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The classical paper of Bowman (1)! provides an
excellent description of the delicate tubular struc-
ture which invests each striated muscle fiber, and
is especially replete with elaborate sketches of
various muscle fibers from a comparative point of
view. Subsequently many papers have been pub-
lished using the light microscope in conjunction
with various histological techniques. In recent
years both replica and sectioning methods have
provided electron micrographic evidence which
has further elucidated the ultrastructure of this
region of the fiber. In this brief report we shall
attempt to present both light and electron micro-
graphs of the frog muscle fiber so as to bring
together in one paper the various levels of ob-
servation with regard to the structure of this
region which is of interest to both cytologists and
physiologists.

MATERIAL AND METHODS

Specimens were obtained from the tibialis anticus
muscle of the frog (Rana pipiens). Single fibers were
prepared by microdissection with the aid of a dis-
secting microscope. Laidlaw’s silver impregnation
method for connective tissue was used in photomicro-
graphic studies. For electron micrographic studies
the conventional fixation procedure was used with a
1 per cent solution of OsOy4 buffered at pH 7.8 with
veronal acetate. Most of the specimens were em-
bedded in methacrylate. Some material was em-
bedded in epon—mixture B of epon 812 as described
by Finck (2)—and sectioned at 60°F.

OBSERVATIONS AND DISCUSSION

So as not to become involved in fruitless discussion
of “proper” nomenclature, we shall proceed at the

L Bowman in his paper (1) acknowledges a previous
description of this structure by Schwann (¢f. footnote
p- 475).

outset, as did Bowman (1) in his paper of 1840, to
consider a view of the freshly dissected fiber. In
Fig. 1 there is seen a typical dissected fiber from
the tibialis anticus of the frog in which a ‘“‘retrac-
tion clot” (¢f. Speidel (3)) has been induced by
mild compression with a pair of dissecting forceps.
The empty tube (also referred to by some authors
as “husk” or “shell,” “casing,” etc.) was described
by Bowman (1) as follows:

“I allude to a tubular membranaceous sheath of the
most exquisite delicacy, investing every fasciculus
from end to end, and isolating its fibrillae from all the
surrounding structures.” (474)

“... I have been in the habit of styling it Sarco-
lemma, a term descriptive of its nature.” (475)

It is precisely the various levels of this structure, the
“sarcolemma,” that will be the concern of this
paper.

Examination of such tubes as in Fig. 1 with
various microscopic techniques, namely, ordinary
and phase optics, leaves the observer with the
impression of a “structureless” entity. Indeed,
this is just the impression expressed by Schwann
and Bowman. By resorting to silver stains, how-
ever, as done by Bairati (4) in recent years, a fine
network of fibrils can be seen around the périphery
as in Fig. 2 with a glassy or smooth matrix as the
continuous phase of the tube’s wall (Fig. 3).
Although the nature of this matrix remains un-
known, the fact that a characteristic color is seen
in the periphery of muscle cells stained with
periodic-acid Schiff (PAS) stain permits the
inference that a mucopolysaccharide is associated
with the tube. The observables thus described
exhaust the possibilities of new evidence at this
level of analysis. With the advent of the electron
microscope, the work of Reed and Rudall (5) in
1948 provided the first clear evidence of the ultra-
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structure of the tube from the outer aspect. The
fine fibrils as revealed by the silver stains are
shown in their electron micrographs of replicas to
have striations suggesting collagen filaments.? Thus
the fibrils as seen in the silver preparations are
most likely several of the individual filaments
grouped in a “cable.” The matrix is seen only as
background between these filaments.

