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INTRODUCTION

Sarcolemma Mechanics in Perspective

The presence of muscular tissue in multicellular members of
the animal kingdom is one of the prime characteristics distinguishing
this group as a distinctive entity. This amazing tissue appears to
have been an early evolutionary development. Perhaps because of
some peculiar complexity of the mechanism of muscle function, once
originated, this structure has been changed but little while whole
phyla have appeared and disappeared (1). The highly organized,
multinucleate cells making up skeletal muscles are believed to de-
velop embryologically from the differentiation of single myoblasts,
by the fusion of separate myoblasts, or through a combination of both
processes (2). The cytoplasm of this giant cell is then organized in
such a way that a general property of all cytoplasm, namely
contractility, is accentuated (3).

Striated skeletal muscles are composed of long cylindrical
cells surrounded by a tough elastic membrane. Generated tension is
transmitted usually to the bony skeleton through tendinous connective
tissue, and functions to provide support and movement (4). Individ-
ual cells run predominantly in parallel and are organized into
discrete muscles by connective tissue investments. The unit muscle

is invaded by blood vessels and afferent and efferent nerves, and
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contains in addition various receptor end organs. Particular repre-
sentatives of the efferent nerve fibers innervate muscle fibers (cells),
and possess the ability to control certain aspects of fiber metab-
olism (5).

Single muscle fibers are highly ordered in their own right
showing both longitudinal and transverse organization (5). Longitu-
dinally, the fiber is seen to be a bundle of columns designated as
myofibrils, with sarcoplasm and cytoplasmic structures typical of
all cells lying between the columns. Each myofibril is in turn a
bundle of long rigid protein filaments, the myofilaments, running
parallel to the fiber axis, The myofilaments are not continuous, but
rather are composed of two interdigitating sets sequentially arranged.
This arrangement results in the striated pattern of lateral 6rganiza-
tion characteristic of this tissue and from which it derives its name.
Additional structures exist in the form of the longitudinal and trans-
verse tubule systems investing the myofibrillar columns in regular
array.

When contracting muscle is examined from a physiological
standpoint, its behavior can be described in terms of a model con-
sisting of a contractile element (CE) functioning as a force generator
arranged in series with a series elastic component (SEC). The SEC
is functionally but not necessarily structurally distinct from the CE.

When muscle is at rest the CE is assumed to be highly extensible,



and passive resistance to muscle stretch is attributed to a parallel
elastic component (PEC) connected in parallel with both the CE and
SEC (6, 7). The SEC has been characterized as having an exponen-
tial stress-strain curve concave to the stress axis (8), while the
PEC shows more complicated characteristics but is also concave to
the stress axis {9).

The anatomical structures responsible for the behavior mani-
fest in these model components is unknown, but is historically con-
ceded to be tendon for the SEC and the sarcolemma and connective
tissue for the PEC (10). The CE is thought to be ultrastructurally
represented by overlap of the myosin and actin myofilament sets
(11). Data on the PEC characterization for single muscle fibers
shows a stress-strain curve also concave to the stress axis (12},
although the behavior of whole muscle is not equal to the sum of
individual fiber responses (13).

A wealth of information has also accumulated concerning ultra-
structural and physiological correlations of muscle behavior at the
level of individual fibers. An enormous amount of circumstantial
evidence has arisen in support of the sliding filament hypothesis of
muscle function (11) originally proposed in 1954 (14, 15). This
model envisions active muscle as generating force in regions of myo-
filament overlap, while in passive muscle the interdigitating fila-

ments are free to slide past one another., The sliding filament



hypothesis is the most popular model of muscle function at the
sacromere level., However, many other models exist that can also
explain the known information. As an example, Garamvolgyi (16,
17) proposes a model whereby the CE is localized to coiling fila-
ments in the Z line, whereas another model proposes the shortening
results from lateral action of short range molecular forces (18, 19).

The information to date begins to form a coherent picture at a
superficial level, although much controversy still rages. Obviously,
the fiber as a tension generator during activity and as an elastic ele~
ment at rest must have elements continuously connected throughout
its length to transmit these forces. The complete understanding of
single fiber mechanics requires the precise evaluation of the con-
tribution of all relevant fiber components during rest and activity.
It will be shown that attempts to carry out such analyses have so far
been somewhat imprecise and inconclusive, the major problem being
the separation of cellular components for independent characteriza-
tion. Certainly, the sarcolemma is one key structure offering
mechanical continuity throughout the fiber length. It is also the most
accessible component, and under certain circumstances it can be
mechanically sampled independently of other cell contents as
described in later sections of this review.

The present work is concerned with characterizing the mechan-

ical properties of the sarcolemma. In prelude to discussing the



experimental procedures and results, however, it is necessary to

review the pertinent literature.

Ultrastructure of the Sarcolemma

The concept of a membrane existing as a distinct structure
surrounding individual muscle cells was originated by Schwann!|(20).
He describes this element as being very transparent, structureless,
and definitely not a fibrous material derived from the surrounding
connective tissue. It was seen as a very narrow and sharply defined
border around each secondary muscle cell, the ultimate product of
primary cell fusion during embryologic development. Schwann
claims it was difficult to be sure the membrane was not an optical
artifact in mammalian fibers. In insect muscle, however, he ob-
served in retraction zone regions, produced by separation of the
intracellular muscle substance (see figure 7, page 46), a definite
membrane connecting the two halves of material. This situation is
cited as evidence clearly demonstrating the existence of a membrane
surrounding individual muscle fibers.

Bowman (21) confirmed Schwann's findings that the membrane
is not of connective tissue origin. Rather it is "a tubular sheath of
the most exquisite delicacy, investing every fasciculus {fiber) from
end to end, and isolating its fibrillae (myofibrils) from all the sur-

rounding structures.' Bowman applied the name sarcolemma to this



membranous structure, and considered it to be distinct from the
connective tissue fibers which could be seen lying on its outer aspect.
Confusion has since arisen as to what should be called sarcolemma
and has prevailed through modern times (22). For reasons presented
later in the discussion, the term sarcolemma will be used henceforth
to designate in addition to the structureless sheath of Schwann and
Bowman some intimately associated overlying connective tissue
layers tending to remain with the fiber after dissection.

This general picture of the sarcolemma remained essentially
unchanged for nearly a century. Further characterization of the con-
nective tissue of the muscle, however, led to its description in
terms of three components. These components were titled the
epimysium, perimysium, and endomysium in the order of decreasing
level of organization controlled. The epimysium envelops the whole
muscle organizing it into a unit structure. The muscle is subdivided
intc bundles of muscle fibers by the perimysium, while the endo-
mysium comprises connective tissue within fiber bundles and more
or less closely associated with individual fibers (23). Modern con-
cepts of the sarcolemma include in this structure connective tissue
intimately associated with the clear continuous sheath (24). These
connective tissue layers are also portions of the endomysium (25).

More recent studies of sarcolemma structure with the light

microscope have contributed additional observations. Using
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microdissection techniques, Nagel (26) found the sarcolemma to be a
tough elastic membrane surrounding the whole muscle fiber., In ad-
dition he claimed that the thick ""structureless'' membrane of Schwann
and Bowman had embedded in it interlacing collagenous birefringent
fibers. This viewpoint was also held by Bairati {27). Using silver
stains the latter author observed a fine network of fibrils around the
periphery of the sarceolemma, with a glassy smooth matrix contain-
ing fibrils as the continuous phase of the tube wall.

The presence of fibrils embedded in the continuous phase re-~
ported by Nagel and Bairati was controversial. Thus Bremer and
Weatherford (28) find the inner continuous phase to be a structureless
membrane closely applied to the surrounding connective tissue layer,
as does Barer (18, 22). The former authors found the continuous
plase to be a viscous elastic sheath, which can be pulled away from
the underlying myofibrils but returns almosttoits original position
when released. The two-component model consisting of connective
tissue overlying a continuous phase is also verified by Gutman and
Young {(29) and Long (30). These authors caution the interpretation
of light microscope observations, however, and stress the very im-
portant point that what is called sarcolemma in cross-sectional
viewing can be subject to artifactual misinterpretation,

Electron microsope observations pertinent to sarcolemma

structure began appearing in 1948. Reed and Rudall (31) and



Draper and Hodge (3) found in support of the two component model
that the continuous membrane phase could be discerned as a distinct
structure from an overlying fibrillar matrix. The inner membrane
aspect (figure 1~A) shows adherent strands of remaining sarco-
plasmic reticulum in irregular patterns upon which are imposed
more regular circumferential markings at the level of myofibril
Z-bands (31, 32). The outer aspect of the membrane (figure 1-B)
exhibits discrete fibrils lying on an undulating continuous phase
having depressions apparently coincident with Z-lines (31). Electron
micrographs revealing cross sectional detail suggest the same
general model (33).

Draper and Hodge felt in concurrence with Nagel and Bairati
that the continuous membrane phase may be the plasma membrane
and embedded fibrils intimately associated into a specialized kind of
surface structure. This possibility is also considered by Reed and
Rudall, but is opposed in the report of an independent electron
microscope study of Rozsa et al. (34). The latter authors feel that
the two components are intimately associated but that no fibril com-
ponents are embedded in the continuous phase. The fibrils of the
outer layer possess striations with a 640 A periodicity suggesting
that they are collagen filaments {(31). Dense maculae or spots 400 -
1000 z& in diameter seen at irregular intervals on the inner aspect of

membrane surface preparations (31, 35) may correspond to the



Figure 1.

Electron micrographs of the inner (A) and outer (B)
aspects of the sarcolemma. A, specimen from a leg
muscle of the toad, Bufo marinus, from formalin fixed
and blended muscle. Z-band remnants (Zbr) are seen
as faint light-colored tracts in regular array running
perpendicular to the fiber axis. From Draper & Hodge,
Australian J. Exp. Biol. and Med. Sci., 1949. 27,
465-503., (3) B, the outer membrane aspect shows

fine fibrils lying on a surface that undulates in associa-
tion with the muscle fiber striation pattern. Fibrils are
of comparatively uniform diameter and are banded like
connective tissue collagen. Many fibrils can be seen
running parallel to one another at a large angle to the
fiber axis (perpendicular to the troughs of the undula-
tions). The preparation is from frog or toad leg
muscle. From Reed & Rudall, Biochim. Biophys. Acta,

1948. 2, 19-26. (31)
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dense oval bodies seen by Robertson (36) adjacent to the cytoplasmic
border in membrane cross-sections.

