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PREFACE

Muscle is unique among tissucs in demonstrating to the cyc even of
the lay person the convertibility of chemical into kinctic energy.

The precise manner in which this is done is a problem, the solution
of which has been pursued for many years by workers in many different
disciplines; yet only in the last 15 or 20 ycars have the critical findings
been obtained which have enabled us to build up some sort of general
picture of the way in which this transformation of energy may take
place. In some cases the studies which produced such rich results were
carried out directly on muscle tissue. In others, collateral studies on
other tissues were shown to have direct application to the study of
muscular contraction.

Prior to 1930 our knowledge of muscle was largely restricted to the
macroscopical appearance and distribution of various muscles in
different animals, to their microscopical structure, to the classicstudies
of the electro- and other physiologists and to some basic chemical and
biachemical properties. Some of the latter studies go back a number of
years and might perhaps be considered to have started with the classic
researches of Fletcher and Hopkins in 1907, who demonstrated the
accumulation of lactic acid in contracting frog muscle. This led very
shortly afterward to the demonstration by Meyerhof that the lactic
acid so formed is derived from glycogen under anaerobic conditions.
The lactic acid formed is quantitatively related to the glycogen
hydrolyzed. However, it took until nearly 1930 before it was established
that the energy required for the contraction of a muscle was derived
from the transformation of glycogen to lactic acid.

This was followed by the isolation of creatine phosphate and its
establishment as an energy source for contraction. The isolation of
ADP and ATP and their relation with creatine phosphate as expressed
in the Lohmann reaction, were studies carried out in the thirties. What
might be described as a spectacular claim was made by Engelhart and
Lubimova, who in the 1940’ said that the myosin of the muscle fiber
hac.l ATPase activity. The identification of actin and relationship of
ac'tm and myosin 1o muscular contraction, the advent of the electron
microscope and its application with other physical techniques to the
study of the genAeral morphology and ultrastructure of the muscle
ﬁbex§ were eventsin the 1940°s which greatly developed our knowledge
of this complex and most mobile of tissues,
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In the 1950 the technique of differential centrifugation extended
the knowledge obtained during previous years of observation by
muscle cytologists and electron microscopists to show the differential
localization of metabolic activity in the muscle fiber. The Krebs cycle
and the rest of the complex of acrobic metabolism was shown to be
present in the sarcosomes—the muscle mitochondria.

This is only a minute fraction of the story of muscle in the last 30
vears. Many types of discipline have contributed to it. The secret of
the muscle fiber has been probed by biochemists, physiologists,
histologists and cytologists, clectron microscopists and biophysicists,
pathologists, and clinicians. Pharmacologists have insulted skeletal,
heart, and smooth muscle with a variety of drugs, fr ritre, ir tire,
and in exterso; nutritionists have peered at the muscle fiber after
vitamin and other nutritional deficiencies; endocrinologists have eyed
the metabolic processes through hormonal glasses. Even the humble
histochemist has had the temerity to apply his techniques to the muscle
fiber and describe results which were interesting but not as yet very
illuminating—but who knows where knowledge will lead. Such a
ferment ofinterest (astatement probably felicitously applied to muscle),
in this unique tissue has produced thousands of papers and many
distinguished workers, many of whom we are honored to have as
authors in this compendium.

Originally we thought, the publishers and I, to have @ book on
muscle which would contain a fairly comprehensive account of various
aspects of modern research. As we began to consider the subjects to be
treated it became obvious that two volumes would be required. This
rapidly grew to three volumes, and even so we have dealt lightly or
not at all with many important aspects of muscle research. Never-
theless, we feel that we have brought together a considerable wealth of
material which was hitherto available only in widely scattered publica-
tions. As with all treatises of this type, there is some overlap, and it is
perhaps unnecessary to mention that to a certain extent this is desirable.
It is, however, necessary to point out that most of the overlap was
planned, and that which was not planned was thought to be worth-
while and was thus not deleted.

We believe that a comprehensive work of this nature will find favor
with all those who work with muscle, whatever their disciplines, and

that although the division of subject matter is such that various
categories of workers may need only to buy the volume which is
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especially apposite to their specialty, they will nevertheless feel a need
to have the other volumes as well.

The Editor wishes to express his special appreciation of the willing
collaboration of the international group of distinguished persons who
made this treatise possible. To them and to the publishers his heartfelt
thanks are due for their help, their paticnce, and their understanding.

Emory University, Atlanta, Georgia Georrrey H. Bourne
October 1, 1959
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Despite the variety of form and function throughout divergent
phyla, it is an interesting reflection that the motive power throughout
the animal kingdom with few cxceptions is muscle (Pautin, 1956),

The muscular system confers the grace of the human body in
movement or at rest. The paramount virtue of muscle, its contractility,

is the basis of physical culture, a fundamental principle in m

any

aspects of treatment in orthopedic surgery, and invaluable in the
cxamination of the nervous system, when the clinician, by testing the
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1. RLLATION TO MOVEMFPNT AND POSTURE 3

C. Diston

Apart from phylogenetic inheritance, the form of a muscle i
determined by its function, which, in turn, requires compromise
between power, speed, and range of movement. The more one regards
the formation of the body, the more one appreciates the beauty off
the design—the mass of the muscle bellics placed to avoid interference
with movement and tapered to tendons or blended with aponcurotic
sheets where joints must be free or where muscle is unnecessary.

The striated, voluntary, or skcletal muscles, comprising about 40%,
of the weight of the body, are made up of bundlcs of fibers—cach
fiber embedded in finc connective tissue (the endomysium), cach
bundie in a sheath of perimysium, and all the bundles of the complete
muscle invested by the sheath of the musele, the epimysium,

D. Lexcri or Muscrr Finers

Individual fibers may be patiently dissected by hedgehog spines
and a little weak alkali or acid or boiling to soften the conncctive
tissuc. Fibers may be traced from the tendon of origin to the tendon
of insertion and may be morc than 30 cm. long in the sartorius muscle,
as shown by Lockhart and Brandt (1938). These authors never found
several fibers interdigitating in the length of a muscle between the
tendons of origin and inscrtion, an arrangement which had frequently
been described.

Muscle fibers never gain direct attachment to bone, as tendon
always intervenes. It is the endomysium, perimysium, and epimysium
which blend with the tendon; indceed, there is not enough area of bone
to afford attachment for all the muscle fibers. ’

E. TenDONs AND FIBER ARRANGEMENT

Where short muscle fibers are adequate for the movement required
tendon saves the more specialized muscle tissue. Again, the use of'z:
long tendon cord allows a muscle belly to exert its full power upon
a distal point, and, further, the tendon may ply around a pulley
Yvhereby the muscle exerts a line of pull divergent from the
its own length. Tendons may run along or into the body of
the muscle fibers being attached to one side in the u
types of muscle, to both sides in the bipennate,
to multipennate forms where several tendons invade t’h

axis of
a muscle,
nipennate
and giving rise
¢ muscle (Fig.l) )



2 R. D. LOCKHART

power of the various muscle groups, reveals the state of their nerve
supply as intact or defcctive. Again, happiness or depression, vigor
or weariness arc not only emotionally registered by the facial muscles
but are also depicted by the muscular system in the whole poise of
the individual.

A. Tue IsporTANCE OF STUDYING MUSCLES IN THE LiviNe Bopy

Since many of our muscles are superficial and easily scen and felt
in action, no apology is made for stressing at the outset the elementary
fact, often overlooked, that the beginner may learn much about the
activity of muscles, independent of all textbooks and literally at first
hand, merely by resisting the movements of a companion’s limbs with
one hand while the other hand identifies the muscles which alternately
harden with the movement and soften with the reverse movement.

More than two hundred years ago, Winslow (1732) stressed the
necd for experiment upon the muscles in the living subject; one
hundred and thirty five years later Duchenne (1867) showed the
fallacies of study by scalpel upon the dead instead of by “electrisation”
upon the living; more than fifty years ago Beevor (1904) again insisted
that the action of muscles must be studied upon the living body. But
even scven years ago, it was still nccessary for the distinguished
clinician F. M. R. Walshe (1951) to state in his foreword to the
reprint of Beevor’s “Croonian Lectures on Muscular Movements”,
issued by the publishers of the journal Brain, that Beevor’s valuable
studies are already to a large extent lost and that neither the clinical
neurologist nor the experimental physiologist can afford this loss today.
For the details of the action of individual muscles, beyond the scope
of this text, the reader will find a mine of interest in the brilliant works
of Duchenne and Beevor.

B. NOMENCLATURE

Muscles have been named from a variety of their features—for
example, from attachments (sternomastoid), action (supinator), di-
rection (rectus), situation (gluteus), structure (triceps), size (magnus),
and shape (trapezius), Many are designated by composite terms such
as flexor digitorum profundus. It is interesting to note, in passing, that
few muscles recerved special names until the early eighteenth century.
Previously numbers were given to muscles in regional groups, by Galen
and Vesals while Leonardo da Vinci applicd letters in lus illustrations.
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moves, thereby gaining speed at the loss of power that a longer lever
would have obtained. At the clbow, for example, a wide and rapid
movement of the hand results from a comparatively small muscular
contraction,

F. Tnr: Moror or Nrurosoror Uxir

The nerve supplying a muscle contains both motor and sensory
fibers, almost half of them sensory. A single motor nerve fiber, an
axon, is responsible for the innervation of a definite group of muscle
fibers, sending a filament to each muscle fiber of the group. In a large
muscle such as gluteus maximus, there might be 200 muscle fibers in
cach group, but only 5 muscle fibers in the groups comprising a small
muscle moving the cyeball, An impulse in a single axon would activate
the smallest number of muscle fibers that can be engaged. Accordingly,
an cye muscle axon stimulating only 5 muscle fibers will produce a
more delicately precise action than a gluteal muscle axon stimulating
200 muscle fibers at the least. Each muscle is a company of ncuro-
motor units, with cach unit comprising a nerve cell, its axon, and its
group of muscle fibers,

In moderate activity of a muscle the units work in relays providing
continued action without fatigue. The more powerful the action
required, the more units act at the same time. The smaller the part
of the body to be moved, the smaller the muscle, the more rapid its
action, and the smaller the unit. The activity of the motor unit system
may be responsible to a certain extent for the tension or tone always
present in a muscle even when it is at rest, although clcctromyogmphy
does not support this theory. Possibly the tone is due to the inherent
clasticity of the muscle. All efferent nerves to voluntary muscle
stimulate the muscle to contract; there are no efferent nerves to
produce relaxation. Relaxation is achieved by reducing or terminating
the neuromotor stimuli. Repeated exercise, as in a course of physical
training, increases the thickness of the muscle fibers, which, at birth,

are twice as thick as in the fourth month embryo and one-fith of
the adult thickness.

G. THE NEUROVAsSCULAR HiLum

Vessels and nerves enter a muscle, as a rule, at a definite cleft the
s

neurovascular hilum. These hila have been determined fc i
muscles by Brash (1955), ed for the limb
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So much attention has been accorded to muscle that there is apt to
be neglect of the importance of tendon in its role as buffer guarding
the limbs against the danger of sudden strain and speed that muscle
-lone -would incur. Again, a strctched tendon by its elastic recoil
merteses the muscular action (Hill, 1951),

&lthough the term “origin” is usually applicd to the proximal or

(c)

Fic. 1. Types of muscle fiber and tendon arrangement. A. Fusiform and unipen-
nate: flexor carps radialis and flexor pollicus longus. B. Bipennate: rectus femoris.
C. Muluipennate: deltod

less mobile point of a muscle’s attachment, the term “insertion” to the
distal and more mobile attachment, the action of a muscle may be
reversed. For example, in chimbing up a rope the body is pulled
toward the arms and the insertions of the muscles into the arms are
the more fixed pownts. Then again, in the foot and leg the terms are
unfortunate since the muscles usually act when the foot is applied
to the ground.

Usually, in the limbs, a muscle 15 inserted just beyond the joint it
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1l. MUSCULAR ACTION
A, Tae Avoust or ContracTioN or A MuscLy Finex

It is possible for a muscle fiber fully stretched to contract to 577,
of its length (Haines, 1931), this amount generally corresponding 1o
the degree of movement permitted at the joint between the bones
involved.

B. MuscLes or SHORT OR INSUFFICIENT ACTION

The fibers of certain muscles, however, are so short that they do
not cxccute the full movement possible between their attachments,
as exemplified in the biceps femoris, semimembranosus, and gastro-
cnemius, When these muscles are fully contracted the knee is not fully
bent and in further flexion of the joint these muscles, described as
of short action or insufficient action, are no longer taut. Again, some
muscles may be unable to relax sufficiently to allow full movement
to occur at a joint in certain conditions; for example, the hamstring
muscles, when the knee is extended, will not relax enough to give
full flexion at the hip, a state of passive insufficiency which will be
discussed subsequently under the ligamentous action of muscle.

C. MuscLE Toxus or TexstoN; Use or THE TeRMs CoNTRACTION,
RELAXATION, “CONCENTRIC” AND “EXCENTRIC™ AcTION, ACTIVE
SHORTENING AND LENGTHENING, ADAPTIVE SHORTENING,

AND LENGTHENING

Tonus of muscles has already been discussed in the Section I, F
neuromotor unit, Because of their tone, there is no slack to be taken
up by a muscle before it contracts. It must be emphasized that a
muscle may be described as contracted in the sense of being firm,
tense, or active without implying shortening, indeed a muscle may be
exerting its greatest power when fully stretched.

When the arm is raised to the horizontal, the deltoid muscle (Fig. 3)
is felt firmly contracted and when it is lowered in the absence of

F1c. 2. Acuvity of trapezius and sarcospinalis. The trapezius muscles are raisi
the arms against resistance while the two heavy ridges in the lower part of th, l‘:s HE
show the activity of the sacrospinalis muscles in maintaining the erect posture i
the heavy leverage upon the arms. Reproduced from “Living Anatfmy" bya E]::“Bt

Lockhart (1959) (Court: f F: . i
Lock Yorkg ! ) ( esy of Faber & Faber, London; Oxford University Press,
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1. RELATION TO MOVEMENT AND POSTURL 9

nervous system through reflexes in the spinal cord activated by stretch
stimuli from the museles and stimuli from the skin, the cyes, and
vestibular structures., Posture under reflex control has been described
as the basis of movement, because movement starts from and ter-
minates in a posture; indeed, the stand at case position, according
to Hellebrandt (1938) is in reality movement upon a stationary base.
Sway is inscparable from the upright stance and the altered batance

4

F}c. 4. Deltoid flaccid, pectorals active When, however, the arm is pulled down
against resistance, the weight sinks into the suddenly Naccid deltoid and its anta-
gonists such as the pectoral and latissimus dorsi muscles come into actron. Repro-
duced from “Liang Anatomy” by R. D. Lockhart (1959) (Courtesy of Faber &
Faber, London; Oxford University Press, New York).

causes new stretch stimuli. As long as the balance is steady, in the
erect posturc there is very hitle and in most persons no detectable
acnvxlty in the trunk, thigh, and anterior leg muscles but the calf
muscles are active (Joseph ¢t al., 1955; Joseph and Nightinga

1954, 1956; Floyd and Silver, 1955). The li};e of the cgen::rg o}cg":angsif,
passcs behind the hip joint and in front of the knee and ankle jointsy
While the higaments in front of the hip and behind the kuee mi\.
momentarily take the strain before muscles are employed to rctrievz
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resistance the muscle is still felt firmly contracted while, under tension,
it controls the gravitational descent of the arm as a crane lowers a
werght. In the ascending arm it is actively shortening and in the
descending arm it is actively lengthening or rclaxing., These actions
arc sometimes, in physiotherapy and physical training colleges,
described respectively as “concentric” and “excentric”. During the
ascent of the arm the muscles which can oppose the movement must

Fic. 3 Deliowd active, pectorals flaccid. Whether the arm is being raised or
lowered, the weight rides upon the firm deltoid, which not only rases the arm but
also controls its gravitational descent, respectively contracting or paying out under
tension as a crane lowers a weight Contrast with Fig. 4.

adaptively lengthen or relax, and during the descent they must
adaptively shorten. When the descending arm encounters resistance,
the deltoid (Fig. 4) becomes suddenly flaccid and adaptively lengthens

while the muscles puling down the arm become firmly contracted in
active shortening

D. MuscLeEs MAINTAINING POSTURE AGANST GRAVITY

Muscles maintaining posture against gravity, sometimes termed
anti-gravity or postural muscles, are under the control of the central
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the balance, the calf muscles are always active, The delicate precision
with which the trunk muscles control balance is casily appreciated
by feeling the spinal muscles contract when one merely raises an arm
forward (cf. Figs. 2, 10). Again, with onc hand on the back and the
other on the front of the trunk, the alternate contraction and relaxation
of the muscles accompanies a slight to and fro movement, The activity
of a muscle maintaining the erect posture is no different from that in
exccuting 2 movement. Although a muscle may frequently have such
a postural role, it is no different from other muscles.

