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addition to lateral continuity within the system his figures show as well a few
longitudinal connections between sarcomere segments and provide additional
reasons for viewing the system as continuous throughout the whole muscle
fiber.

It is important to emphasize in discussing this topic that more than con-
tinuity of membranes is being considered The sarcoplasmic reticulum, like the
endoplasmic reticulum, is at least a two-component system consisting of the
membrane and the material that occupies the space enclosed by this membrane.
The reticulum is also a system closed towards the cytoplasmic matrix. The
existence of its limiting membrane actually establishes two distinct phases in
the ground substance of the cytoplasm, one surrounding the reticulum and the
other enclosed in its cavities. These essential facts are not sufficiently considered
by Sjéstrand and his coworkers (38-40) who, in the opinion of the authors,
place undue stress on the membranes alone in their reports and in the nomen-
clature they employ. After using for a while the ambiguous term ‘“‘double mem-
branes” (for a critique see Palade (24)) they now propose a nomenclature
{(a, B, and 7y cytomembranes) that is assumed to bave the advantage of being
“descriptive” (40). As indicated by many studies, a membrane cannot be con-
sidered as a structural cytoplasmic unit. “Independent’” membranes with free
edges have not, thus far, been observed in the cytoplasm. The common struc-
tural units are vesicles of various shapes and sizes. The endoplasmic reticulum
is a complex of such interconnected vesicles. It seems probable that its internal
phase is as important to the functioning of the system as the membrane limiting
it. In any case the two must be regarded as inseparable if the integrity of the
system they make up is to be maintained. It is appropriate, therefore, to use a
terminology which excludes neither one from the thought that is being con-
veyed and which is, to some extent, descriptive of the general morphology of
the system.

Relation of Reticulum with Other Cell Components

Mention has been made in the above account of observations, to connections
found between the sarcoplasmic reticulum and the nuclear envelopes. These
connections, which have not been studied beyond the point of simple recogni-
tion, involve continuity of the outer membrane of the nuclear envelope with
that of the sarcoplasmic reticulum and consequently continuity between the
enclosed cavities of each. In all this, then, the muscle cell seems to be similar
to other tissue cells studied (6, 25).

The elements of the reticulum are surrounded in the interfibrillar sarcoplasm
by varying numbers of small particles which, in their general morphology, are
similar to those found in basophil cytoplasm and have been shown, in the case
of liver and pancreas, to consist of ribonucleoprotein (23, 41). In the sarco-
plasm, however, these dense particles are distinguished, as already noted (5),
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by wider variation in size and shape and by the fact that they are not attached
to the limiting membrane of the reticulum, as they are in many cell types,
primarily in glandular cells with a high protein output. The sarcoplasmic reticu-
lum appears, therefore, to be essentially free of attached particles and its close
relationship with the latter may be due to the crowding of all non-fibrillar com-
ponents of the cytoplasm into the narrow spaces that separate the myofibrils.

In the peripheral and perinuclear sarcoplasm, similar particles occur in clus-
ters usually free of visible connections with the endoplasmic reticulum and only
occasionally elements bearing attached particles are encountered. It can be
concluded that in general the association of the endoplasmic reticulum with
particles does not express directly a major function of this system and that for
muscle function, especially, this association is not important. The sarcoplasmic
particles may consist of ribonucleoprotein, as suggested by evidence obtained
on other cell types, but their final chemical characterization should await their
isolation from muscle tissue specifically.

The association of the ER with the cell membrane is similar to that described
in many other cell types (¢f, 24) and has comparable functional implications to
be discussed in the next section. In the special case of muscle fibers, this associ-
ation may explain the “connection” repeatedly described in light microscopy
between the Z bands and the sarcolemma. The electron micrographs show that
connections are actually established with the ER elements located at the level
of the Z band, not with the Z band proper. They appear to be responsible, at
least in the myocardium, for the deep infoldings of the cell membrane facing
each Z line in contracted fibers.

Function:

There is unfortunately little in the nature of direct observation or experimen-
tal results to guide one in defining the functions of the sarcoplasmic reticulum,
thus what follows will be largely speculative. That some functional relationship
exists between the reticulum and the myofibrils is indicated, as mentioned
earlier, by the close structural association of the two. In assigning functigns to
the reticulum, one is therefore naturally influenced by the requirements of the
myofibrils for metabolites and appropriate excitation.