Draper and Hodge (3) have also looked at membrane surface
ultrastructure in samples of folded sacrolemma fragments, con-
firming the marked difference between the inner and outer surface
configurations. It was also noted that in both the fibrils and the
membrane outer surface there appears to be some organization sug-
gesting a helical alignment around the whole fiber. The collagenfila-
ments appearedtobearranged intwo helices wound in opposite direc-
tions in stocking fashion, with general directional axes at about 45
and 135 degrees to the fiber axis, This general arrangement of the
collagen suggested to these authors that this may be the biological
device by means of which is obtained an elastic membrane giving
structural support to the fiber and yet capable of transmitting tension
to the tendon. Collagen arranged in parallel bundles as in tendon is
relatively inextensible.

The majority of the workers reviewed to this point used frog
or toad leg muscles, although data representative of various mam-
malian species is also presented. No systematic species differences
were noted. The question as to whether the continuous membrane
phase contains embedded fibrils is still debatable from this informa-
tion, but more current workers, to be discussed presently, have ex-

pressed the belief that all fibril components are structurally distinct
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from the continuous phase of the membrane,

Two additional complexities of general sarcolemma structure
were introduced by Robertson (36) in 1956 and are illustrated from
the work of Mauro and Adams (24) in figure 2. Robertson obtained
electron micrographs disclosing sarcolemma cross-sectional detail

from striated muscle of the chameleon lizard Anolis carolinensis.

A "membrane complex'' was revealed consisting of two dense layers
separated by a light, uniform core of 200 - 300 Ji width. The inner
dark laminae of this complex is a sharply defined dense zone coin-
cident with the cytoplasmic interface. The outer dark laminae was
of variable thickness and density, being 100 - 300 A in width.

On the outer aspect of the membrane complex, Robertson's
electron micrographs show more or less loosely packed and irregu-
lar round or oval dense profiles 250 - 350 A in diameter. They have
a longitudinal repeat period of about 700 A suggesting they are
collagen fibrils. In addition, a second class of fibrils can be seen
interspersed among the collagen (see figure 2). These second fibrils
are very delicate in nature as their diameter is well under 100 ‘;L,
and they are arranged in an apparently random fashion. It is em-
phasized that the large collagen fibrils cannot be a component of the
outermost dark laminae of the membrane complex because their di-
ameter is much too large. The small fibril component could be a

membrane component from diameter considerations but no such
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Figare 2.

Electron micrograph illustrating four components

of sarcolemma cross-section. The surface
"membrane complex' of Robertson is seen as the
combination of an inner structure {(pm) identified as
the plasma membrane from other evidence, and an
outer structure (a) of unknown nature designed as the
amorphous layer. These continuous membrane com-
ponents underlie a network of fibrils composed of a
large diameter component (c), probably collagen, and
an unidentified small diameter component {f}. Some
fibrils appear grouped as cables {(cc). From Mauro
& Adams, J. Biophys. Biochem. Cytol., 1961,

10, 177-185. (24)
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evidence is found. The chemical nature of the fine fibril component
is unknown.

The dark inner laminae of Robertson's membrane complex is
also revealed to be a three component structure showing dark lami-
nae surrounding a light 40 f: central core., This inner three com-
ponent structure is seen to lie coincident with the sarcoplasmic
border in the muscle fiber. It is also analogous to a characteristic
structure seen at the cytoplasmic interface in a wide variety of other
cell types (37). The implicatién is that such a structure is common
to many biological membranes including the muscle fiber. It is also
of the proper thickness to be equivalent to the "physioclogic plasma
membrane'' derived from physical, transport, and electrical studies.
Robertson therefore feels the inner dark line of the membrane com-
plex can be identified as the plasma membrane, whereas the outer
light and dark areas represent a second continuous phase component
of extracellular nature functioning physioclogically as a basement
membrane. The latter is called the amorphous layer and is con-
sidered to be a structure distinct from the plasma membrane.

The structural distinction of the plasma membrane and the
amorphous layer is supported by further evidence, as they show
differential electron staining properties (38). In permanganate
preparations, which generally show cellular and mitochondrial mem-

branes in good contrast, the amorphous layer is barely visible. The
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of pleats parallel to the fiber axis, which, if unfolded, would fit a
fiber or more nearly normal size. The outer two filament compo-
nents of the sarcolemma remained distinctly outside the amorphous
layer pleats, but continued to be closely associated. It is clear that
the plasma membrane and the amorphous layer are distinct struc-
tural entities.

Very recently, some pertinent evidence relating to the surface
configurations of the continuous phase and the fibril mat has appeared.
Figures 3-A, B, and C show the surface ultrastructure of a single
frog semitendinosus fiber revealed at successively higher magnifica-
tions in the scanning electron microscope. The fiber had been pre-
treated with a bacterial collagenase before fixation and shadow cast-
ing. Several prominent circumferential features can be seen, con-
sistent with the banding patterns found in regular electron
micrographs by previous workers, and probably a consequence of the
continuous phase of the membrane conforming to the dry mass dis-
tribution of underlying tissue. The markings of the surfaces of re-
laxed and contracted fibers showed differences in accord with the
sliding filament theory of muscle contraction.

Figure 3-D illustrates a muscle fiber untreated with collage-
nase, characterized by conspicuous longitudinally organized fibrous
bundles, presumably collagen, covering the undulating muscle cell

surface. The bundles are interlaced with a random network of finer
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Figure 3.

Scanning electron micrographs of the muscle
fiber surface. The preparation is from the

frog semitendinosus muscle. Fibers fixed with
glutaraldehyde and dehydrated through serial
concentrations of acetone. A, B, and C show
successive magnifications of fibers from which
external collagen has been removed by treatment
with a bacterial collagenase. D, muscle fiber
untreated with collagenase, showing prominent
fibrous bundles covering the cell surface. From
Boyde & Williams, J. Physiol. {London), 1968.

10-11P (41)
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fibers. Thus it appears that the surface structure as illustrated by
Reed and Rudall (figure 1-B), although demonstrating undulations,
may have misrepresented the fibril components as being irregularly
distributed due to bundle disruption during preparation.

We therefore have come to view the sarcolemma as a very
complex structure. It is now pictured as having four components in
cross-section. On the outer aspect lie two interspersed fibril com-
ponents, a group of large diameter fibrils possessing striations
reminiscent of collagen, and a second class of small diameter fibrils
of unknown nature, The surface ultrastructure shows prominent
fibril bundles arranged either parallel or at a small angle to the fiber
axis, interconnected by additional fibril components. These fibril
layers overlie the undulating continuous membrane complex of
Robertson, which is composed of an outer amorphous layer 300—600&
thick of unknown nature and function, and an inner plasma membrane
of 75—100./;; width (24). The membrane complex or continuous phase
seen in electron micrographs of sarcolemmal cross-sections pro-
bably corresponds to the structureless clear sheath seen in views
perpendicular to the fiber surfaceby Schwann and Bowman. The
inner aspect of this continuous phase shows remnants of sarco-
plasmic reticulum and circumferential markings at the level of Z-
lines. It will be shown later that the sarcolemma in cross-section

also appears to be scalloped in contour parallel to the fiber axis,
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with dips at the level of Z-lines and possibly also at the M-line level.
This behavior is also suggested by the undulations noted in studies of

surface configuration.

The Muscle Fiber-Tendon Junction

The discussion of sarcolemma ultrastructure to this point has
centered on central regions of the muscle fiber. This treatment was
primarily concerned with the sarcolemma as a structural entity.
However, ultrastructural information can also contribute to under-
standing of the role this membrane plays in muscle mechanics, be-
cause any tension postulated to be lcarried by the sarcolemma or
other cellular structures and transmitted to tendon must also be
borne through the region of fiber-tendon transition. Details regard-
ing the structural features of this interface are therefore obligatory
to functional interpretation of mechanical stresses borne by various
fiber components,

The historical literature reveals a great controversy concern-
ing fiber attachment ultrastructure. Two theories are prevalent.
The Continuity Theory held that direct connections exist between the
fibrillae inside the fiber and fibrillae of the tendon, the strength of
the union depending on this continuity. In contrast, the Sarcolemma
Theory asserted that the sarcolemma forms an uninterrupted limit-

ing membrane between the substance of the muscle fiber and tendon
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fibrillae (30).

The historical arguments and findings are thoroughly reviewed
by Carr (42), who was a proponent of the Continuity school of thought
in the early twentieth century. This author claimed the demon-
stration of continuity between the myofibrils and tendon fibrils
in photomicrographs of sections of fixed fetal pig skeletal muscle.
No evidence was found for sarcolemma intersection with the long
axis of the fiber at any point in the region of its transition to tendon.
Similar conclusions were reached by Butcher (43), following observ-
ations on fixed embryological specimens of skeletal muscle and
tendon from albino rat fetuses,

In contrast, more recent studies with the light microscope
lend support to the Sarcolemma Theory. From stained sections of
the fiber attachment region of skeletal muscle fibers in the adult
monkey, Goss (44) described a layer of reticular fibrils enveloping
the end of the muscle fiber and lying between the fiber terminal and
the tendon proper. He furthermore shows reticular projections of
this layer which invaginate the terminal cell membrane. He empha-
sized the significance of the Bielschowsky silver staining method
employed in selectively staining these argyrophilic fibers which he
claims are not clearly depicted by usual staining procedures. Myo-
fibrillae were confined to the substance of the muscle fiber and in no

case did they give evidence of being continuous with fibrils outside
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the enveloping terminal sarcolemma,

A similar investigation was reported by Long (30) in which
several stains were simultaneously applied to serial sections of the
triceps surae of fetal and post partum rats. The special staining
technique results in argyrophilic reticular fibers being stained black,
myofilbrillae and other sarcous elements red, and the collagenous
fibers of tendon green. She found that the myofibrils terminate on
the inner aspect of the continous terminal sarcolemma, while re-
ticular fibers of the attachment region envelop the terminal fiber to
continue as sarcolemmal and endomysial reticulum proximally and
are continuous with the tendons distally. No evidence was found for
continuity between myofibrillae and tendon fibrillae. Therefore the
recent results of Goss and Long both support the Sarcolemma The-
ory. It is interesting to note that Speidel (45) also found the sarco-
lemma to be continuous around the terminal muscle fiber and
furthermore shows that the terminal sarcomere ends with a Z-line.