The importance of museular action in relation to gravity concerns
every muscle and movement. The sternomastoid muscle is usually
described as flexing the head and neck but it never does so unless it is
working against resistance or gravity as in a person rising from the
supine position; otherwise flexion of the head and neck is due to
active lengthening of the muscles on the back of the neck. To take
an example from the upper limb, stretch the arm horizontally (palm
up) and then slowly bend the elbow. The biceps will be felt firm and
the triceps on the back of the upper arm soft until the forcarm is
vertical, but the moment flexion continues across the plumb line the
biceps becomes soft and the triceps firm. If both flexion and extension
movements are resisted then obviously the biceps is active throughout
the whole of flexion and the triceps throughout the whole of extension
(Figs. 5 and 6).

Alterations in posture precede the majority of movements to sccure
the best attitude for the best performance. Indeed, it is a cult assid-
uously practiced in games.

To be caught on the wrong foot can be literally expressive. In rising
from a chair the first act is to bring the feet under the center of
gravity. The starting attitude of the sprinter and the natural movement
of a horse in first stepping backward in order to lean its weight
forward 1n starting to pull a heavy load illustrate the same principle.

In the standing posture, although electromyography finds only the
calf muscles active, the anterior leg muscles are certainly felt firmer
than in a leg which is hanging free and much firmer still if the erect
person leans forwards. The anterior tibial muscle must play its part
in maintaining the arch of the foot. Because of the normal action of
the calf muscles plantar flexing the foot in the leg hanging free,
dorsiflexion from this position, as 1n placing the foot upon the ground,
increases the tension in the call muscles. With the foot upon the
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12 R. D. LOCKHART

ground, leg muscles pulling from the foot increase tension upon the
fascial stocking cnsheathing the leg muscles.

In walking, the initial forward inclination of the trunk is made by
relaxing the tension of the hamstring and calf muscles in both limbs.
As the right foot leaves the ground, the trunk is balanced by a tilt
to the left. The right limb swings forward flexing at knee and hip and
extending as the heel touches the ground. The impetus in the push-off
in walking, running, and jumping is given by the propelling limb
extending at the knee and hip and plantar flexing at the ankle. The
left limb now propels, the left heel is raised by the calf muscles and the
weight, at first carried by the whole foot, is shifted forward. The final
take-off is from the metatarsal pad region, especially that of the great
toe. The final impetus is derived from the flexors of the toes. Alter-
nately during walking, at each push-off, the cxtending limb pushes
downward and backward and the body is propelled upward and
forward to be caught as its trajectory begins to fall by the opposite
himb swinging forward in front of the body.

E. MuscLE PowEeR, RANGE, AND SPEED OF MOVEMENT

The muscle with the greater number of fibers is the more powerful,
and the longer the fibers in a muscle the greater its range of movement.
The long narrow strap-like sartorius with its parallel fibers cffects a
wide movement, but it does not have the power of a short multi-
pennate type like the deltoid. As the strength of a muscle depends
upon the sum of the arcas of cross section of the separate fibers, weight
for weight the muscle with the greater number of fibers is the stronger.

Speed is an intrinsic quality varying with individual muscles, in-
herent in the biochemical and physicochemical makeup of the muscle
and not dependent alene upon the nerve supply. The smaller the
structure to be moved, such as the eyeball, the more rapid its muscles,
compared with the heavy gluteus maximus muscle moving the trunk
and lower limb. According to Sotavalta, (1947) the wing muscles of
a gnat beat at the rate of 1/1000 of a second while the sca anemone
takes 4 minutes to contract (Pantin, 1956).

Muscles are accurately designed for their usual work. A compromise
exists between power, speed, and range, according to the differences
in number of fibers, their length, intrinsic speed, the position in relation
to joints, and the weights to be moved.

The finest athletic achievements depend upon a remarkable effi-
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ciency in timing the various associated movements to a nicety. A, V.
Hill (1951) cites the record throw of a cricket ball which leaves the
fingers at a rate of about 82 miles per hour, a result achicved by the
summation of the velocity of each successive part of the body's move-
ment added to that of the previous parts—a principle probably more
readily appreciated in the parallel of the cracking whip where the
ultimate velocity of the tip breaks through the sound barrier,

F. IsoMETRIC AND IsoTONIC CONTRACTION

When a muscle fails to lift a weight beyond its strength, although its
tension is maximal, its length is unaltered and its condition is described
by the somewhat contradictory terms isometric contraction.

In isotonic contraction, the length varics but the tone remains the
same.

G. VoruNTary MoveseNT

Skeletal or striated muscle is frequently termed voluntary muscle
but this is a figure of speech because only the movement is voluntary,
We have no frecedom in sclecting the muscle which carries out the
movement. Indeed, there are usually several muscles involved in a
definite pattern of activity and timing and we arc incapable of altering
the pattern or increasing or decreasing the numbers involved by even
one member. In the simple action of jutting out the thumb laterally,
the muscles on the front and back of the ulnar side of the forcarm are
seen and felt contracting to prevent the whole hand moving in the
same direction. Even if the thumb muscles are paralyzed, the ulnar
muscles contract the moment the movement is attempted.

According to the parts they play—principal or supporting in a
movement—muscles arc described as prime movers, antagonists,
fixation muscles, and synergists.

H. PrivMe Movers AND ANTAGONISTS (Figs. 3—10)

The prime movers are the principal actors. They actively bring
about the desired movement, The antagonists must relax to allow the
pr'fmc movers to operate. Despite its name, the antagonist assists the
prime mover, It is as important in a good system of training to secure
full relaxation as well as full contraction of a muscle. Indeed, in some
]Jc.ople, the pectoral muscles are so tight that the arms cannot be
raised erect, and calf muscles in most people prevent the full amount
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ground, leg muscles pulling from the foot increase tension upon the
fascial stocking ensheathing the leg muscles.

In walking, the initial forward inclination of the trunk is made by
relaxing the tension of the hamstring and calf muscles in both limbs,
As the right foot leaves the ground, the trunk is balanced by a tilt
to the left. The right limb swings forward flexing at knee and hip and
extending as the heel touches the ground. The impetus in the push-off
in walking, running, and jumping is given by the propelling limb
extending at the knee and hip and plantar flexing at the ankle. The
left limb now propels, the left heel is raised by the calf muscles and the
weight, at first carried by the whole foot, is shifted forward. The final
take-off is from the metatarsal pad region, especially that of the great
toe. The final impetus is derived from the flexors of the toes. Alter-
nately during walking, at each push-off, the extending limb pushes
downward and backward and the body is propelled upward and
forward to be caught as its trajectory begins to fall by the opposite
limb swinging forward in front of the body.

E. MuscLE PowER, RANGE, AND SPEED OF MOVEMENT

The muscle with the greater number of fibers is the more powerful,
and the longer the fibers in a muscle the greater its range of movement.
The long narrow strap-like sartorius with its parallel fibers cffects a
wide movement, but it does not have the power of a short multi-
pennate type like the deltoid. As the strength of a muscle depends
upon the sum of the areas of cross section of the separate fibers, weight
for weight the muscle with the greater number of fibers is the stronger.

Speed is an intrinsic quality varying with individual muscles, in-
herent in the biochemical and physicochemical makeup of the muscle
and not dependent alone upon the nerve supply. The smaller the
structure to be moved, such as the eyeball, the more rapid its muscles,
compared with the heavy gluteus maximus muscle moving the trunk
and lower limb. According to Sotavalta, (1947) the wing muscles of
a gnat beat at the rate of 1/1000 of a second while the sea anemone
takes 4 minutes to contract (Pantin, 1956).

Muscles are accurately designed for their usual work. A compromise
exists between power, speed, and range, according to the differences
in number of fibers, their length, intrinsic speed, the position in relation
to joints, and the weights to be moved.

The finest athletic achievements depend upon a remarkable effi-
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of dorsiflexion at the ankie. When the prime movers arc contracting,
the antagonists, although not stimulated, are immediately ready to
steady the part as a guy rope it securing precision of movenment, Asan
act of volition, of course, we can set in firm tension both prime movers
and antagonists at the same moment just as a professional strong man
accentuates his muscles in a pose for exhibition.

1. FIXATION AND ARTICULAR MUscLEs

Fixation and articular muscles fix the base upon whiclh the movement
carried out by the prime movers is made, During movements of the
upper limb, the scapula is steadied by fixation muscles such as serratus
(Figs. 3 and 4}, and the head of the humerus is kept in position on the
scapula by small articular muscles which prevent the head of the
humerus fromssliding when thearmisraised-—muchintheway thataman
places his foot upon one end of a long ladder while his companion raises
the other end. Anyonewho hashad the exasperating experienceof trying
to raisc a ladder too long for him single handed will have a keener
appreciation of the value of a fixation muscle. The rectus abdominis
muscles become painful in repeating the exercisc of raising both legs with
the body supine, not because they act directly on the limbs but because
they must fix the pelvisin counteracting the heavy Ieverage of the limbs.

J. SynERGISTS

Special instances of fixation muscles, controlling movement at
proximal joints and thercby enabling prime movers to act upon a
distal joint, illustrate muscular syncrgy as explained in the legend to
Figs. 7 and 8. However, both fixation muscles and synergists prevent
loss of power and there is no rigorous distinction between them.

K. Tue Grour AcTioN oF MuscrLes

Prime movers, antagonists, fixation, and synergist muscles perform

Fics. 7 and 8 M lar synergy or d actron, The firml i
always bent backwards (extended) at the wrist, but the fingers los):: ill::;iheg ﬁ:;n‘;
open when the wrist 15 forcibly bent forwards (flexed), a method of COmpglllll’)l an
assailant to drop his weapon. The extensor muscles cannot stretch far enou %\ te
allow the flexors full action both at wrist and fingers. Accordingly these twog i 01
muscle groups co-ordmate n a precise synergic or combined action whereb: mﬁ‘
extensors confrol, or fix, the proximal wrist joint while the flexors clench th ﬁy o
at the distal jomnts. Reproduced from “Living Anatomy” by R. D, Lockh: . 1“9%55
(Courtesy of Faber & Faber, London; Oxford University Press, Ne‘w York?“ ¢ )
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shortened with the result that full dorsiflexion of the foot can no longer
be obtained. In marked cases, the person may experience painful
discomfort in walking with heelless shocs. This is onc of the causcs of
flat foot and is easily remedied by resuming the customary heel, In the
above cxamples the muscles are passively insfficient, a condition
already discussed in Scetion 11, B.

N. Assoctated or CoorrRaTive AcTioN

The terms associated or cooperative action may be quite properly
applied to the group action of prime movers, antagonists, fixation
muscles, and synergists, but usually it refers to more remote muscles
which act in unison. For example, the head and often the trunk turn
in the same direction as the cyes. In fact, it requires a little premedi-
tation if not practice to move the eyes without automatically turning
the head in unison.

Ifthe pads of the thumb and forefinger of the right hand arc pressed
very lightly together the other three fingers can be casily moved to
and fro by the left hand, but if the thumb and forcfinger arc tightly
compressed the other fingers become immobile. Again, tight closure
of the cyes by the orbicularis oculi muscles is accompanied by a faint
drumming in the car as the stapedius muscles contract in unison
(Gowers, 1896).

O. Muscres NEVER AcT IN DIAMETRICALLY OPPOSED MOVEMENTS

The fact that a muscle happens to be favorably placed for the
execution of a movement and even the fact that it does so under
clectrical stimulation provide no guarantee whatever that, in the
normal state, the muscle does carry out this movement. It has been
stated that the sternomastoid, when the head is bent backwards, is
able to induce further extension. But Beevor demonstrated a case of
paralysis of the extensor muscles of the back of the neck in which,
with the patient supine, and the head well back in good position to be
further extended, the patient actually relaxed the sternomastoid when
asked to extend the head.

The pectoralis major, a most interesting muscle, has two parts, a
clavicular and a sternocostal (Fig. 9). Both act together in adducti,on
of the arms. But in pulling down the arm against resistance, only the
sternocostal part is active; the clavicular part is inactive although well

placed to depress the erect arm (Fig. 9). In raising the arm, however,
s
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together in most mavements, Their cooperation is described as group
action. But the term is also applied to a group of prime movers or
antagonists, where each group comprises a rival tecam. If the surgcon
transplants the tendon of an antagonist to take the place of a paralyzed
prime mover, then the transplanted muscle will continue to act with
its old team in the accustomed pattern of reciprocal activity until a
conperative patient re-educates the muscle (Dunn, 1920).

L. Tue Duar Action ofF MuscLEs

Lual action of muscles is exemplified by a muscle taking part in
two distinct, but not opposite, movements. The biceps is both a
“exor of the elbow and a supinator of the forcarm, and, as the result
of cortical injury, the power of one movement may be lost and
the other movement retained. In conjugatec movements of the eye-
balls the medial rectus muscle of each eye may act with the lateral
rectus of the opposite eye but fail to act in convergence of the cyes
with the opposite medial rectus (Beevor). Apart from voluntary
movements, as in the above examples, muscles may also be engaged
in bilateral involuntary movements. Latissimus dorsi in its unilateral
voluntary movement adducts the arm against resistance, but both
latissimus dorsi muscles have also an involuntary bilateral action
in coughing or sneezing, an expiratory function easily felt by placing
the hands against the lower ribs and coughing. If the clinician finds
the bilateral action rctained and the unilateral lost, then he has
valuable evidence that the lesion is cerebral and not spinal or
peripheral (Beevor).

M. Tue LiaMENTOUS AcTION OF MuscCLES

The ligamentous action of muscles is well seen in the inability of the
hamstring muscles to relax sufficiently to allow full flexion at the hip
joint when the knee is extended and accounts for inability to touch
the toes and to maintain or even attain the high kick position. Pectoral
muscles may be unable to stretch enough to allow the arms to be
raised erect. To get the arms erect, the person bends the vertebral
column backwards. Again, the calf muscles, always much heavier than
the anterior leg muscles, a feature characteristic of man, tend to draw
up the heel producing plantar flexion of the foot when the body is
recumbent. The wearing of heels, even in men’s shoes, has the same
effect in ultimately allowing the calf muscles to become permanently
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two minutes when the circulation is prevented, and within another
minute impossible (Merton, 1956).

