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IN THE INVESTIGATION of neuromuscular dis-
ease, histologic examination of skeletal muscle
biopsies is generally accepted as an important
part both of routine diagnostic procedures
and of more specialized research. The purpose
of the present report is to establish that the
use of histo- and cytochemical technics com-
bined with light microscopy is also an essential
aspect of both types of investigation. Substan-
tiating evidence is presented in the form of 6
examples, chosen from recent studies, of cyto-
pathologic changes in neuromuscular disease
as demonstrated by these technics.

Two fundamental types of abnormalities
in skeletal muscle are detectable with histo-
and cytochemical technics: (a) a generalized
change of a given reaction, for example, loss
of phosphorylase activity, and (b) a localized
change of activity confined either to a specific
type of muscle fiber (as in the new myopathy
with rod-shaped structures) or to certain
regions of individual muscle fibers (as in tar-
get fibers and central core disease). Further,
if the cytochemical technics are sufficiently re-
fined, they may be used to demonstrate the
functional activity of fine structural compo-
nents of the muscle cell. On the basis of such
data, predictions can often be made as to the
fine structural changes which electron-micro-
scopy will reveal. It must be understood,
though, that some cytochemical changes might
not be accompanied by changes of fine struc-
ture and vice versa. Cytochemistry combined
with electron-microscopy would give even
more detailed information, but this approach
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has 2 major limitations: (a) only a very few
cytochemical reactions are as yet refined
enough to be used with electron-microscopy
and (b) study of a large number of specimens
is restricted by the technical difficulties en-
countered in electron-microscopy.

Although histochemical investigations of
pathologic human muscle have been reported
by other workers,~¢ the cytopathologic details
were not emphasized.

METHODS

Skeletal muscle tissue was obtained by
biopsy from patients suspected of having
neuromuscular disease, most of whom were
on the service of Dr. G. M. Shy. The biopsy
specimen was rapidly frozen and from it 2 to
10 . thick serial sections were cut in a cryo-
stat (figure 12). The unfixed sections were
then stained by a number of histochemical
procedures.”8 Cellular morphology, including
intracellular detail, was also demonstrated by
the modified Gomori trichrome® and the hema-
toxylin-eosin methods. Mitochondrial oxida-
tive enzyme activity was studied by the re-
actions for succinate dehydrogenase,!® reduced
diphosphopyridine-nucleotide (DPNH) dehy-
drogenase,!! DPN-linked lactate dehydrogen-
ase, DPN-linked «-glycerophosphate dehydro-

From the Medieal Neurology Branch, National Institute of
Neurological Diseases and Blindness, National Institutes of
Health, U. S. Public Health Service, Department of Health,
Education and Welfare, Bethesda, Maryland.

Presented as the S. Weir Mitchell Award Essay at the
fourteenth annual meeting of the American Academy of
Neurology, New York City, April 26, 1962.



STUDIES OF SKELETAL MUSCLE

genase,!? “menadione-linked” a-glycerophos-
phate dehydrogenase,! and cytochrome oxi-
dase.1* The last step of each of the oxidative
enzyme systems is considered to be located in
mitochondria. Nitro Blue Tetrazolium was the
indicator used with each of the dehydrogen-
ase reactions. Constituents of the sarcoplasm
studied cytochemically were pre-formed gly-
cogen by the periodic acid-Schiff (PAS) tech-
nic,}> amylophosphorylase (phosphorylase),!®
and, in some instances, uridine diphosphate
glucose (UDPG)-glycogen transferase activ-
ity.17 The UDPG-glycogen transferase reaction
was improved by the addition of uridine tri-
phosphate (2 mg. per ml.). Adenosine tri-
phosphatase (ATPase) activity,18 especially
that of the myofibrils, was also studied. In
one condition, central core disease,1? the trans-
verse component of the sarcoplasmic reticulum
was studied by the Holmes silver (argyro-
phile) technic.