The morphological features that may be considered of importance for the
general function of the endoplasmic reticulum are: the presence of two com-
ponents (a limiting membrane and a content) in its construction; its continuity
throughout the cell body, and its connections with the perinuclear cisternae at
the inner limit of the cytoplasm and with the cell membrane at its outer margin.
In muscle fibers, as in other cell types, the connections with the nuclear enve-
lope establish, in every likelihood, continuity between the content of the sarco-
plasmic reticulum and that of the perinuclear cisternae, Similarly small vesicular
units resulting, it appears, from pinocytic activity at the level of the cell mem-
brane may constitute continuous or discontinuous channels of transport be-
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tween the cavities of the reticulum and the extracellular spaces. Thus the
probably fluid inner phase of the reticulum, seems effectively continuous from
the perinuclear cisternae to the cell’s environment. It may be assumed that the
composition of the phase occupying the cavities of the reticulum is intermediate
between the external and internal (7.e., the fluid component of the cytoplasmic
matrix) environment of the cell.

The structural features and relations described encourage two fairly obvious
thoughts regarding the function of the system. One is that the inner and prob-
ably fluid phase of the system serves to channel or direct diffusion of metabo-
lites to all parts of the cell. Where the system is continuous it may be assumed
that diffusion would keep the content of this finely divided “interiorized
environment” of the cytoplasm more or less uniform throughout. Components
of the cytoplasmic matrix, e.g., myofibrils, with special metabolic requirements
might have these satisfied by a more extensive development of the associated
reticulum or by the differentiation of the limiting membrane to give regions of
special permeability. In this concept, then, the reticulum is regarded as a kind
of intracellular circulatory system with powers of adaptive response not unlike
those possessed by its larger tissue analogue (44). In so far as diffusible mate-
rials alone provide for certain needs of the functioning myofibrils, the reticulum
might be considered a good vehicle for their distribution.

In a second possible function to be ascribed to the system, the limiting mem-
brane serves as an intracellular conductor. It was reasoned just above that the
content of the reticulum might be kept similar to the extracellular environment
by a brigade of pinocytic vesicles working across the peripheral or outer layer
of cytoplasm. From this it would follow that the membrane limiting the reticu-
lum separates the cytoplasmic matrix from a mixture and concentration of ions
comparable to that in the external environment. In this role, then, it would
resemble the plasma membrane limiting the cell and might be regarded as
having similar structural and permeability properties. If now membrane po-
tentials are maintained across the plasma membrane by selective membrane
permeability or some other mechanism energized by metabolism within the
cytoplasmic matrix, it is not unreasonable to assume that in a similar manner
potentials are maintained across the membrane-limiting elements of the reticu-
lum. Under this concept a wave of depolarization of the sarcolemma might
be picked up by or transmitted to the sarcoplasmic reticulum and thence
spread rapidly as an action potential along its limiting membrane to all parts of
the sarcomere. Presumably lateral conduction would be along that part of the
reticulum opposite the H band, thence along the longitudinal elements, where
these are present, to the discontinuities in the triads opposite the I or Z bands.
It is difficult to guess what events this might set in motion and observations on
fibers in contraction are too meager thus far to provide any hints. Whatever
equilibria are disturbed the series of events initiated may be assumed to lead to
the contraction of the adjacent myofibril. Possibly a depolarization of the
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membranes at the triad leads to a discharge or breakdown of the intermediary
vesicles, and thus to the release of a trigger substance for the contraction of the
myofibrils.

The two suggested functions for the sarcoplasmic reticulum are not mutually
exclusive except in so far as they are both regarded as responsible for transmit-
ting the excitatory impulse. For this the channeled diffusion which the system
might provide would be inadequate for the same reasons that A. V. Hill (42)
discarded the idea of any diffusible substance being responsible, namely that
the rate of diffusion is too slow. He suggested, therefore, as one possibility that
the stimulus must be transmitted throughout the matrix of the fiber to the
myofibrils, especially the deeper ones, at much the same rate as over the sarco-
lemma. The sarcoplasmic reticulum would seem to be an ideal vehicle for this
transmission. Recently, Huxley and Taylor (43), using microelectrodes and
small stimuli, have provided evidence for a lateral transmission of excitation
within the I band of a sarcomere and suggest that Krause’s membrane (the
telophragma or Z line) with its connection at the sarcolemma is responsible.
The telophragma is not a membrane according to information obtained by
electron microscopy and in the morphology depicted does not seem as well
designed for conducting impulses as the system described in this present report.
The fact that the sarcoplasmic reticulum is more developed and shows more
elaborate differentiations in skeletal than in heart muscle, also favors the view
that the system is more important for impulse transmission than for supplying
of essential metabolites.

