathy, h-IBM; MIM 600737) is

due to mutations of the UDP-N-acetylglucosamine-

2 epimerase/N-acetylmannosamine kinase (GNE)

gene [1]. GNE codes for a bifunctional enzyme, the

UDP-N-acetylglucosamine-2 epimerase/N-acetyl-

mannosamine kinase (GNE/MNK), with indepen-

dent epimerase and kinase activities, that is ex-

pressed in different tissues and has a critical role in

the biosynthesis of sialic acid. Sialic acid is normally

present on the distal ends ofN- and O-glycans and is

involved in many biological functions including

cellular adhesion, stabilization of glycoprotein struc-

ture, and signal transduction [2, 3]. Althoughmuta-

tions of theGNE gene responsible for h-IBM result in

the reduction of both epimerase and kinase activi-

ties [4], the cellular pathogenic cascade responsible

for the progressive degeneration ofmuscle fibers has

not been fully elucidated. Moreover, the selective

involvement of skeletal muscle is particularly per-

plexing 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 muta-

tions lead to reduced sialylation of muscle glycopro-

teins and this has a pivotal role in h-IBM pathogen-

esis. Although numerous lines of evidence corrob-

orate this hypothesis, other investigators believe

that hyposialylation of muscle glycoproteins repre-

sents only a minor by-product of a metabolic im-

pairment 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 mu-

tants 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 perturba-

tion occurring in the sialic acid metabolic path-

way [7, 8]. Coincident throughout this experimen-

tal 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 pro-

teins or cellular processes whose function becomes

impaired following this metabolic defect. Muscle

sialoglycoproteins presumed to have a role in h-

IBM pathogenesis will be discussed below.

a-Dystroglycan
The identification of a gene defect resulting in im-

paired production of sialic acid within the cell has

initially placed h-IBM in the group of myopathies

arising from disturbed glycosylation of muscle gly-

coproteins 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 com-

plex that undergoes post-translational N-linked

and O-linked glycosylation and provides a connec-

tion between proteins of the extracellular matrix

(i.e., laminin, perlecan, neurexin, and agrin) and

the cellular cytoskeleton. In particular, sialylated O-

linked 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 themuscle

and brain pathology observed in these disorders [11].

Despite an early report showing a reduced glycosyl-

ation 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 isneverhampered [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 acti-

vated in h-IBM muscle.

NCAM
NCAM is a member of the immunoglobulin super-

family of adhesion molecules and physiologically

binds long linear homopolymers of a-2,8-sialic acid
residues thus forming PSA-NCAM. In skeletal mus-

cle PSA-NCAM plays a role during muscle-fiber

development and regeneration whereas in mature

muscle fibers its expression is restricted to the neu-

romuscular 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-IBMmuscle we have found that NCAM is consis-

tently hyposialylated and this results in increased

electrophoretic mobility of the protein by SDS/

PAGE. Indeed, by Western-blot analysis NCAM ap-

pears 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 patho-

genic role of hyposialylated NCAM in h-IBMmuscle

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 prop-

erly innervated by neurites of rat spinal cord ex-

plants thus suggesting a mechanism of “myogenous

dysreception to innervation” [19]. It can be specu-

lated that in h-IBM muscle fibers the underlying

metabolic defect results in abnormal sialylation of

NCAMand therefore in impairment ofNMJ, as these

fibers are initially properly innervated but later

probably lose their contact with the nerve terminal.

However, ourmore 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, theNCAMthat is expressed

by the rare regenerating muscle fibers of h-IBM

muscle appears to be normally sialylated (Plate

13.10d). Themechanismunderlying such difference

in sialylation of NCAM within h-IBM muscle needs

further explanation. The presence of PSA-NCAM in

regenerating h-IBMmuscle 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 agreementwith a previous

report showingno 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 plau-

sible 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 observa-

tion 2009). Moreover, it has been shown that GNE-

defective B-lymphoma cell lines are still capable of

synthesizing sialic acid through N-acetylglucosa-

mine kinase (NAGK), which acts as a rescue en-

zyme phosphorylating N-acetylmannosamine in

place of N-acetylmannosamine kinase [21]. Simi-

larly 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 possibil-

ity exists that increased NAGK can efficiently com-

pensate 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

as muscle differentiation progresses. If hyposialyla-

tion of glycoproteins indeed plays a role in h-IBM

pathophysiology, then to better understand and

possibly modulate the molecular mechanism(s) un-

derlying 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 aneu-

rally cultured muscle cells as possible consequences

arising fromGNEmutations in such an experimental

setting do not automatically recapitulate the path-

ologic 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 beused as a pre-genetic cellularmarker