RESULTS AND DISCUSSION

A. Normal cytochemistry. In cross-sections,
reactions can be localized to the myofibrils
(figure 32) or to the intermyofibrillar region
(figures 14, 17, 23, 25, 33, 34, 39). The latter,
stained or unstained, appears as a network
(figure 8) around the myofibrils. Three of the
components which lie in the intermyofibrillar
region throughout the muscle fiber are the
mitochondria (figure 25), the sarcoplasmic
reticulum (figure 17), and the aqueous, non-
membranous sarcoplasm (figures 14, 23, 33,
34, 39). In longitudinal sections, the mito-
chondrial oxidative enzyme activity frequently
was localized as double transverse rows of dots
or somewhat elongated forms at the level of
the I-band, one row being on each side of the
Z-band (figure 9). The argyrophilic material
was located mainly in the intermyofibrillar
region at the level of the A-band I-band
junction (figure 18) and presumably repre-
sented the triads of the transverse component
of the sarcoplasmic reticulum.20-22 The 3
sarcoplasmic reactions studied (preformed
glycogen, phosphorylase, and UDPG-glycogen
transferase) were localized in the intermyo-
fibrillar region and on longitudinal section ap-
peared in wide transverse bands at the level of
the I-bands (figure 34). Under certain stand-
ard conditions (dried sections, pH 9.4) only
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the myofibrils showed ATPase activity (figure
32). The activity was confined to the A-band,
excepting the H-band portion. As the myo-
fibrillar A-band ATPase had the same location
as antigenic myosin (see Tunik and Holtzer,23
Engel and Horvath,2¢ and their references),
it was considered® to represent the known
myosin ATPase activity. Undried sections usu-
ally showed calcium-resistant “membranous”
(sarcolemmal and intermyofibrillar) ATPase
in addition to myofibrillar A-band activity. An
unusual variation sometimes occurred in the
wasp,?5 with activity being present only in the
mitochondria and the Z-bands (figure 11).
There was no ATPase activity of the endo-
mysial or perimysial connective tissue in nor-
mal, denervated, or myopathic muscle, in con-
trast to the observation by others®® of high
ATPase activity in connective tissue of muscu-
lar dystrophy. All of these cytolocalizations
are generally as expected® from electron-
microscopic and biochemical data. Further,
cytochemical studies? of 2 special muscles,
the toadfish swim bladder muscle (figure 10)
and the wasp fibrillar flight muscle (figure 11)
(in each of which the intermyofibrillar com-
ponents are more easily distinguishable with
light microscopy than in human skeletal
muscle), reveal cytolocalization to be as ex-
pected from electron-microscopy of these
tissues.26:27

B. Normal histochemistry. For many dec-
ades it has been known that there are 2 major
types of muscle fibers (figures 1-6, 8) in the
striated muscle of many species (see Knoll28
and Kriiger®®). It is preferable that they be
called “Type I” and “Type II” fibers,3¢ to
avoid names with controversial implications
(figure 8). Sometimes 3 types of muscle fibers
occur (figure 7). The relationship of fiber
type, structural as well as histochemical, to
fiber diameter is not constant throughout the
limb muscles. Histochemical differences (fig-
ures 1-8) in the degree of activity of the dif-
ferent fiber types are known.30-3¢ The re-
ciprocal relationship in a given fiber of the
degree of several mitochondrial oxidative
enzyme activities (for example, DPNH de-
hydrogenase) and the degree of phosphorylase
activity has been demonstrated??34 in human
and other skeletal muscle (figures 1, 3; table
1).
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TABLE 1

CORRELATION OF HISTOCHEMICAL ACTIVITIES
IN DIFFERENT TYPES OF MUSCLE FIBERS

Typel Typell

DPNH dehydrogenase high low
DPN-linked lactate dehydrogenase high Jow
succinate dehydrogenase high low
cytochrome oxidase high low
benzidine-peroxidase high low
DPN-linked alpha-glycerophosphate

dehydrogenase medium  medium
menadione-linked alpha-glycero-

phosphate dehydrogenase low high
phosphorylase low high
myofibrillar A-band ATPasc low high
glycogen low high
UDPG-glycogen transferase low high

DPNH dehydrogenase activity is greater in
Tvpe 1 fibers (figure 1) and phosphorvlase
is greater in Type II fibers (figure 3). Re-
cently, the interesting reciprocal relationship
between “menadione-linked” a-glvcerophos-
phate dehvdrogenase and all the other oxida-
tive enzymes studied (including DPN-linked
a-glycerophosphate dehydrogenase) was re-
ported in the fibers of rat muscle.’® The re-
ciprocal relationship between “menadione-
linked” a-glycerophosphate dehydrogenase and
succinate, DPNH, and DPN-linked lactate de-
hydrogenases has been confirmed in human
muscle in the present study (figures 1, 4).
However, the DPN-linked e-glycerophosphate
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dehydrogenase seems to have an intermediate
position, being more nearly equal (but in a
different pattern of localization) in the differ-
ent fiber types (figure 2). There is usually a
parallel relationship between the amount of
preformed glycogen and of phosphorylase
activity in a given fiber, both in rat and
human muscle® (figures 3, 5), in contrast to a
previous report®® of a reciprocal relationship
in the rat. In human muscle, the UDPG-
glycogen transferase activity, too, has usually
a parallel relationship to phosphorylase in a
given fiber,® contrasting with the reciprocal
relationship reported in the rat.?¢ The amounts
of myofibrillar A-band ATPase and of phos-
phorylase show a parallel relationship in a
given fiber of human muscle.? The intrafusal
fibers of a given muscle spindle also are of
different histochemical types, but they will
not be discussed here.

It is in reference to this summary of the
normal histo- and cvtochemical appearance
of human skeletal muscle that the 6 examples
of cytopathologic changes are to be presented.