Tem 10 Amaton £Eo0 0 [ . L .t

- P . L)
1esstance, while on the left the trapezius is firmly contracted in raising the left arm
against resistance,

At the beginning of this chapter the importance of determining the
action of muscles in the living body was stressed. In conclusion it
must again be reiterated that despite the scalpel, electrical stimulation,
and electromyography, the method of reinforcing the action of
muscles by resisting the patient’s movements, so admirably demon-
strated by Charles Beevor, is simple, immediate, and provides both
student and experienced physician with literally first hand information,
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the clavicular part is active and the sternocostal relaxed (Fig. 9). This
is an instance where a knowledge of the two attachments, origin and
insertion, of a muscle is no guide to the action.

Fic. 9, Actions of pectoralis major muscle, The right arm 1s raised against resist-
ance and the left arm lowered agamst resistance. The clavicular part of pectoralis
major is active in the right arm and inactive in the left arm, The sternocostal part is
inactive in the right arm, so that the pencil may be depressed into the muscle, and
active 1n the left arm 5o that the penal cannot be impressed into the muscle. The
upper fibers of trapezius, the antertor fibers of deltoid, and the biceps are seen active
on the subject’s right side and flaccid on hs left,

Reproduced from “Liwving Anatomy” by R. D. Lockhart (1959) (Courtesy of Faber
& Faber, London; Oxford University Press, New York).

P. MuscuLar FaTicue

The fact that an air cuff when appled to stop the circulation in a
limb exhausted by heavy exercise prevents the recovery of strength
until the circulation recommences, seems to indicate that the muscle
and not the nervous system 1s the site of the fatigue. The act of writing,
an intricate and skilled but hght exercise, becomes difficult within
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I. VOLUNTARY, SOMATIC, OR SKELETAL MUSCLE
A. GCNERAL ARCHITECTURE

In considering the detailed structure of voluntary muscle, it is helpful
to begin by cxamining a section through a whole muscle, such as
the superior rectus muscle of the cyeball (Text Fig. 1, and Plate 1,
Fig. 1). Surrounding the muscle there is a connective tissue sheath
called the epimysium, from the deep surface of which septa pass into
the muscle at irregular intervals. These septa, which constitute the
perimysium, invest bundles (fasciculi) of muscle fibers, the bundles
being of somewhat angular outline in section and of different sizes.
Subdivision of the larger bundles into two or three successively smaller
bundles 1s frequently observed. The name perimysium is retained for
the connective tissue surrounding the lesser bundles. Finally, from the
perimysium very delicate extensions of fine connective tis;ue called
the endomysium pass .in to surround each muscle fiber,

The size of the fasciculi composing a muscle determines its texture.
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"Thus in muscles capable of very fincly judged movements, for example
the ocular muscles, the texture is fine, whereas in muscles which
perform movements demanding less precision but greater power (¢.g.,
those of the buttock) the fasciculi arc much larger and the texture is
correspondingly coarse. It is of interest to note that this distinction
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Texr Fic. 1. Diagram of the connective tissue framework of a voluntary muscle
based on part of Plate I, Ig. 1. From the epimysium (Lp), which surrounds the
whole muscle, septa pass inwards to surround variously sized bundles of fibers. The
connective tissue sheaths of the bundies consti the perimysium (P) and from it
delicate strands continue between the individual muscle fibers as the endomysium
(En.). Larger blood vessels (B.V) arc present within the perimysium, and capillaries
(C) lie between the individual muscle fibers. Compare with Plate 1, Figs. 3 and 7.

Fia. 1. Cross scetion of superior rectus muscle of human adult aged 65 years, to
show the general structure of a voluntary muscle. Compare with Text Fig. 1.
Hematoxylin and eosin, Magnification: x 16.

Fig, 2. Two fibers from a thigh muscle of a rat cut in longitudinal section and
stained with Heidenham’s iron hematoxylin. The fibers appear to be at different
stages of contraction. In the upper one the Z bands may be distinguished and in
the lower the H bands. Magmification: x 1050,

Fia, 3. Tongue of cat in which voluntary muscle fibers can be seen cut in cross
section, longitudinally, and obhquely. There are numerous capillary blood vessels
present between the muscle fibers, Ehrlich’s hematoxylin and Van Gieson. Magni-
fication: x 240.

s

Fic. 5. Cross section of superior rectus muscle of human adult aged 65 years. For
comparison with Fig 6. Hematoxyln and eosin, Magmification- x 230,

Fiq. 6. Cross section of omohyoid muscle from same subject as Fig. 5 H i
and eosin. Magmification: X 230, ! 8. 5 Hematoylin

Fia. 7. Reticular fibers n end of human vol
pregnation. Magmfication. X 1050.

y muscle, Silver im-
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of the muscle will be considered below in relation to the muscle-tendon
junction. First, however, the mechanical role which connective tissue
plays within the substance of the muscle must be discussed. To some
degree the sheaths which it forms both for the individual muscle fibers
and for the muscle fasciculi (interconneeted as they arc with one
another) must regulate and control the cxtent of contraction, It is
of interest that the proportion of connective tissuc present is greater
in muscles which are capable of finely graded movements (Fernand,
1919). Further, as Banus and Zetlin (1938) have shown, the initial
tension which develops in a relaxed muscle when it is extended is due
solely to its connective tissue content,

In a later chapter, the sequence of events in regenceration of volun-
tary muscle will be described, but it is appropriate to mention here
that the endomysial sheaths of the individual fibers, in other words
their investing connective tissue tubces, serve as guides for the new
“fibers which sprout out from the stumps of the old.

C. Tue MuscLE Fipers oF VoLunTary MuscLe

1. Fiber shape

Within its connective tissuc framework, the tissuc of voluntary
muscle is formed by independent, cylindrical fibers which are in fact
clongated, multinucleated cells. This last character may allow each
fiber to be regarded as a syncytium but actually cach is a structural
unit with no other cvidence of a composite cellular origin—if indeed
it docs arise by the fusion of many separate cells.

In mammals it is rare to find the fibers anastomosing with their
neighbors but in invertebrates this is not uncommon, Generally
speaking, too, voluntary muscle fibers do not branch, but in the
tongue of the frog the muscle fibers divide into numerous branches as
they approach their insertion to the mucous membrane. This has also
been observed in other animals, particularly those with freely mobile
tongues, and to a lesser extent in man. In mammals, those fibers
of the facial musculature which are attached to the skin show this
same feature.

The shape of the fibers of striated muscle has been studied by many
workers, who by dissecting individual fibers established that they were
clongated elements, more or less tubular, but of varying appearance
Bardeen (1903), .investigated in this way the external oblique musclc.
of the abdomen in the dog, rabbit, and man, and classified the fibers
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between muscles of fine and coarse texture is further instanced by
differer ces in the sizes of their motor units.

Tn muscles which lic immediately under the deep fascia, the
relatina which the epimysium bears to the tissue varies in different
warts of the bady. Thus where the decp fascia is a well-developed layer,
ar 1 the thigh, loose areolar tissue is present between the fascia and
.3 »ymysium of the subjacent muscles; in regions where the deep
g1 13 more delicate in texture, however, it is not clearly to be
listinguished from the epimysium.

In these sites where muscles take origin from the overlying deep
fazcia, it is not possible to demonstrate cpimysium, Here the process
of cleaning a muscle, which elsewhere simply means the removal of
epimysium whercby the run of the muscle fibers may be revealed, is
tedious and at best unsatisfactory involving as it does some cutting
across of the muscle fibers.

B. Tue Coxxective Tissue CoMPONENT of VOLUNTARY MUSCLE

The amount of connective tissue relative to muscle fibers is much
greater in some muscles than in others, a fact which largely explains
why some cuts of meat are tougher than others. The lower the collagen
content the more tender is the cut, and vice versa. In lean meat the
proportion of the total protein formed by collagenous tissues ranges
from 3 to 30%,.

The elements composing the connective tissue of muscle are collagen
fibers, reticular fibers, elastic fibers, and several varieties of cells
such as fibroblasts, histiocytes (macrophages—also called clasmato-
cytes or resting wandering cells), and fat cells. The amount of elastic
tissue present varies with the type of action of the muscle, being
greatest in those muscles which are attached to soft parts, e.g., the
muscles of the tongue and of the face. It has, moreover, been shown
by Bucciante and Luria (1934) that there is an increase in the elastic
tissue component of the superior rectus muscle with aging. The
connective tissue between the individual muscle fibers consists of
reticular fibers and of fine collagen fibers; often very scanty in amount,
it conveys the blood capillaries and the smallest branches of the
nerves. The larger blood vessels and nerves lie within the perimysium
between adjacent fasciculi, a situation 11 which muscle spindles are
also commonly found. The manner of attachment of the connective
tissue component to the tissue which serves as the origin or insertion
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1932), and rabbit (Graf, 1917). Third, all obscrvers arc agreed that
in any cross section of a muscle the range of fiber diameter is very
wide. Tt could be argued that the thin fibers scen are in fact the
tapering ends of thick fibers but Schicfferdecker (1909)  thought
this played only a small and unimportant role when comparison is
made between the ealiber of the fibers of two different muscles. e
therefore concluded that muscle fibers of different cross section
were present in the same muscle, and this is now the majority view.
Huber (1916) considered disscetion of scparate fibers the method
most likely to solve the problem, and Lindhard (1926) did this in
teased preparations of frog muscle and showed thick and thin fibers
lying side by side.

The spatial distribution of fibers of diffcrent diameter scen in cross
sections of muscle has received little attention, Garven (1925) noted
that the smaller calibered fibers were situated at the periphery and
Herrick (1902) madc a similar observation in the extrinsic cye muscles
of fishes. From a study of the many photographs and tracings of muscle
cross sections in the literature, Fernand (1919) states that thick and
thin fibers appear side by side in all areas of the muscle cross section,
but that gencrally the largest fibers are situated in the depth of the
muscle. In his own work on the rabbit Fernand found three groups
of muscles: (1) thosc with large fibers at the periphery of their cross
section, (2) thosc with large fibers in the depth of the cross section,
and (3) those with no characteristic spatial distribution.

Many attempts have been made to establish the factors which may
be correlated with the varying diameters of muscle fibers. Thus there
is some support for the idea that longer fibers have a larger diameter
(Tsuruyama, 1937), but there is no direct correlation. A quotation
from Fernand (1949) puts the matter well: “Thus in the normally
developed muscles of the rabbit, there appears to be no correlation
between the length of the fibres in the different muscles and the
diameter of the fibres. However, the observation that the fibres of the
!argcst calibre are found in the muscles with the longest fibres, as for
Instance the biceps femoris and semimembranosus suggests that longer
fibres have the potentiality for developing a greater girth than shorter
fibres.” In man Kohashi (1937) found that the most powerful muscles
v e, ik e, and O, (195) reched the same con
points out that other factors sugch as t}lee ey & forrelation but

number of muscle fibers
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into three categorics: (a) fibers of nearly cylindrical shape, with
conical ends, running from origin to inscrtion; (b) fibers of fusiform
shape, with finc tapering extremitics ending within the belly of the
muscle; and (c) fibers of conical shape, the broad base being attached
to a tendon and the other end terminating in a finc attenuated
extremity. Bardeen’s findings confirmed those of several carlier workers
and later were to be confirmed in turn by Huber (1916) for the rabbit
and Lindhard (1926) for the frog.

When muscle fibers are scctioned transversely the shape of their
cross sections is oval or spherical if cut when fresh, but irregularly
polyhedral if cut after fixation; the difference is due to shrinkage both
of their surrounding connective tissuc and of the muscle fibers them-
selves during fixation. It is of intercst that Watzka (1939) found less
shrinkage in the fibers of the wild rabbit than in thosc of the tame one,
and less in the “red” fibers of the domestic animal than in the “white”
fibers of the same animal; and further, that there was more connective
tissue in the muscles of the wild varicty than in the tame variety, and
more in the red muscles than in the white ones of the latter. In brief,
the fibers of muscles with more connective tissue shrank less. The
diameters of isolated, frecly suspended muscle fibers from the semi-
tendinosus muscle of the frog were measured by Buchthal and
Knappeis (1946) in two planes at right angles to each other. Even
under these conditions when external pressure plays no part it was
found that the cross section of the fiber is usually somewhat oval.

2. The Diameter of Voluntary Muscle Fibers

There is a considerable range in the diameter of different voluntary
muscle fibers, 10-100 ¢ commonly being accepted. First, it may be
said that their size differs in the major animal classes, as shown by
Bowman (1840), Mayeda (1890), and Schwalbe and Mayeda (1891).
Using a standard method of fixation Mayeda dissected the fibers of
a large variety of muscles, especially those which he considered to be
homologous, and obtained measurements which showed that the fiber
diameter descends in this order- fish, toads, reptiles, mammals, and
birds. Second, the fibers in one muscle may be generally larger than
those of another muscle 1n the same animal. Thus the difference in
the mean fiber diameter of muscle samples from different parts of the
body, or from different muscles of the same limb, have been demon-
strated in man (Halban, 1893), sheep (Hammond and Appleton,
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female rats hept under identical conditions, [tmay be that this matter
shoutd be further investigated.

3. The Length of Veluntary Muscle irbers

1t is generally agreed that in short muscles the fibers may run from
the origin of the muscle to its insertion—that is o say the fibers and
muscle belly may be cocxtensive. For example, in a muscle such as
the tensor tympani the fibers arc only a fow millimeters ong. With
regard to the length of the fibers in longer museles, the consensus of
opinion scems 1o be that the fibers do not run from cnd to end of the
muscle. Nevertheless, there is evidence that in long muscles with
parallcl-running fibers such as the sartorius, this may be the case~—at
any rate in man. The classification of fibers by shape, drawn up by
Bardeen, to which reference has been made, shows that in the external
oblique muscle some fibers do run from end to end while others have
one or both extremitics terminating within the muscle. The findings
made in the human sartorius will now be considered. In an adult
human sartorius muscle 52 em. long, Lockhart and Brandt (1938)
were able to isolate fibers 3% cm. in length, and cven at that the ends
were broken across, These authors also state that in a fetus with a
sartorius 5 em. in length the fibers when isolated by teasing could be
seen to run the complete lengih of the muscle; and that this was also
the case with the semitendinosus. They also found that in adalt cye
muscles the fibers run all the way. Of several carlier workers who
dissected the human sartorius, Felix (1887) obtained the longest fibers,
but his figurc of 12.3 cm. falls far short of that given by Lockhart and
Brandt. The conflict in findings must be related to the technical
difficulties involved in this type of investigation.

In a rabbit’s thigh muscle Huber (1916) teased out a fasciculus 3.4
cm. Jong, comprising 26 muscle fibers, and found only 1 fiber passing
from end to end; of the remainder, 10 fibers reached one tendon end,
12 reached the other, and 8 were spindle-shaped reaching neither end,
He also observed that the disposition of the fibers was such that their
fine filamentous intra-{ascicular endings were usually applied to the
fhicker parts of neighboring fibers. Van Harreveld (1947) states that
in the rabbit sartorius only about two-thirds of the total number of
muscle ﬁ}_;ers present in the muscle appear in any single cross section,
?:(: ;::st u;tt?}e lcr.xgth of the muscle there are 3 separate fibers arranged

. 1t is quite clear that the longer muscle fasciculi tend to have
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contained in the muscle and the functional axis of the muscle also
contribute to the final determination of fiber caliber.