_ Proceeding to thin sections of methacrylate-
embedded material prepared in the conventional
manner, we see in Fig. 4 a view of the peripheral
region of the muscle fiber. In the outermost region
of the cell, from without inward, four distinct
components may be observed. The first component
is a mesh of extremely delicate filaments which
measure approximately 100 A units in diameter.
These filaments were first described by Robertson
(7), and it can be seen in Fig. 5 that they lack a
distinct periodicity, e.g., striations, but, in some
cases, they do appear to have a faintly beaded
structure. The second component is another
filamentous layer, composed of collagen filaments,
with characteristic striations, which measure

? By means of electron micrographs of fragmented
muscle, Draper and Hodge (6) confirmed the presence
of collagen filaments. However, the reader is cau-
tioned that the surmisal by the authors of an outer
structureless membrane overlying the collagen fila-
ments is probably due to an error in interpretation
of their data.

approximately 300 A in diameter. These filaments
would appear to be identical with the collagen
filaments of similar diameter seen in the Reed
and Rudall (5) replicas of the surface of the
sarcolemma and in the micrographs of fragmented
muscle by Draper and Hodge (6). The morphology
of the individual filaments in the two filamentous
layers is quite constant. However, both layers dis-
play wide fluctuations in the density of filament
population along the length of the muscle cell.
In some regions the collagen filaments appear
concentrated, suggesting several layers in braid-
like weave, while in other regions they are sparse.
It may be of interest to note that staining with
phosphotungstic acid wusually emphasizes the
collagen filaments in a markedly selective manner.

The third component is a uniform layer measur-
ing 300 to 500 A in width, having a structureless
or faintly granular appearance, and appearing
more distinct in sections stained with the “lead
hydroxide” solution of Watson. This layer or
region has been referred to by recent authors as
the “amorphous layer” (6), “ground substance”
(8), “basement membrane” (7), or “cuticular
layer” (9). Presumably, as mentioned above, this
is the region stained by the positive periodic-acid
Schiff reaction for mucopolysaccharides (8). It
should be noted that Draper and Hodge (6) have
pointed out the presence of “‘a network of very

fine fibrils (ca. 100 A),” appearing without

Figure 1

Photomicrograph by a combination of reflected and transmitted light illustrating a
length of sarcolemma. The specimen is a fresh single muscle cell from the tibialis anticus
of the frog, and has been dissected free of endomysial connective tissue. A few minutes
before taking this photograph the cell was gently pinched with fine forceps, resulting
in the ‘“‘retraction area” depicted here, which is composed entirely of the empty tube-
like sarcolemma described by Bowman (1). The retracted, ““clotted”” ends of damaged
myoplasm are seen at the upper and lower margins of the illustration. Except for a
faint and irregular granularity, the sarcolemma appears structureless under these con-
ditions and the argyrophilic fibrils seen in silver stained preparations are not visible.

X 340.

FicurE 2

Photomicrograph of a retraction area, similar to that seen in Fig. 1, stained by Laid-
law’s silver impregnation method for connective tissue (LCT). The empty tube of
sarcolemma has become twisted in the process of preparation. Whole mount in gelatin.

X 320.

Ficure 3

Oil immersion photomicrograph of central portion of Fig. 2 illustrating the fibrils

associated with the sarcolemma. X 1,200.
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characteristic striations, ‘“‘embedded” in the
amorphous layer referred to further as consisting
of “matrix material.” It is not unlikely that the
faintly granular appearance in our micrographs of
this layer in cross-section can be attributed in
part to a fine fibrillar component.

The fourth component, intimately related to the
inner surface of the amorphous layer and, like it,
enhanced by lead hydroxide stain, is interperted in
the customary manner as the plasma membrane of
the muscle cell. The thickness of this component
is approximately 100 A. With regard to the
plasma membrane, it may be of interest to note
the presence of randomly disposed “vesicles” or
“oval bodies™ located immediately adjacent to the
inner surface of the plasma membrane and, in
some cases, apparently ‘“breaking out of” or
“pinching off” from the plasma membrane itself.
Such “vesicles” or “bodies”® are invariably seen
on the cytoplasmic side of the plasma membrane.
In this connection, it is pertinent to point out that
Porter and Palade (10) discussed the possible
relationship of these structures with the system of
the endoplasmic reticulum. While it is suggestive
that such elements could be shuttling back and
forth between the plasma membrane and the
reticulum, the electron micrographic evidence to
date is quite ambiguous with regard to this point.