C. Phosphorylase defect of skeletal muscle,
later adult type. A 52-vear-old white female
recently presented with progressive proximal
muscle weakness and wasting of only three
vear’s duration, without muscle cramps or
myoglobinuria. Study of her muscle biopsy
with the routine histochemical reactions re-
vealed complete absence of phosphorylase a

Fig. 1. DPNH dehydrogenase, 225 X (figures 1 to 6 are serial sections, same magnification).
Normal muscle of 6-year-old girl, vastus lateralis. The activity is greater in Type I fibers.

Fig. 2. DPN-linked a-glycerophosphate dehydrogenase. The degree of activity is about equal in

both types of fibers, but the pattern is different.

Fig. 3. Phosphorylase. The activity is greater in Type II fibers, a reciprocal pattern to that of

figure 1.

Fig. 4. “Menadione-linked” a-glycerophosphate dehydrogenase. The fibers of Type II show great-
er activity, producing a pattern reciprocal to that of figure 1.

Fig. 5. PAS for pre-formed glycogen. The activity is greater in Type II fibers, a pattern parallel

to that of figure 3.

Fig. 6. Myofibrillar A-band ATPase. The fiber activity pattern is parallel to that of figure 3,

with the greater activity in Type II fibers.

Fig. 7. Phosphorylase, 89 X. Normal muscle, gastrocnemius. Note 3 degrees of fiber activity.
The most reactive (darkest) fibers are smallest and the least reactive ones are largest. (More
often, the opposite correlation of phosphorylase activity and fiber diameter occurs.)

Fig. 8. Modified trichrome, cross-section, 560 X. Normal. There is one light fiber of Type II
surrounded by four dark ones of Type I. In the latter, the intermyofibrillar material is more
darkly stained and forms a more complete network pattern than in the former.
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(All figures are cross-sections of fresh frozen human adult skeletal muscle tissue, unless otherwise noted)




782

and b in the skeletal muscle, with normal
activity in the smooth muscle of the blood
vessel walls (figure 13). UDPG-glycogen
transferase activity was present in the skeletal
muscle fibers histochemically. A second muscle
biopsy examined histochemically and bio-
chemically (Dr. Hibbard Williams) confirmed
the phosphorylase defect. In addition to the
generalized absence of phosphorylase in the
biopsied skeletal muscle fibers, there were al-
so focal architectural disturbances displayed
by the other cytochemical reactions, These
appeared as regions of increased or de-
creased concentrations of intermyofibrillar ma-
terial (figures 14-16), as well as of more
severe morphologic changes. It has not been
determined whether or by what means the
more generalized phosphorylase defect is re-
sponsible for the focal degenerative changes
in some of the muscle fibers.

Previous examples of a disease associated
with a phosphorylase defect of skeletal muscle
have been published by McArdle,3” by Schmid,
Mahler and colleagues,?¥42 and by Pearson,
Mommaerts, and colleagues.*3-4% All of the 4
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previously reported cases of “McArdle’s dis-
ease” have been similar, following the stages
suggested by Schmid and Hammaker:42

1. Childhood and adolescence—easy muscle
fatigability, intermittent dark urine.

2. Early adult life—cramping muscle pain
on exertion, followed by transient myoglobi-
nuria.

3. Fourth (or fifth) decade—persistent and
progressive weakness and wasting of muscle,
absent or rare myoglobinuria,

The histochemical discovery of a skeletal
muscle phosphorylase defect in the present
case thus disclosed a new, unsuspected “adult”
or “late onset” form of McArdle’s syndrome.
The present patient appears to have skipped
the first 2 stages, but then presented with find-
ings generally compatible with those of the
other reported cases in their late stage. (The
details of this case will be published else-
where.15)

The known forms of phosphorylase defect
in skeletal muscle can be classified as follows:

Fig. 9. Succinate dehydrogenase, longitudinal section, polarized light, 1400 X. Normal muscle.
The wide A-bands and intermediate thin Z-bands are brightly anisotropic. The dark dots indi-
cating mitochondrial loci ?pear in the isotropic (dark) I-bands, frequently in pairs with one dot

on each side of the Z-ban

Fig. 10. Phosphorylasé, 560 X. Toadfish swim bladder muscle. The tubular muscle fibers have
single (or occasionally multiple) central cores of aqueous sarcoplasmic material rich in phos-
phorylase. There may also be small collections of sarcoplasmic phosphorylase at the periphery of

the myofibrillar tube, under the sarcolemma.

Fig. 11. “Membranous” ATPase, longitudinal section, 1400 X. Wasp fibrillar flight muscle.
ATPase activity is demonstrated not in the A-bands but in the Z-bands and in mitochondria.
Two large mitochondria are adjacent to each sarcomere. (Compare the size of mitochondria

in figures 9 and 11.)