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 uncom-

mon clinical or pathologic features. Indeed, it has

been recently shown that, out of a cohort of

84 patients with an uncharacterized muscle disor-

der, 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-bodymyositis (s-IBM), including

the abnormal accumulation of amyloid b (Ab). Ac-
cumulated Ab possibly participates in the pathologic

cascade that leads to muscle degeneration, as has

been previously demonstrated for s-IBM [23]. How-

ever, the functional relationship between GNE de-

fects, sialic acid metabolism, and the accumulation

of Ab in h-IBMmuscle is still elusive. Very recently,

attention has been given to neprilysin, a zinc me-

tallopeptidase known to cleave Ab at multiple

sites [24], that plays a role in the pathogenesis of

Alzheimer disease through the regulation of Ab

Consequences GNE Mutations on Muscle Proteins 201



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 re-

duction in its expression and enzymatic activity. The

link between abnormal sialylation and functional

impairment of neprilysin is providedby the evidence

that, in vitro, the enzymatic removal of sialic acid

from glycoproteins of cultured human normal myo-

tubes 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 ne-

prilysin, 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 me-

chanisms connected with mutations of the GNE

gene. However, in the complex and still undisclosed

abnormal milieu of h-IBMmuscle, it is possible that

hyposialylated and dysfunctional neprilysin has a

role in hampering the cellular Ab-clearing system,

thus contributing to its accumulation within vul-

nerable fibers. How hyposialylation of neprilysin

affects its stability is not known, although interfer-

encewith the correct processing of the protein in the

endoplasmic reticulum (ER), leading to amore 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 abnor-

mal proteins [33, 34]. Once ER stress conditions

are established, themisfolded and unfolded protein-

strapped in the ER are retrotranslocated to the

cytoplasm and degraded by either the ubiquitin-

proteasome 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 responsemediator
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], butnoneof thesemolecular

partners has been proven so far to be involved in the

pathogenic cascade of h-IBMmuscle.More recently,

GNE/MNK has been demonstrated to physically

interact alsowitha-actinin 1, and these twoproteins

partially colocalize in the sarcomere of mature

muscle fibers. However, in vitro, no gross difference

has been observed between the interaction of a-
actinin 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-ac-
tinin 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 ofmuscle bulk, has not

beenunequivocally elucidated. Indeed, h-IBMmus-

cle fiber necrosis is an infrequent feature found in
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associationwith endomysial inflammation [37], and

cellular abnormalities ascribable to the activation of

the apoptotic cascadehave beendescribed 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 apopto-

tic 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 phosphor-

ylated 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].Althoughnomajormitochon-

drialabnormalitieshavebeeneverdescribedinh-IBM

muscle, a recent study has shown dysregulation of

genes involved in various mitochondrial processes,

including modulation of apoptosis. In addition, pri-

mary h-IBMmyoblasts display slightly abnormal mi-

tochondriathatappearmorebranchedthanincontrol

cells [41]. Thesemitochondrial abnormalities are dif-

ferent from those observed in s-IBM muscle where

cytochrome c oxidase-deficient muscle fibers and

large-scalemitochondrial DNAdeletions are encoun-

tered, possibly secondary to Ab overexpression and

increasedoxidativestress in thecellularmilieuofaged

muscle [42–44]. On the contrary, in h-IBM it is not

exactly known how mutated GNE/MNK can influ-

ence 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 regu-

late themRNA level ofBiP, amaster 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 re-

active oxygen species from complex III of the mito-

chondrial electron transport chain that leads to the

opening of themitochondrial permeability transition

pore and the activation of cytochrome c-dependent

caspase 3 [49]. Nevertheless, the molecular mechan-

isms throughwhichGNE/MNKinfluencesthe levelof

expression of GM3 and GD3 gangliosides are not

understood and, more importantly, no studies

have been conducted on how this functional re-

lationship becomes modified by mutations of the

GNE gene.

If future studies prove thatGNE/MNKhas a role in

cellular pathways other than that of sialic acid and

possiblymore relevant formaintaining skeletalmus-

cle homeostasis, then this will also provide valuable

clues to understanding the specific susceptibility of

muscle to a generalizedmetabolic impairment that is

peculiar to h-IBM.
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CHAPTER 14

Function and structure of
VCP mutations leading to
inclusion-body myopathy associated
with Paget disease of bone
and frontotemporal dementia
Cezary Wo�jcik
Department of Anatomy and Cell Biology, Indiana University School of Medicine Evansville Center for Medical

Education Evansville, IN, USA

Introduction

Autosomal dominant inclusion-body myopathy as-

sociated with Paget disease of bone and frontotem-

poral dementia (IBMPFD) is a multisystem disorder

caused by missense mutations of the valosin-

containing protein (VCP/p97) gene on chromosome

9p13.3 (OMIM 167320) [1, 2]. IBMPFD is charac-

terized 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)

withneuronal nuclear inclusions containingubiqui-

tin, VCP, and TAR DNA-binding protein 43 (TDP-

43) [3–6]. However, only a minority of patients

(12%) show the complete triad of symptoms [1, 6],

whereas some patients manifest additional symp-

toms such as dilated cardiomyopathy with heart

failure [7, 8], hepatic fibrosis, or cataracts [9].