Electron microscopic data on the attachment region appeared
in 1954 (46). Porter records investigations on young zebra fish in-
dicating sarcolemma continuity around the terminal muscle fiber in
support of the recent light microscopic observations (30, 44). The
sarcomere banding of myofibrils is seen to stop a micron or so
short of the terminal sarcolemma. Tapering strands of unknown

nature traverse this intervening sarcoplasmic space between the
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myofibril termination and the terminal membrane, appearing to be
non-contractile continuations of the myofibrils. These fibrils then
insert into the sarcolemma. Tendon fibrils appear to insert in the .
sarcolemma opposite these attachments of the myofibril extensions
forring a continuance or extrapolation of them. Barer (22) also
concluded that the sarcolemma was continuous around the fiber end
from microdissection studies, and that tendon fibrils inserted into
the terminal membrane.

The data of Porter suggests an interesting alternative to the
two-theory dichotomy. His results imply that the major contentions
of both the Sarcolemma and Continuity Theories may be correct,
The viewpoint of the former theory that the sarcolemma is continu-
ous around the fiber terminal is verified, as is the assertion of the
Continuity school that the muscle and tendon fibrillae are continuous
or at least directly opposed across a continuous sarcolemma. The
conclusion from the available literature must be, therefore, that the
known ultrastructure of the muscle fiber-tendon attachment region
does not preclude substantial tension transmission by either muscle

substance myofibrillae or the sarcolemma to the tendons.

Sarcolemma Connections to Intracellular Structures

One last consideration remains regarding sarcolemma ultra-

structure. Functional interpretation of membrane mechanics
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requires knowledge about structures that may mediate mechanical
interactions between the sarcolemma and intracellular structures.
Connections are known to exist via the transverse tubule system (47},
although there is no reason to believe they serve a mechanical func-
tion. The discussion will center upon the existence and nature of
connections not associated with the tubule systems of the fiber, but
rather morphologically associated with the Z- and M-lines of the
sarcomere. Such information is logically related to the circumfer-
ential bands at the level of the Z-line noted on the inner aspect of the
sarcolemma (31, 32, 35).

According to Garamvdlgyi (48), it was originally suggested by
Dwight in 1873 that connections to the sarcolemma may exist in the
Z-line region. This proposal triggered an enormous controversy
reaching into the present century centered around the nature and/or
existence of Krause's Grundmembrane. This structure was sup-
posed to be a rigid disc-like structure seen in the microscope as the
Z-line, being continuous across the entire fiber cross-section and
rigidly anchored to the sarcolemma. The historical work is
thoroughly treated in the reviews of Jordan (23) and Fenn (49). The
results of work up to the review of Fenn show a continuance of the
controversy. For this reason and because the historical work is

treated elsewhere, the present discussion is confined to more

modern treatments.
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A wealth of recent workers have concluded that although con-
nections do exist between the Z-structure and the sarcolemma, these
structures are relatively weak and easily overcome (3, 18, 22, 33, 50,
51). A wide variety of techniques were employed in these studies
including microdissection, various extraction procedures, and prep-
aration of electron micrographs using cells from many species and
in various cell states. Conflicting opinions are still manifest,
though, as Walls (52) and Edwards et al. (53) feel that the proposed
connections do not exist, whereas Podolsky (54) thinks the connec-
tions exist and are strong.

Recently, a Hungarian school of workers piloted by Ernst has
produced an abundance of information on muscle function in general
and on the topic of sarcolemma connections in particular. They first
demonstrated the existence of interfibrillar bridges or connections
between myofibrils and from this system to the sarcolemma using
microdissection techniques (55, 56}, They describe a Z-system con-
sisting of discs occupying the cross-sections of individual myo-
fibrils interconnected to each other and the sarcolemma by thin
fibril networks. Members of the Hungarian school subsequently
described the isolation by extraction of single Z-discs from indivi-
dual myofibrils (57, 58), and later of large Z-networks consisting of
many Z-discs still connected by surviving interfibrillar bridges (59).

This Z-network model was later confirmed in electron microscope
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studies (60), exemplified in figure 4. The Hungarian school em-
ployed insect flight muscle in most of their studies.

There appears to be in addition to periodic Z-discs in single
myofibrils, a second less dense class of discs alternating with the
former and localized to the region of the M-line (6l}), These M-discs
were demonstrated in electron micrographs of single myofibrils
after extraction, which clearly showed a string of discs every other
one of which was identified as a Z-disc. The consensus of opinion
offered by the Hungarian school is that the Z-network interconnecting
myofibrils and sarcolemma and possibly a similar system at the
M-line level provide the physical basis for some degree of sarco-
mere alignment between adjacent myofibrils, but is not arranged
properly to function as a rigid transverse connection across the
entire fiber cross-section.

An additional line of evidence bearing on sarcolemma connec-
tions shows a repeated festooned pattern of the sarcolemma in longi-
tudinal cross-section (figure 5). The scalloped sarcolemma outline
was first noted by Carr (42), having dips coincident with Z-lines.
This observation was made with the light microscope on fetal pig
diaphragm muscle fixed in situ during maintained contraction.

Jordan (23) also noticed a scalloped membrane outline in fixed tissue,
and concurred with Carr in feeling such a pattern may signify sarco-

lemmal connections to underlying structures.
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Figure 4.

Electron micrographs of inter-Z bridges (A) between
two myofibrils and (B) between the sarcolemma and

an adjacent myofibril, The preparation involved insect
flight muscles fixed in a buffered 1% solution of
osmium tetroxide for one hour, followed by embedding
in Araldite and thin sectioning; stained by an alcoholic
solution of phosphotungstic acid., A, bridges between
adjacent myofibrils are thought to be absolutely distinct
from the sarcoplasmic reticulum, because of the
direct continuity of the bridge and the Z-discs (Z) and
the similar stability of bridges and discs in response
to various chemical agents. (mi}, mitochondrion. B,
the cell membrane (¢m) appears thickened as a dense
triangular body at the attachment site (att) of a bridge
(Zbr) connecting the sarcolemma and an adjacent
myofibrillar Z-disc (Z). M-line (M) of the sarcomere
banding pattern is also indicated, Both A and B from
Garamvolgyi, J. Ultrastructure Res., 1965, 13,

435-443. (48)
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Figure 5. A, photomicrograph and B, electron micrograph
illustrating membrane festooning, A, specimen is from
expt. #68 in the present work. Single frog semiten-
dinosus fiber suspended in Ringer's solution, Note
scalloped cell outline on left aspect, emphasized by
festooning of the diffraction bands. The festooning seen
through the light microscope should be interpreted with
caution, as the contour details are below the resolution
of the microscope. 1045X. B, electron micrograph
illustrating membrane festooning. The scalloped con-
tour is not well defined, but the sarcolemma (S)
appears loose and dips are apparent near the Z-lines.
Z,A, M, I label the typical cross banding of the sarco-
meres, (fc), 'fenestrated collar'!, portion of the
sarcoplasmic reticulum at the level of the M-line; T,
triads are formed by the transverse tubule centrally
and terminal cisternae of the sarcoplasmic reticulum
laterally; L, lipid. Sarcomere length approximately
2.4p. Frog semitendinosus muscle. From Street,
Sheridan & Ramsey, Med. Col. Virginia Quart., 1966.

2, 90-99. (59)
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This pattern and alignment was confirmed by early electron
micrographs (31, 36, 62, 63). Data of this nature may represent the
ultrastructural basis for the proposal of Martin (64), who evoked
membrane folding as a hypothesis to explain the constancy of con-
duction velocity in curarized frog sartorius fibers at lengths 67-
120% of resting length. He calculated that if the membrane were a
cylindrical tube, the decrements in fiber radius and membrane
thickness with stretch over this range should result in membrane
resistance and capacitance changes leading to a 50% increase in con-
duction velocity over the length range investigated. Electrical
parameters would be unaffected if the membrane merely unfolded.
Unfortunately, his calculations are not presented. Furthermore,
the membrane folds do not appear deep enough to allow such exten-
sive stretch without introducing membrane stress, although it is
possible that longitudinal membrane folds exist and also unravel with
fiber lengthening.

Electron micrographs reported by Street et al. (47), repro-
duced in figure 5-B, verify scalloping having depressions coincident
with Z-lines. The preparation involved frog semitendinosus and
sartorius fibers fixed at various lengths during contraction. In ad-
dition, the authors confirm a previous observation by Dorn (65) that
sarcolemma depressions also appear to occur at the level of the M-

line. They renew the suggestion originally made by Jordan (23) that
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this may signify M-connections to the sarcolemma serving to aid
Z-connections in maintaining alignment.

In light of present evidence, it seems reasonable to tentatively
conclude that interfibrillar fibrous connections exist at the Z-line
level serving as non-rigid connections interlacing the myofibrils and
extending to the sarcolemma (60). The sarcolemmal attachment of
such connections are to a thickened circumferential ring observed on
the inner aspect of the membrane at this level (60), coincident with
depressions or scallops in the longitudinal sarcolemma outline (47).
Recent evidence also suggests that connnections may exist at the
level of the M-line (47). It is important to note, however, that the
structural significance of membrane festooning is unknown, and such

a contour may not signify sarcolemma connections.