Toncerning the part which muscle size may play, the evidence is
conflicting, In the shecp, Hammond and Appleton (1932) found that
ths astusl size (weight) of the muscle has “little or no effect on the
mze of *he fibre,” but in the muscles of man Halban’s work does
suzgest - link, although not a constant one, between muscle and fiber
sz2. is illustration contrasting fiber size in the superior rectus and
sluteus maximus muscles is reproduced in Text Fig. 2. Body size in
farm animals cannot be correlated with fiber diameter, but nutritional

o®Y

Texr Fig. 2. Diagram of the difference in fiber size which may be met with in two
muscles of the same subject; (a) ocular muscle, (b) gluteus maximus. Magnification:
X 340. (after Halban). Compare with Plate 1, Igs. 5 and 6. In one fiber of group
{b) Cohnheim’s areas have been indicated.

state is apparently of importance; not only does inanition lead to 2
decrease 1n fiber caliber, but full fed steers have larger fibers than those
rough fed (Robertson and Baker, 1933), and pigs which enjoy better
feeding in their first 16 weeks achieve a bigger fiber diameter when
adult than control amimals (McMeekan 1941). The facts that muscle
fibers increase in diameter from birth to maturity and also in response
to exercise are well known, but the infiuence of sex on fiber size is less
certain. It is generally accepted that the fibers of the same muscles
are larger in human males than females (Bowman, 1840; Schwalbe
and Mayeda, 1891), and in the sheep Hammond and Appleton (1932)
found the ram to have larger nhers than the ewe. However, Elliot ¢f al.
(1943) could not detect any difference in fiber size between male and



1L TIE MICROANATOMY OF MUSCLE 31

fact to the endomysium, Wang (1956) suggests that in describing the
sarcolemma, which he regards as a composite structure, clarity would
be ensured by referring to the sarcolemma proper or true sarcolemma
and to the sarcolemmous envelope. ‘The latter he regards as a fibrous
envelope having a greater structural affinity with the sarcolemma than
with the endamysium. With regard o its physical propertics which
will also be considered in a later chapter, it can be said here, first,
that it is possessed of remarkable clectrical properties and, sccond,
that it appears to be clastic, Concerning its mechanical propertics,
Ramsay and Street (1910) found that following the production of
retraction clots in single muscle fibers the empty sarcolemma reached
to stretch in the same way as the intact fiber; that s to say, the same
increase in load produced the same percentage clongation, a result
which suggests that the resting tension of the muscle fiber is governed
by the sarcolemma alone. This finding of Ramsay and Street brings
to mind the observation made by Banus and Zetlin (1938) that the
conncctive tissue sheath of a whole muscle, when dissected free, gave
the same tension-length curve as the whole muscle. However, Sichel
(1941) obtained a quite different result finding that the clongation of
empty lengths of sarcolemma averaged morce than twice that of intact
regions. If correct, this would mean that the intact muscle fiber would
resist extension by a tension fully twice that of the sarcolemma alone.

According to Buchthal (1942), it is not possible to measure the true
resting tension of the sarcolemma in the region of a retraction clot
since it is already clongated. Barer (1948) would allow the force of
this argument when the clot is large and hard, but points out that it
is possible to produce empty lengths of sarcolemma without such clots
and without any apparent lengthening.

How the sarcolemma scrves to transmit the contractile force of the
muscle fibers to the connective tissue and muscle tendon will be
considered later; that its elasticity may account for the appearance

of “active” relaxation in single muscle fibers is discussed by Fenn
(1945),

5. The Nuclei of Striated Muscle Fibers

Each striated muscle fiber possesses many nuclei and in a fiber some
centimeters long there may be several hundred. In the great majority
of fibers of human and mammalian muscle, the nuclei lie at the surface
of the fiber immediately under the sarcolemma, surrounded by a
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longer fibers, cven though the proportion of these which end intra-
fascicularly is not yet agreed. The great length of the fibers in 2 muscle
like the sartorius and their arrangement in longitudinally disposed
fasciculi is typical of muscles which act over freely movable joints,
allowing as it docs the maximum displacement of the parts to which
they are attached, The amount of this displacement corresponds of
course to the degree of shortening which it is possible for a muscle
fiber to undergo during contraction; for human muscle Haines (1934
states that shortening to 579% of its Iength when fully stretched can
occur.

4. The Sarcolemma

Covering the surface of cach muscle fiber and closely and completely
investing it is a thin membranc called the sarcolemma. Only 0.1
in thickness, it forms a resistant sheath enclosing the soft protoplasmic
contents of the fiber, During contraction, the sarcolemma follows
the changing shape of the protoplasmic contents. Forming as it docs
“a tubular membranaccous sheath of the most exquisite delicacy”
(Bowman, 1840), it is too thin to be studied in ordinary fixed and
stained preparations. It is especiaily well seen in fish and amphibia,
in which it is thicker and stronger than in the mammals (Schafer, 1912).
Electron microscopy apart, the best method of demonstrating the
sarcolemma is to examine a few roughly teased fresh striated muscle
fibers in Ringer’s fluid (Barer, 1948). Where the fibers have been
damaged, retraction clots form (for details of their formation see
Speidel, 1939), and at the side of each an empty space is left within
the intact sarcolemma which can then be studied free of muscle
substance Several other ways of achieving the same object are also
mentioned by Barer. Thus anything which causes a violent contraction
of the muscle fiber—e.g., treatment with cafleine, nicotine, or saponin,
may cause the sarcolemma to bulge away from the contracted muscle
substance; colloidal swelling agents such as dilute acids or alkalies may
produce swething of the muscle substance with subsequent rupture of
the sarcolemma, while treatment with trypsin digests the muscle
substance leaving the sarcolemma seemingly intact.

Thus revealed, the sarcolemma appears as a homogencous, ap-
parently structureless membrane It might be proper to remark at this
point that in the past confusion has arisen from the term sarcolemma
having been applied to connective tissue elements which belong in
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in sarcoplasm. This point will be returned to when red and white
muscle fibers are considered.

The advent of the clectron microscope has resulted in a much more
detailed understanding of sarcoplasmic organization [see Bennett
(1955, 1956) and Bennett and Porter (1953)]—but it tends to be for-
gotten, and Bennett has done well to remind us, that Retzius and
Cajal, among others, had observed with the light microscope extremely
delicate longitudinal and transverse filaments within the interstitial
substance between the myofibrils. This sarcoplasmic reticulum was
also described and indeed figured by Heidenhain, Besides confirming
many of the findings of these ald masters, Bennett and Porter have
added many more. Quite bricfly, it may be said herc that the sarco-
plasmic reticulum is entirely a sarcoplasmic component not being scen
within the myofibrils, It has connections with the Z bands, less
regularly with the M bands, and is also found in close association
with the mitochondria, It has been suggested that the sarcoplasmic
reticulum functions as a means of exchange of substances between the
myofibrils and the sarcoplasm during contraction and relaxation.
Equally attractive is the postulate that it serves as a system for the
rapid conduction of the excitatory impulse to contraction both trans-
versely across the fiber and longitudinally.

7. The Myofibrils

The name “striated” as applicd to muscle refers to the cross banding
which is such a striking featurce of voluntary (and sce later cardiac)
muscle when its fibers are examined microscopically, However,
another type of striation is also noticcable, viz., longitudinal, which
is due to the longitudinal disposition within the sarcoplasm of the
fiber of its constituent myofibrils, also called sacrostyles. In a cross
section of a muscle fiber, these elements can be seen as fine dots which
may be uniformly distributed in the sarcoplasm or gathered into
groups, the polygonal areas or fields of Cohnheim (1865), separated
by greater amounts of clear sarcoplasm. Teasing of a muscle fiber
after treatment with, say, chromic acid, will split it up into bundles of
myofibrils and in favorable cases individual fibrils can be separated
off In Plate I, Fig. 4, the end of a muscle fiber cut in longitudinal
section which has frayed during cutting is seen, the result being that
some of its constituent myofibrils appear clearly. That myoﬁbri‘ls
exist 1n living muscle and are not caused to form by subsequent
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zone of protoplasm. It follows that opposite the nucleus the fibrils
(shortly to be described) do not quite reach to the inner surface of
the sarcolemma. The nuclei are of an ovoid form, clongated in the
long axis of the fiber, and average 8-10 y in length although extremes
of 5-17 p are met with (Sobotta, 1930), In the fresh state the nuclei
are difficult to see but in fixed and stained preparations they are
readily demonstrated. Along the fiber their distribution is fairly
regular, but toward the tendinous attachment they become more
numerous and are more irregularly distributed. The position of the
nuclei beneath the sarcolemma, i.c., hypolemmal, which is usual in
adult human muscle, differs from that found in the embryo in which
the nuclei occupy a position in the middle of the fiber. In many lower
vertebrates (fishes, amphibia, and reptiles), the nuclei lie within the
fiber, either centrally or cccentric, but scldom just under the sarco-
Iemma. This is commonly said also to be the case for the so called red
muscles of mammals, but this point will be discussed later.

It should be emphasized that the usual position of the nuclei on the
periphery of the fiber is best appreciated when transverse sections
through muscle fibers are examined. In longitudinal section, many
nuclei do appear in this position, but clearly those nuclei which lie
on the upper or lower surface of longitudinally disposed fibers will
appear as if they were in the middle of the fibers.

6. The Sarcoplasm

It is a convenient simplification to regard striated muscle fibers as
being composed of four main constituents, viz. sarcolemma, nuclei,
sarcoplasm, and myofibrils. Of these, the last two remain to be
discussed. Sarcoplasm is commonly regarded as undifferentiated
protoplasm of a semi-fluid consistency, in which the myofibrils are
embedded. The observations of Speidel (1939) on living muscle
suggest that 1n normal fibers the sarcoplasm and the myofibrils are
in the gel state and that following injury this may change to that of
a sol. In an ordinary histological preparation showing the muscle
fiber cut in transverse section, it can be seen that within the fiber the
space bounded by the sarcolemma is not completely occupied by the
myofibrils; the residual space is presumably filled by sarcoplasm. Not
all fibers show the same relative amount of sarcoplasm to myofibrils
and Knoll (1891} who investigated the matter very thoroughly
divided fibers into those which were rich and those which were poor
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in sarcoplasm. This point will be returned to when red and white
muscle fibers are considered.

The advent of the clectron microscope has resulted in a much more
detailed understanding of sarcoplasmic organization [sec Bennett
(1955, 1956) and Bennett and Porter (1953)]—but it tends to be for-
gotten, and Bennctt has done well to remind us, that Retzius and
Cajal, among otliers, had observed with the light microscope extremely
dclicate longitudinal and transverse filaments within the interstitial
substance between the myofibrits. This sarcoplasmic reticulum was
also described and indced figured by Heidenhain, Besides confirming
many of the findings of these old masters, Bennett and Porter have
added many more. Quite bricfly, it may be said here that the sarco-
plasmic reticulum is entircly a sarcoplasmic component not being scen
within the myofibrils. It has conncctions with the Z bands, less
regularly with the M bands, and is also found in close association
with the mitochondria. It has been suggested that the sarcoplasmic
reticulum functions as a means of exchange of substances between the
myofibrils and the sarcoplasm during contraction and relaxation.
Equally atiractive is the postulate that it serves as a system for the
rapid conduction of the excitatory impulse to contraction both trans-
versely across the fiber and longitudinally,

7. The Myoftbrils

The name “striated” as applied to muscle refers to the cross banding
which is such a striking feature of voluntary (and see later cardiac)
muscle when its fibers are examined microscopically. However,
another type of striation is also noticeable, viz., longitudinal, which
is due to the longitudinal disposition within the sarcoplasm of the
fiber of its constituent myofibrils, also called sacrostyles. In a cross
section of a muscle fiber, these elements can be scen as fine dots which
may be uniformly distributed in the sarcoplasm or gathered into
groups, the polygonal areas or ficlds of Cohnheim (1865), separated
by greater amounts of clear sarcoplasm. Teasing of a muscle fiber
after treatment with, say, chromic acid, will split it up into bundles of
myofibrils and 1n favorable cases individual fibrils can be separated
off. In Plate 1, Fig. 4, the end of a muscle fiber cut in longitudinal
section which has frayed during cutting is seen, the result being that
some of its constituent myofibrils appear clearly. That myofibrils
exist in living muscle and are not caused to form by subsequent
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treatment with chemicals seems no longer in doubt (Jordan, 1933;
Speidel, 1939). Thus, in the tails of young frogs and salamander
tadpoles, Jordan studied striated muscle under high magnification
and was fully satisfied that myofibrils and cross striations exist in
living muscle fibers. Tissue culture studies have given mixed results,
but Hogue (1937) demonstrated cross striated myofibrillac in living
cultures of cardiac muscle cells. Microdissection of fresh muscle fibers
as a means of demonstrating myofibrils is exceedingly difficult (Barer,
1947) the trouble being that in the living fiber the stickiness of the
sarcoplasm tends to cause the myofibrils to join together in irregular

Texr Fic. 3. Dizgrammatic representation of the structure of one voluntary muscle
fiber. Features to be noted are the cross-banding of the fiber which results from the
strations of its contained myofibrils being in register, the close-packed myofibrils
some of which are spraying out at the ends (compare with Plate I, Fig. 4), the delicate
sarcolemma which has been turned back at one end of the fiber, and the position of
the nucler tmmediately under the sarcolemma. (Adapted, with kind permission,
from a figure 1n Sir Wilfnd Le Gros Clark's “Tissues of the Body.”)
bundles. By using microelectrodes, however, Barer (1948) was able
to produce contraction of some but not all of the myofibrils within a
single fiber, clear evidence of their existence as independent contractile
elements. In other experiments, Barer was able to produce asyn-
chronous contraction of myofibrils, an occurrence which naturally
poses the question of what mechanism ensures the normal synchronous
contraction of all the myofibrils in a fiber. As noted earlier, the sarco-
plasmic reticulum may provide the answer.

Myofibrils are elongated threadlike structures which measure about
1 or less in thickness; small as that may seem the electron microscope
has revealed each to be packed solidly with still smaller elements called
myofilaments.
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Just as the muscle fiber shows alternate light and dark bands, so
does cach myofibril, and it would appear that the appearance of cross
striation presented by the whole fiber results from the fact that the
light and dark bands of its component myofibrils are in register with
onc another; that is to say they lic in approximately the same trans-
verse plane (Text Fig. 3).

Since the myofibrils are the contractile units of muscle, their
structure must be considered in detail, and since a wealth of terms
has been cmployed in the past to describe their structure some paing
will be taken with nomenclature. For further details of the multitude

NZ N
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Text F16. 4. Diagram of the main striations scen in a single myofibril (rabbir),

This figure is adapted from Barer (1948) whosc illustration was based on the electron

microscope photographs of Hall et al. (1946). The lettering indicates the named

bands. The extent of onc sarcomere is from one Z band to the next, Compare with
Plate 1, Fig. 2.

of terms which has been applied to them, Jordan (1933) and Honcke
(1947) should be consulted. In text Fig. 4, the named portions of
one myofibril ar¢ shown. As mentioned ecarlier, each myofibril when
viewed with the light microscope consists of alternate dark and light
portions. When examined by polarized light, however, the dark
portions are clearly birefringent and are therefore called anisotropic
bands, or in short the A bands. They are also frequently referred to
as Q bands, from the German “querscheibe” meaning transverse disc.
The light portions, often said to be non-birefringent, are in fact
weakly birefringent, but the difference is sufficiently marked to merit
their being called isotropic or in short the I bands; they are also
called J discs (the German equivalent); further alternative names are
clear discs, light bands, and hyaline substance. Other than the main A
and I bands the only other striation which can be recognized with any
certainty in the living fiber is the Z disc, This appears as a narrow
dark line in the middle of the I band and was formerly thought to be
evidence of a membrane called Krause’s membrane,
The length of myofibril bounded by two Z bands is called a sarco-
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ere, and is regarded as a structural unit within which certain
1anges are postulated to occur during contraction’. The designation
band comes from “zwischenscheibe” which means intervening disc;
her names by which this feature of the myofibril has been known
'¢ telophragma, Dobie’s line, end disc, and, alas, several more.