Fig. 12. Myofibrillar A-band ATPase, 560 X. The A-bands are darkly stained, the I-bands
show no activity. The “contour-map” appearance of the muscle fiber is produced by thin (2 4)
cross-sectioning of misaligned myofibrils and is not pathologic.

Fig. 13. Phosphorylase, 225 X. Phosphorylase defect of skeletal muscle, later adult type (fig-
ures 13 to 16). The smooth muscle of the blood vessels contains abundant activity but the skele-

tal muscle fibers have none.

Fig. 14. PAS for pre-formed %;lycogen, 560 X. Some fibers have glycogen of normal amount and
|

location (in the intermyofibri
glycogen.

ar region), while in other fibers there are regions of reduced

Fig. 15. DPN-linked lactate dehydrogenase, 225 X. Many fibers have regions of increased and
decreased concentrations of activity (compare with figure 35). Foci of increased activity often
occur under the sarcolemma. In some fibers, there are subsarcolemmal blebs lacking mitochon-

drial activity as well as myofibrillar material,

Fig. 16. Succinate dehydrogenase, 225 X. Regions of decreased and increased concentrations of
activity occur in the fibers (compare with figure 14). There are a few subsarcolemmal blebs.
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1. Complete absence of phosphorylase a
and b:
a. Juvenile type’—3
b. Later adult typett

2. Complete absence of phosphorylase a,

severe impairment of phosphorylase b:
a. Central core disease??

D. Central core disease. This condition is a
“congenital nonprogressive myopathy.” It, too,
is associated with a generalized biochemical
abnormality of skeletal muscle phosphorylase,
shown by Mahler,*? in addition to focal ab-
normal regions or “cores” in the skeletal muscle
fibers, as originallv described by Shy and
Magee.** The generalized phosphorylase de-
fect was not detected histochemically but prob-
ably would have been had the pertinent vari-
ant of the phosphorylase reaction been done,
that is, with the omission of adenylic acid to
study phosphorylase ¢ by itself. However, the
cores were shown cytochemically':1%47 to be
virtually devoid of mitochondrial oxidative en-
zyme activity, of sarcoplasmic total phosphor-
ylase (a+b) activity and preformed glycogen,
and of argyrophilic intermyofibrillar material
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(figures 17, 18). This suggested an absence
from the cores of mitochondria, aqueous sar-
coplasm, and the transverse component of the
sarcoplasmic reticulum. Electron-microscopic
observations by H. E. Huxley*” and by T.
Wanko*? were in good agreement. They found
that in the cores there was virtually complete
absence of mitochondria and a severe reduc-
tion of other intermyofibrillar material. Specu-
lation regarding the pathogenesis of the cen-
tral core regions has been presented -else-
where. 47

E. Muscle target fibers. Following denerva-
tion, a skeletal muscle fiber undergoes either
a “concentric” (figures 19-25) or a “diffuse”
(figures 22, 24) type of cytoarchitectural
change.3® The “target” fiber (figures 19-24),
so named because of its appearance on cross-
section,” manifests a concentric morphologic
and cytochemical change. It is detectable with
ordinary histologic technics but is better
displayed with cytochemical methods. The
typical target fiber has 3 fairly distinct con-
centric zones which extend along the length of
the affected fiber. The zones are numbered

Fig.17. Holmes silver stain for the transverse comronent of sarcoplasmic reticulum, fixed,

1400 x. Central core disease. The argyrophilic materia

is in the intermyofibrillar regions. In the

peripheral, noncore (N-C) portion of the fiber the appearance is normal. Within the central
core (C), the amount of stained material is reduced, but at the core noncore junction it is
increased.

Fig. 18. Same specimen as in figure 17, longitudinal section through the edge of a core (C),
polarized light, 1400 xX. Most of the argyrophilic material in the noncore region lies at the
junction between bright A-bands and the dark I-bands, but a faint amount is at the level of the
Z-bands. In the core, of which only the edge occurs in this section, the staining is excessive
and somewhat disorganized, but the cross-banding is preserved.

Fig. 19. Phosphotungstic acid hematoxylin, fixed, 225 X. Denervation. Numerous 3-zoned tar-
get fibers are present.

Fig. 20. Ordinary Gomori trichrome, fixed, longitudinal section, polarized light, 560 X. De-
nervation. Two target fibers are present. The dark staining of the longitudinal strands of myo-
fibril-like material in the central zone 1 masks their anisotropism.

Fig.21. Modified trichrome, 560 X. Paramyotonia congenita, during an attack of flaccid pa-
resis. A typical target fiber is present on the left, along with a hydropic, “vacuolated” fiber on
the right.

Fig. 22. Succinate dehydrogenase, 560 X. Denervation. A 3-zoned target fiber (upper right)
is adjacent to a large, normal fiber (lower left). The other 2 fibers show the diffuse type of
change following denervation.