The Mechanics of Single Muscle Fibers at Rest

The previous section dealing with membrane ultrastructure
emphasizes the great complexity of this structure and its poorly un-
derstood relationships with other cellular elements, Siructural in-
formation is used in conjunction with morphological and physiological
correlations during various functional activities of the cell to derive
mechanisms of function. The discussion of single fiber mechanics
in the present section is therefore complimentary to the preceding

one for mechanistic interpretations.
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One of the most fundamental characterist.cs of muscle is its
length-tension behavior. There has been a long history of such
studies on whole muscle beginning with Weber (66) in 1846. The first
length-tension characterization of single fibers was carried out
much more recently by Sichel (67). Short central segments of single
frog sartorius muscle fibers were marked with carbon particles,
and were found to obey Hooke's Law when elongated. Defining fiber
stress as the force per unit cross-sectional area and strain as the
relative elongation referred to a particular reference length, the
fact that central fiber segments obeyed Hooke's Law signifies that
the stress-strain relationship was linear. Unfortunately Sichel does
not describe his determination of the reference length, but presum-
ably it represents the length at which the fiber first begins to exert
passive tension upon stretch as is customary. Furthermore, his
data only cover relative elongations over the range 1. 00-1.12. With
these facts in mind, he finds the ratio of stress to strain, the longi-
tudinal modulus of elasticity of the fiber segment, to be
2. 5x1 ()6 dynes/cmz.

The classic 1940 paper of Ramsey and Street (25) describes
their length-tension characterization of whole frog semitendinosus
single fibers. It is significant in that a much greater range of elong-
ations is investigated. These workers found a non-linear stress-

strain relationship concave to the stress axis for relative
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elongations as great as 2. 00. The results, however, do not signifi-
cantly differ {rom those of Sichel over the range of relative elonga-
tions between 1,00 and 1.12. The reference length was carefully
defined as that length at which maximum isometric tension was de-
veloped, and was called the "resting length'' of the fiber. At the
resting length so defined, the passive tension was less than 1 mg,
and it was empirically noted that this was the length at which the
fiber just became taut during stretch. Elongations were carried out
very slowly to allow for viscous equilibration.

Particular values on the length-tension curve vary among in-
dividual fibers. One obvious reason offered was that the fibers
varied in diameter., A typical example showed arbirary force values
of 0.0, 0.4, 2.3, and 8. 0 during slow elongation at respective rela-
tive elongations of 1. 00, 1.25, 1.50, and 1.75. The range of forces
found at an elongation of 1. 75 was 20-130 mg for six fibers, with an
average of 50 mg distorted by one high value. Thus there is much
interfiber variability. Slow elongation was described as a 5% in-
crease of length in not less than four minutes. Marked hysteresis is
present as slow release from the elongated state results in force
values of 0.0, 0.2, 1.0, and 8, 0 at the same elongations quoted for
stretch.

The laboratory of Buchthal and co-workers in Copenhagen has

published an enormous amount of data related to the behavior of
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single muscle fibers. A force-extension characterization of single
frog anterior tibial muscle fibers carried out by Sten-Knudsen (68)
is shown in figure 6. The agreement with the data of Ramsey and
Street for the average force required to induce comparable elonga-
tions is good, considering species and methodological differences.
The '"reference length'' defined by Sten-Knudsen refers to the fiber
equilibrated to a load of approximately 0.8 mg, and differs somewhat
from the value of length under a 5 dyne load which is customary for
the Buchthal laboratory (13,69-72). The latter workers agree with
the general fiber behavior found by Ramsey and Street and by Sten-
Knudsen as does Carlsen et al. (73).

Ramsey (74) feels that very slow elongation of single fibers is
necessary for reproducible results, as he finds rapid stretches give
inconsistent values. The effect is attributed to variations in the
amount of connective tissue remaining at various positions along the
fiber, rapid stretch resulting in disproportionate elongation of fiber
segments in inverse proportion to the amount of remaining endomy-
sium. The Buchthal school carries out stretches rapidly with sub-
sequent time allowance for tension adjustment (75). Following this
procedure, Sten-Knudsen (68) found that 1 mm segments of single
frog tibialis anterior fibers in various relative positions along the
cylinder axis elongated proportionately. The general agreement in

the results obtained by these two schools on intact fibers (68, 76)



Figure 6. Force-extension diagram of isolated anterior
tibial muscle fibers of the frog (A) at rest and (B)
during isometric tetanic contraction. Ordinate,
relative force (dynes/dynes), defined as the external
load borne by the fiber as a fraction of the force
at the point where the additional force during
activity is zero (intersection of A and B curves).
Abscissa, extension ratio (cm/cm), defined as the
fiber length divided by the ""equilibrium'' length of
the fiber (the fiber length when the external fiber
force was 0.8 + 0.2 dynes). Curves A and B
represent the average values found for nine ex-
periments, conducted at 0°C on fibers from Rana

esculenta and Rana temporaria, The vertical bars

indicate the standard error of the mean for the
nine experiments, From Sten-Knudsen, Acta
Physiol. Scand., 1953. 28, Suppl. 104, 1-240.

(68)
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implies that in intact fiber investigations either slow stretch with
immediately measurement or rapid stretch followed by measurement
delay to allow for tension adjustment leads to similar results. How-
ever, the disagreement in data from these two schools on fibers con-
taining retraction zones discussed in the next section may be due to
such methodological differences (68).

Two additional experimental approaches have been applied by
the Buchthal school to attempt mechanical resolution of fiber com-
ponents. One approach involves studying the dynamic behavior of
single fibers, in which mechanical parameters are noted during quick
stretch or release (transient experiments) and rapid, small, peri-
odic length changes (vibration experiments). In a second approach
depending on the anisotropicity of muscle, the mechanical character-
ization was carried out accompanying static and dynamic torsional
disturbances.

Transient experiments led to the conclusion that sudden step
changes in load result in length and tension changes consisting of two
components, an instantaneous pure elastic effect, and a prolonged
effect beginning with an initially high velocity that gradually disap-
pears (69, 77). The prolonged creep and stress relaxation of the
fiber proceed exponentially with time and last several minutes (77).
In agreement with the results of vibration experiments (76, 78}, the

stiffness, i.e., the ratio between the decreases in tension and
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length due to quick release, increased proportionately with the load
on the muscle (72).

Vibration experiments revealed that small periodic oscillations
result in length changes tﬁat lag behind changes in load (77). This
phase difference can be considered to consist of two components, an
elastic one and a viscous one. The elastic stiffneés of the fiber in-
creases linearly with load, whereas the viscous component rises
more slowly. An osmotically induced 20% decrease in cell water
content leads to a three-fold increase in both the elastic and the vis-
cous stiffness, while a 70% increase in fiber water gives no meas-
urable change. These results indicate the structural elements of the
fiber are in a state of maximum hydration at the normal osmotic
concentration. It also indirectly suggests that the muscle substance
contributes to passive stiffness.

Since the muscle fiber is mechanically anisotropic, forces of
interaction are different in various directions (69). A correlation of
longitudinal and transverse measurements may therefore be expected
to contribute to understanding of the minute structural elements re-
sponsible for fiber behavior (68). Resistance to twist can be de-
scribed in terms of general mechanical moduli just as can longitudi-
nal stiffness. Sten-Knudsen found that the torsional stiffness of
single tibialis anterior fibers is independent of deformation ampli-

tude and vibrational frequency up to 10 cps. Frequencies above



35

10 cps showed torsional stiffness increasing with frequency, the
value at 50 cps being 2. 6 times that at 10 cps. With increasing load,
the torsional stiffness increases in a parabolic fashion.

Sten-Knudsen also measured ratios of torsional to longitudinal
stiffness and found them to be 7-30 times less than would be expected
if the fiber behaved as a pure isotropic body {68). Comparing fiber
response with an ideally anisotropic model consisting of parallel
chains without entanglements shows the ratio to be 10-40 times
greater in muscle. These findings imply that transverse forces of
interaction must be present to account for the torsional stiffness of
the resting fiber. Such interactions would arise if the minute struc-
tural elements are cross-linked to form a three-dimensional net-
work (68, 75, 79).

In 1954 Natori (80) introduced a new technique allowing an ad-
ditional accumulation of information regarding mechanical contribu-
tions of fiber structures. Employing delicate microdissection pro-
cedures, the sarcolemma was removed from large expanses of
single toad fibers. The resulting skinned-fiber preparation is in
many ways the converse of membrane tube studies discussed in the
following section, as each is an attempt at isolating the sarcolemma
or the muscle substance for independent characterization. Length-
tension characterizations revealed that fiber compliances were the

same with and without the sarcolemma for lengths up to 140% of rest
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length, At greater elongations, the compliance of regions enclosed
by membrane was less than unenclosed segments. These results
represent additional evidence supplementing dynamic and torsional
investigations in suggesting that the muscle substance contributes to
passive rigidity. Analogous experiments carried out recently by
Podolsky (54) are in general agreement.

Skinning a muscle fiber of its sarcolemma is a drastic pro-
cedure. Undoubtedly more than membrane is removed or damaged.
The plasma membrane responsible for the maintenance of different
intracellular and extracellular environments is no longer present,
thereby exposing the sarcoplasm and myofibrils to foreign media.
Protoplasmic exposure to high calcium and magnesium concentra-
tions, which exist in the extracellular fluid, can cause rigid gelation
(81), while the fiber sarcoplasm is considered to be normally a
semifluid (82). Obviously, extensibility comparisons between
skinned and normal fiber regions are jeopardized by these consider-
ations, although the resultant conclusions concur qualitatively with
many further lines of evidence.

Gonzales-Serratos (83) recently described some elegant ex-
periments suggesting, in agreement with data from the Buchthal
school (68, 72, 79), that the myofilaments are cross-linked in the
resting fiber. Single frog semitendinosus fibers were isolated and

embedded in gelatin, Resting fiber lengths can then be altered in the
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direction of decreasing lengths by mechanical compression of the
gelatin block. As the fiber is shortened in this manner, a reduction
of sarcomere lengths was noted. The overall fiber remained
straight, but the myofibrils became wavy. Subsequent stimulation
resulted in a reversible straightening of the myofibrils.