Additional features of the myofibril which may be detected from
1 examination of fixed and stained material will now be described,
1d it is of interest to note that the detailed observations made by the
oneer histologists in this field have been confirmed by present day
orkers using the electron microscope. It was known long ago that
e appearances presented by the myofibrils are variable (Bowman,
340). It can now be stated that none of the cross bands is constantly
resent during all phases of contraction and relaxation, or phases of
retch (Bennett and Porter, 1953).

Within the A band there may be recognized a lighter region which
known as Hensen’s disc or the H band—“heller” meaning clearer
- brighter. Its presence signifies a stage in contraction and it does not
spear in the fully relaxed fibril; however in a fibril which is stretched
may be seen (Jordan, 1933). Bisecting the A band the M band may
= seen; this is also known as the “mittelscheibe”, i.e. intermediate
isc, mesophragma, or median membrane.

About midway between the Z and A bands, there is less frequently
bserved a narrow dark striation known as the N band or disc (some-
mes called the accessory disc of Engelmann), so that each I band will
1en show three striations, a central Z band flanked by an N band on
ach side. Since the Z bands are taken as limiting the sarcomeres,
ach sarcomere is sometimes described as possessing a terminal disc
t each end between the N and Z bands. This may be called the E
isc of Merkel. The name N derives from “nebenscheibe”, “neben™
1eaning next to or beside.

Detailed consideration of the significance of these various structures
1 the myofibril nowadays soon leads the microscopist into the field
f protein chemistry, as a later chapter will show. No mention has yet
een made concerning the measurement of the various bands de-
ciibed. If 1t were, in fact, the case that the different bands are sharply
lelineated, some figures might well be expected, and measurements
f band widths do appear in the literature. However, the findings of
Jennett and Porter (1953) would seem to urge the greatest caution in

* But sce Huxley, A F (1957). Progress in Biophysics, 7, 255
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accepting preciseassesmentsof band widdh, AsBennett (1955) pointsou,
his recent work with Porter using the clectron microscape has revealed
that what had been olerved carlier with the polarized microscope is
quite true, viz, that these is a gradual transition Hriween the A and 1
bands, and that a decision as to where one band stops and the other
starts is purcly arbitrary. It would seem wise to accept the advice given
by Bennett and Porter when they stress that in defining band limits the
basis of interpretation should be densitometric tracings of micrographs,
whether obtained with the light or with the eleciron miscroscope?.

8. Organelles and Inclusions in the Striped Musele Fiber

Thus far it has been noted that the striated muscle fiber consists of'a
thin membrane, the sarcolemma, within which are nuclei; sarcoplasm,
and myofibrils, The sarcoplasm is simply the cytoplasm of the muscle
fiber within which, as in cells clsewhere, two kinds of formed clements
canberecognized,organeticsand inclusions. The name organclleisgiven
to those bodies which are structurally specialized parts of the cytoplasm
and could thercfore be regarded as part of theliving substance of the cell;
whereas the term inclusion embraces the various particles of nonliving
material which may be present. As Bloom (1957) has pointed out,
however, advancing knowledge of the chemistry and submicroscopic
structure of protoplasm makes the complete separation of cellular
constituents intoliving and nonliving appear less apposite than formerly.

Of the organelles within striped muscle fibers, the myofibrils and
sarcoplasmic reticulum have been discussed. In suitable preparations,
a small Golgi apparatus can also be frequently scen at each pole of
the nucleus. Mitochondria, sometimes called sarcosomes, are also
present and were successfully demonstrated by the Yight microscope
mare than scventy years ago by Retzius. The use of the electron
microscope in recent years has added greatly to our knowledge of
these small but important structures (Bennett, 1955; Harman, 1955).
Bennett found that in both number and arrangement they varied
from muscle to muscle; thus in the flight muscles of the fowl mito-
chondria are scanty and irregularly disposed, whereas in the gracilis
muscle of the mouse they are abundant. In this muscle, they are most
common in thcz sarcoplasm just opposite the I band and straddling
the Z band, orientated with their long axis transverse so as partially

* The recent paper by Huxley, H. E i
y, H.E. (1957) has clarified vas hif
obscure on the relationships between the A and I bands. frich thatwas hitherto
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to surround the myofibrils. Other sites where mitochondria are found
are along the A bands where they are disposed longitudinally, the
paranuclear sarcoplasm just off the poles of the nuclei, and in the
subsarcolemmal sarcoplasm where dense masses may be present
between the sarcolemma and the myofibrils. In the sartorius muscle
of the frog, Bennett found dense masses of mitochondria arranged in
longitudinal strands between the myofibrils. In the flight muscles of
insects, they are also large and numerous,

Harman (1955) describes two types of granule in muscle, mito-
chondria similar to those of other tissues, and sarcosomes which are
peculiar to muscle. In a study of pigeon breast muscle, Harman found
the two particle types to show a close chemical similarity in regard
to phospholipid, phosphoprotein, and nucleic acid content, but in
their morphology many points of difference could be demonstrated.
His paper should be consulted for details.

Inclusions which may be present in striped muscle fibers include
glycogen granules of irregular size and shape, situated in the sarco-
plasm near the junctions of the A and I bands of the myofibrils, and
fat granules which will be further mentioned when red muscle is
discussed.

D. HYPERTROPHY OF VOLUNTARY MUSCLE

The capacity of voluntary muscle to increase in size with exercise
is common knowledge, and it would appear that such hypertrophy
results not from an increase in the number of fibers present in the
muscle but from enlargement of the diameter of the individual fibers
due to the formation of more sarcoplasm. The highly specialized
nature of striated muscle fibers when fully formed is in harmony with
the belief that they probably do not undergo proliferation by cell
division, and indeed there is evidence that their number does not
increase in the human embryo after it has reached the age of four or
five months, when 1t 15 17 cm. in length (MacCallum, 1898).

E. Tue Broop SuppLy OF VOLUNTARY MuscLE

Voluntary muscle has a rich blood supply derived from branches
of neighboring arteries. The vessels enter with the nerves along a
line which is frequently definite enough to receive the name of neuro-
vascular hilum (Brash, 1955) From the epimysium the arterics travel
into the substance of the muscle along the strands of perimysium,
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dividing as they do so, the various branches of the entering vesscls
establishing free anastomones with one another, Coriously, these
anastomoses which show up well in injecied material, do not function
very efficienly shoultd one of the supply vessels be ligated in an
cxperimental animal (Clark and Blomfield, 1915). The finer branchies
of supply come to lic transverscly to the long axes of the muscle fibers
and from them arise the capitfaries which course between the fihers,
lying in the endomysium. 1t is noteworthy that the arteries and veins
run together up 1o the point a1 which the terminal arterioles and
venules arc given off, but thereafier these small vessels arise alter-
nately; this arrangement presumably allows the intervening capillary
10 run in a relatively dircet course from arteriole to venule and so

Text 16, 5. Prawing of injected capillanes in a teased portion of voluntary muscle.
Shght focussing was required dunng drawing as all the vessels shown did not Jic in
exactly the same plane.

expedites rapid removal of metabolites (Clark, 1952). For the most
part, capillaries run longitudinally between the individual muscle
fibers. With their frequent linkage by transverse vessels, which pass
over or under the intervening fibers, a fine capillary network with
narrow oblong meshes is formed (Text Fig. 5).

In the immediate neighborhood of motor cnd-plates the capillary
anastomoscs are especially well developed (Wilkinson, 1929), an
arrangement in harmony with the conception of these sites being
particularly active metabolically. In the red muscles of the rabbit
Ranvier (1874) stated that the capillaries run a more tortuous couxs;
than in white muscle and also that the cross connecting vessels fre-
quently show considerable dilatations. These enlargements have heen
considered to act es reservoirs {or oxygen from which the muscle fbers
can be supphed during sustained muscular contraction,

: ! Istalnes at a ti
when the capillary circulation is impeded. e
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Lymphatic vessels are present in the epimysium and perimysium but
seem to be absent from the endomysium between the individual fibers.
If this is true, and Aagaard (1913) scems to be alone in describing
a lymphatic capillary plexus around the fibers of voluntary muscle,
then voluntary muscle might be said not to possess lymphatic vessels.

F. Rep axp Wirre MuscLE

It is common knowledge that muscle color is not uniform through-
out the animal kingdom or indeced in the muscles of the same animal,
and the white breast muscle and pigmented leg muscle of the domestic
hen are familiar to all.

In a few mammals, such as the rabbit and guinea pig, red and white
muscles occur scparately, but in most the muscles are a mixture of
red and white fibers. It is now fully established that the redness of a
fiber depends upon its content of muscle hemoglobin, or myoglobin
(Needham, 1926; Millikan, 1939; Biorck, 1949), and the description
of a fiber as red should signify this and not certain microscopic
appearances shortly to be mentioned.

The brief statements on red and white muscle which appear in the
standard textbooks arc based on the obscrvations made by Ranvier
(1873, 1874). In the rabbit he investigated the semitendinosus (red)
and the adductor magnus (white) muscles and concluded as follows:
red muscle fibers are more distinctly striated longitudinally but their
transverse striation is less regular; red fibers have a larger amount
of sarcoplasm and more nuclei than white fibers; and their nuclei
occur within the depths of the fibers as well as beneath the sarcolemma.,
The features of the capillary blood vessels of red muscle as described
by Ranvier have been mentioned earlier. Concerning the response of
the two types of fiber to stimulation, Ranvier showed that red fibers
have a slower, more prolonged contraction.

Although before Ranvier’s day it had been shown that the redness
of muscle was due to its content of muscle hemoglobin and not to
richness of blood supply, and also that the fibers of the rabbit’s red
muscles were more granular than those of its white muscles, he was
the first to provide evidence of a correlation between the contraction
speed of a fiber and its histological appearance and pigment content.
Admittedly, Lankester (1871) had suggested an association between
red pigmentation and prolonged activity, but Ranvier’s experimental
evidence was the first of 1ts kind.
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Later studics have not Ieft the situation so clear-cut; not only arc
there conflicting opinions regarding the asociation of speed of con-
traction with the histological features of muscle fibers but the actual
histological appearances have been mivinterpreted. Thus it is known
that there arc features such as granule content and sarcoplasm
content which affect the appearance of muscle fibers cut in cross
section; when there are many granules present in a fiber it appears
dark in scction, while another fiber which contains few granules
appears light. Now it is quite true that many red muscles commonly
show a high percentage of dark fibers, but their redness does not
depend on this character for white muscle may have fibers which
appear just as granular as those of red (Bullard, 1912).

It is also truc that the fibers of red muscle on the whole contain
more sarcoplasm than those of white, but again this is not always so;
fibers of red muscle may contain little sarcoplasm, and those of whitc
may contain much.

Further, the other structural features such as fiber size and nuclear
arrangement cannot be taken as diagnostic of red or white muscle.
In a recent study of the human gastrocnemius and soleus muscles,
which are usually stated to contain a high proportion of pale (white)
and red fibers, respectively, it was found that although the soleus
contained more granular fibers than the gastrocnemius, there was no
consistent difference in the myoglobin content of the two muscles.
Nor did the position of the nuclei help in distinguishing the muscles
(Walls, 1953).

Finally, with regard to speed of contraction it may be said that
Denny-Brown (1929) believed that the red pigmentation does not
appear to be essential to the slow type of contraction and is probably
“the outward sign of some function not closcly related to contraction.”

It would appear that there are still problems to be solved concerning
the significance of muscle color, and it may be that the answers will
be provided by our pharmacological and physiological colleagues.

G. TenpONs AND TENDON SHEATHS

The relation of tendons to muscle architecture and the advantages
afforded by their presence having been discussed in Volume I, Chapter
1, their microscopic structure will be considered in this chapter. Tendons
consist almost solely of white fibrous tissue, the collagen fibers of which

form closely packed parallel bundles, The bundles do not remain
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separatc throughout their extent, for fibers are given off to, and
received from, neighboring bundles so that successive cross sections
of a tendon show slightly differing appearances. The surface of a
tendon has a characteristic white, shining aspect; closer inspection,
however, will often reveal light and dark streaks across its length,
an appearance resembling that of watered sitk [Schafer (1912)], which
results from the somewhat wavy course taken by the collagen fibers
when not under tension.

Surrounding the tendon, there is a sheath of dense arcolar tissue
from which septa carrying the blood vessels, nerves, and lymphatics
pass between the secondary bundles into which the collagen fibers are
grouped. The cellular component of tendon consists of fibroblasts,
sometimes called tendon cells, arranged in single rows between the
bundles of collagen fibers. In transverse scction the cells appear
stellate since the middle of each cell containing the nucleus occupies
the angular space between several bundles of fibers, while lamellar
extensions proceed from the cells into the bundle interspaces. The
processes of the tendon cells may be considered to mark off, inde-
finitely it is true, the primary collagen fiber bundles. For the most
part, tendon cells are not connected with onc another, but it is some-
times possible to follow a lateral extension of a cell in one row into
continmity with a cell of another row. When seen in surface view the
tendon cells may appear rectangular, rhomboidal, or irregular, but
seen in profile as in a longitudinal section of tendon, they appear as
rods owing to their thinness. Elastic fibers are present to some extent
in the connective tissuc septa but otherwise tendon has very little
elastic tissue.

In those parts of the body where tendons lie close to bone, friction
1s reduced by the presence of tendon sheaths. Essentially cach is a
closed tubular sac into which the tendon is invaginated, so that it is
closely invested by one layer of the sheath which indeed follows it in
its movements. The other layer of the sheath lines the thickened fibrous
tissue which acts as a retaming band for the tendon. Within the
tubular sheath, there is a little mucinous fluid, similar to the synovial
fluid of joints, by means of which movements are facilitated. Not all
tendons have well formed sheaths, and around those which lack
them it will be found that there is loose connective tissue, the meshes
of which contain the same kind of mucinous fluid.

Composed as it is predominantly of intercellular material, the
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metabolic activity of adult tendon is low and its blood supply corre-
spondingly meager (Edwards, 1916). Blood vessels enter tendon both
at its muscle end and at its periosteal end, and in the case of some
tendons with sheaths, along reflections of the sheaths as well. Such
reflections are called mesotendons, But, threcfold though its blood
supply may be, tendon is poorly vascularized. During development,
tendon has quite a good blood supply, but with advancing age this
becomes greatly reduced.

H. Tur MuscLe-TENDON JuscTioN

The precise manner in which the force of the contracting myofibrils
is transmitted to the muscle tendon has been a matter of controversy
for years. Two main theories have had their supporters: the fint, or
continuity theory, supposes that there is dircct union of the myofibrils
and the tendon fibrils, while according to the second, or sarcolemma
theory, there is no such continuity and the sarcolemma forms a
limiting membranc between the substance of the muscle fiber and
the tendon clements. Long {1947) and Barer (1948) review the litera-
ture on this matter. Long, who studicd the development of the muscle-
tendon attachment in the rat, found no evidence in support of con-
tinuity. In both fetal and adult stages, the muscle fibers are enclosed
by a limiting membrane both at their terminations and along their
sides and the myofibrillac end on the internal aspect of this membrane,
In the attachment region, the reticular fibers which envelop the ends
of the muscle fibers continue proximally as the sarcolemmal and
endomysial reticulum, and distally they are continuous with the
tendon fibers.