Fig. 23. Phosphorylase, 560 X. Denervation. A 3-zoned target fiber. In the peripheral zone 3,
the activity, which is in the intermyofibrillar region, generally has the normal pattern of local-
ization.

Fig. 24. Mpyofibrillar A-band ATPase, 225 X. Denervation. Several 3-zoned target fibers are
present. Some small fibers (dark and light) show the diffuse type of cytoarchitectural change.
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1, 2, and 3 from the center outward.” Zone 1
consists of compact, longitudinally running
strands of myofibril-like material, which lack
cross-striations (figure 20), are uniformly ani-
sotropic, and lack myofibrillar A-band ATPase
activity (figure 24). There is virtually com-
plete absence of mitochondrial oxidative en-
zyme activity (figure 22) and of the sarco-
plasmic reactions (preformed glycogen and
phosphorylase [figure 23]). Zone 2 has a
reduced concentration of myofibrillar material,
but a faint normal cross-striated pattern is seen
in polarized light. Myofibrillar A-band ATPase
activity is usually increased (figure 24). The
mitochondrial oxidative enzyme activity is usu-
ally decreased, but sometimes it is increased
(figure 22). The preformed glycogen and phos-
phorylase may be increased (figure 23) or
decreased. Zone 3 is more nearly normal, but
may show a mild diffuse change like that of
denervated fibers which manifest only the
diffuse type of cytoarchitectural abnormality.

NEUROLOGY

Also present may be some atypical “targetoid”
fibers which lack the intermediate zone 2 but
probably still represent the same general con-
centric type of cellular reaction (figure 25).

It is only the typical target fiber which is of
diagnostic significance. The typical target
fibers have not been found in normal muscle
or in muscle showing only myopathic changes;
however, they were present in at least 60 per
cent of the biopsies showing denervation, as-
sociated with a variety of diseases, in 80 pa-
tients, In addition, typical target fibers (figure
21) were found recently in biopsies from 3 of
5 patients having hypokalemic familial peri-
odic paralysis and 2 of 3 patients having peri-
odic paralysis associated with paramyotonia
congenita, especially during the paralytic at-
tack. It has been suggested” that, in the
majority of cases, the target appearance repre-
sents a reaction of the muscle fiber to denerva-
tion. It is probably an early reaction, because
it often appears in fibers of normal diameter.

Fig. 25. Succinate dehydrogenase, 225 X. Denervation. Two-zoned targetoid fibers.

Fig. 26. Modified trichrome, 1400 X. Myotonic dystrophy. In part of the fiber near an internal
nucleus, 8 cytoplasmic bodies without prominent shells are seen.

Fig. 27. Modified trichrome, 1400 X. Denervation. A typical 3-layered cytoplasmic body com-

plex is in the center of an atrophied fiber.

Fig. 28. Phosphorylase, 560 X. Myotonic dystrophy. Several unstained cytoplasmic bodies are

present.

Fig. 29. DPN-linked lactate dchydrogenase, 560 X. Denervation. Several unstained cytoplasmic

bodies are present.

Fig. 30. Ordinary Gomori trichrome, longitudinal appearance, fixed, about 1600 X. Cultured
chick embryo skeletal muscle. A cytoplasmic body is adjacent to a nucleus.

Fig. 31. Ordinary Gomori trichrome, longitudinal appearance, fixed, about 1600 X. Cultured
chick embryo skeletal muscle. Two cytoplasmic bodies are present near a nucleus.

Fig. 32. Myofibrillar A-band ATPase, 1400 X. Myotonic dystrophy. The normal, central part of
the fiber is separated from the sarcoplasmic mass (M) by the striated annulet (A). In the cen-
tral portion of the fiber, the darkly stained cross-sectioned myofibrils are separated by an un-
stained intermyofibrillar network. In the annulet, the longitudinally sectioned myofibrils are
stained only in the A-bands. The sarcoplasmic mass has no activity.

Fig. 33. Phosphorylase, 560 X. Myotonic dystrophy. In each fiber, the peripheral sarcoplasmic
mass (M) is separated from the central normal part of the fiber by a striated annulet (A). The
longitudinally sectioned annulets contain activity at the level of the I-bands.

Fig.34. PAS for preformed glycogen, 560 X. Myotonic dystrophy. In the 8 affected fibers, pe-
ripheral sarcoplasmic masses (M) are separated from the virtually normal central regions by
striated annulets. The annulets (A) are sectioned longitudinally and contain glycogen at the

level of the I-bands.