A similar conclusion was reached by Grimm and Whitehorn
(84) from studies on isolated rat papillary muscle. Proteolytic en-
zyme addition reduced passive and active tension equally. Actomyo-
sin extraction reduced resting tensions, while myosin extraction did
not., This suggests that actin is more directly involved in the main-
tenance of resting tensions. Recent observations of Parsons and
Porter (85) on contracting muscle fibers in cultured cells imply,
furthermore, that the force restoring the resting length of the sarco-
mere comes from the contractile elements themselves and not from
external elasticity. Individual myofibrils were seen to seek a
kinked configuration following relaxation if the overall fiber was
fixed in a configuration shorter than rest length, Thus a wealth of
independent evidence assigns a significant role to the muscle sub-

stance as a contributor to resting fiber elastic behavior.

Mechanics of Fibers Containing Retraction Zones

The phenomenon of muscle fiber retraction zones was briefly

mentioned in an earlier section., The fact that a region of membrane
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free of solid intracellular material results from retraction zone
formation (see figure 7, page 46) was recognized by several workers
as an opportunity to explore the mechanical properties of isclated
sarcolemma. The basic experimental design employed, with minor
variations, has been to compare relative elongations of empty tube
regions with intact segments of the same fiber. Comparison of the
two types of regions regarding their extensibilities is then used to
assess the proportion of the load in the resting fiber borne by the
sarcolemma. This extrapolation assumes that the same radial
stresses are active in both intact and tube segments, that the mem-
brane in the tube portion has not had its mechanical properties al-
tered by damage or by a change in environment, and that the tube
region contains a fluid, i. e., amaterialincapable of bearing shearing
stresses, so that all force is carried by the membrane.

Sichel's studies on the mechanical properties of central seg-
ments of single frog sartorius fibers have been discussed (67). The
qualitative conclusion is also expressed that length changes of tube
and intact fiber regions markedly favor the former during stretch,
indicating that although the sarcolemma exhibits appreciable elas-
ticity, it is but a fraction of the total fiber elastance. Unfortunately,
this statement is not supported by data, the detailed analysis of this
phenomenon being reported in a later paper {86). Using a similar

procedure to his previous experiments, Sichel finds that the
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elongation of tube regions was on the average 2. 2 times that of intact
fiber regions, the range being 1.1-4.2. The lowest values were ob -
served in tube regions where the coagulum had not separated cleanly
from the sarcolemma. Itis concluded that the intact fiber should re-
sist extension by more than twice the sarcolemma alone.

The elegant paper of Ramsey and Street (25) appeared in the
year preceding Sichel's second report. This work and subsequent
discussions by these authors (74, 87, 88) thoroughly treats their data
and viewpoints on tube region manipulations and the implications re-
garding cell mechanics. The basic tube region experiment was
conducted on whole frog single semitendinosus fibers with the varia-
tion that the relative elongations of tube regions were compared to
length changes of the whole fiber. As for intact fibers, length alter-
ations were induced slowly (74). Two lines of evidence were offered
implying that the sarccljlemma carries the entire brunt of passive
loads. Injured tube regions were found to lengthen in approximately
the same proportion as the intact fiber during stretch. Secondly,
the resting tension of an injured fiber is precisely the same, at the
same lengths, as that of the same fiber before injury. Thus these
facts were contradicted by the later data of Sichel (86).

The methodology of Ramsey and Streetl is an important con-
sideration. Fiber tensions were recorded by optical magnification

of the deflection of a relatively stiff quartz cantilever attached to the
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fiber tendon. The limiting factor in data acquisition was felt to be
the linear measurement of the magnified lever excursion. For a
load of 100 mg, the magnified excursion was approximately 10 cm
and was read to an estimated 0.5 mm. At high loads (more than
100 mg) the accuracy was therefore at least within 1%, but for small
loads of say 5 mg the error could be as much as 1 mg, or 20%.
Within these limitations, these workers found that the resting tension
was entirely due to the sarcolemma, since any contribution by the
muscle substance could not have been greater than 1 mg at any de-
gree of stretch (88).

The Buchthal school of workers has carried out extensive in-
vestigations on retraction zone tube regions. They have used the
basic experimental design essentially as described in that compari-
sons of relative elongations were made between tube regions and in-
tact segments of the same fiber., Contributions by this school began
in 1942 (69), when the results of Ramsey and Street (25) were ob-
jected to on the grounds that the sarcolemma in tube regions ap-
peared to be in a disproportionate state of elongation. The siress
fields in intact and tube region membranes are therefore different
and hence comparisons of relative elongation are cautioned. The
Buchthal discussion was in conjunction with mechanical studies on
single frog semitendinosus fibers. It was these objections offered by

Buchthal et al. in 1942 that led to the Ramsey paper of 1947 (88)
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offering a defense for their reasoning and in turn concluding the
reasoning of the opposition was unsound.

A thorough experimental treatment of tube region elongations
appeared from the Buchthal laboratory in 1951 (70). The conclusion
was reached, with reservations, that the sarcolemma does not con-
tribute to the elastic modulus of the cell until the intact fiber has
been stretched to about 1,5 times the "equilibrium length". The
conclusion should be somewhat reserved in that evidence is also pre-
sented suggesting that the sarcolemma in tube regions is either in
an incomparable state of tension or is plastically deformed, thereby
negating comparisons, Intact single frog semitendinosus fibers
were isolated, and injury was subsequently induced by gentle
mechanical compression.

Breaking stresses and strains were also determined. Casella
noted that stretching a damaged fiber always results in rupture with-
in an empty tube segment. The breaking stresses and strains were
on the average 38 and 34% less in injured versus normal fibers re-
spectively. Breaking forces of intact fibers at 20°C were on the
average 4350mgandoccurredat a mean strain of 3. 39 cm/cm.
Further experiments compared fiber equilibrium length determina-
tions before and after artificial mechanical injury with subsequent
formation of retraction zones. The equilibrium length of the fiber

increased an average of 25% after retraction zone formation. The
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change in equilibrium length varied with the extent of injury and was
noted to be as much asléo%. This data leads Casella to conclude
after Buchthal et al. {69) that the sarcolemma in tube regions is in a
stress state incomparable with normal regions in the same fiber. It
is important to realize that Casella induced injury in normal fibers
stretched to 140% of equilibrium length, while Ramsey and Street
(25) do not state conditions at the time of injury but it apparently was
at much lower stresses {75). Casella finds furthermore that during
extension of injured fibers, the tube region elongates relatively more
than intact regions. Within the retraction zone proper, there is
equal relative elongation in the tube region, the clots at each end of
the tube, and in the segments of disorganized muscle substance on
either side.

The methodology employed by Casella is typical of the Buchthal
school. Thus stretches were carried out rapidly with subsequent
time allowance for tension adjustment to the new length, The data
of Mauro and Sten-Knudsen (71) indicates that length-tension curves
of injured frog semitendinosus fibers rapidly produced and sequen-
tially repeated indicate marked non-reproducibility. The extension
arm of the first curve actually lies above the same for the intact
fibers, and enormous hysteresis is manifest in the overall loop.
Subsequent loop determinations shift along the strain axis, show re -

duced hysteresis, and eventually approach the curves shown by
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Casella. Mauro et al. induced injury at lower fiber elongations, in-
dicating that the methods of injury inducement and stretch are critical
parameters. This consideration is undoubtedly significant in explain-
ing discrepancies between various workers. Casella also noted that
stretch of an injured fiber containing tube regions results in the ap-
pearance over time of new retraction zones, adding additional inter-
pretive complexities.

The main objective in tube region studies has been the elucida-
tion of the relative roles of muscle substance proper and sarcolemma
in bearing passive loads. Since a major obstacle is the separation
of components for independent analysis, Buchthal and Weis-Fogh
carried out additional experiments on insect flight and abdominal
muscles, which are peculiar because they possess merely a meshy
remnant of sarcolemma (13).

Injured insect cells exhibited behavior markedly different from
frog fibers. Insect fibers underwent a decrease in equilibrium
length upon injury, while the tube diameter equaled its original value
in the intact fiber. Most fibers show equilibrium length increases
(70) and tube radial reduction (25, 70). The diameter of the cross-
striated content increased, suggesting this peculiar behavior may be
due to non-specific swelling. Upon stretch, fiber rupture always
occurred in tube regions. In some instances, stretch of uninjured

abdominal muscles gave normal resistance to stretch until the
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muscle substance broke leaving an empty tube region. The force
immediately decreased toward zero, and upon subsequent stretch,
the preparation thereafter followed length-tension curves typical of
injured fibers (13). This evidence, along with the lower breaking
stress of tube regions, is claimed as a demonstration that the main
resistance to passive stretch must be assigned to the striated mus-
cle substance (10, 13, 72).

This concludes the available information relating to intact and
tube region comparisons of fiber mechanical properties. Obviously
the sarcolemma as a material has considerable structural strength.
The evidence is inconclusive, however, in either quantitatively
characterizing the sarcolemma in terms of parametric moduli or in
evaluating the role of this membrane in fiber mechanics. Of the
three major assumptions involved in such experiments, only one has
been supported by data. This involved the apparent mechanical com-
parability of tube and normal segment membranes (24). Evidence is
presented implying the incomparability of tube to normal regions be-
cause of differential membrane stress states (69, 70), negating a
second assumption. No evidence or discussion of the third assump-
tion as to whether or not the tube region contains a true fluid sub-

stance is offered in the literature.
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Occurrence and Morphology of Retraction Zones

The classic treatise of Schwann (20) in which he proposes the
cell theory of biological organization has been mentioned. This
monumental manuscript also alludes to a peculiar phenomenon ob-
served in insect muscle, in which the muscle substance of individual
fibers was seen to be separated but held in juxtaposition by the re-
maining cell membrane. Such cellular regions, which are now
designated as retraction zones (figure 7}, are of great importance to
the present treatment because of their involvement in the literature
and because their use is employed in the present investigation.

Historically, many authors have noted conspicuous clots ac-
companying degeneration in injured skeletal muscle fibers. Bowman
(21) clearly illustrates them in his classic paper of 1840 for the
muscle fibers of boa, man, skate, and frog. Zenker's monograph
on the degeneration of human skeletal muscle accompanying typhoid
fever calls attention to waxy formations included within some de-
generating fibers (89). The most characteristic feature of this type
of skeletal muscle disorganization, which has come to be known as
Zenker's waxy degeneration, is the phenomenon of muscle clotting.
Muscle clotting, or the formation of retraction clots, is followed in
many instances by subsequent retraction zone formation (45).