However, Barer does not feel that the protagonists of either view
can prove their casc by using conventional fixed and stained material,
but rather that the observation of whole muscle fibers holds out the
best means of a solution. In his studies of living muscle fibers, including
microdissection, he obtained no evidence of any special connection
between myofibrils and tendon fibrils. Thus, when retraction clots
form in the junctional zone, a clear area of sarcolemma is left between
the clot and the tendon fibrils, an occurrence which also follows
spontancous herniation of the muscle substance after treatment with
(hatthesarolomma 5 contimponn vttt oo o belfoves
the tendon fibrils are attached to the outs?dzn of the fiber and that

of the sheath.



44 E. W. WALLS

The idea that there is any structural continuity between the muscle
substance and the sarcolemma is not supported by the facts. The
statement has been made that the Z bands are really rigid membranes
which stretch right across the fiber, linking the Z bands of neighboring
myofibrils, and are circumferentially attached to the sarcolemma.
This would, if true, offer a means for the transmission of the con-
tractile force to the sarcolemma, and beyond it to the endomysial
connective tissue and so to the tendon. But the evidence against such
Z band-sarcolemmal continuity is overwhelming. As was noted in an
earlier section, the sarcolemma can be made to separate from the
muscle fiber substance in a great many ways, and Bowman himsclf
showed that the whole myofibrillar and sarcoplasmic content of a
fiber could be expressed without difficulty through the sarcolemma.
There is obviously no firm bond between sarcolemma and the con-
tractile elements. In any event, the Z bands are myofibril bands, and
many features have been observed which dispute the notion of their
being united uniformly across the fiber to form a continuous membrane.
For example: columns of ice can advance between bundles of myo-
fibrils without hindrance; nuclei have been seen to move between
myofibrils without seemingly being hindered by cross membranes;
oil droplets may be pushed along inside a muscle fiber with no
difficulty; and finally therc is the time-honored observation of Kuhne
(1863), who observed a tiny living parasite—a nematode—inside
a fresh muscle fiber, moving freely up and down inside the fiber
without permanently affecting the appearance of the cross-striations.
(Actually, for reasons which he gives in full, Speidel (1939) thinks too
much has been made of this )

Barer belicves it possible to cxplain the transmission of contractile
force from myofibrils to sarcolemma by a frictional or viscous relation-
ship between these structures; a viscous gel when contracting would
exert a pull on its surrounding membrane and thence to the endo-
mysial connective tissue

Bennett (1955) gives a brief account of such electron microscopic
observations as have been made on the junctional zone between
muscle and tendon. Simply put, the cvidence points to a direct trans-
mission of tension at the ends of the myofibrils. The myofibrils stop
a short way from the sarcolemma, and tapering strands of fibers of
unknown nature continue through the intervening sarcoplasm space,
appearing as noncontractile continuations of the myofibrils; inserting
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on the sarcoplasm opposite the attachments of these connccting
fibrils arc the tendon fibrils which thercfore form an extension or
extrapolation of them.

With regard to the Z bands, Bennett states that their densc material
is confined to the myofibrils and does not extend across the sarco-
plasm; such material as does extend from the Z band of onc myofibril
to that adjacent to it is weak and casily stretched, and morcover
sarcoplasm of varying thickness intervenes between the sarcolemma
and the myofibrils. Clearly any vicw of contraction which invokes the
attachment of complete Z membranes to the sarcolemma at the
periphery of the fiber is untenable. Text Fig. 6 is a diagrammatic
representation of the muscle-tendon junction and of the structure of
tendon.

(b)

Texr Fic. 6. Phagrams of (a) the structure of part of a tendon in cross section, and
{b) part of a muscle-tendon junction. In the cross section note the stellate appear-
ance of the tendon cells whose extensions faintly demarcate areas occupied by the
primary bundles of collagen fibers (not represented), The secondary bundles are
surrounded by septa of fibrous tissue which penetrate the tendon from its investing
connective tissue sheath. Blood vessels are present in the sheath and in the septa, but
clsewhere are sparse. At the muscle-tendon yunction some of the connective tissue
fibrils of the tendon (T) become attached to the sarcolemma of each muscle fiber;
others become continuous with the connective ussue of the epimysium (Ep):
per i (not re d), and end {En).

1. SMOOTH MUSCLE
A. DisTriBuTION

Smooth muscle is known also as unstriped, unstriated, involuntary,
plain, or visceral muscle. This tissue has a widespread distribution ir;
the mammakhian body and subserves its vegetative functions. Whereas
the somatic or striped musculature adjusts the organism to its external
envi}"onment, plain muscle may be said to fulfill the role of main-
tamning the internal environment or physiological balance of the
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body. Thus it is found primarily forming the contractile walls of the
hollow viscera and of the blood vessels and large lymphatic vessels,
In the alimentary canal, it is present in man from about the middle
third of the esophagus to the anal canal, and by its activity ensures
that the ingested food is carried along its length and thoroughly mixed
with the digestive juices, and finally that the residuc is excreted. In the
respiratory system, it occurs from the trachea above to the alveolar
ducts below. The complement of smooth muscle in the walls of the
urinary and genital tracts of both scxes ensures on the onc hand the
excretion of urine and on the other the survival of the race. Other sites
of its occurrence are the dermis of the skin where it forms the arrcctores
pilorum (the little muscles which pull on the hair follicles); the sub-
cutancous tissue of the scrotum, penis (glans and prepuce), of the
perineum, of the areola of the nipple, and of the nipple itself; the eye-
ball, in which it forms the musculature of the iris and ciliary body; the
capsule and trabeculae of the spleen in which the visceral muscle
component is much less in man than in the pig, dog, or cat, and less
than in the ox or sheep; and finally it may be mentioned that smooth
muscle also occurs in the walls of the larger ducts of glands.

Like the striped and cardiac varicty, smooth muscle never shows
direct contact of its specific structural clements as is secn, for example,
n epithelial tissue. Always there is combined with the contractile
clements an amount of connective tissue, and although this may be
present between the muscle fibers in very small quantity indeed, it is
always there.

In some situations, notably the skin but elsewhere too, for example,
the villi of the small intestine, smooth muscie fibers may be observed
in quite small groups, or even singly, surrounded by connective tissue;
but for the most part smooth muscle is found disposed in sheets or
layers in which the indiwvidual fibers are set very close to one another.
The arrangement of muscle fibers 1nto discrete fasciculi, which is so
charactersstic of voluntary muscle, is best exemplified in smooth
muscle by the arrectores pilorum.

B. Tue Muscre Fisers oF Smooti MuscLE
1. Siz¢ and Shape
As has been noted, the study of fresh voluntary muscle fibers teased
apart from one another in, for example, Ringer’s flmd, has provided
useful information. Such a procedure using smooth muscle is not
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successhul, and indeed it is very difficult to view fresh smooth muscle
fibers satisfactorily, Even in histological preparations, the outlines of
the muscle fibers are not always well defined, and it may be a matter
of difficulty 1o observe with precision the boundary between the fiber
and its surrounding connective tisue, The use of speciat stains such as
those of Van Gicson which colors collagen fibers ted and smooth
muscle yellow, or Mallory which yields blue and red, respectively,

Texr Fra. 7. Diagram of the structure of visceral muscle fibers, Points 1o be noted
ate their spmdle form with fong apering ends, the central nucleus occupying the
W\d.ﬁl part of each fiber, and the varying sizes of the fibers when seen in cros
section. Compare with Plate 11, Figs. 1, 6, and 8.

helps not only in observing the structure of the muscle fibers but also
in avoiding the mistake of confusing smooth muscle with collagen
fibers.

The muscle cells or fibers are simple contractile elements, usually in
the form of elongated spindles with sharply pointed ends which 1};1 a
few cases may be bifurcated. The thickest part of each fiber les abm.;t
the middle of its length and is occupied by a single elongated nucl
(Text Fig. 7). All smooth muscle fibers are not of the same \erfgctzs



48 E. W. WALLS

but while there is considerable variation it is not to be compared with
that found in striped muscle. Most fibers arc between 50 and 250y in
length, with a greatest diameter of between 5 and 10 g, but shorter and
Jonger fibers occur. In the pregnant human utcrus, smooth muscle
fibers may reach a length of 500y, while in the walls of blood vessels
the fibers may be as short as 20 p; such short fibers arc usually rela-
tively thick, with nuclei of short cllipsoidal form. The smallest fibers,
such as those found in blood vessels, may be rather irregular in shape,
short, broad, and usually flattened, with their ends deeply forked or
cven more extensively branched. Some of them could well be described
as star-shaped.

2. Myo-epithelium

For the sake of completeness, it might be proper at this point to
mention a type of cell which is found in association with the secretory
elements of the mammary glands, sweat glands, lacrimal glands, and
the glands of the oral cavity. These are known as myo-epithelial, basal,
or basket cells, and they are able to act like smooth muscle cells and so
aid movement of the sccretion into the excretory ducts. They are
situated between the secretory cells and the basement membrane,
and are cither spindle-shaped or branched with cylindrical nuclei.
They can be well seen if Masson staining is employed and they then
appear bright red. Unlike smooth muscle cells, myo-epithelial cells
arc derived from cctoderm, not mesenchyme, and doubt has been
expressed as to whether they are true unstriped muscle cells. The same
difficulty attaches to the nature of the musculature of the iris, which
differentiates from the ectoderm of the optic cup, and jt has been
suggested that the iridial muscles are really myoncural clements
rather than true smooth muscle cells (Vinnikow, 1938).

3. ADofibrils

Within the sarcoplasm or more fluid part of the cytoplasm of smooth
muscle fibers, there are present fine, longitudinal threads which may
be made evident L+ treating the tissue with macerating fluids such as
nitric or trichloroacetic acid. Much less obvious and definite than the
myofibrils of striated muscle, they have not yet been identified with
certainty in fresh tissue Often even in fixed and stained material they
cannot be recognized, and the cyvtoplasm appears homogencous. As
seen with the light microscope, the myofibrils, which might well be
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called myo-filaments, appear as structureless fibrils something less
than 1 in thickness, running the length of the eell. They are aniso-
tropic in their whole cxtent, quite lacking the cross banding scen in
striated muscle myofibrils, at any rate in vertehrates, Sometimes a
smooth muscle fiber shows a few irregular eross bands which are
considered to be contraction bands penisting with the death of the
cell. There is a large variation in the number and thickness of the
fibrils from onc smooth muscle organ to another, but as a rule the
boundary fibrils are coarser aud stain more deeply than those more
centrally placed (Fischer, 1914). In many rodents, the simooth muscle
cells contain fibrils which are few in number but unusually stout,
Sobotta (1930) suggests they may be tonofibrils. It might be thought
that in transverse scction all smooth muscle fibers would show dots
corresponding to the myofibrils, but in practice it frequently happens
that only a proportion do.

It is generally agreed that with visible light smooth muscle fibers
lack a sarcolemma, but on the question of whether or not the fibers are
anatomically separate structures, there is as yet no final agreement. In
invertebrates, it is not uncommon to find smooth muscle fibers forming
truc syncytial connections with others, but although cell bridges and
fibrillar continuity have been deseribed in vertebrates the balance of
evidence is against such an arrangement. Roskin (1936} appears to
favor an intermediate view. This author considers that while the
smooth muscle fiber does not in most cases represent a unit, ncither
does the fibrillar network show all the characteristics of a syncytium;
he suggests the name “myon” for a single strand of smooth myofibrils
which through anastomoses can form “myons” of higher order. How-
cver, it must be repeated that most workers at the present time do not

consider smooth muscle to be syncytial in character. Haggqvist (1936)
should be consulted for details.

4. Nucler

In the usual arrangement of smooth muscle in sheets, the fibers are
so disposed that the thickest part of one fiber lies alongside the tapering
ends of 1ts neighbors (an exception is found in the small muscles of the
hairs, in which the nuclei lie side by side, producing a localized thicken-
ing of the muscle). It follows that in a cross section of s

. : mooth muscle,
relatively few nuclei are seen; .

some of the fibers are of course
W cut
through their widest parts and so show nuclei, but the remainder are
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cut elsewhere and, accordingly, fiber sections of all sizes and of irregu-
larly round or prismatic shape arc present. The very smallest sections
arc those of the pointed ends of the fibers.

Each smooth muscle fiber has a single elongated nucleus which
occupics its thickest part. This nucleus commonly is seen in a slightly
eccentric position when seen in cross section. The length of the nucleus
varies with that of the fiber, but not to the same extent, and its average
dimensions would be about 15~ 20 u by 2- 3 p. The nucleus is elongated
in the long axis of the fiber and has pointed or rounded ends, but
owing to contraction of their containing muscle fibers, nuclei are
frequently scen in stained preparations to be contorted to a greater or
lesser degree. Spiral twisting is very common (Plate II, Fig. 6}. In
very short fibers, the nuclei have the form of short ellipsoids. Within
the nucleus, there are two or more nucleoli and a net of chromatin
which does not stain very densely. Adjacent to the nucleus, in a small
depression in its membrane, therc is a diplosome but no attraction
sphere.

At the ends of the nucleus, the sarcoplasm has a tendency to accumu-
late to some extent, and small lipid granules may be present within
it in these places. Other intraceliular inclusions are glycogen granules,
mitochondria, and a Golgi apparatus. Unless scparately stained for,
the glycogen granules will be lost and their former sites will be indi-
cated by empty spaces.

C. ConnecTivE TissUuE oF SmooTH MuscLe

The manner by which the individual fibers of smooth muscle are
bound together must now be considered. In many preparations, the
impression first gained is that the fibers are in direct contact with
their neighbors, but sujtable staining shows this not to be so. Connec-
tive tissue in the form of delicate non-nucleated strands of reticular
fibers surrounds each fiber. The name membranellac has been given
to this fine tissue which is responsible for the difficulty experienced in
attempting to tease the muscle fibers apart. Preliminary treatment
with an agent such as caustic potash dissolves the membranellae and
so enables the muscle fibers to be isolated. The reticular fibers, which
can be considered to form intimate sheaths for the muscle fibers
supporting them and binding them together, are continuous with the
stouter strands of connective tissue which separate the layers or bundles
of smooth muscle fibers This connective tissue contains collagen and
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clastic fibers, fibroblasts, and wandering cells, and also serves to
conduct the blood vessels and nerves. The muscles which are attached
to hairs exert their pull through networks of clastic fibers which
correspond to the tendinous inscrtions of skeletal muscles. This close
association of smooth muscle with clastic fibers is in fact so general
throughout the body that the term myoclastic tissue is sometimes
applied to it

Tt has been noted that the cytoplasm of smooth muscle celfs consists
of myofibrils surrounded by sarcoplasim, and that the former are not
always to be seen in every scction examined. It follows that difficulty
may be experienced in telling visceral muscle from collagenous
conneetive tissue; it is a help to remember that of the two fiber types,
visceral muscle fibers appear more darkly stained with acid aniline
dyes such as cosin.

The blood supply of smooth muscle is sparser than that of skeletal
muscle, but as in that tissue the capillaries run longitudinally between
the fibers.