Fig. 35. Cytochrome oxidase, 560 X. Myotonic dystrophy. A large peripheral sarcoplasmic mass

(M) is present in one fiber.
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Whether the target fibers found in the periodic
paralysis patients also are due to denervation,
functional if not anatomic, is uncertain. (Al-
though 1 affected patient of the paramyotonic
type was diabetic and thereby could have
had denervation, the other periodic paralysis
patients with target fibers were not.) Some
2-zoned targetoid fibers occurred fairly often
in human denervated muscle biopsies, and
they have been described in experimentally
denervated cat muscle by Tower;5! but, be-
cause fibers of similar appearance were also
occasionally found in biopsy specimens which
were purely myopathic, they are not of diag-
nostic significance.

Target and targetoid fibers may be dis-
tinguished from the somewhat similarly ap-
pearing central core fibers by the following
criteria:

1. The cross striations of the myofibrils in
the central zone of the target and targetoid
fibers are lost, but they are preserved in the
central cores.

2. The target, but not the targetoid, fibers
have 3 concentric zones, while the central
core fibers have only 2 with all stains except
1 (they may have 3 zones with the silver stain
for sarcoplasmic reticulum [figure 17]).

3. Target and targetoid fibers are usually
associated with other evidence of muscle de-
nervation, while central core fibers are not.
There may be rare normal-sized fibers under-
going degeneration in central core disease.*7

NEUROLOGY

F. Cytoplasmic bodies. Abnormal structures
which may be termed “cytoplasmic bodies™2
have been found in pathologic human skeletal
muscle fibers and in chick embryo skeletal
muscle fibers grown in tissue culture. In hu-
man muscle fibers, the complete cytoplasmic
body complex is spheroid and consists of 3
concentric portions—namely, the central “body
proper,” the intermediate “halo,” and the outer
“shell” (figure 27)—within the more nearly
normal part of the affected muscle fiber. Cy-
tochemical analysis suggests that the body
proper is altered myofibrillar material which
may or may not have retained its myofibrillar
A-band ATPase activity, the halo is very dilute
sarcoplasm which does not retain mitochondri-
al or sarcoplasmic reactions during histochemi-
cal incubations (figures 28, 29), and the shell
is condensed intermyofibrillar material (figures
27-29).

The cytoplasmic bodies are uncommon, but
they have been found in denervated muscle
fibers in more advanced stages of atrophy (fig-
ures 27, 29). Usually they occur less frequent-
ly in myopathic fibers, which are in moderate
to advanced stages of degeneration; however,
they are rather common in myotonic dystrophy
(figures 28, 28). The cytoplasmic bodies are
indicative of muscle fiber abnormality but are
not of specific diagnostic significance. They
are not to be taken as evidence of a viral in-
fection. The zoning of the cytoplasmic body
complex bears some similarity to that of the
target fiber.

Fig. 36. Modified trichrome, longitudinal section, 1400 X. New myopathy with rod-shaped
structures. In one portion (upper) of the fiber short rods appear in palisades. In a less affected
region (middle) a few rods are parallel to the normal myofibrils (lower).

Fig. 37. Modified trichrome, 560 X. New myopathy with rod-shaped structures. Portions of
some fibers show numerous rod forms, while other fibers are unaffected.

Fig. 38. Mpyofibrillar A-band ATPase, phase contrast to enhance definition, 1400 X. New my-
opathy with rod-shaped structures. The rods are unstained but the regions between them show
activity. In the normal portion of the fibers, the myofibrils are stained, but the regions be-

tween them are not.

Fig. 89.

PAS for preformed glycogen, 1400 X. New myopathy with rod-shaped structures.

There is glycogen between the normal myofibrils in the lower part of the fiber and between
the rods in the upper part of the fiber, but not in the rods.

Fig. 40. Hematoxylin-eosin, phase contrast, 510 X. New myopathy with rod-shaped structures.
Some fibers (marked p) contain numerous rods, and others (marked o) have none.

Fig. 41. Phosphorylase, 510 X, serial section to one in figure 40. The fibers (p) containing rods
have high phosphorylase activity, and the fibers (o) with no rods are low in phosphorylase.
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Chick embryo skeletal muscle fibers, whick
are innervated at 9 to 11 days in 0v0,58 were
removed for culture after 13 days in ovo.
Hence they were denervated by the explanta-
tion procedure and then grown in vitro with-
out nerve cells being present.54:5>2¢ The cyto-
plasmic bodies in the cultured muscle fibers
(figures 30, 31) were morphologically and
cytochemically similar to the bodies in the hu-
man denervated muscle fibers and thus are
considered to be analogous.®?

G. Striated annulets and sarcoplasmic mass-
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es in myotonic dystrophy. Heidenhain® de-
scribed Ringbinden (“striated annulets™?) and
Wohlfart? noted the presence of sarcoplasmic
masses. These are the 2 most characteristic cy-
topathologic changes in myotonic dystrophy,58
but by some authors they have been confused
one with the other and deemed “contraction
band artifacts caused by acid fixatives.”® That
each change is distinct and not artifactual is
demonstrated by careful histologic studies.’8
Strong supportive evidence is given by cyto-
chemical studies of fresh frozen sections,%? in
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which the architecture of the unfixed tissue is
very well preserved.