Endoplasmic reticulum,
endoplasmic reticulum-
associated degradation, and the
unfolded protein response

VCP was originally purified as a major ATPase asso-

ciated 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 concentra-

tions reach 100mg/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

knownasER-associateddegradation(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-methyl-

glutaryl-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 reac-

tion 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 dys-

function caused by protein misfolding. Thus, UPR

is an adaptative mechanism which promotes sur-

vival. However, prolonged UPR activation eventu-

ally 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, Drosoph-

ila, and mice [27–29]. It was originally isolated as a

factor necessary for the homotypic fusion between

membranes of the ER and mitotic Golgi frag-

ments [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 im-

portance, forming a stable VCPUfd1-Npl4 complex

involved inUPS-dependentproteindegradation [35,

50–53]. VCPUfd1-Npl4 is involved in recovery of

oligo-ubiquitinated substrates, promotion of the

extensionof their polyubiquitin chainby 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 iswell established, implication ofmammalian

VCPUfd1-Npl4 complex in ERAD is basedmostly upon

reconstitution experiments, with dominant nega-

tive 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 degra-

dation 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 ubi-

quitin-positive aggregates [36, 62–64]. Moreover,

VCP, Ufd1, and Npl4 are required for aggresome

formation [36, 65, 66]. Overexpression of dominant

negative ATPasemutants of VCP [67, 68] or RNAi of

VCP [36, 64] induces formation of ER-derived va-

cuoles, 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-interact-

ing 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 mediat-

ed through the Sec61 translocon [73, 75] or a novel

derlin-1 protein channel [38, 57, 70], while tail-

anchored ER proteins may be removed from the

membrane directly by the proteasome [75].
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Despite the elegance and simplicity of this model

derivedmostly 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 re-

quire VCPUfd1-Npl4. While yeast Cdc48, Ufd1, and

Npl4mutants are defective inERADandaccumulate

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 retro-

translocation of some but not all ERAD substrates,

while Ufd1-Npl4 appears to delay retrotransloca-

tion [64, 65]. Moreover, 26S proteasomes bind di-

rectly to the retrotranslocation channel formed by

Sec61 [83] and are recruited to ERmembranes after

ER stress [84], most likely directly interacting with

the emerging polypeptides [85]. The A1 chain of

cholera toxin is known to exploit theERADpathway

to reach the cytosol [86]; however, VCP does not

appear to be required for this process [87, 88]. The

extrapolation of the yeastmodel tomammalian 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 muta-

tions [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 func-

tion, 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 retro-

translocation most ERAD substrates are normally

degraded locally by ER-recruited proteasomes,

while heavily misfolded proteins which “choke”

proteasomes are delivered by a microtubule-de-

pendent 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, secur-

ing the delivery of ERAD substrates to the proteo-

lytic center of the cell. Therefore cells deficient in

components of the VCPUfd1-Npl4 complex form dis-

persed aggregates of ubiquitinated proteins rather

than single aggresomes at the proteolytic cen-

ter [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 mu-

tated 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 conduc-

tance 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 depar-

ture from the physiological status quo results in

pathology. Therefore, increased VCP expression

and/or activity is associated with cancer, while im-

paired VCP function is associated with neurodegen-

erative disorders. VCP has prosurvival and anti-

apoptotic 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].
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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 carcino-

ma [103], pancreatic ductal adenocarcinoma [104],

colorectal adenocarcinoma [105], gastric carcino-

ma [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 resis-

tance of cancer cells to ER stress [111]; therefore,

development of potential inhibitors ofVCP is of great

interest for cancer therapy [112].

VCP also plays an important role in the pathogen-

esis of neurodegenerative diseases. VCP has been

observed in ubiquitin-positive intraneuronal inclu-

sions 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 pro-

tein aggregates induced with proteasome inhibitors

or “aggresomes” [94, 96, 114]. While there is some

controversyoverwhetherVCPisactuallyrecruitedto

aggresomes, it is required for efficient aggresome

formation [36, 66, 68]. Expression of several patho-

logicVCPmutantspromoted formationof aggregates

in cells co-expressing polyglutamine proteins aswell

as cells treated with proteasome inhibitors [2, 115].

Overexpression of VCP protects the cells against the

formation of discrete cytoplasmic aggregates of mis-

folded proteins [116], while in another system it is

associated with a worsening of the neurodegenera-

tive phonotype [101]. The C-terminal tail of VCP

interacts with histone deacetylase HDAC6, a medi-

ator for aggresome formation, suggesting that VCP

participates in transportingubiquitinated 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 pre-

vents 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

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 polyubiqui-

tin chains constitutes a signal triggering the

formation of autophagosomal vacuoles [119]. VCP

deficiency by RNAi-mediated knockdown or over-

expression 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 autophagosomematuration under basal

conditions and in cells challenged by proteasome

inhibition, but not in cells challenged by starvation,

suggesting thatVCPmight be selectively required for

autophagic degradation of ubiquitinated substrates.

Indeed, a high percentage of the accumulated au-

tophagic 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-associatedmembrane

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 de-

scribed. In thefirst study linking themto IBMPFD six

different VCP mutations (R155H, R155P, R155C,

A232E, R95G, and R191Q) were found in 13 differ-

ent families [1, 5]. Since then,multiplemutations of

the VCP gene have been described, most of them

affecting the N-terminal region of the CDC48 do-

main, 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

clusteredmostly in exon 5 of the VCP gene. They are

associated with interfamilial and intrafamilial? var-

iability in terms of severity, distribution of weakness

and presence or not of Paget disease or cognitive

impairment [127]. The penetrance of the VCPmuta-

tions is estimated to be 82% for myopathy, 49% for

Paget disease, and 30% for frontotemporal demen-

tia [129]. Only a minority of patients (12%) show

the complete triad of IBMFD symptoms [1, 6]. It is

therefore likely that somemutations affectmore one

aspect of VCP function than another, which trans-

lates 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 expressingmutantVCP (R155HorA232E) in

all tissues develop pathology that is limited to mus-

cle, 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 andpath-

ological examination of the brain shows widespread

TDP-43 pathology. Furthermore, radiological exam-

ination 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 pre-

served 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 sur-

face-accessible residues located in the center of cav-

ities that may enable ligand binding. Mutations at

R93 andR155 are predicted to induce changes in the

tertiary structure of the VCP protein. The search for

putative ligands to the R93 and R155 cavities iden-

tified 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 mem-

braneproteins LAMP-1andLAMP-2 show increased

molecular weights in myoblasts from IBMPFD pa-

tients due to differential N-glycosylation [132]. It

remains to be tested how the differential glycosyl-

ation 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 coexpres-

sing 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 in-

volve increased propensity to aggregate formation.