The idea that the sarcoplasmic reticulum might function as an internal con-
ducting system has been suggested earlier by Benmnett (11), who says that
Retzius proposed it first.

Therefore, while the channels or spaces of the sarcoplasmic reticulum may
provide for the diffusion of metabolites throughout the cell, its membranes
would best serve as the conductor of the excitatory impulse. Presumably
the changes in membrane permeability associated with depolarization, permit-
ting the inflow and outflow of appropriate ions, would duplicate those of the
plasma membrane, We are not unaware that these suggestions may be difficult
to test directly but some effort will shortly be made in this direction. The
minuteness of the vesicular elements of the reticulum (diameters of 1,000 to
2,000 A) would seem to preclude the use of microelectrodes in such investiga-
tions. Furthermore the introduction of any foreign bodies into the sarcoplasm
would probably induce pronounced structural changes in this extraordinarily
labile system. Thus some less direct approach to the problem is indicated.

SUMMARY

Several types of striated muscle have been examined by the technics of
electron microscopy and the findings in myotome fibers of Amblysioma larvae,
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the sartorius, and cardiac muscle of the rat are reported on in some detail.
Particular attention has been given to structural components of the interfibril-
lar sarcoplasm and most especially to a finely divided, vacuolar system known
as the sarcoplasmic reticulum. This consists of membrane-limited vesicles,
tubules, and cisternae associated in a continuous reticular structure which
forms lace-like sleeves around the myofibrils. It shows a definable organization
which repeats with each sarcomere of the fiber so that the entire system is seg-
mented in phase with the striations of the associated myofibrils. Details of
these repetitive patterns are presented diagrammatically in Text-figs. 1, 2, and
3 on pages 279, 283, and 288 respectively. The system is continuous across the
fiber at the H band level and largely discontinuous longitudinally because of
interruptions in the structure at the I and Z band levels. The structure of the
system relates it to the endoplasmic reticulum of other cell types. The precise
morphological relation of the reticulum to the myofibrils, with specializations
opposite the different bands, prompts the supposition that the system is func-
tionally important in muscle contraction. In this regard it is proposed that the
membrane limiting the system is polarized like the sarcolemma and that the
corresponding potential difference is utilized in the intracellular distribution
of the excitatory impulse.
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EXPLANATION OF PLATES

PraTe 85

F16. 1. Micrograph of a longitudinal section through a muscle fiber contained in
a caudal myotome of a 15 mm. Amblystoma larva. Myofibrils which run from top
to bottom of the image fill most of the field. The bands A, I, and Z are so identified.
The slightly lighter band bisecting the A band contains within its limits a dense
stripe which is designated as the M band.

The membrane-limited structures between the myofibrils are regarded as portions
of the sarcoplasmic reticulum. Some are always present opposite the H band (er),
which suggests that at this level the system is continuous around and among the
fibrils and across the fiber. Less constantly there are elongate profiles running from
the H band toward the Z, as at eri. These connect frequently with somewhat dilated
vesicles located opposite the I band on one side of the Z (erz). Two such vesicles
seem to face off opposite the Z band and the material between as well as the oppos-
ing membranes are more dense and thicker than elsewhere (see Z;). Where the sec-
tion through this region is thinner or otherwise less dense it is possible to see minute
small vesicular elements in the intervening space (arrow, lower right). In no instance
in this micrograph does a profile of the sarcoplasmic reticulum continue across the
Z band level into the next sarcomere. It appears therefore that the sarcoplasmic
reticulum is segmented and that the segments coincide precisely with the sarcomeres
of the fibrils. X 48,000.
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Fic. 2. A micrograph of a longitudinal section (same material as shown in Fig. 1)
which includes in the plane of section a relatively broad expanse of the sarcoplasm
between two myofibrils. The reticulum, as part of this sarcoplasm and thus caught
within the section, is represented by the lacework of strands (canaliculi) and vesicles
passing diagonally across the center of the figure.