The striated annulets were found® to be
subunits of the muscle fiber, disoriented en
bloc in respect to the rest of the muscle fiber.
Thus when the muscle fiber is cut in cross
section, the annulets may appear in longi-
tudinal section (figures 32-34.) Within the
annulets, the normal cytochemical activity, ar-
chitecture, and interrelationship of the com-
ponents were preserved, as demonstrated by
the reactions for myofibrillar A-band ATPase
(figure 32), for mitochondrial oxidative en-
zymes, and for sarcoplasmic phosphorylase
(figure 33) and preformed glycogen (figure
34). It is not known whether the annulets
were formed en bloc.

The sarcoplasmic masses®® lack myofibril-
lar A-band ATPase activity (figure 32). They
consist of diffuse, disorganized intermyofibril-
lar material-namely, glycogen (figure 34),
phosphorylase (figure 33), and mitochondrial
oxidative enzymes (figure 35). The concen-
tration of the intermyofibrillar material in the
masses is probably equal to that elsewhere in
the normal intermyofibrillar regions of fiber.
Such material appears excessive because it is
not separated into a metwork by interspersed
myofibrils. The sarcoplasmic masses seem to
be regions of the fiber in which the myofibril-
lar degeneration is greater than that of the
intermyofibrillar material.

H. A new myopathy with rod-shaped struc-
tures. A recently studied 4-year-old white fe-
male who had a nonprogressive proximal mus-
cle weakness present since birth was found to
have skeletal muscle with unique cytopathol-
ogy. (Full details of this case will be reported
elsewhere.®!) The present concern is with 2
features displayed by cyto- and histochemical
technics: (a) the unique chemomorphologic
change and (b) the apparently selective in-
volvement of one histochemical type of muscle
fiber.

In many muscle fibers, there were focal ab-
normal regions which extended for a consid-
erable distance along the length of the fiber.
In fresh frozen sections, within the abnormal
regions there appeared short rod-shaped struc-
tures about 0.3-0.7 4 in diameter and 1.5-5.0
in length. These rods were arranged irregular-
ly or in palisades (figures 36-41), usually
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without respect to any axis of the muscle fiber,
although in the minimally affected regions
single rods were paralle]l with the adjacent
normal myofibrils (figure 36). With the modi-
fied trichrome technic, the rods stained like
altered myofibrillar material, and they did not
have myofibrillar ATPase activity (figure 38).
They were, therefore, histochemically like the
altered myofibrillar material in zone 1 of the
targets and like the body proper of some cyto-
plasmic body complexes. Interestingly, in the
abnormal regions there was some ATPase ac-
tivity between the rods (figure 38), but none
was present in the intermyofibrillar regions of
the apparently normal parts of the affected
muscle fibers. There was intermyofibrillar ma-
terial—mitochondrial oxidative enzymes and
sarcoplasmic preformed glycogen (figure 39)
and phosphorylase—between the rods, but it
was somewhat less prominent than that occur-
ring in the intermyofibrillar regions of the
more normal parts of the affected fibers.

The unique focal collections of rods were
prominent in some fibers but completely ab-
sent from others (figures 37, 40, 41). All of
the affected fibers were of the type with high
phosphorylase activity in their normal regions
(figure 41), and all of the apparently unaffect-
ed fibers were of the low phosphorylase type.

POSSIBLE MECHANISMS OF PATHOGENESIS

A. Anatomical arrangement. Following de-
nervation, muscle fibers belonging to the same
motor unit (that is, those innervated by the
same motor neuron) undergo atrophy together
and are located in groups. By contrast, myo-
pathic conditions in the early stages are as-
sociated with degeneration of only certain
scattered muscle fibers without any obvious
relation to motor units.5® To further study
these 2 types of pathogenic processes, it is
important to know whether or not all muscle
fibers belonging to the same motor unit are of
the same metabolic type, as defined histo-
chemically. However, this point has not yet
been established, although it may eventually
be possible to make certain pertinent infer-
ences from studies of human pathologic skele-
tal muscle.

The diagram shows the 2 possible arrange-
ments of muscle fibers in a normal motor unit.

In the first example, each nerve cell inner-
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vates more than one histochemical type of
muscle fiber, resulting in a “mixed unit.” In the
second example, each nerve cell innervates
muscle fibers of only one histochemical type,
resulting in a “uniform unit.”