Therefore, decreasing aggregate formation-promot-

ing 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 dis-

ease 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 ex-

pressed by osteoclast precursors, a signal transduc-

tion cascade is activated which ultimately leads to

formation and activation of osteoclasts, and there-

fore to increased bone resorption. This signaling
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pathway involves different branches of the

UPS [134]. It involves the formation of Lys-63-

linked 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 VCP-

mediated extraction of polyubiquitinated IkBand 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 medi-

ating the degradation of IkBa by the ubiquitin-pro-

teasome pathway [135]. Expression of two different

mutant VCPs (R155H or A232E) in transgenic mice

leads to increaseddegradationof IkBand 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 pro-

moted 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 tem-

poral 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 accu-

mulations of TDP-43 in both intranuclear inclusions

and dystrophic neuritis from IBMPFD patients sug-

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

sporadicALS, sporadic frontotemporal lobar demen-

tia, and most familial forms of frontotemporal lobar

dementia [136, 139, 140]. TDP-43 is a highly con-

served, ubiquitously expressed protein, predomi-

nantly localized to the nucleus under normal condi-

tions, which participates in transcription, splicing

regulation, microRNA biogenesis, apoptosis, cell di-

vision, mRNA stabilization, and regulation of neu-

ronal plasticity by acting as a neuronal activity

response factor. It undergoes dramatic changes in

subcellular distribution from the nucleus to the

cytoplasm inaffected cells inFTD,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 myofibril-

lar proteins, especially during muscle atrophy asso-

ciated with states as different as denervation, sepsis,

uremia, congestive heart failure, and cachexia asso-

ciated with cancer. While each of these pathological

conditions involves the induction of a slightly dif-

ferent set of genes, they all induce of common set of

genes known as atrogenes, which include compo-

nents of the UPS such as different ubiquitin

ligases [142–144]. However, VCP and its direct in-

teractors are not among those atrogenes. Therefore,

the role of VCP in degradation of structural proteins

in the skeletal muscle remains unknown. It is rea-

sonable to assume that in myofibers VCP also parti-

cipates 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. For-

mation of those aggresome-like inclusions is most

likely a protective mechanism from direct toxic

effects of soluble species of misfolded proteins. Nev-

ertheless, 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 degenera-

tion of skeletal muscle [6].

Expression of several pathologic VCP mutants

promoted formation of aggregates in cells coexpres-

sing 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 muscle-

specific promoter an increase in the levels of poly-

ubiquitinated 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 dis-

organized 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

altermicroRNA,contributing to thepathology[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 toanovel formofdilatative cardiomyopathy

with inclusion bodies. In contrast to postmitotic

striatedmuscle cells and neurons of IBMPFD patients,

evidence of protein aggregate pathology was not

detected in primary IBMPFDmyoblasts 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 LAMP-

2-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 condi-

tions [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 orga-

nelles. Excessive autophagy activation contributes

tomuscle loss in different catabolic conditions.How-

ever, muscle-specific Atg7-null mice that are defi-

cient 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 fea-

tures 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 im-

paired ERAD have been reported in cells expressing

mutantVCP [2, 136].However, neither patientswith

IBMPFDnor transgenicmice expressingmutantVCP

have any pathology involvingb cells of the pancreas,
B-lymphocytes, or other cell types sensitive to ER

stress [6, 131]. This strongly argues against a major

role of impairedERAD in IBMPDFTDpathology. The

triadof symptomsobserved inpatientswith IBMPFD

canbeexplainedby the selective derangement of the

role played by VCP in other biological pathways.

Paget disease of the bone results from dysregulation

of theRANKL/RANK/NFkBsignalingpathway, like-

ly 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 aggre-

somes in myofibers to the autophagic vacuoles,

which probably results from an altered pattern of

protein glycosylation and deficient binding of mu-

tant VCP to oligosaccharide moieties. One of the

known important regulatory proteins whose degra-

dation is impaired under these conditions is TDP-43.

Future attempts to treat patients with IBMPTD

may involve stimulation of autophagy, use of chem-

ical chaperones minimizing protein aggregation,

and increasing the unfoldase activity of VCP. Pre-

vention 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 in-

hibitors, 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-nmfilaments [1]. An autosomal

recessive quadriceps-sparing form of the disorder

with onset in early adulthood prevalent among the

Iranian Jewish population is associated with muta-

tions in theUDP-N-acetylglucosamine-2 epimerase/

N-acetylmannosamine kinase (GNE) gene [2, 3].