Following Zenker, many investigators have studied muscle
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Figure 7. Photomicrographs of retraction zones, {A) un-
stained, and (B, C) stained for emphasis of con-
nective tissue. A, fresh single muscle cell from the
tibialis anticus of the frog, illuminated by a combina-
tion of transmitted and reflected light, A few
minutes before taking the photograph the cell was
gently damaged by mechanical compression, re-
sulting in the eventual formation seen here. The
muscle cell contents have divided, retracted, and
formed two clots seen at each end of a region of
sarcolemma tube, 340X. B, low power photo-
micrograph of a retraction zone stained for con-
nective tissue by Laidlaw's silver impregnation
method. Retraction zone geometry is distorted be-
cause the fiber became twisted during preparation.
320X. C, oil immersion photomicrograph of the
central portion of the retraction zone seen in B,
illustrating the fibrils associated with the sarco-
lemma. 1200X. A,B, and C from Mauro & Adams,
J. Biophys. Biochem. Cytol., 1961. 10, 177-185,

(24)
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fiber disruption of the waxy type. Cohnheim (90) showed that cutting
off the blood supply to the tongues of frogs by ligating blood vessels
was followed in the course of two days by Zenker's waxy degeneration
of some tongue muscle fibers. Waxy degeneration of voluntary mus-
cle is also seen in association with pneumonia (91, 92), and it be-
comes apparent that the phenomena of retraction clotting and retrac -
tion zone formation are of an importance far exceeding their
attraction from curiosity and morphological peculiarities advanta-
geous for muscle cell membrane investigations. Artificial insults
can also produce such characteristic disorganizations, as slight in-
jury with a dissecting needle (93), contracture induced by tetanus
toxin (94), tenotomy (95), and caffeine administration {96) have been
noted to induce similar formations,

Nageotte (97) observed that two kinds of irregular, deeply
staining, transverse zones of extreme contraction may be produced
in fibers. In one type ''congelation'' occurs in the zones of extreme
shortening so that the contraction is irreversible. Such formations
are equivalent to muscle clots. In the other type congelation does
not occur, and the zones of extreme contraction slowly relax until
normal conditions are again restored. The clotting phenomenon
seems to be a result of properties of the contractile material itself
that become apparent as a non-specific response to various insults,

The wide occurrence and previous lack of a thorough
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investigation of clotting and retraction zone formation led Speidel
(45, 98) to attempt an alleviation of this deficiency. He succeeded ad-
mirably as these works stand by themselves as authorities on the

subject. In the first paper, Speidel (98) shows from work on in vivo

fibers of living tadpoles that the origin and growth of a retraction cloi
can be precisely correlated with the progressive transformation of
individual sarcomeres, during both partial and total disorganization
of the cross-striated muscle substance. Such data points to the
intracellular origin of material forming the clot, and therefore the
dependence of clot formation on properties of the muscle substance.
Also, the entire sequence of regulation and repair of individual
fibers in which retraction clots or zones had been induced was di-
rectly observed in the living animal. Fiber regeneration was seen
to proceed by an initial establishment of longitudinal traction and the
appearance of cross-striations. The fiber then grows in diameter b
200-300% or more, with the elastic sarcolemma accommodating it-
self to the larger size.

Speidel's investigations (45, 98) sampled frog tadpoles and
various representatives of arthropod and mammalian species. As
noted by other workers the phenomena described were found to fol-
low a wide variety of insults including electrical injury, starvation o.
malnutrition, solutions of alcohol, sodiumn chloride, many other

chemical agents, hot water, and mechanical injury. A whole
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spectrum of clot formations from very fine discs to large clumps
with retraction zone formation may follow the injury, the type of clot
depending on the nature and severity of injury, the past history of
the fiber, and its developmental stage. Clotting is consistently
oriented in a transverse direction to the fiber axis, eventually en-
veloping the whole fiber cross-section as it grows. Individual clots
also accumulate muscle substance from neighboring sarcomeres as
do the clots found in retraction zones.

Casella (70) offers a vivid description of damage development
following mechanical compression of the fiber in a localized area.
At the moment of compression a strong local contraction could be
observed at the point of injury, which transformed into an opaque ir-
regular clot over a period of a few minutes. As time progressed,
the clotted fiber contents retracted progressively, leaving a tube of
empty sarcolemma at both sides of the center-clot which had formed
at the point of injury. Also, regions at the perimeter of damage
along the fiber gradually would lose their cross-striations, and re-
tract more and more until the fiber was divided into a portion with
intact cross-striation and unchanged diameter, regions consisting of
clots with irregular diameters, segments occupied by empty sarco-
lemma tubes with reduced diameters and, finally, areas situated
between normal and clotted regions characterized by an unchanged

diameter and by granular disintegration of the cross-striation. The
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spread of disorganization occurred at a declining rate and was es-
sentially complete within an hour, although additional spread could
be induced by stretching the fiber. The morphology associated with
various forms of damage has been beautifully illustrated by Thoma
(93).

A consideration of importance in addition to retraction zone
morphology is that of sarcolemma ultrastructure in this region.
The membrane has obviously not been completely disrupted mechani-
cally, as it is still capable of transmitting significant loads (70). But
the ultimate objective is knowledge of sarcolemma in intact cell re-
gions, and it is therefore mandatory to know the comparability of
normal and tube region membranes.

Pertinent electron microscopic data exists on this point (24).
The plasma membrane and amorphous layer were seen to be still
closely associated, although the integrity of the plasma membrane
layer varied from appearing to be superficially intact through vari-
ous degrees of disintegration. In some instances only remnants were
present, leaving the amorphous layer as the only intact member of
the continuous membrane phase. The two fibril layers appeared
normal in ultrastructure. Regarding physiological activity, repeated
attempts to demonstrate EMF and electronic responses have met
with failure (24), although on occasion contractile activation can

cross over empty tube regions (19, 45).
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In spite of the lack of physiological activity, the empty tube re-
gion of retraction clots does seem to provide a reasonable model of
normal cell membrane as regards structures thought to be involved
in the mechanical properties. The mechanical properties of the
sarcolemma are usually attributed to the two outermost fibril layers
(19, 24). The measurements of the breaking stress of tube region
membrane by Casella (70) showed that the scatter of such determina-
tions was small. If marked disruption generally occurred in sarco-
lemma mechanical components during retraction zone formation, a
wide range of values for breaking stress would be expected. Ca-
sella's evidence suggests, in contrast, that the tube region mem-
brane is mechanically intact. Furthermore, a lack of significant

mechanical contributions by the plasma membrane is implied.

Theoretical Construct

The general morphology of retraction zones was described in
the previous section. This unique system provides an opportunity
for characterization of the mechanical properties of the sarcolemma
based upon a mathematical model involving a thin shelled cylinder
under internal pressure. The literature does not offer evidence in-
dicating that zone contents are truly fluid in nature. However, ex-
perimental data reported later in the present treatment confirm this

assumption of previous workers., It is therefore appropriate to
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introduce at this time a theoretical description of relevant model
systems.

Consider a thin cylindrical elastic shell containing and sur-
rounded by fluids under pressure (fig.ure 8). We require that all
sections of shell material taken perpendicular to the cylinder axis
have the same thickness and elastic properties, i.e., that the
cylinder is homogeneous. However, for generality we do not re-
quire that the material be isotropic, which implies that the elastic
constants in various directions through an element of shell material
do not have to be identical. We define P as the trans-shell pressure
gradient, being the internal minus external pressure, and stipulate
in addition that this gradient must be greater than zero. The seg-
ment of the cylinder under investigation is considered to be far re-
moved from the actual ends of the cylinder so that end effects may
be neglected. Static fluid systems are specified so that the pressure
gradient across the shell wall is everywhere constant.

The following derivation is adapted from Burton (99). The in-
ternal and external pressures act everywhere at right angles to the
wall of the cylinder. A unit length of tube has a surface area, A,
of mDD, where D is the diameter. The net force, F, tending to ex-
pand a unit length of cylinder in the radial direction is then given by

F = PA = nDP,

The force holding this expanding force in equilibrium per unit length
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Figure 8.

Diagramatic representation of the physics of a
cylinder under internal pressure. The indicated
equations are derived in the text. Symbols: A,
area (cmz); D, cylinder diameter {cm); R, cylin-
der radius (cm); P, excess internal hydrostatic
pressure (dynes/cmz); F, force (dynes); TS,
circumferential tension (dynes/cm); Tp, component
of longitudinal tension (dynes/cm) due to pressure
P. A, equilibration of forces in the circumfer-
ential direction. A cylindrical segment of unit
length has an area wD and therefore is subjected

to a pressure force TDP. This force is held in
check by Ts' B, equilibration of forces in the
longitudinal direction. The pressure force exerted
longitudinally is equal to PA, where A is the cross-
sectional area of the cylinder. The longitudinal

pressure force is balanced by Tp.
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of the tube is the circumferential tension in the wall TS.

By equating the expanding and restraining forces, a relation-
ship is determined between the trans-shell pressure gradient P and
the circumferential tension TS. To do this the principle of virtual
work is applied to the present system with the realization that Ts
can be expressed either as force per unit length or as energy per
unit area. The principle of virtual work states that if a small dis-
placement is made from the equilibrium position, as increasing the
tube radius from R to R + dR, the work done must be equal to the
change in shell energy that would result. In such an expansion, the
pressure will do work equal tc 2 RPdR per unit length of tube re-
sulting in an increase in shell energy of ZTrTSdR over this segment,

Equating and making the substitution D/2 for R, we have

2rRPdR

2nT dR,
5

15
]

PD/2

1

For equilibrium then, the circumferential tension must always
equal one-half the product of the trans-shell pressure and the
diameter.