B. Myopathic conditions. We do not know
the factor(s) which determines the selective
involvement of scattered muscle fibers in a
myopathy. Perhaps it is the metabolic dif-
ferences between the fibers (such as can be
demonstrated histochemically) which deter-
mine that some of them are preferentially af-
fected in a given kind of myopathic process.
In order for this mechanism of involvement
to produce the scattered histological pattern
of a myopathy, the motor unit would have to
be of the mixed type (see text diagram, mixed
unit, myopathy); for if the motor unit were
uniform, this mechanism would produce a
grouped pattern (see text diagram, uniform
unit, myopathy b) indistinguishable from the
grouped pattern expected in denervation of a
uniform unit (see text diagram, uniform unit,

Myopothy (b}

2000

iNormol
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Neuropathy

neuropathy). Further, given this pathogenic
mechanism of a myopathy, different propor-
tions of the most susceptible type of muscle
fiber in different muscle groups might deter-
mine the characteristic clinical distribution of
various myopathic diseases.

The first definite example of a condition
affecting preferentially one histochemical type
of muscle fiber is the new myopathy with rod-
shaped structures. It is anticipated that fur-
ther elaboration of this observation, which was
possible only with histo- and cytochemical
technics, might provide insight into the bio-
chemical pathogenesis of the disease. Similar
clues may reasonably be hoped for in further
histo- and cytochemical studies of other myo-
pathic diseases. Of interest is the recent re-
porté? that an abnormal (fetal type) myoglo-
bin is present in the muscles of patients with
muscular dystrophy of the pseudohypertrophic
and the facio-scapulo-humeral types. An at-
tempt to demonstrate myoglobin histochem-
ically®® by its benzidine-peroxidase activity
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showed the highest concentration of that ac-
tivity to be in the muscle fibers of Type L
If abnormal myoglobin is related to the patho-
genesis of muscular dystrophy, perhaps those
muscle fibers which normally have the greatest
(or possibly the least) concentration of myo-
globin degenerate earliest.

The other possibility is that the selective
involvement of muscle fibers in certain myo-
pathic processes is not related to histochem-
ically demonstrable differences between mus-
cle fibers. If so, the scattered pattern of fiber
involvement in such conditions could occur
in either mixed or uniform units (see text dia-
gram, uniform unit, mvopathy a).

C. Neuropathic conditions. Whether a mo-
tor unit is mixed or uniform is also of interest
in relation to normal innervation of muscle
fibers and to denervation. If the motor units
are of the uniform type, specific influences of
different metabolic varieties of motor neurons
in the differentiation of the metabolically dif-
ferent muscle fibers must be considered. (Of
interest are the pertinent studies of the neu-
ral influence of the differentiation of “fast” and
“slow” muscles by Buller et al.4.83). Conse-
quently, if it is found in denervated muscle
associated with a given disease that a certain
histochemical type of muscle fiber is selec-
tively involved, it may be a reflection of se-
lective involvement of a certain metabolically
distinct tvpe of motor neuron.

If motor neurons determine the uniformity
of muscle fibers in a given motor unit, and the
differences of fibers in different motor units,
another consequence is possible. There may
be an influence of neurogenic factors in seem-
ingly “myopathic” disorders. For example, in
central core disease, it was found!47 that there
was an apparent lack of differentiation into
the histochemically distinct types of muscle
fibers. Moreover, central core fibers are some-
what similar cytochemically to denervated tar-
get and targetoid fibers. To be considered is
the possibility that in central core disease
there is an abnormality of the neural influence
during embryonic differentiation of the muscle
fibers. That is, defective neural factors may
fail to cause differentiation of histochemically
distinct types of muscle fibers and may permit
abnormal regions (cores) to develop within
the muscle fibers. Again, if uniform motor
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units are present, a second example of an un-
suspected neurogenic influence might be any
“myopathy” in which a certain histochemically
defined variety of muscle fiber is preferentially
affected, as in the new myopathy with rod-
shaped structures. If, with uniform motor
units, the motor neurons do determine the dif-
ferentiation of muscle fibers into different his-
tochemical types, the selective involvement in
the new myopathy with rod-shaped structures
of fibers high in phosphorylase possibly might
be a reflection of their abnormal development
due to a defective neural influence.

To clarify the various pathologic mecha-
nisms suggested, more studies are necessary.

SUMMARY

Evidence has been presented to substantiate
the claim that histo- and cytochemical studies
are essential in the investigation of neuromus-
cular discase, based on what these technics
have demonstrated to date and what -they
promise to disclose in the near future. In par-
ticular, 6 examples of cytopathologic changes
in human skeletal muscle were considered—
the later adult type of phosphorylase defect;
central core disease; muscle target fibers; cy-
toplasmic bodies; striated annulets and sarco-
plasmic masses in myotonic dystrophy; and a
new myopathy with rod-shaped structures.

The author is indebted to the following persons: Dr. G.
Milton Shy for kindling the interest in neuromuscular dis-
ease and for permission to study muscle biopsy material
from his patients; Dr. Hibbard Williams for the biochem-
ical analysis of phosphorylase activity; and Mr. Guy Cun-
ningham for the technical assistance.
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