Nonaka inclusion-body myopathy is an allelic dis-

order 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, in-

dividuals die in their 50s to 60s from progressive

muscle weakness, and cardiac and respiratory fail-

ure [5, 8]. Electromyography shows bothmyopathic

and neurogenic changes suggestive of myopathy,

and serum creatine kinase concentration is usually

normal to mildly elevated (range, 40–1145U/L;

normal range, 20–222U/L).

Histologically, patients show the presence of

rimmed vacuoles and inclusion bodies in themuscle

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 ubiqui-

tinated inclusions in muscle cytoplasm in IBMPFD

patients, thus adding h-IBMs to the growing list of

TDP-43-positive inclusiondiseases.Kimonisetal. [5]

reported cardiomyopathy in three out of 11 indivi-

duals in the original family. Hubbers et al. [10] re-

ported thatmutant valosin-containingprotein (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 disorga-

nized bone turnover, which can affect one or

several skeletal regions (Figure 15.1). These abnor-

malities disrupt normal bone architecture and lead

to various clinical complications such as bone pain,

osteoarthritis, pathological fracture, and bone de-

formity. Genetic mutations play an important role

in PDB by disrupting normal signaling in bone

remodeling. The nuclear factor kB (NFkB) signal-
ing 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 opti-

neurin (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 pa-

tients [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 pyr-

idinoline (PYD) and deoxypyridinoline (DPD), and

radionuclide scans or skeletal radiographs. Zoledro-

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 clinicopatho-

logical entity comprising about 3% of all dementias

Figure 15.1 Lateral spineX-ray of a 43-year-oldmanwith

Paget disease andmyopathy shows sclerotic changes of the

vertebral body at the level of T7 thoracic vertebral body.
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of the elderly [18–20]. Symptoms typically involve

personality ormood 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 vi-

sual or musical creativity while experiencing lan-

guage 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. Episodicmemory in FTD is relatively

preserved. In later stages of FTD, patients may de-

velop Parkinsonism or amyotrophic lateral sclerosis

(ALS)-like features.

In the disinhibition-dementia-Parkinsonism-

amyotrophy complex, mapping to chromosome

17q21–q22, mutations disrupt the tau (microtu-

bule-associated protein tau; MAPT) gene. The ma-

jority of FTD families, however, have no demon-

strable 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 pathologicallywithubiqui-

nated 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 compre-

hensive neuropsychological assessments that reveal

behavioral alteration (e.g. personal/social unaware-

ness, 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 neuro-

nal intranuclear inclusions and dystrophic neurites

[28] (see Plate 15.12), making VCP disease another

example of familial frontotemporal lobar degener-

ation with ubiquitin-positive inclusions (FTLD-U).

Neumann et al. [29] found that a hyperphosphory-

lated, ubiquitinated, and cleaved form of TDP-43,

known as pathologic TDP-43, is the major disease

protein in ubiquitin-positive tau- and a-synuclein-
negative 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 ubiqui-

tin-related disorders that include FTD alone (pro-

granulin-associated), FTD plus muscle and bone

disease (IBMPFD), familial FTD with ALS, and mo-

tor-system degeneration without FTD (ALS).

Because of the variable phenotype in inclusion-

body myopathy, PDB and FTD modifier genes were

evaluated. From a database of 231 members of 15

families, 174 had an apolipoprotein E (APOE) geno-

type 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 mam-

malian genotyping center, revealed linkage to

chromosome 9p13.3–p12 in the original family re-

ported [5] and three other families [6]. IBMPFDwas

subsequently attributed to being caused by muta-

tions 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, be-

longing 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 N-

terminal- and C-terminal domains (Figure 15.2).

VCP forms homohexamers and binds to multiple

cofactors at both its N-terminal and C-terminal do-

mains. 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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been reported to be involved in several cellular

activities including endoplasmic reticulum (ER)-

associated degradation (ERAD) of proteins, homo-

typic membrane fusion, transcription activation,

nuclear envelope reconstruction, postmitotic

organelle reassembly, cell-cycle control, and apo-

ptosis [39–41].

BMPFD is increasingly recognized as a distinct

disorder although it is still underdiagnosed because

of its variable phenotype, which leads to misdiag-

noses. Kimonis et al. [8] reviewed data on 49

affected individuals in nine IBMPFD families and

identified myopathy among 42 (87%) individuals,

diagnoses including limb girdlemuscular dystrophy

(LGMD), facioscapular humeral muscular dystro-

phy, scapuloperoneal muscular dystrophy, and

ALS, among others. Kimonis and Watts [42, 43]

have reviewed clinical results in IBMPFD and sum-

marized findings in 20 families harboring 10 mis-

sense mutations [44].

As a result of studies in patients from our North

American families with VCPmutations [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 VCPdisease,

the phenotypic range associated with VCPmutations

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 recog-

nition of this disorder increases. The majority of the

mutations have been found to cluster in the N-

terminus of VCP which encompasses a domain that

can bind ubiquitin and other substrate-recruiting

proteins [54, 55]. In particular, we have identified a

mutationhotspot at amino acid residue155 (R155H/

P/C/S/L). Additionally,most of themutated residues

causing IBMPFD are adjacent and potentially inter-

act with each other, suggesting that these residues

may have a similar and specific function within the

VCP homohexamer [53].

We reviewed clinical features of familieswithVCP

disease in order to perform a genotype/phenotype

analysis. Because of the enormous intrafamilial var-

iation, 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 mu-

tation. 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.