This reticulum is organized with respect to any one sarcomere of a fibril in the fol-
lowing manner. Running along the A band and roughly paralleling the fibril axis
are a number of canaliculi designated er,. They are depicted in oblique or cross-sec-
tion at X. At the H band level these run together into a common sinus or central
cisterna {er) which is continuous circumferentially around and among the fibrils
(sections through this cisternal unit are depicted in profile opposite the H band
—at er— in Fig. 1). In the other direction, i.e., toward the I bands or ends of the sar-
comere, the longitudinally oriented canaliculi (ery) are continuous at ¢ with dilated
vesicles (er;) which have their long axes oriented transversely or circumferentially
with respect to the fibrils. This general pattern is repeated in the two adjacent sar-
comeres. Thus a sarcomere of this muscle, considered singly, can be said to have
around it a bracelet of complex design but similar to that surrounding every other
fibril sarcomere (Text-fig. 1). Considered as a whole, the sarcoplasmic reticulum is
made up of segments which coincide in length and distribution with the sarcomeres
(major bands) of the muscle fiber.

At the boundary between the sarcomeres, i.e., at the I and Z bands, the dilated
vesicle (terminal cisternae) of one sarcomere face equivalents in the next and such
equivalents are essentially mirror images. The opposing faces are flattened and the
membranes seem thickened (see at {r). A fairly uniform space (500 A) is maintained
between the opposing faces of these vesicles and within the space are profiles
of smaller vesicles. The two large opposing units and the intervening space, with
smaller vesicular units contained, will be referred to as a triad (tr).

In general, the content of the reticulum is not more dense than the surrounding
matrix of the sarcoplasm except along the inside surface of the opposing membranes
in the triad where there appears to be a condensation of finely fibrous material.

Small circular areas of lower density, 200 A in diameter, are usually present in
the wall of the central cisternae at the H band level. They may represent pores or
thin places in the membrane (see center Fig. 2). A mitochondrion is indicated at m
and lipide inclusions (one exploded) at . X 48,000.
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Fic. 3. Transverse (but slightly oblique) section of part of a muscle fiber (material
same as for Fig. 1). The obliquity of the section provides cross-sectional views of
the fibrils at several band levels in adjacent sarcomeres. The limits of these bands are
indicated by appropriate letters along the margins of the micrograph. The sarcolemma
runs across the upper left.

The myofilaments are thickest and most clearly resolved at the H band, less
distinct in the denser portions of the A band, and so fine and so disordered as to be
invisible in the I and Z bands.

The sarcoplasmic or extrafibrillar material of the cell contains a few mitochondria
(m) and a scattering of small particulates (sp), besides numerous profiles of the
reticulum. The uneven distribution and morphology of these latter could be pre-
dicted from the preceding views (Figs. 1 and 2) of longitudinal sections. The number
present at the H band level (er) forms a continuous chain and hence a membrane
surface across this part of the micrograph. The fewer profiles evident in the adjacent
part of the A band (er1) are descriptive of the few longitudinal elements at this level.
The oblong outlines and structures (er,) at the I band represent top (or bottom)
views of the larger, paired, I band vesicles of the system (also called terminal cis-
ternae) which, with the small intermediary bodies, form a triad of vesicular units
opposite this part of the fibril. It is to be noted that these I band vesicles do not
form rings around the fibrils or anything like the continuous chain of vesicles appar-
ent at the H band level.

Minute, dense, elongate bodies oriented across the long axis of the I band vesicles
are the small intermediary vesicles (iv) seen in other aspect in Figs. 2 to 8. X 44,000.
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Fic. 4. A cross-section of the central portion of a muscle fiber in which the plane
of section and a large part of the field coincides with the Z band. Limits of this and
other (A, I) bands are indicated along the sides of the figure. Profiles of numerous I
band vesicles (er;) of the sarcoplasmic reticulum are included in the section. The
circumferential length of these (~ 0.5 p) is greater than their radial dimension by a
factor of 3 or 4. They are not long enough, however, to form complete rings around the
myofibrils and as a consequence the sarcoplasmic reticulum is not continuous across
the fiber at this level.

