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Abnormal Increases ofLysosomal Cysteinine Proteinases in
Rimmed Vacuoles in the Skeletal Muscle
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Skeletal muscle obtained from a patient with distal my-
opathy with rimmed vacuole formation (DMRV) was ex-
amined by a new direct labeled antibody enzyme method
ofimmunohistochemistry. Abnormal increases ofcathep-
sins B and H, capable of degrading the myofibrillar pro-
teins, were demonstrated to be localized at the site ofvacu-
oles and other intramyofibral portions and not to be
associated with concomitant increases of their endoge-
nous inhibitors. Autodigestion by these intramyofibral
lysosomal proteinases may be ofmajor importance in fo-

IN MANY myopathies such as progressive muscular
dystrophy and polymyositis, the main pathologic event
is myofiber necrosis. Macrophages then invade the
necrotic myofibers as scavengers, and the proteinases
that they produce digest the denatured myofibral com-
ponents.' This event is usually followed by a repair
process.

In contrast, autophagy without a repair process has
been recognized in Type II glycogenosis.2'3 In this au-
tophagic process, lysosomes are thought to be derived
from the Golgi apparatus in the myofibers themselves.
The intracytoplasmic vacuoles rimmed by basophilic
granular materials, called "rimmed vacuoles,"4 5 which
have been observed in some myopathies such as a dis-
tal myopathy with rimmed vacuole formation (DMRV),
may be lesions caused by autophagy. Rimmed vacuole
formation seems to be a key to myofiber atrophy and
loss in DMRV because no apparent myofiber necrosis
with myophagocytosis, no infiltration of macrophages
and inflammatory cells, and no other major pathologic
abnormalities are seen in DMRV. Histochemically,
rimmed vacuoles are known to have high acid phos-
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cal destruction of myofibers and formation of vacuoles,
because no myofiber necrosis with invasion of macro-
phages, overt myositis, and neuropathy was seen in the
muscle. These findings provide the first reasonable ex-
planation of myofibral breakdown and atrophy in DMRV,
and should be helpful in further studies on the mecha-
nism of myofibral breakdown in various vacuolar my-
opathies and other myopathies of so far unknown patho-
genesis. (Am J Pathol 1986, 122:193-198)

phatase and nonspecific esterase activities, which sug-
gests their relation to lysosomes. Some lysosomal pro-
teinases have been suggested to participate in vacuole
formation,6 and attempts have been made by Katunuma
et al to prove this.

In the present study, we applied a new enzyme-
immunohistochemical method to the skeletal muscle
from a patient with DMRV to determine whether
cathepsins B and H and their endogenous inhibitors
are involved in myofiber degeneration and breakdown
in rimmed vacuoles.
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Materials and Methods

Materials

Biopsy specimens of the left biceps brachii, a mildly
affected muscle from a patient (27-year-old female)7'8
with DMRV who had severe bilateral muscular atro-
phy of the distal parts of the extremities (Figure la),
and normal human skeletal muscle (control) were used.
Normal human skin and liver obtained at atuopsy were
also used as positive controls of reactions for cystatins
a and (, respectively.

Methods

Biochemically, cathepsins B and H and cystatin-(
were purified from normal human liver, and cystatin-a
was purified from normal human skin obtained at au-
topsy by reported methods,9-13 with minor modifica-
tions for human materials (to be published). Fab' frag-
ments of anti-cathepsin B, cathepsin H, cystatin-a, and
cystatin-f antibodies (rabbit IgGs), respectively, were
obtained by digestion of each antibody with pepsin,

and Fab'-horseradish peroxidase (HRP) conjugates (10
,g/ml) were prepared by the maleimide method of
Ishikawa et al.14