CDC48/VCP/p97

L1 D1 L2 D2

16151413121110987654321 17

C-terminalN-terminal

A232E
R93C, R95G,C

R155H, P, C, S,L
G157R, R159H,C,

N387H

I27V

R191Q

T262A
A439S

P137L
L198W
I206F

Ubiquitin & Recruiting 
Co-factor binding

Processing Co-factor 
binding

Figure 15.2 Functional domains and disease mutations in VCP. The domains of VCP include the ubiquitin-binding N-

terminal 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.
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VCP is at the intersection of the
ubiquitin-proteasome system and
autophagy
The ubiquitin-proteasome system (UPS) is themajor

extralysosomal pathway responsible for degradation

of both structural and regulatory proteins during

muscle remodeling in eukaryotes. The UPS com-

prises a ubiquitin-conjugating system and the 26S

proteasome. The ubiquitin-proteasome protein deg-

radation system (UPD) has been shown to involve

VCP via its cooperation with a binary Ufd1/Npl4

cofactor, enabling VCP targeting of specific sub-

strates for degradation [54, 56–58]. Protein degra-

dation 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 ubi-

quitin-dependent degradation by the 26S protea-

some in the cytosol. Degradation of a prototypical

misfolded ERAD substrate,DF508CFTR, is slowed in

IBMPFD mutant-expressing cells. Consistent with

this, the undegraded DF508CFTR colocalized with

IBMPFD mutant p97/VCP in ubiquitinated inclu-

sions. [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 ubiquti-

nated 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 dysre-

gulation 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 Par-

kinson disease, Alzheimer disease, polyglutamine

repeat diseases, and ALS [63–65]. Mizuno et al. [66]

called VCP “vacuole-creating protein” and demon-

strated that VCP was observed in ubiquitin-positive

intraneuronal inclusions in both motor neuron dis-

ease with dementia, and ballooned neurons in

Creutzfeldt–Jakob disease. In Alzheimer disease,

VCP has been found in dystrophic neurites while

Table 15.1 List of VCP disease mutations

Amino acid c. DNA Base change Exon Domain Number of

families

References

1 I27V 79A!G 2 N-terminus 1 [80]

2 R93C 277C! T 3 N-terminus 4 [10, 47, 81]

3 R95G 283C!G 3 N-terminus 2 [26]

4 R95C 283C! T 3 N-terminus 1 [44]

5 P137L 410C! T 4 N-terminus 1 [82]

6 R155C 463C! T 5 N-terminus 5 [12, 26, 45, 47, 83]

7 R155H 464G!A 5 N-terminus 8 [10, 26]

8 R155P 464G!C 5 N-terminus 1 [26]

9 R155S 463C!A 5 N-terminus 1 [69]

10 R155L N/A 5 N-terminus 1 [84]

11 G157R 469 G!C 5 N-terminus 1 [46]

12 R159H 476G!A 5 N-terminus 2 [48]

13 R159C 476G!A 5 N-terminus 2 [49, 52]

14 R191Q 572G!A 5 Linker 1 1 [26, 52]

15 L198W 593T!G 6 Linker 1 1 [53, 84]

16 I206F 828A! T 6 Linker 1 1 [82]

17 A232E 695C!A 6 Junction (L1–D1) 1 [26]

18 T262A N/A 7 AAA D1 1 [52]

19 N387H 1159A!C 10 AAA D1 1 [53]

20 A439S N/A 11 Linker 2 1 [85]
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granules of granulovacuolar degeneration and neu-

rofibrillary 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 degener-

ation 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 neurodegen-

eration is mediated by several mechanisms in-

cluding ERAD ubiquitin-proteasome and autop-

hagy pathways. IBMPFD thereby joins familial

forms of Alzheimer disease, Parkinson disease,

Marinesco–Sj€ogren syndrome, and other neuro-

degenerative diseases in which intracellular pro-

tein accumulation results from perturbation of ER

chaperone function.

Autophagy is a process that degrades long-lived

proteins and cytoplasmic components within au-

tophagosomes. Proteins and cytoplasmic compo-

nents 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 18kDa form into the 16 kDa membrane-bound

form (LC3-II). LC3-II is specifically localized to the

autophagosomal membranes whereas LC3-I is pri-

marily cytosolic. The conversion from LC3-I to LC3-

II 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 autophago-

somes 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 sug-

gesting 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 autop-

hagy in cells transfected with VCPmutations, and in

anoverexpressing transgenicmousemodel, by dem-

onstrating increased ubiquitinated p62/sequesto-

some, 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 thatmutations in the

p62/sequestosome is a cause of PDB, seen in ap-

proximately 50% of familial and 30% of simplex

cases of Paget disease. Similarly, p62 is found to be

associated with a number of other diseases associ-

ated with cytoplasmic inclusion bodies. In particu-

lar, 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 bifunc-

tional 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 path-

ogenesis 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 technol-

ogy was reported to result in early embryonic

lethality [74]. In contrast, heterozygous mice lack-

ing one VCP allele and having one wild-type allele

were apparently indistinguishable from their wild-

type littermates. Weihl et al. [75] found that

transgenic mice overexpressing the most common

human IBMPFD mutation (R155H) under the reg-

ulation 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-bodymyopathy including

blue rimmed vacuoles, and TDP-43 pathology.