In addition to the circumferential tension, there must also be a
longitudinal tension in the wall of a cylindrical shell if it is to be in
equilibrium with the trans-shell pressure. The total resultant of all

pressure forces acting on the end of a central segment of a cylinder
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is equivalent to the force that would be exerted on a plane partition
at right angles to the cylinder axis and closing off one end. This
force would be 'rrRzP. 157 Tp is the longitudinal force in the wall per
unit circumferential length, the restraining force over the wall
cross-section is ZwRTP. Apgain equating expanding and restraining
forces and substituting D/2 for R,

"n-RZP = 2nRT ,
p
T = PD/4.
p

Comparison of the equations for Ts and Tp shows that for the par-
ticular case of cylindrical geometry the circumferential tension al-
ways equals twice the longitudinal tension in a tube subjected to in-
ternal pressure forces only. If the cylinder is also subjected to
external loads along its axis, the resulting tension (force per unit
circumference) in the cylinder wall adds to the pressure component
e HP

p

The above derivations are very simple and completely disre -

gard any considerations of the properties of the material making up
the wall of the cylinder. The same relationships can be derived be-
ginning from the assurption that the shell material exhibits linear
"'stress-strain'' characteristics. That is to say, the shell material

is considered as the prime entity which reacts to external forces via

internal stresses (force per unit cross-sectional area) and strains



(change of length per unit reference length). Such an analysis not
only predicts the pressure-tension relationships described above,
but also relates these quantities to the parametric elastic moduli
describing the behavior of the shell material. Furthermore, addi-
tional information arises regarding end effects and geometrical
changes under various load situations important to the present model.
Such relationships appear from solution of the differential equations
of the system, which requires the introduction of important boundary
conditions. The assumptions and predictions of the theory of thin
elastic shells as presented by Kraus (100} will therefore be discussed
in detail below., 'The derivation of the equations describing the
system will be omitted in the light of their meticulous treatment by
this author and their great complexity.

In the three dimensional theory of elasticity, the fundamental
equations occur in three broad categories. These categories con-
sist of equations of motion obtained from a balance of the forces
acting on some fundamental element of the medium, strain-displace-
ment relations found from a strictly geometrical consideration of the
process of deformation, and lastly the constitutive law of elasticity
(Hooke's Law) which is introduced to provide a relationship between
the stresses and strains in the elastic medium, The solutions of
problems in three dimensional elasticity theory involve vast com-

plications which have been overcome in only a few special cases.



57

One such special case involves elastic shells that are '"'thin', being
analogous to practical situations in which the ratio of radius of
curvature to shell thickness is 10 or more. The introduction of
several simplifying assumptions including the requirement that the
shell be thin has led to a subdiscipline within the theory of elasticity
known as the theory of thin elastic shells. Predictions and as-
sumptions of this latter theory for thin elastic cylindrical shells
under internal pressure will now be reviewed.

The most basic assumption in thin shell elastic analysis is
that the shell is thin, The actual implications of this assumption are
specified more specifically in two additional restrictions. Normals
to a reference surface chosen within the shell are required to remain
normal to it and undergo no change in length during deformation.
The assumption of the preservation of the normal implies that all of
the strain components in the direction of the normal to the reference
surface vanish. This further implies that there is no shear stress
interactions between the normal and the plane of reference. A
second assumption justified by the shell being thin is the neglect of
normal stresses, since these forces have a negligible lever arm
through which to act. The thecry also depends on shell deflections
remaining small so that all derivations and calculations can be re-
ferred to the original configuration of the shell, and, together with

Hooke's Law, assures that the resulting theory will be a linear
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elastic one. The sheil substance is assumed to be homogeneous but
is allowed to be orthotropic.

It will be noticed from the above discussion that only small
deflections with linear stress-strain behavior are allowed, The
sarcolemma does not meet either aspect of this assumption as will
be shown later. Fortunately this fact does not negate qualitative
predictions of material behavior from thin elastic shell theory. It
implies, however, that quantitative estimates of certain boundary
condition behavior are cautioned and parametric moduli cannot be
generally specified as constants but must rather be qualified to the
stress-strain-history state of the cylinder wall.

The pressure-tension relationships predicted by both thin shell
theory and static considerations are relatively simple. However,
they are also of limited validity, being true only when considering
segments of cylinders far removed from boundaries or concentrated
load points. The objective of the present analysis is to model re-
traction zones of single muscle fibers so that pressure-deformation
data can be effectively evaluated. Obviously, retraction zone mor-
phology as previously described is far from being representative of
true cylindrical geometry. As a general rule, retraction zones show
a curved longitudinal contour, although in especially long zones the
central region is seen to be cylindrical for long distances while being

curved only near the ends (see Results section). It will presently be
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shown that this phenomenon is typical of thin elastic cylindrical
shells under internal pressure if bending resistances are included in
evaluating shell behavior and if edge loads are present at the ends.
This is a reasonable model of retraction zones as the clots which
form at either end of the empty tube segment are of much larger
diameter than normal fiber regions implying that significant radial
stresses are present at these points. The additional considerations
of bending resistance and edge loading do not change the equations
presented above in any way except in shell regions approaching
boundaries or points of concentrated loads.

Applying the above considerations to the differential equations
describing shell elastic stress and strain relations leads to some
very pertinent results. The net effect of adding boundary conditions
and edge loadings in addition to pressure-dependent relationships is
to introduce distortions of the previously presented equations as re-
traction zone ends are approached. Such distortions are common to
all shells regardless of the nature of the shell material. The f{inite
range of shell regions near ends where such distortions are present
is a function of particular system parameters. Thus for a homo-
geneous orthotropic thin elastic cylinder under internal pressure with
end effects manifest, a decay length can be defined which represents
the distance from a particular end at which end effect disturbances

have fallen to about 4% of their maximum value, Specifically, thig
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decay length Lc is given by the expression

1/4
i, = aZhZ . Ex /
e T T3l -v v E
P XS 8% s
where .
LC = decay length (cm),
a = cylinder radius {(cm},
h = shell thickness {(cm),
LA Poisson's ratio relating the effect on longitudinal strain
of circumferential stress (cm/cm),
v = Poisson's ratio relating the effect on circumferential
5% strain of longitudinal stress (cm/cm),
Ex = elastic modulus in the longitudinal direction (dynes/cm"™),
2

E = elastic modulusinthe circumferential direction (dynesfcm )

S

for the above model. Thus, it is seen that the decay length is a
function of the radius, thickness, and elastic properties of the
cylinder. It must be remembered that in considering retraction
zones we are not justified in applying equations such as this quanti-
tatively. However, the gqualitative prediction of the presence of end
effects and the resulting distortion of purely pressure dependent
behavior is not impaired.

For the present analysis, it is therefore necessary to establish
criteria for the use of retraction zones. Depending on the membrane

elastic parameters and retraction zone length, it is possible that
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boundary conditions from the two zone ends may overlap in central
membrane areas. The evaluation of pressure-dependent data free
from end effect distortions implies the use of retraction zones long
enough to contain central cylindrical regions responding purely to
internal pressure in the circumferential direction. Boundary effects
are signaled by geometrical disturbances, most obviously by an in-
crease in diameter. Thus a reasonable criteria would be to use only
those zones which possess definite cylindrical central segments,
with all geometrical measurements being restricted to this central
region. Such zones are less common than ones possessing finite
longitudinal curvature throughout their length, but do exist as shown

in the Results section.

Experimental Design

The preceding section describes the predictions generated
from a mathematical model system anticipating retraction zone
morphology. The theoretical development is of a very general
nature indeed as a minimum of assumptions were introduced. Al-
though the shell material is required to be homogeneous so that
similar stresses in different membrane elements results in similar
strains, the shell material is allowed to have different elastic
properties in various directions, and is considered dependent upon

boundary conditions and arbitrary loadings through wall bending



62
resistances as well as normal elastic properties. General retraction
zone behavior appears to closely follow qualitative predictions of the
model, and by analogy it may be argued that parameters found to be
of importance in the model are also active in the sarcolemma.
Through morphological studies, many important internal forces and
torsional interactions of the membrane can therefore be qualitatively
assessed.

Pertinent quantitative information is also .accessible, although
the number of experimental parameters that can be gquantitated
during forced distortions of retraction zone membrane are limited.
It is very fortunate that the derivations of characteristic equations
governing shell behavior lead to surprisingly simple results for
certain special cases. Thus if length and diameter changes can be
correlated with determinations of the trans-membrane pressure
difference and the external load borne by muscle fiber in central
cylindrical segrments of long retraction zones, this limited data pro-
vides a powerful tool for assessing mechanical properties of the
membrane. These length, diameter, pressure and force measure-
ments provide sufficient data to characterize the force-extension
relationships of the shell material independently in both the longi-
tudinal and circumferential directions. The characterization com-
pletely describes the behavior of the shell material within the stress

L}
limits investigated, provided the cylindrical geometry is maintained.
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The empty tube regions of muscle fiber retraction zones thus offer
an excellent system for mechanical investigations on the sarcolemma,
provided the criteria for avoiding end effect distortions are honored.

To provide the proper data for membrane characterization,
therefore, length and diameter measurements must be correlated
with internal zone pressure under conditions in which external longi-
tudinal loads can be quantitated and under controlled conditions of
environmental pH, temperature, and medium substrate content. To
insure freedom from restraints imposed by neighboring cells, single
muscle fibers are used, and to enable maximum correlation with
previous work the frog semitendinosus is the muscle of choice. In-
ternal hydrostatic pressure in the zone can be controlled by inserting
a micropipette, the lumen of which is thereby made continuous with
the empty tube region interior and pressure generating, recording,
and calibrating equipment. Since high optical magnifications are re-
quired for pipette insertion and geometrical measurements, the ex-
perimental chamber employed must be adapted for attachment to a
microscope stage to allow high power viewing and chamber position-
ing. Direct mechanical measurements should be supplemented with
morphological studies of retraction zone behavior to see if membrane
properties are compatible with the model system.

Several important aspects of the proposed experiment should

be examined in control experiments. It is reasonable to assurne that
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under increased internal pressure retraction zones may leak, there-
by jeopardizing pressure recordings. Some estimate of the magni-
tude of leakage and its effect on pressure quantitation should be
attempted, Further experimental controls should include tests of
preparation reliability and studies indicating whether or not retrac-
tion zone membrane is a reasonable mechanical model of the sarco-
lernma in normal fibers.