Serial sections (7 ,. thick) of frozen skeletal muscles
of the patient and controls were placed side by side in
pairs on eight slides. One slide was stained with
hematoxylin and eosin (H&E), one with modified
Gomori's trichrome, and four (one slide each for each
kind of conjugate) immunohistochemically with the
conjugates by the direct labeled antibody enzyme
method reported previously.1'15'16 Two slides were
processed in the same way but were incubated with
phosphate-buffered saline (PBS; 0.1 M phosphate
buffer, pH 7.4, containing 0.85 We NaCl) and with nor-
mal rabbit serum instead of the conjugates. As posi-
tive controls, a section of normal skin was stained with
anti-cystatin-a Fab'-HRP conjugate and a section of
normal liver with anti-cystatin-fP Fab'-HRP conjugate.
All sections were counterstained briefly with hematox-
ylin, dehydrated, cleared, and mounted.'151, 6 Positive
reactions were seen as brown discoloration of oxidized
DAB (3.3'-diaminobenzidine tetrahydrochloride).
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Figure la-Marked muscular atrophy of the distal parts of the lower extremities, especially the tibialis anterior muscles, of the patient. b-Typical rimmed
vacuoles of various sizes formed in the central, peripheral, and subsarcolemmal portions of myofibers. No apparent myofiber necrosis with myophagocyto-
sis or infiltration of macrophages and inflammatory cells is seen. Note granular materials in and around the vacuoles, in subsarcolemmal regions and
in intermyofibrillar spaces. (H&E, x 600)
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Figure 2a-Strong positive reactions for cathepsin B in almost
all rimmed vacuoles (V) of various sizes, predominantly in the
periphery and rim, subsarcolemmal regions (thick arrows),
perinuclear portions (thin arrowheads), and interrnyofibrillar
spaces (asterisks) are seen mostly as fine granules or clusters
of granules. b and c-Strong positive reactions for cathep-
sin H within and in the rim of a large vacuole (b) and smaller
ones (c) and in subsarcolemmal regions (c, thick arrows). All
positive reactions for cathepsins are seen within the myofibers,
not in the stroma. d and e-Absence of stainings for cystatin-
a (d) or p (e) in rimmed vacuoles (V), other intramyofibral por-
tions, and the stroma. (Immunohistochemical stains: a, b, and
c, x 660; d ando, x 330)
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Figure 3-Cathepsins B and H and cystatins a and P in normal human tis-
sues (controls). Negative or only faintly positive stainings for cathepsins
B (a) and H (b) in skeletal muscle and strongly positive reactions for cystatin-a
in the skin (c, superficial epidermis) and for cystatin-P in the liver (d, Kupffer
cells). (Immunohistochemical stains: a, b, and c, x 330; d, x 660)

Results

Histological examination showed great variation in
fiber size. Numerous vacuoles rimmed by granular
materials staining basophilically with H&E stain and
reddish purple with modified Gomori's stain were ob-
served, especially in atrophic myofibers (Figure lb).
Some portions of myofibers contained only granular
materials with no visible vacuoles in the subsarcolem-
mal, perinuclear, and possibly intermyofibrillar regions.
No necrotic myofibers, myophagocytosis or infiltration
of macrophages and inflammatory cells were observed
(Figure lb).

Immunohistochemically, almost all rimmed vacuoles
gave strongly positive reactions for both cathepsins B
and H, frequently predominantly in the periphery and
rim (Figure 2a-c). Positive reactions for both cathep-
sins B and H were also seen in subsarcolemmal,
perinuclear, and possibly intermyofibrillar regions of
some atrophic and nonatrophic myofibers where no

vacuoles were visible (Figure 2a and c), and seemed to

represent early-stage lesions. Their distributions and lo-
cations usually coincided with those of the granular
materials in preparations stained with H&E and
modified Gomori's stains, but they were also seen in
regions where no granular materials were detectable
with these stains. Some myofibers with no vacuoles gave
negative reactions for both cathepsins, as did the
stroma. However, like the stroma, all rimmed vacuoles
and myofibers gave negative reactions for both cysta-
tins a (Figure 2d) and P (Figure 2e). Sections of normal
skeletal muscle gave negative or only faintly positive
reactions for both cathepsins (Figure 3a and b) and
negative reactions for both cystatins. The skin (su-
perficial epidermis) gave a strongly positive reaction for
cystatin-a (Figure 3c), and the liver (Kupffer cells), for
cystatin-( (Figure 3d). Myofibers and stroma in sections
of skeletal muscles of both the patient and controls in-
cubated with PBS or normal rabbit serum instead of
the conjugates gave negative DAB reactions.