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 abnor-

malities in behavioral testing. To replicate the hu-

man 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, vacuo-

lization of myofibrils, and centrally located myonu-

clei, 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 TUNEL-

positive nuclei supporting involvement of autop-

hagy and apoptosis in the pathogenesis of the

disease. Bone histology showed increased osteoclas-

togenesis suggestive of PDB. The Custer overex-

pressed mutant VCP transgenic mice and our

knock-inmice 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 mamma-

lian 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 ofmutanthuntingtonproteinassociated

with Huntington disease, and many other disease-

causing, 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 stressmodifiers,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 dystro-

phy (OPMD), and other proteinopathies such as FTD

and ALS. Potential therapeutic strategies can be ex-

plored using the available cell andmouse models for

preclinical studies.
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CHAPTER 16

Drosophila and mouse models
of hereditary myopathy caused
by mutations in VCP/p97
Nisha M. Badders and J. Paul Taylor
Department of Developmental Neurobiology, St. Jude Children’s Research Hospital, Memphis, TN, USA

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]. How-

ever, 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, respec-

tively [6, 7]. Other, less commonly reported symp-

toms include cardiomyopathy, hepatic fibrosis, catar-

acts, 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 tremen-

dously 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 DNA-

binding 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 inmuscle-fiber size, aswell 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]. Hyper-

activation of osteoclasts in the affected bones leads to

improper resorption of bony tissue, followed by a

compensatoryoverproduction of poorly formedbone

by osteoblasts. This typically results in both osteopo-

rosis and bone deformation, and can lead to frail,

disfigured bones that are prone to fracture [6]. This,

coupledwiththesymptomsof IBM,can leadtogreatly

diminished mobility of patients with IBMPFD.
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The onset of FTD is characterized by the emer-

gence of language and behavioral abnormalities,

resulting fromprogressive neurodegeneration of the

frontotemporal lobes of the brain [18]. The pathol-

ogy observed in brain tissue from these patients

largely resembles that of other tau-negative, ubiqui-

tin-positive FTD cases, including redistribution

of TDP-43 protein from the nucleus to the cyto-

plasm, 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 func-

tional 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 protein-

degradation pathways [7, 18, 21].

To date, IBMPFDhas been detected in 26 families,

and all known cases have been found to result

from missense mutations in the valosin-containing

protein (VCP/p97) gene on chromosome

9p21.1–p12 [9, 22–26]. VCP is a highly conserved,

multifunctional chaperone, belonging to the

AAAþ (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].

L1 L2N Domain

(a)

(b)

1871

R93C

R95G,C
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R159H,C
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A232E T262A
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D1 ATPase D2 ATPase
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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 VCPmonomer.

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 ubiqui-

tin-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 addi-

tion, VCP activity has recently been shown to be

required for proper autophagosome maturation,

and impaired autophagy has been suggested to con-

tribute to the accumulation of toxic proteins, leading

to IBMPFD-associated degeneration [35].VCP is also

an important regulator of sarcomere maintenance,

chromatin decondensation followingmitosis, nucle-

ar envelope formation, andmembrane fusion events

leading to the biogenesis of the Golgi and ER [33].

VCP substrates include (although this is certainlynot

an exhaustive list) inhibitory kB (IkB), cyclinE,

Hif1a, ataxin-3, BRCA, and auroraB kinase [14],

implicating a role for VCP in varied cellular func-

tions, ranging from the initiation of inflammatory

responses to DNA repair.

Since mutations in VCP primarily result in pro-

gressive muscle weakness, it is not surprising that

VCP plays a critical role in the regulation of sarco-

mere integrity. In a Caenorhabditis elegans model of

IBMPFD, VCP was found to indirectly control sar-

comere 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 over-

accumulation of Unc-45 and, thus, myopathic

degeneration [37, 38].

Fourteenuniquemutations have beendetected 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 themechanism inwhich VCPmutations

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 themechanisms of disease pathogen-

esis. 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 rep-

licating 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 re-

cent years, studies using fruit flies have provided

important insights into the pathogenesis of neuro-

degenerative and neuromuscular disorders [40, 42].

Most human genes have a fly counterpart, but the

fly genome ismuchmore compactwith 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 bemanipulated 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].

232 Hereditary Inclusion-Body Myopathies



This gene encodes a single protein, referred to as

dVCP, that shares 92% sequence similarity with

human VCP (hVCP). Moreover, all amino acid re-

sidues 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 overex-

pressed wild-type or mutant forms of TER94 [47].