In some instances the section includes the space between the two opposing I
band vesicles (Z; in Fig. 1) and so shows the intermediary vesicles (4v). These small
finger-like bodies are fairly uniform in diameter (~ 200 A) but of varying lengths.
They tend to have their long axes oriented radially with respect to the adjacent
myofibrils or, in other words, normal to the long axes of the I band vesicles above
and below. Along one side of the arrays the ends of the iv’s are essentially in line,
whereas across the other side, possibly representing their free ends the opposite is
true. An occasional iv on this latter side intrudes among the myofilaments at the
margin of the Z band. It thus appears that the arrays of these bodies are polarized
relative to the contiguous myofibrils. A few bodies of similar character lie free in the
sarcoplasm among the small dense particles which, in this material, are not attached
to the membranous surfaces of the reticulum. A mitochondrial profile is designated by
m. X 44,000.
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Fic. 5. Greater enlargement of a small portion of Fig. 4, to show to better ad-
vantage the interrelationship of the reticulum and the myofibrils at the Z band level.

The cross-hatched appearance of certain areas in the figure describes the fine
organization of the myofilaments in the Z band. Outside and around these areas are
several profiles of I band vesicles (er»). In three places in this image, the section
includes arrays of intermediary vesicles (iv) which lie in the space between the I
band vesicles (see Fig. 6) and opposite the Z band. Thus a top view of their arrange-
ment is provided and comments on this included in legend for Fig. 4 apply here as
well, Similar small finger-like bodies are present also outside the intervesicular space
and free in the surrounding sarcoplasm. X70,000.

Fic. 6. Micrograph of a longitudinal section of myofibrils (same Amblystoma larval
muscle) designed to show profile of I band vesicles (ers) and side view of intermedi-
ary vesicles (4v). For cross-sections of same see Fig. 7.

In this aspect the intermediary vesicles appear as slender tubular structures with
long axis normal to that of myofibril. It is possible that the lower 7v in the figure repre-
sents the major portion of one such body. Both ends are free. One is seen to be in close
contact with the myofibril; the other—not here but in some cases—appears to be con-
tinuous with one or the other face of the opposing vesicle surfaces. Note the apparent
thickened character of the membranes constituting these latter surfaces.

The myofibrils, running across the image from lower left to upper right, have
extraordinarily light Z bands as though stretched. Profiles of longitudinally oriented
tubules of sarcoplasmic reticulum are indicated at er; (see also Fig. 2). X 70,000.

0T0Z ‘6T AInc uo Bio'ssaidni gal wol) papeojumod


http://jcb.rupress.org/

Published March 25, 1957

THE JOURNAL OF
BIOPHYSICAL AND BIOCHEMICAL
CYTOLOGY

PLATE 89
VOL. 3

(Porter and Palade: Studies on the endoplasmic reticulum. III)

0T0Z ‘6T AInC uo Bio-ssaidni-gal wouy papeojumoq


http://jcb.rupress.org/

Published March 25, 1957

PraTte 90

Fi1c. 7. Micrograph of an especially thin, longitudinal section of larval muscle,
designed to show (1) the intermediary vesicles cut transversely and (2) their distri-
bution between the I band vesicles. The various parts of a single sarcomere segment
of the reticulum are labelled as before. The midsarcomere cisterna is at er, longi-
tudinal tubular extensions at er;, and dilated ends, or I band vesicles, at er,. These
latter face off as opposing vesicles of similar dimensions across a space of about
500 A. This contains numerous intermediary vesicles (iv) which, depicted as here in
cross-section, appear round or ovoid and 200 A in diameter. They are evenly distrib-
uted along the length of the space. The opposing vesicular membranes which limit
the space seem somewhat thickened and more prominent than the membrane limit-
ing the rest of the vesicle, but this may reflect only the presence of some finely fi-
brous material along their internal surface.

A slender extension from one I band vesicle (at arrow) seems to traverse the Z
band level and extend on into the next sarcomere. Such extensions from one sarco-
mere segment into another are apparently rare in this material, for this is the only
definite instance encountered in numerous fields recorded.

Small particles present in the sarcoplasm seem to show no special affinity for the
reticulum surface. X 63,000.

Fic. 8. Micrograph of a longitudinal section of larval muscle, depicting a relation-
ship encountered between the sarcoplasmic reticulum and the sarcolemma (sI).
Longitudinally oriented canaliculi of the reticulum are shown at er; and dilated
terminal vesicles at ere. The picture contains profiles of two typical triadic arrange-
ments of such vesicles at the I and Z band levels. Extending from this level toward
the sarcolemma there is a continuous bridge of these small vesicles which spreads
out over the inside surface of the sarcolemma (arrows). They look not unlike inter-
mediary vesicles. The suggestion is that this formation represents a stream or migra-
tion of such bodies to or from the sarcolemma. Other features of the micrograph are
covered in other legends. X 65,000.
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Fic. 9. Micrograph showing a small portion of a longitudinal section of a rat
sartorius muscle. The myofibrils, mostly cut medially, cross the figure along the
short dimension. A light I band, bisected by a dense Z band, runs from upper left
to lower right. A faint N band can be discerned in both halves of the I band and
midway between Z and A. An equally indistinct H band bisects the A of the sarco-
mere on the left (H). The various bands are very nearly in perfect register across
the fiber (top to bottom of figure) and their appearance characterizes the fiber as
uncontracted at this level.