It should be emphasized that the plasma mem-
brane and the “ground substance” or ‘“‘basement
membrane” are two distinct structures. It is true
that in general they are intimately related but

3 Reed and Rudall in their replica micrographs of the
inner surface of the sarcolemma noted the presence of
“discrete corpuscles,” approximately 300 A in
diameter. It is interesting to speculate whether these
are the “vesicles” seen in ultrathin sections.

under certain conditions they can be visualized as
separable entities. This is seen most dramatically
in preparations of atrophied fibers resulting from
denervation (Birks, Katz, Miledi (11)). In this
connection it should be noted that examination of
the empty sarcolemma-tube in electron micro-
graphs of methacrylate-embedded material re-
veals that in general the plasma membrane and
the amorphous layer are still closely associated,
the plasma membrane appearing either super-
ficially “intact” as in Fig. 7 or markedly dis-
integrated as in Fig. 6. Although not presented
in this paper, some micrographs have revealed
preparations with only the amorphous layer
present, the plasma membrane having been dis-
tinctly pulled away during the formation of the
retraction clot. With regard to the possibility of
physiological activity being associated with the
tube of sarcolemma, at least as evidenced by
electromotive force and electrotonic response, our
repeated attempts with microelectrode techniques
have thus far always demonstrated complete
absence of such signs of activity and thus force the
conclusion that such preparations are purely
passive. This, of course, is clearly consistent with
the customary expectations concerning a damaged
plasma membrane. It is interesting to note that
mechanical studies (12, 13) on the sarcolemma
have demonstrated the remarkable tensile strength
of this structure. While it seems reasonable to
attribute this property to the braid of collagen
filaments which constitutes an important com-
ponent of the sarcolemma, the relative im-
portance of the other component, the basement
membrane, remains to be established.

By way of summary, the ‘“sarcolemma” as

Fi1Gure 4

Electron micrograph of two muscle fibers especially chosen to bring out two views of the
collagen filaments associated with the amorphous layer. The filaments (¢) associated
with the fiber to the left can be seen sectioned transversely. Note also some filaments
appearing in groups to form ‘cables” (¢cc). Aggregates of this kind, and larger, are
probably the fibrils seen in the silver preparations (see Fig. 3). To the lower right,
collagen filaments can be seen sectioned longitudinally with faint striations charac-
teristic of collagen. The fine filaments (f), displaying no significantstructure, can beseen
dispersed throughout. The amorphous layer (a) in close association with the plasma
membrane (pm), which can be seen to be much darker in contrast, is clearly visible for
both fibers. The “vesicles” are seen dispersed along the cytoplasmic surface of the
plasma membrane and, like the latter, darkly stained. Preparation stained for 30

minutes with lead hydroxide solution. X 54,000.
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originally defined by William Bowman consists
of four components:

1. An outer layer, variable in thickness, of
unidentified fine filaments, randomly oriented,
measuring less than 100 A in diameter.

2. A braid-like layer, variable in thickness, of
collagen filaments, measuring approximately
300 A in diameter.

3. An amorphous layer, resembling basement
membrane matrix, measuring 300 to 500 A in
thickness. According to Draper and Hodge (6),
fine filaments (ca. 100 A) are embedded in this
layer.

REFERENCES

1. BowmaN, W., On the minute structure and
movements of voluntary muscle, Phil. Tr.,
1840, 130, 457.

2. Finck, H., Epoxy resins in electron microscopy,
J. Biophysic. and Biochem. Cytol., 1960, 7, 27.

3. SeemeL, C. C., Studies of living muscle. 1.
Growth, injury, and repair of striated muscle
as revealed by prolonged observations of
living fibers in living frog tadpoles, Am. J.
Anat., 1937, 62, 179.