Certain features of data interpretation have been mentioned.
The main experimental objective was the determination of particular
mechanical properties of the sarcolemma in retraction zones. It
will be shown that the observed mechanical properties can be most
logically explained in terms of a fibrous network, composed of in-
dividual elements having a specific force-extension relationship and
geometrical arrangement. The implications of the proposed struc-
tural hypothesis regarding the known functional properties of single

muscle fibers will be discussed,
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MATERIALS AND METHODS

Acquisition and Housing of Frogs

Summer frogs (Rana pipiens), three to four inches in body

length, were obtained from a local biological outlet and used through-
out the study. The animals were native to Sinaloa, Mexico, where
environmental temperatures of 50-100°F prevail. They were there-
fore not refrigerated but rather housed at room temperature in the
laboratory, retained in a plastic tub with a wire mesh lid. The
housing tub was inclined to allow the animals a choice among a pool
of fresh water, a dry area, and a region of moist moss.

The first animal to jump in response to partial removal of the
housing tub lid was selected for an experimental procedure. Not all
acquired animals were used, as those deemed "unlively' or showing

symptoms of the disease ''red leg'' were discarded.

Isolation of the Semitendinosus Muscle

The experimental animals were rendered unconscious by a
sharp blow to the head, decapitated, and their spinal cords were
pithed. They were then placed supine, ventral side up, in a large
petri dish, where the muscle isolation procedure was performed
after allowing a few minutes for random muscle contractions induced

by pithing to subside.



66

Muscle isolation was initiated with a skin incision along the full
length of the ventromedial aspect of the upper leg, followed by sec-
tion of the knee attachments of the exposed Satorius, Adductor mag-
nus, and Rectus internus major and minor muscles. These muscles
were freed from underlying tissues by blunt dissection as far proxi-
mally as possible, thereby exposilj.g the medial and lateral heads of
the Semitendinosus. The medial head of the Semitendinosus was then
removed from the animal by sequentially cutting the proximal tendon,
associated connective, nervous and circulatory tissue as the muscle .
was reflecied distally and, finally by section of the distal tendon in-
sertion and the lateral head of the Semitendinosus. The isolated
muscle was thoroughly washed with Ringer's solution (Table I} and
placed in Ringer's for storage in the refrigerator.

The Semitendinosus muscles from both legs were isclated to
provide a spare muscle for fiber isolation. During the muscle iso-
lation procedure, Ringer's solution was applied frequently to exposed
tissues to prevent drying. The same Ringer's medium was used for
all preparatory, storage, and experimental procedures, and was
identical to that employed by Ramsey and Street {25) augmented with
100 mg% glucose. The isolated muscle was stored overnight at

2-4°C before an experiment.
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Modified Ringer's solution composition (after Ramsey,

glucose added).
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et al,, with

NaCl
KCl1
NaH2P04
NaZHPO4
CaCl,
Glucose

Na

+
K

++
Ca

Ccl

H

HPO

pH

o~

.5 grams/liter
.20 grams/liter
.23 grams/liter
.87 grams/liter
.20 grams/liter

.00 grams/liter

.5 mEq/liter
.7 mEq/liter

.8 mEq/liter

138,

121.

12.

0 mEq/liter

0 mEq/liter
.9 mEq/liter

2 mEq/liter

136.

0 mEq/liter
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Isolation of Single Muscle Fibers

Individual fibers were isolated from the muscle in a small
chamber (figure 9-A) containing provisions for fiber mount and
temperature control of the Ringer's medium. Coils embedded below
the dissection chamber were connected to a system maintaining a
rapid circulation of ice water (figure 9-B), permitting the tempera-
ture in the isolation compartment to be maintained at 3-4°C. The
cold temperature prevented an undue rate of fiber deterioration that
otherwise occurred, probably in response to metabolites released
by damaged tissue.

After activation of the temperature control system, one muscle
was removed from refrigerated storage and mounted in the dissection
chamber in such a way that small fiber bundles were exposed for
isolation. The muscle was fixed at an extremely slack length by
pinning the tendons, carefully pulled apart under lateral traction,
and held as a thin rectangular sheet by appropriate placement of dis-
secting pins. In this manner the tendon, which takes the form of a
sheet as it enters the muscle normally, was retained in a lateral
orientation. This procedure greatly facilitated fiber exposure, as
individual fiber terminations were thereby extended over a wide
lateral plane, rather than in their accustomed oblique and staggered

fashion for some distance along the muscle axis.
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Figure 9.

A, Photograph of the dissection chamber. Petri dish (a),
serving as the chamber proper, is embedded in dental
acrylic (b) contained in a metal film case {c¢}). The petri
dish rests on coils embedded in the dental acrylic (not
shown), permitting temperature control of chamber con-
tents. The preparation is mounted on an elevated plate
(d), perforated to allow fluid circulation and access of
mounting pins to the underlying silastic rubber layer (e)
in the bottom of the chamber. Three irregular holes cut
from the silastic layer allow more efficient heat ex-
change with coils. Small cup (f) is used for transport of
an isolated fiber to the experimental chamber.

B, Photograph of the dissection apparatus. The dissec-
tion chamber is connected through tubing to a stainless
steel reservoir. The reservoir rests in a plastic tub,
which is packed with ice during an experiment. Water
contained in the reservoir is thereby maintained at 0°C,
and is circulated through the experimental chamber en-
casement by a Bronwill Constant Temperature Circulator,
extending into the reservoir from external mounts.
Microdissection is aided by a Bausch & Lomb dissecting

microscope, model SKVB-73.
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Further dissection was accomplished with the aid of a dissect-
ing microscope at 20-40X magnification. Single fiber isoclation was
initiated by clamping the tendon sheet on the side opposite to the at-
tachment of a small selected bundle of fibers, followed by freeing of
this tendon area and the attached fibers from their neighboring ten-
don and bundles. The retained bundle was freed from other bundles
for approximately half its length to the region of nerve entry. The
exposed fibers were cut midway between tendon and nerve with longi-
tudinal traction applied to progressively reduce bundle cross-section.
It was not found necessary to dissect the severed fibers from those
remaining, because the divided fiber became free of the major por-
tion of the remaining bundle. Fiber sectioning was continued until
one fiber remained. The broken fibers were cleaned from both the
tendon and nerve ends of the fiber with dissecting scissors, and the
original bundle was cut just past the nerve, A bundle of cut fibers,
firmly interconnected with connective tissue associated with the
nerve, was thereby retained at the nerve end of the fiber segment to
serve as the mounting terminal on the fiber end opposite the tendon.

This procedure allowed a long segment of a single fiber to be
isolated very rapidly (5-10 minutes) without the necessity of contact-
ing the final fiber with dissection instruments. Occasionally, it was
found necessary to tease apart small bundles of 2-5 fibers for short

distances to allow entry of the dissecting scissors. Small syringe
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Figure 10.

A, Photograph of the experimental chamber. Co-
ordinate and descriptive axes are indicated, relative to
the orientation of the chamber on the microscope in the
experimental situation. The chamber proper {a) is an

L -shaped compartment, 1.2 cm deep, with provi sions
for inflow and outflow of fluid (clamped tubes). Each of
the two stainless steel wires (b) and (c} extending into
the chamber is connected to an independent micrometer
drive, indicated as (d) and (e) respectively. The left
(front) extension arm (b) also contains a strain gage ele-
ment (f) lying in the x-y plane. The associated wiring
runs to a connector mounted on the binding post.

B, Photograph of the experimental chamber mounted on
the microscope. The experimental chamber (a) locks
into a chamber holder (b) replacing the microscope stage
slide clamp, permitting control of chamber position with
the stage controls (¢} and {d) relative to the objective
lens {e). The strain gage (f) is connected via wiring to a
cable socket (g) mounted on the same binding post as the
micrometer drives. (h) and (i) are the fiber support

arms. Coordinate and descriptive axes are indicated,
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Figure 11.

Fiber mounting apparatus in the experimental
chamber. Minute rubber bands (a) clamp the
terminal tufts (b) of an isolated fiber segment

(c) to the stainless steel extension arms (d).

The position of the mounted fiber as it is situated
during the conduct of an experiment is indicated
with respect to the chamber baseplate, surface
of the fluid (e), micrometer drive assemblies,
the objective lens (f), and the coordinate and

descriptive axes.
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These directional definitions are indicated diagrammatically in
photographs of the chamber alone (figure 10-A) or mounted on the
microscope {(figures 10-B, 12), and in the diagram of the mounted
fiber (figure 11). The experimental chamber (figure 10-A) is ori-
ented on the microscope such that the two micrometer drives are to
the left of the chamber proper when viewed by the experimenter sit-
ting in front of the microscope (figures 10-B, 12), and control move-
ment in the front-to-back direction (parallel to the z axis). The
fiber is mounted near the left side of the chamber, midway between
the chamber baseplate and the surface of the solution. The chamber,
when mounted on the microscope, can be positioned with the stage
controls so that the fiber axis intersects the vertical optical axis of
the microscope, the latter being parallel to the y coordinate axis,
The large expanse of open chamber to the right of the fiber provides
space for a micropipette to be horizontally oriented parallel to the
% axis, and therefore perpendicular to both the fiber and the optical
axis of the microscope.

The experimental chamber was locked into a special holder in
place of the microscope stage slide clamp, allowing control of fiber
position relative to the objective lens along all three coordinate axes.
The objective employed was a Cooke-Baker 40X air lens (NA 0. 7)
which had been waterproofed for use in Ringer's solution by applying

calking material to all glued junctions. Access of substage
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Figure 12,

Photograph of experimental apparatus. Note the
indicated co-ordinate and descriptive axes. A
Leitz micromanipulator (a) controls pipette po-
sition via an extension arm (b) extending into the
experimental chamber (c). All equipment rests
on a plate (d) covering a concrete weighing table
(e). The microscope rides on a small platiorm
supported by roller bearings (f) and moved by a
rack-and-pinion device (g} along the z axis. The
pressure generating syringe with the bolt drive
removed (h) and the pressure transducer (i) can

be seen in the background.
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illumination to the preparation was provided through a hole cut in
the chamber holder and by virtue of the transparency of the plexi-
glass baseplate of the chamber.

Mention was made above to the fact that a micropipette, ori-
ented parallel 