D. HyrerrroPHY OF SMooTH MuscLE

The spectacular increase in size and weight of the uterus during
pregnancy—from an organ some 8 cm. or less in length and weighing
about 30 g. (human), to onc of 32 cm. length and 1000 g. weight—
represents the physiological response of its tissues, including the smooth
musele component. But that smooth muscle may be stimulated to in-
crease in bulk by less happy circumstancesis witnessed all too frequently
by the thickened and tortuous arterics of the hypertensive patient. With
regard to the means whercby smooth muscle increases in bulk, i.c.
hypertrophies, there are clearly three possibilities: first, the individual
cells may increase in size. That this does happen 15 undoubted, and
according to Lange (1939), it is the enlargement of the individual
fibers rather than an increase in their number, which accounts for
almost all the hypertrophy shown by smooth muscle. Second, the
rqu;c}e fibers may increase in number, ie. proliferate, by mitotic
division. This also is known to happen (Muir, 1929) but the degree
to which it oceurs is limited. Whether smooth muscle fibers are to be
regarded as “highly speciabized™ (Clark, 1952) or “not very highly
differentiated” (Ham, 1957} seems to be a matter of opinion, but
whichever view is accepted it appears that these cells can d'lViC{E by

mitosis. Third, it is possible that new smooth muscle cells may arise
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by differentiation of undifferentiated mesenchymal cells which persist
in many parts of the body into adult life, e.g., the undifferentiated
perivascular cells found alongside capillaries. It seems likely that such
cellular transformation does occur in the adult but absolute proof of
this is difficult to obtain,

1ll. CARDIAC MUSCLE

A. GENERAL STRUCTURE

Cardiac muscle tissuc is found only in the heart and surrounding
the mouths of the great veins which enter it. In some ways it rescmbles
both voluntary and smooth muscle, yet in its rhythmic, unceasing
activity from carly embryonic life until death, it stands alone, Like
voluntary muscle, its contractile clements show transverse striation;
like visceral muscle, its fibers possess centrally placed nuclei, and
further, it too has an autonomic innervation.

The composition of its fibers is essentially similar to that of voluntary
muscle. It has the same basic constituents—sarcoplasm, myofibrils,
nuclei, and sarcolemma, but in their form and caliber the fibers show
distinct differences. In transverse section, they areless regularinshape.
Their most characteristic feature is that in longitudinal section they
can be seen to give off branches at acute angles and so cffect anasto-
moses with adjacent fibers. The branches are more slender than the
parent fibers which themselves seldom measure more than 15y in
cross section; as will later be mentioned this size may be greatly
exceeded by thosc fibers of heart muscle which are believed to be
specialized for the purpose of conducting the impulse for cardiac
contraction. The branching nature of cardiac muscle fibers has in the
past led to the belief that the whole heart musculature in fact formed a
syncytium, but recent findings made with the electron microscope and
shortly to be discussed have brought about a change of view.

The question of whether or not cardiac muscle fibers possess a
sarcolemma has been much debated. The matter has been well
reviewed by Cohn (1932) It may be said that a sarcolemma does
exist but it is much finer and more difficult to demonstrate than in
voluntary muscle.

The sarcoplasm of cardiac muscle fibers 1s not only very abundant
but also distinctly granular, and because of this the transverse striation
of the fibers is less distinct than that of voluntary muscle; the longi-
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tudinal striation however is very evident. Embedided in sts sarcoplasm
are myofibrils which arc quite similar to those of voluntary muscle and
show thesame alternate sequence of Yight and dark bands which confers
the crosssstriated appearance upon the fibers asa whole. The A, 1, and
Z bands can all be recognized, As in voluntary muscle, the sarcoplasm
contains mitochondria, fat droplets, and glycogen granules,

The nuclei, which arc rather pale, occupy the middle of the fibers,
in contrast to the sub-sarcolemmal position favored in voluntary
muscle. In shape they are somewhat ellipsoidal, but it is not uncommon

Text Fic. 8. Diagram of the structure of cardiac muscle in longitudinal and
transyverse section. Points to be noted are the branching of the fibers which are
striated both longitudinally and tr ly, the centrally placed nuclei, and the
intercalated discs. Of the three fibers shown sectioned transversely, one is cut through
the nucleus, one through the polar cone of myofibril-free sarcoplasm, and one
between this zone and a disc, Compare with Plate IT, Figs, 3, 4, 5, and 7.

to see nuclei with square-cut ends. Ateach end of the nucleus thereis a
cone-shaped accumulation of sarcoplasm frce from myofibrils, the polar
cone, in which are present small yellowish-brown pigment granules
which increase with age. In the condition of “brown atrophy,” this pig-
ment becomes very obvious within the shrunken cardiac muscle fibers.

B. InTERCALATED Discs

Separating the cardiac muscle fibers into segments some 50-120p
in length, each of which usually contains one nucleus, seldom two,
there are transverse bands less than a sarcomere in width known as
intercalated discs. Those frequently traverse the fiber in a series of
short steps (Text Fig. 8). They increase in number with age and are in
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by differcntiation of undifferentiated mesenchymal cells which persist
in many parts of the body into adult life, c.g., the undifferentiated
perivascular cclls found alongside capillaries. It scems likely that such
cellular transformation does occur in the adult but absolute proof of
this is difficult to obtain,

HI. CARDIAC MUSCLE

A. GENERAL STRUCTURE

Cardiac muscle tissue is found only in the heart and surrounding
the mouths of the great veins which enter it. In some ways it resembles
both voluntary and smooth muscle, yet in its rhythmic, unccasing
activity from carly embryonic life until death, it stands alonc. Like
voluntary muscle, its contractile elements show transverse striation;
tike visceral muscle, its fibers possess centrally placed nuclei, and
further, it too has an autonomic innervation.

The composition of its fibers is essentially similar to that of voluntary
muscle. It has the same basic constitucnts—sarcoplasm, myofibrils,
nuclei, and sarcolemma, but in their form and caliber the fibers show
distinct differences. In transverse section, they are less regularinshape.
Their most characteristic feature is that in longitudinal section they
can be seen to give off branches at acute angles and so effect anasto-
moses with adjacent fibers. The branches are more slender than the
parent fibers which themselves seldom measure more than 15y in
cross section; as will later be mentionced this size may be greatly
exceeded by those fibers of heart muscle which are believed to be
specialized for the purpose of conducting the impulse for cardiac
contraction. The branching nature of cardiac muscle fibers has in the
past led to the behef that the whole heart musculature in fact formed a
syncytium, but recent findings made with the clectron microscope and
shortly to be discussed have brought about a change of view.

The question of whether or not cardiac muscle fibers possess a
sarcolemma has been much debated. The matter has been well
reviewed by Cohn 11932) It may be said that a sarcolemma does
exist but it is much finer and more difficult to demonstrate than in
voluntary muscle.

The sarcoplasm of cardiac muscle fibers 15 not only very abundant
but also distinctly granular, and because of this the transverse striation
of the fibers is less distinct than that of voluntary muscle; the longi-
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fact late in developing, for Con (1909) failed to find them in fetal
hearts or in the hearts of children. In the hearts of other animals,
however, they appear carlier and they have been found by Witte (1919)
in fetal pigs of the 76-mm. stage, and by Jordan and Banks (1917) in the
beel Licart at the second to the third month. Jordan and Stecle (1912)
observed them in the guinea pig during the last week of gestation,
and also in the heart of a four-ycar-old child.

Many views have been advanced with regard to the significance of
the discs and even yet the matter has not been settled. The idea that
they represent cell membranes goes back almost a century and indeed
there arc features of cardiac muscle that support this belicf, Thus they
show up well after treatment with silver salts; the scgments which
they demarcatc commonly contain one nucleus; fragmentation of the
fibers, induced by maceration or as the result of pathological myocardial
segmentation, occurs at the discs; they increase in number and com-
plexity with growth and activity of the heart; there may be a different
degree of contraction of the fiber on cach side of a disc (Van Breeman,
1953); finally, the fact that the discs are attached to the sarcolemma
would allow of the segments being regarded as individual cells bounded
all round by a cell membrane.

Against the view that the discs are cell membranes are the facts of

fibers cut longitudinally. Note the peripheral cross-striation in these large fibers.
Compare with Fig. 3. Stlver impregnation. Magnification: x 225.

Fic. 3. Ordinary ventricular myocardial fibers from part of the same section shown
in Fig. 2. Note the smaller size of the fibers, their complete cross-striation, and their
centrally placed, clear nuclei. Silver impregnation. Magnification: X 225,

F1c. 4. Longitudinal section of human heart muscle to show the branching fibers,
their central nuclei many of which seem somewhat square-cut, and the vascular

connective tissue between the fibers, H ylin and eosin. Magnification: x 290.
F16.5. Longitudinal section of human heart musclestained with Mallory’s phospho-
tungstic acid and hematoxylin to show the intercalated discs. M ion: x 680.

Frc. 6. Transverse section of human artery to show the contorted nuclei of the
contracted smooth muscle fibers. Hematoxylin and eosin, Magnification: x 225.

Frc, 7. Longitudinal section of rabbit heart muscle to show apparent continutty
of myofibrils through an intercalated disc. Recent electron microscope studies have
shown this appearance to be illusory. Magnification: x 1140.

Fic. 8. Smooth muscle fibers cut m cross section. Fiber sections of very varied size
are seen since some of the fibers have been cut through their widest parts and others
through therr tapering ends, For this reason, toa, only some fibers show a nuel
Hleum of dog Azan. Magnification: X 1350, e

Frc. 9. Cross section of Purkinje fibers m the moderato:

r band of ox. i
ventricular fibers to the right. Silver impregnation. Ma of ox. Ordinary

gnification: x 225.
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responsc to functional requirement in these two vertebrate classes, and
that it does in fact act as the conducting system, Davies and his co-
workers have carried out extensive comparative and experimental
studics which carry great conviction (Blair and Davies 19355 Davies,
1930; Davics and Francis, 1946; Davics ¢f al., 1956). Forty yearsago,
it was held that the well developed conducting system of the mammal
represented a remnant of morce extensive tissue of similar structure in
lower vertebrate hearts, but Davies and his colleagues have found
themselves unable to support this vicw in any way. Prakash, (1954} and
carlier papers, and Bhatnagar (1957), however, dispute the ncomor-
phism of the system in birds and mammals.

The specialized conducting tissue of the mammal, which is closcly
similar to that of the bird, will now be described.

2. The Sinu-atrial Node

First described by Kcith and Flack (1907), this structure is now
accepted as the site of initiation of the impulse for cardiac contraction,
and may be called the pacemaker. It is of horseshoe shape and em-
braces the ventral aspect of the termination of the superior vena cava,
It is much more extensive than usually described, extending through
the entire thickness of the atrial wall from epicardium to endocardium
and, morcover, the anterior limb of the horseshoe extends fully halfivay
down the sulcus terminalis. It was originally thought to be composed
of tissue jntermediate in structure between nerve and muscle, and,
accordingly, was given the noncommittal name of nodal tissuc. Its
fibers, however, can be shown with silver impregnation to be special-
ized cardiac muscle fibers, completely cross striated, of fusiform shape
and branched. Intermingled with the nodal fibers is a considerable
quantity of connective tissue. In diameter, the nodal fibers are smaller
than ordinary neighboring atrial fibers. Data given by Blair and Davies
for a fourteen-year-old human heart are nodal 2-7 . and atrial 5-11 .
Duckworth (1952) has shown that there is a considerable increase in
the connective tissue content of the node just after birth. The nodal
fibers are in direct continuity with the myocardial fibers of the right
atrium, and these in turn with those of the left atrium. Although
reports have been made from time to time of a direct connection
between the sinu-atrial and atrio-ventricular nodes, there seems to be

no real evidence that such exists. The impulse therefore travels between
the two nodes via ordinary heart muscle,
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their late appearance in development and their numerical increase 1
age—unaccompanicd, it is believed, by corresponding cell divis
Morcover, on the basis of appearances asscen with the light microsci
it has long been belicved that the myofibrils are continuous through
dises (Plate II, Tig. 7). However, clectron microscope studies |
shown that this appearance is illusory (Van Breeman, 1953).
Other views regarding the discs arc those of Heidenhain, who «
sidered them to represent sites of longitudinal growth, and of Jor
(1933), who thought they could be irreversible contraction ba
Evidence in support of this latter opinion has been obtained by Be
et al. (1949). Further details may be found in Volume IT, Chaptet

C. BLoop Surrry AND LyMPHATIC DRAINAGE

Cardiac musclc has an abundant blood supply and as in volun
muscle, the capillaries follow the general arrangement of the mu
fibers. They share the slit-like spaces between the myocardial fil
and their branches with the loose connective tissue which corresp
to endomysium. Unlike voluntary muscle, lymphatic vessels are ple
ful and form a network throughout the intermuscular connective tis

D. HyrerTrOPHY OF CARDIAC MUSCLE

Accompanying conditions such as hypertension and certain valw
discases of the heart, when it is called upon to work against incre:
resistance, the cardiac muscle responds by an increase in size. 7]
hypertrophic response is belicved to be due solely to an enlargemer
the existing cardiac muscle fibers and not to any increase in t|
number. The structure of heart muscle makes an investigation ¢
problem such as this very difficult, but the work of Karsner ¢t al. {19
seems to have established that no new fibers arc formed. It may alsc
stated as collateral evidence that investigations into the regenera
capaacity of heart muscle have shown that this is insignificant (Ha
son, 1947, Walls, 1948).

E. Tue CovpucTING SYSTEM OF THE VERTEBRATE HEART

1. General Observations

In the hearts of mammals and birds, there is present structur:
specialized tissue which 15 generally considered to conduct the impt
for cardiac contraction. In support of the belief that this tissue 1
neomorphic development which has undergone parallel evolution
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fibers in the hearts of dog, cow, and man, In all three hearts, it was
found that three types of Purkinje fibers were present as follows:

Type 1 fibers have a large diameter, three to five times that of myo-
cardial fibers, and have large spherical muclei arranged in groups of 2-4
in the center of the fiber. Sarcoplasm is abundant and in consequence,
the myofibrils which arc arranged mainly at the periphery appear
relatively sparse. This type of Purkinje fiber is common under the
cndocardium but seldom penetrates the walls, In many cases, myo-
fibrillar continuity of these fibers with those of type 2 was scen.

Type 2 fibers have a diameter about twice that of ordinary myo-
cardial fibers and have less sarcoplasm than Purkinje fibers of type 1.
Their myofibrils tend to be peripheral, although many arc central,
while their Iarge and spherical nuclei arcsingly arranged. They can be
obscrved to join with ordinary myocardial fibers or with type 3 fibers,
and the transition is abrupt.

Type 3 fibers arc only slightly wider than ordinary myocardial
fibers and can be called a transition type. They have singly arranged,
targe, spherical nuclei, and the continuity which they cstablish with
ordinary ventricular fibers is abrupt.

REFERENCES

Aagaard, O, C. (1913). Anal. Hefte 47, 493,
Banus, M. G., and Zetlin, A. M. (1938). 7. Cellular Comp. Physiol. 12, 403.
Bardeen, C. R. (1903). Anat. Anz. 23, 241.
Barer, R. (1947). 7. Anat. 81, 259,
Barer, R. (1948). Buol. Revs. Cambridge Phul. Soc. 23. 159,
Bcanisé H.sgv., Evans, T. C., Janney, C. T., and Baker, W. W. (1949). Anat, Record
5, 59.

Bennett, H. S. (1955). Am. J. Phys. Med. 34, 46,
Bennett, H. S. (1956). J. Biophys. Biochem. Cytol 2, part 3 (Suppl.), p. 171,
Bennett, H. S, and Porter, K. R. (1953). Am. 7. Anat, 93, 61.
Bhatnagar, 8. P. (1957). Indian § AMed. Sc1. 11, 1.
Biorck, G. (1949). Acta Med. Scand, 133, Suppl. 226, p. 1.
giam D.‘ M.(, an;‘ Davies, F. (1935). 7 Anat. 69, 303.

loom, W, (1957). “Textbook of Histology” by A. A. i

T 1 S, ngyp Yy , 41\.Iaxlmow and W. Bloom,

gowman, W. (1840). Phil. Trans. Roy. Soc. London 130, 457,

ras};,n_](i (]io 51 15051;’:-). ‘Neurovascular Hila of Limb Muscles.” Lwvingstone, Edinburgh
Bucciante, L., and Luria, S. (1934) Arch. ttal. anat. embriol. 33, 110,
Buchthal, F. (1942). Biol. Aedd, Kbh. 17, 1. Quoted by Barer (1948).
Buchthal, F. and Knappess, G. G. (1946). Personal communication cited by Hencke

(1947).
Bullard, H. H. (1912). dm. 7. dnat. 14, 1.