Discussion

Rimmed vacuoles seem to be nonspecific; they have
been found in various neuromuscular disorders such
as oculopharyngeal dystrophy,4 5 a form of distal my-
opathy,5 7 21 some neuropathies,5'20 congenital my-
opathy,5 limb-girdle' 20 and facioscapulohumeral types
of muscular dystrophies, myotonic dystrophy,20 poly-
myositis,5'20 Kugelberg-Welander disease,5 glycogen
storage diseases,2'3.22 inclusion body myositis,23'24 and
chloroquine myopathy.2'25-27
The granular materials and the rim of vacuoles have

been shown histochemically to have high acid phos-
phatase5 '7 and nonspecific esterase7 activities and ultra-
structurally to be composed of dense bodies,"7 myeloid
bodies," membranous structures, concentric lamel-
lar bodies, and autophagic vacuoles with focal destruc-
tion of the myofilaments.' Skeletal muscle in DMRV
is known to have biochemically increased levels of
cathepsins D and B plus L, acid phosphatase, a-
glucosidase, a-galactosidase, and P-gluculonidase ac-
tivities.21 Moreover, increased cathepsin H, P-N-acetyl-
glucosaminidase, and arylsulfatase activities have been
found biochemically in an experimentally induced chlo-
roquine myopathy.27 These facts suggest that rimmed
vacuoles are related to lysosomes, but no direct evidence
for the presence or increase of lysosomal proteinases
capable of degrading myofibrillar proteins at the site
of vacuoles has so far been obtained.

Cathepsins B and H are lysosomal cysteine pro-
teinases; and their properties, 10,28 amino acid se-
quences,28'29 and tissue distributions'2 were determined
by our group. There is no immunologic reactivity be-
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tween the two enzymes.28 Furthermore, it has been
proven by our group that cathepsin B degrades the
myofibrillar proteins, myosin, troponin T and I,
tropomyosin with susceptibilities in this order, whereas
cathepsin H degrades only troponin T.28,30,31
Two types of endogenous cysteine proteinase inhibi-

tor (cystatin-a, epidermal type, and cystatin-P, liver
type) were also purified; and their properties,'1128 amino
acid sequences,32'33 tissue distributions, and absence of
immunologic cross-reactivity13 were reported by our
group. The contents of these cathepsins and inhibitors,
especially cathepsin H and cystatin-a, in normal skele-
tal muscle were much lower than those in organs such
as the kidney and liver,12 13 which were confirmed im-
munohistochemically also in the present study.

In dystrophic hamsters, which are a model of human
myopathy showing apparent myofiber necrosis with
myophagocytosis and macrophageal infiltration, we
demonstrated immunohistochemically that the marked
increase of cathepsin B plus L and the concomitant in-
creases of their endogenous inhibitors in the skeletal
muscle were due to these activities in macrophages in-
vading and surrounding the necrotic myofibers. 1 In the
present case, unlike the dystrophic hamsters, there was
no apparent myofiber necrosis with macrophageal
infiltration, or evidence of overt myositis and neuro-
genic muscular atrophy, and abnormal increases of
cathepsins B and H (with no concomitant increases of
their endogenous inhibitors) were demonstrated at the
site of rimmed vacuoles and in some other regions
within the myofibers. This suggests that autodigestion,
including active myofibrillar breakdown, by these in-
tramyofibral lysosomal proteinases is a major event,
causing vacuole formation, atrophy, and loss of
myofibers.

Considering the wide variety of diseases in which
rimmed vacuole formation has been found, the causes
and mechanisms of activation of these proteinases seem
to be heterogeneous. These may be as follows: 1) ab-
normality of some myofibral constituents including the
myofilaments, causing activation of lysosomal proteo-
lytic functions as "abnormal proteins"; 2) abnormality
of the lysosomes themselves in the steps of maturation,
segregation, organization, and regression; 3) abnormal-
ity of lysosomal enzymes themselves, including abnor-
mal gene expression of cysteine proteinases in transcrip-
tional or translational steps; and/or 4) abnormality of
regulation of lysosomal proteinases, including abnor-
mality of their inhibitors. In any case, the new findings
presented here suggesting that autodigestion by in-
tramyofibral lysosomal proteinases is important in
myofibral breakdown provide a reasonable explanation
for the destruction of myofilaments at the site of

rimmed vacuoles. These findings provide an important
clue to the mechanism of breakdown, atrophy, and loss
of myofibers in various myopathies in which rimmed
vacuoles are formed and in other myopathies.
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