It is to be noted that the I band in this muscle is much longer relative to the A
than in the Amblystoma larval muscle. It does in fact exceed the A by 1.2 times,
whereas in the myotome fibrils the I was only a fraction (14) the length of the A,

The myofilaments are evident in the A band but lost in confusion in the I band.

The sarcosomes, or mitochondria, (m) show in transverse section as paired bodies
close to but on opposite sides of the Z band. Their long axes are oriented transversely
with respect to the myofibrils. Only rarely are sections of the sarcosomes seen in the
sarcoplasm opposite the A bands.

The sarcoplasmic reticulum is more finely divided than in the Amblystoma material
but shows in its form and organization some of the same features. Small circular or
ovoid profiles, uniformly present in some concentration opposite the H bands (see
er) indicate the existence of a continuous structure at this level. Where the plane
of section cuts this concentration somewhat obliquely (as at er, left center, and also
right center) individual elements of the reticulum can be made out. From this level
extending in both directions towards the I band, the section occasionally shows a
profile of a longitudinally oriented tubule (see er in three places). These end in a
dilatation, as in Fig. 1, except that here this enlarged tip is just within the margin
of the I band (arrows). From micrographs showing the system in other aspects (see
Fig. 10) it has been learned that these dilatations represent cross-sections of long
slender vesicles running circumferentially with respect to the myofibrils. It may be
noted further (at arrows) that such dilated ends are only one of three profiles of
apparently vesicular bodies in the same region of the sarcoplasm and that identical
arrangements or triads are present in the same location in almost every instance
(tr and arrows). If they were always present, then the structure represented would
be regarded as continuous across the fiber at this level. They seem, however, not to
be there in every case, hence the continuity must, in places, be interrupted.

The vesicle on the Z band side of the triad coincides in its dimensions with its
opposite and in its turn is continuous with a reticulum (of small canaliculi constitut-
ing a fenestrated cisterna) which extends to the triad at the other end of the I band
(see Text-fig. 2). Where sarcosomes are present at this level, the reticulum simply
bypasses them on one or both sides (see at bp). It appears, from available evidence,
that this T band portion of the reticulum is continuous across the Z line.

The two larger vesicles of the triad have between them a third vesicular element
which corresponds to the intermediary vesicles seen in larval muscle. Here, in the
sartorius, however, it seems not to be as finely divided as in the amphibian material.
The individual units are of uniform thickness (200 A) but vary some in their longest
dimension circumferential to the myofibrils. X 36,000.
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Fic. 10. This image of a longitudinal section of rat sartorius supplements Fig. 9,
in showing a portion of the sarcoplasmic reticulum in face view as it spreads over
the surface of a myofibril (view comparable to that in Fig. 2). Since it is spread two-
dimensionally in a curved plane, only fragments of it are present in a flat section.

Myofibrils and direction of orientation are obvious. A, I, Z, and N bands are in-

dicated. Sarcosomes are marked m.

Er, as before, points to outlines of central cisternae found at H band levels of the
sarcomeres. Canalicular elements extend from these longitudinally (see ery) to trans-
verse or circumferentially oriented elements, er,. These are paired with similar ele-
ments, er1, on the opposite side of a well defined space of uniform width (500 A).
This latter space contains small elongate vesicles (iv) apparently unattached (in the
material studied) to the two larger elements on either side. The whole is termed a
triad. On the Z band side, er, is continuous with a compact reticulum of tubules
(er3) which extends across the Z band to the other end of the I band. Here it is con-
tinuous with a transversely oriented vesicle (er;). Fine tubular elements and dense
granules, apparently free in the sarcoplasm at the Z band level, resemble free ele-
ments at the same level in Amblystoma material. X 48,000.
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Fic. 11. Micrograph showing a longitudinal section of rat cardiac muscle at rest
length. The gross striations of the myofibrils are indicated on the right hand margin
of the figure. Myofilaments are evident in the A bands but are characteristically less
distinct in the I’s. An anastomosis of fibrils is depicted at the lower margin of the
micrograph.