Themutant 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 degenera-

tion in the eye, brain, and muscle when expression

was targeted to these tissues. Specifically, mutant

dVCP expression in the eye produced a severe ex-

ternal rough eye phenotype with necrotic patches

and vacuolar degeneration (Plate 16.13a). Expres-

sion of mutant dVCP in the central nervous system

resulted in greatly reduced hatch rates and short-

ened 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 flymodel 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 anunbiased, 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 hap-

loinsufficiency that significantly exacerbate or mit-

igate the degeneration associated with expression of

mutant VCP. After filtering and validation, we iden-

tified 10 chromosomal regions containing genes of

interest. In the second stage, we identified the spe-

cific genes of interest by RNA interference (RNAi)-

mediated knockdown. We made use of transgenic

flies expressing double-stranded RNA targeting ev-

ery genewithin the chromosomal regions of interest

and screened for those that replicated the effect of

exacerbating or mitigating VCP-related degenera-

tion. 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 dom-

inant suppressors of degeneration.Hrb27C, x16, and

TDPH areDrosophila homologs of DAZAP1, 9G8, and

TDP-43, respectively [47]. All three contain RNA

recognition motifs (RRMs) and all are multifunc-

tional proteins involved in transcription, mRNA

export, splicing, and translation. The genetic inter-

action observed between VCP and these three RNA-

binding 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 TDP-

43 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 themost sensitive

and specific feature of IBMwhere it is reported to be

present in approximately 23% of patient muscle

fibers [15]. The importance of TDP-43 in these dis-

eases is underscored by the discovery thatmutations

in TDP-43 are causative of disease. In diseases char-

acterized by TDP-43 pathology, the immunoreactiv-

ity of this protein is shifted from its normal location

in the nucleus to multiple discrete, ubiquitin-

positive puncta in the cytoplasm [48–50]. To inves-

tigate the relationship betweenVCP 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 wild-

type TDP-43 and wild-type dVCP did not result in

degeneration. In contrast, coexpression of wild-

type TDP-43 and mutant dVCP resulted in strong
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exacerbation of the degenerative phenotype. When

examinedhistologically, it becameapparent that as a

consequence of expressingmutantVCP, TDP-43was

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 inap-

propriate 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 TDP-

43 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, theremaybemechanistic overlapbetween the

pathogenesis of IBM and the vast array of diseases

that are characterizedbydefects inRNAmetabolism,

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 re-

sulted in early embryonic lethality, whereas hetero-

zygous 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 myo-

pathic features of IBMPFD, Weihl et al. [53] gener-

ated transgenicmice that expresswild-typeVCP(wt)

or VCP(R155H) under control of themuscle-specific

creatine kinase promoter. Mice expressing VCP

(R155H) exhibited muscle weakness that was asso-

ciated 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 recapit-

ulate, 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]. Expres-

sion of mutant VCP in these mice resulted in de-

creased 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 cen-

tral nervous system pathology), which first became

prevalent at 3–6 months and progressively wors-

ened 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 sever-

ity observed inhuman IBMPFDpatients 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 pathologicalmechanism

of muscle weakness and degeneration, we immu-

nostained 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 thenuclei ofmuscle 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, sug-

gesting 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-43may be a driving

force inmuscle-fiberdegeneration in themouse[47].

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 path-

ological feature of IBM in IBMPFD patients [55, 56].

In addition, ultrastuctural analysis of muscle tissue

from wild-type and mutant VCP mice by transmis-

sion 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 mi-

tochondria in these tissues (Figure 16.2a–f), which

were very similar in morphology to the abnormal

mitochondria present in the indirect flight muscles

ofmutant 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 pres-

ence of these abnormalmitochondria inmutantVCP

muscle may be the result of a defect in a previously

uncharacterized role of VCP in mitochondrial

clearance and mitophagy.

SinceVCPhas beenwell characterized to indirectly

control sarcomere organization by regulating the

cellular levels of Unc-45 during muscle fiber devel-

opment [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 themyosin chaperone protein

Unc-45b. (a–d) Transmission electron micrographs of

quadricepsmuscle (�20000) fromnontransgenic (a),VCP-

WT (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 quadricepsmuscle fromVCP-R155H (e) andVCP-A232E

(f)mice. (g)Western-blot analysis ofUnc-45bexpression in

skeletal muscle lysates from 12-month-old nontransgenic

(NT), VCP-WT, andmutant (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 pres-

ence of mutant VCP results in the inappropriate

stabilization of Unc-45. As shown in other models,

elevated expression of Unc-45 leads to irregular my-

osin 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 pre-

dicted to play a causal role in the progressive myo-

pathicdegenerationandweakness 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 pathol-

ogy, 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 in-

sight into the pathogenesis of IBMPFD in specific

tissues. Using the fruit fly, we have found a genetic

interaction between mutant VCP and TDP-43, re-

vealing 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 myo-

pathic 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 un-

characterized, 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 ther-

apeutic treatment currently available [57]. It is,

therefore, an important endeavor to further im-

prove 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 down-

stream 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 unknownmodifiers

of VCP function in IBMPFD disease onset and

progression.

In addition to the identification of druggable tar-

gets of IBMPFD, animal models will also be highly

valuable in the screening of newly developed tar-

geted 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 com-

pounds 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 characteriza-

tion of these compounds in an in vivo system. Since

Drosophila grow rapidly and are relatively easy to

produce in large numbers quickly, theywould be an

excellent candidate for high-throughput screening

of drug efficacy in vivo. Moreover, selective expres-

sion 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

animalmodels of a single disease. Combining animal

models is a broad yet specialized approach to fully

characterize the mechanism of pathogenesis, iden-

tify 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 rela-

tive gain. According to a 2001 study by the Tufts

Center for the Study of Drug Development, approx-

imately US$802 million and 10–15 years is spent on

the development of a single compound that is actu-

ally 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

associatedwith suchdevelopment. IBMPFD is oneof

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 research-

ers, in both the laboratory and clinical setting,

should consider.
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