4. BamraTi, A., Structure e propieta fisiche del
sarcolemma della fibra muscolare striata, Z.
Zellforsch., 1938, 27, 100.

5. Reep, R., and RupaLrr, K. M., Electron micro-
scope studies of muscle structure, Biockem. et
Biophysica Acta, 1948, 2, 19.

6. Drarer, M. H., and Hooge, A. J., Studies on
muscle with the electron microscope. I. The
ultrastructure of toad striated muscle, Aus-
tralian J. Exp. Biol. and Med. Sc., 1949, 27, 465.

7. RoBerTsON, J. D., Some features of the ultra-

4. A layer interpreted as the plasma membrane
of the muscle cell. Vesicles are randomly disposed
along the cytoplasmic surface of the plasma
membrane and, occasionally, continuous with it.

The authors are deeply indebted to Mr. Fred Putt of
Yale University and Mr. Donald Jasper of The
Rockefeller Institute for their skillful assistance in the
techniques of photomicrography and electron micros-
copy, respectively.

Aided by a grant from the National Science Founda-
tion (G7627), and by United States Public Health
Service grant C-2738.

Received for publication, June 20, 1960.

structure of reptilian skeletal muscle, J.
Biophysic. and Biochem. Cylol., 1956, 2, 369.

8. Fawcerr, D. W., and SeLpy, G. C., Observa-
tions on the fine structure of the turtle atrium,
J. Biophysic. and Bicchem. Cyiol., 1958, 4,
63.

9. PorTER, K. R., The myo-tendon junction in
larval forms of Amblystoma punctatum, Anat.
Rec., 1954, 118, 342,

10. PortER, K. R., and Parapk, G. E., Studies on
the endoplasmic reticulum. III. Its form and
distribution in striated muscle cells, J. Bio-
physic. and Biochem. Cytol., 1957, 3, 269.

11. Birks, R., Karz, B., and Micepi, R., Dissocia-
tion of the ‘surface membrane complex’
in atrophic muscle fibers, Nature, 1959, 184,
1507

12. CaserLra, C., Tensile force in total striated
muscle, isolated fibre and sarcolemma, Acta
Physiol. Scand., 1951, 21, No. 4, 380

13. Mavuro, A., and Sten-Knupsen, Q., The role
of the sarcolemma in muscle physiology,
Acta Med. Scand., 1952, 142, suppl., 266, 715.

Fieure 5

Electron micrograph of the left hand fiber, in another field, at higher magnification.
The relative size of collagen filaments and finer filaments is more clearly seen. A loose
braid-like configuration of several layers of collagen filaments is seen along the surface

of the amorphous layer.

Preparation stained for 30 minutes with lead hydroxide solution. X 88,000.
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Ficureg 6

Electron micrograph of a muscle fiber in the region of a retraction clot such as seen in
the lower right hand field in Fig. 1. Upward, the figure extends to the empty tube of
sarcolemma, downward to the intact myoplasm. Collagen filaments are seen in cross-
section distributed along the outer surface of the amorphous layer. Remnants of the
plasma membrane (pm) can be seen in close association with the latter.

The fiber was dissected in Ringer’s solution and the retraction clot formation was in-
duced and allowed to form for several minutes. The conventional fixation procedure
followed. The extracted mitochondria (m:) are some of the signs of damaged tissue
which must be accepted as an inevitable consequence of the clot formation.

Preparation stained for 20 minutes with lead hydroxide solution. X 32,000.

Ficure 7

Electron micrograph of another preparation in the region of the empty tube of sarco-
lernma. The plasma membrane (pm) in this instance appears to be more “intact” than
in the previous micrograph. Note also the marked presence of “vesicles’ on the cyto-
plasmic side of the plasma membrane. Remnants of the myoplasm are seen by the
appearance of fragmented myofilaments. The amorphous layer and collagen filaments
are also seen on the outer surface.

Preparation stained for 30 minutes with lead hydroxide solution. Epon embedding.
X 33,000.
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