The sarcosomes (m) appear to vary considerably in diameter but this is more a
reflection of the ofi-center relation of the plane of section to the medial axis of the
cylindrical organelle than to any inherent variation in diameter. Where the surface
of the mitochondrion is normal to the plane of section a clearly defined double mem-
brane is evident in the images. The inner of these two is continuous with the mem-
brane-limited cristae which fill the mitochondria and which, in this case, are oriented
obliquely to the long axis of the organelle.

In regions where the section cuts the myofibrils more or less medially, profile
images of small interfibrillar elements are provided. Examined carefully these are
seen to be line-limited, and descriptive of sections through slender vesicular or cana-
licular elements (er). They are distributed quite evenly along the length of the sarco-
mere and opposite the I bands connect with larger and more transversely oriented
profiles of the same nature (ers). These frequently occur in pairs (dyads), one some-
times partly surrounding the other (as at ery), and about as frequently in threes
(triads), as near Z. The central profile of the three, or the partially enclosed profile of
the dyad, is referred to as the intermediary vesicle (fv) X 32,000.
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Fig. 12. Micrograph of a small portion of cardiac muscle section designed to show
at higher magnification the so called dyad associations of vesicles found at the I-Z
band levels in these cells. The muscle depicted is contracted. At v a large interme-
diary vesicle is shown in section enwrapped by a thinner vesicular element. This
latter seems in turn to be continuous with a canalicular unit of the general sarco-
plasmic reticulum. This paired association (constituting a dyad) is repeated in the
upper left. X 43,000.

Fic. 13. Micrograph of a portion of a longitudinal section of a cardiac fiber. The
margin of the cell at the lower left is limited by the sarcolemma consisting of a dense
line (representing the plasma membrane pm), a less dense layer of uniform thick-
ness external to the pm and called the cuticular layer® (cu), and further externally
a finely fibrous layer of indistinct limits. Myofibrils and Z bands are readily iden-
tified. Approximately 4 sarcomere lengths are shown in the micrograph.

A pair of sarcosomes or mitochondria are shown in the section at the lower left.
Thin shavings of mitochondrial surfaces are shown at two places in the next sarco-
mere above. The image marked # represents a section off the side of a mitochon-
drion, which means that the limiting membrane of the curved surface passes
obliquely through the section. The shadow or projection of this is broad and grades
off gradually in density to that of the surrounding sarcoplasmic matrix. Images such
as this have led Harman and coworkers to describe mitochondria as gelatinous
bodies devoid of membranes (21, 22). At one end of the mitochondrion, below the
one marked m, the surface passes at right angles through the section and here a
line of characteristic density and doubleness can be seen to limit the organelle. This
is the membrane that investigators, experienced in interpreting electron micro-
graphs of thin sections, have uniformly described as limiting mitochondria and
Sarcosomes.

The plane of section coincides here with a thin layer of interfibrillar sarcoplasm,
thus providing a face view of the sarcoplasmic reticulum. At er the ribbon-like ele-
ments of the system form a reticulum opposite the mid region of the sarcomere.
Toward the ends of the sarcomere the canaliculi represented are continuous with
transversely oriented units which face off against similar units in the next sarco-
mere (ers). In some places there is an intermediate element of the same character
(#v) which generally appears free of connection with the vesicles on one or both sides
of it. Clear-cut evidence that the reticulum of one sarcomere is structurally contin-
uous with that of the next is found very infrequently, indicating that in general
continuity is interrupted at the Z band level.

The subsarcolemmic sarcoplasm contains profiles of vesicular elements which
seem to be randomly scattered without relation in most instances to the bands of
the adjacent myofibrils. Only at the Z band level of contracted fibers is it common
to encounter elongate elements extending from the Z line out to the inner face of
the sarcolemma (see arrow and also Fig. 14). The sarcolemma seems to be held in
at this point, giving the scalloped outline characteristic of contracted fibers.

Clusters of small dense particles are scattered about in the sarcoplasm without
preference for other structures. X 32,000.

Fic. 14. A small region at the margin of a contracted cardiac fiber to show paired
vesicular elements which appear frequently between the margin of the Z line or
sarcoplasmic reticulum at this level and the sarcolemma (sf). The latter is always
held in at the Z line level. X 40,000.
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