58 E. W. WALLS

3. The Atrio-Ventricular Node

First described by Tawara (1906) this structure, which is smaller
than the sinu-atrial node, lies in the lower part of the atrial septum.
Tts specialized fibers are thus in continuity with the ordinary myocar-
dial fibers of both atria. The nodal fibers, which show complete cross
striation, differ from those of the S.A. node in being rather thicker,
although more slender than the fibers of the ordinary myocardium,
more cylindrical, and much more branched.

4. The Atrio-Ventricular Bundle

In direct continuity with the A.V. node i3 the A.V. bundle, a
structure which can be dissected with ease in the ox but with consider-
ably more difficulty in man (Walls, 1945). The bundle runs forward
under the septal cusp of the tricuspid valve to divide over the fleshy
part of the interventricular septum into right and left limbs. The right
limb forms a compact bundle on the right side of the septum from
which it usually passes into the moderator band and so across the
ventricular cavity to the base of the anterior papillary muscle; arrived
there it breaks up into a subendocardial network of Purkinje fibers,
The left mb is in the form of a broad, flattened band which descends
for some distance on the left side of the septum before dividing into
branches which pass across the ventricular cavity via the “false”
tendons to reach the papillary muscles on the opposite wall; once there
they break up into a plexus of Purkinje fibers beneath the endocardium.

5. Purkinje Frbers

In many mammals, the A.V. bundle and its limbs consist of large
Purkinje fibers first described by Purkinje in 1845. In the human heart,
however, the fibers in the bundle and the proximal parts of its limbs
are no larger than the ordinary fibers—indecd, they are slightly
narrower—and 1t 15 about halfway down the septum before Purkinje
fibers can be detected 1n the limbs of the bundle.

The special endocardial network observed by Purkinje in the
ungulate heart was composed of large, pale fibers, often with two
nuclei, in which striation was limited to the periphery of the fibers.
This description sull holds good (Plate II, Figs 2 and 9), but it has
recently been amplified considerably by Kugler and Parkin (1956),
who reinvestigated the problem of whether or not there was direct
continuity between ventricular Purkinje fibers and ordinary myocardial
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1. SOURCE OF THE MESODERM CONCERNED IN THE DEVELOPMENT
OF STRIATED MUSCLES

With the exception of the sphincter pupillac in birds and reptiles,
the striated musculature of vertebrates is of mesodermal origin, The
mesoderm concerned is part of that which, during gastrulation, is
invaginated* through the primitive streak, and, in a very gencral
manner, its source in earlier embryonic stages can be identified in
the ectoblast. Neural crest mesoderm (ccto-mesenchyme) does not,
apparently, contribute to the muscufar system, On leaving the ccto-
blast, the invaginated cells, or chordamesoderm, become arranged
into seven longitudinally arranged bands. Of these bands, that un-
paired one which comes to lie in an axial position in the middle line of
the embryo is the notochord. On each side of the notochord there is a
band of paraxial mesoderm-—most of which becomes segmented to form
the somites. Along the outer borders of these somites are found the
more attenuated strands of intermediate mesoderm. Finally, and lying
most laterally on each side, is the lateral plate mesoderm, The appcarance
of the coelom splits each lateral plate tangentially into an outer part,
in contact with the ectoderm and known as the somatopleuric mesoderm,

! Although the tail mesoderm is not invaginated in the manner of that destined
for more cramal regions of the body, there would seem, in fact, to be no specific
and essential differences 1n the method of development of the middle germ layer
along the embryonic axis. Thus the presumptive material for the urodele tail
somites has been identified 1n the hindmost part of the ectoblast of the *
plate” (Bijtel, 1958), and there seems to be no
arsing by a process essentially different from
bryonic axs,

of th neural
Justification for regarding the taif as
that obtaining elsewhere in the em-
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superficial muscles of the face, the auricle, and the scalp have evolved
(Huber, 1931) and from which, presumably, they devclop.

The pharyngeal muscles, in the form of the constrictors, extend to
the commencement of the esophagus. In the walls of the latter, in most
vertebrates, there is a variable amount of striated muscle which
sometimes reaches as far caudally as the cardiac orifice. Indecd, in
some fishes, this striated musculature is found to extend to the wall of
the stomach itself. Such postpharyngeal striated gut musculature is of
uncertain embryological origin, but presumably it is developed in situ
in the splanchnopleuric mesoderm; it can, therefore, be considered to
be of general visceral origin. Its nerve supply has not been established
in detail, but seems to resemble that to striated musculature elsewhere,

‘The striated musculature of the paired extremitics of vertebrates is
certainly of mesodermal origin. In the paired fins of nontetrapods the
contained musculature takes its origin from ventrolateral extensions
of the myotomes into the mesenchyme of the devcloping fins. In tetra-
pods, however, with the possible exception of reptiles (Daleq and
Pastecls, 1954, p. 197), the evidence for such myotomic extensions is
not convincing. Indeed many descriptive embryologists (Higgqvist,
1956, for references) and most investigators who have used experi-
mental techniques (c.g. Byrnes, 1898; Lewis, 1910; Detwiler, 1934,
1955; Hamburger, 1938, 1939; Saunders, 1948b; Tschumi, 1957)
consider that the limb muscles differentiate in sif from the limb bud
mesenchyme, This mesenchyme is of somatopleuric origin. The
prospective mesenchymal cells of the limb buds make their first
appearances as localized aggregations of somatopleuric cells near the
coelomic epithelium. From this situation these cells migrate to
the covering epidermis, which is somewhat thickened opposite to
them, and establish contact with it (Filatow, 1933; Taylor, 1943).
The protuberance which results from the proliferation of these soma-
topleuric mesodermal cells and their epidermal covering constitutes
the limb bud. The evidence suggests strongly that it is only through
multiplication of the constituent cells of the bud that its subsequent
growth can ensue. There is no evidence for further supply of mesoder-

mal material from any other source, including the myatomes. With
the exceptions of the nerve fibers, the Schwann cells, the melanoblasts
and, possibly, the endothelium of the vascular and lymphatic systems,

all the subepidermal cellular elements of the limbs, including those o;’
the muscles, are now generally considered to take their origininsity from
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and an inner part, which clothes the endoderm and is called the
splanchnopleuric mesoderm. Muscular tissue, as will be described, arises
only from paraxial and lateral plate mesoderm.

1. REGIONAL DIFFERENCES IN ORIGIN OF
THE STRIATED MUSCULATURE

The striated musculature of the trunk, which is the first to appear
in ontogeny, is derived, at least in great part, from the myotomic
portions of the paired and segmentally arranged somites, In the head
and neck region, striated muscle of somite origin is also present. Thus
the extrinsic muscles of the cyes arise from three pre-otic somites or
from a localized and condensed mass of mesoderm which corresponds
to them. The tongue musculature, innervated by the hypoglossal nerve,
also takes its origin, at least phylogenetically, from the so-called
occipital somites. (Sec R. McM. Hunter, 1935; R. P. Hunter, 1935.)
The cervical somites, of course, provide the material for the pre- and
postvertebral musculature in the neck. Definite evidence for a myo-
tomic origin of the infrahyoid muscles is not forthcoming, but such a
derivation for these muscles is generally assumed. In addition to this
somitic, or myotomic, musculature, there is, in the vertebrate head
and neck region, an eatensive system of voluntary striated muscula-
ture derived from the visceral, or branchial, arch mesoderm. This
segmentally arranged “special visceral” musculature constitutes that
of the jaws, of the pharynx and, in branchiate vertebrates, of the gills.
In the air-breathing vertebrates the first visceral arch remains the
source of the masticatory muscles; the myogenic tissue of the arches
caudal to the first develops principally into the musculature of the
pharynx and the larynx.? In the amniotes the second arch mesoderm
also provides an extensive shect of superficial musculature known as
the sphincter collr. In the mammals, an extension of the last named
muscle in a cramal direction constitutes the matrix out of which the

? There arc 1n most vertebrates 6 branchial arches, and the muscles derived from
each of them are supplied by the appropriate branchial arch nerve. The sternomas-
toid and trapezius muscles, supplied by the accessory nerve, are probably also to be
regarded as, at least i part, of branchial origin, possibly phylogenetically from
branchial mesoderm lying caudal to the sixth arch, W. H. Lewis, indeed, considered
that there 13 mo somi contibuton o the stermomastond and trapezis museley
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superficial muscles of the face, the auricle, and the scalp have evolved
(Huber, 1931) and from which, presumably, they develop.

The pharyngeal muscles, in the form of the constrictors, extend to
the commencement of the csophagus. In the walls of the latter, in most
vertebrates, there is a variable amount of striated muscle which
sometimes reaches as far caudally as the cardiac orifice. Indeced, in
some fishes, this striated musculature is found to extend to the wall of
the stomach itself. Such postpharyngeal striated gut musculature is of
uncertain ecmbryological origin, but presumably it is developed in sita
in the splanchnopleuric mesoderm; it can, therefore, be considered to
be of general visceral origin. Its nerve supply has not been established
in detail, but scems to resemble that to striated musculature clsewhere,

The striated musculature of the paired extremitics of vertebrates is
certainly of mesodermal origin, In the paired fins of nontetrapods the
contained musculature takes its origin from ventrolateral extensions
of the myotomes into the mesenchyme of the developing fins. In tetra-
pods, however, with the possible exception of reptiles {Daleq and
Pastecls, 1954, p. 197), the evidence for such myotomic extensions is
not convincing. Indeed many descriptive embryologists (Haggqvist,
1956, for references) and most investigators who have used experi-
mental techniques (c.g. Byrnes, 1898; Lewis, 1910; Detwiler, 1934,
1955; Hamburger, 1938, 1939; Saunders, 1948b; Tschumi, 1957)
consider that the imb muscles differentiate in sit from the limb bud
mesenchyme. This mesenchyme is of somatopleuric origin. The
prospective mesenchymal cells of the limb buds make their first
appearances as localized aggregations of somatopleuric cells near the
coelomic .epithclium. From this situation these cells migrate to
the covering epiilcrmis, which is somewhat thickened opposite 1o

?z:ni)rz;r::llh::;bctsl\l hc'o;nact wit? it (Filatow, 1933; Taylor, 1943).
topleuric mcsodermv lli:ll{csulz e thc‘ proliferation 2 [ these so ma-
the Timb, bt The :vidc s an (hflr cpidermal covering constitutes
multiplicatior; of the ocntc'i SUgSc-"f Tl i lS'OnlY through
ETOW e Th:rns' i uem_(cic Is of the bud that its subscquent
mal materiat fm;n - coltshno cvidence for fu.rthcr supply of mcsod{:r-
the exceptions of the n)érvc ;‘:) 50“'}‘3‘“’ houding (e myotomes, With
and, posibly. the enduii; it ers;~ thc Schwann cells, the m(flanoblasls
all the Sllbepzldcrma] o umlo the vascular‘and l).rmpha.tlc systems,
the musclos. o ar elements of the llmbs,‘mcludmg those of

» Arenow generally considered to take their origin in sifu from



66 J. D. BOYD

the mesenchyme of their embryonic buds. Thus it has been shown by
Hamburger (1938, 1939) and by Rudnick (1945) that, in stages before
it has become a distinct protuberance, the forclimb primordijum of the
chick can undergo scll-differentiation into an essentially complete and
normal wing when grafted to the coclom of a host chick. Indeed,
subsequent work on the chick wing bud by Saunders (1948a) and on
the hind-limb bud of Xenopus laevis by Tschumi (1957) has shown
quite conclusively that, in the animals concerned, the most actively
growing part of the limb bud is its distal end. Rapid proliferation of
this apical mesenchyme has as its result the continuous laying down of
the limb segments in a proximo-distal manner. If the apical growth is
interrupted, the distal part of the limb lacks its mesodermal consti-
tuents, the extent of the lack depending on the stage of interference and
the intensity of the interrupting trauma. The results of these experi-
ments leave little doubt of the reality of ir situ differentiation of those
muscles which are properly intrinsic to the limbs. The descriptive
work of many investigators suggests strongly that many of the muscles
of the pectoral and pelvic girdles are of myotomic origin. Therc is, to
my knowledge, no clear-cut experimental evidence on this point, and
meanwhile it would seem that we should consider the region of tran-
sition, at the proximal end of a limb, as one in which there is an
indefinite transition between musculature of myotomic and muscula-
ture of in sifu limb bud origin. Probably, in later stages of devclopment,
muscle from limb can extend into trunk and zice versa. Such exceptions,
however, should not be taken to transgress the general conclusion that
the limb muscles of birds and amphibia certainly, and probably of all
tetrapods, are not of myotomic origin. The careful and extensive
histological investigations of Strecter (1942, 1949) and further work
by Theiler (1957) on human embryos add weight to this conclusion.
A case for another exception to the myotomic origin of trunk muscle
has been made by Straus and Rawles (1953). As early as 1868 His
denied a contribution by the somites to the abdominal musculature
which, in his opinion, probably arose from the somatopleuric portion
of the lateral plate From a study, on the chick embryo, of the results
of carbon marking experiments and of the fate of intracoelomic grafts
of lateral plate material, Straus and Rawles conclude that the ventral
parts of all three lateral abdominal muscles, the whole of the rectus
abdominis muscle, and the ventral parts of the intercostal muscles
develop from mesodermal cells of the lateral plate. Their generalized
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conclusion for the chick is that “the somites alone form the skeleton
and musculature of approximatcly the dorsal third of the body wall;
the laterat plate afone forms these structures in approximately the
ventral half, The intervening arca, representing approximately one-
sixth of the body wall, appcars to be formed by hoth somites and
lateral plate.” In their paper, Straus and Rawles indicate that,
although the situation is not entirely clear, it appears likely that in
wrodeles also at least some of the ventro-lateral trunk musculature is
derived from the lateral plate. “Unfortunately,” they add, “compa-
rable data are lacking for other classes of vertebrates.” However, in
1955, Detwiler produced cumulative evidence from a number of
differently cxecuted cxperiments on dAmblystoma larvac suggesting
strongly that in these urodeles the ventrolateral trunk musculature is,
in fact, of somite origin. More recently still, Theiler (1957) hasmadea
carefil study of serial scctions of 26 human embryos ranging from
2.5 mm. to 13 mm. C. R, length, and has compared his findings with
sections of chick, guinea pig, pig, and mice ecmbryos. Theiler finds
that ventral cxtensions of the somites, which he calls somitic buds
(Somitenknospen), can be traced, in human embryos, of 5-9 mm. C.R.
length, into the lateral plate mesoderm between the levels of the eighth
cervical and the second lumbar segments (Text Fig. I, E). These buds
represent the undifferentiated ventral edges of the myotomes. They
develop in accordance with the law of cranio-caudal differentiation
and they could well be the source of the intercostal and ventral
abdominal musculature. Theiler concludes that his findings “are not
contradictory to the theory of a somitic origin of the intercostal and
abdominal musculature.” It would seem, therefore, that the case for a
lateral plate origin of the ventrolateral trunk musculature cannot be
regarded as proven. It is, of course, possible that the developmental

situation in the chick embryo differs radically from that in urodeles
and mammals,

til. DEVELOPMENTAL HISTORY OF THE MYOTOME

In gnathostomatous vertebrates there are marked differences, both
from species to species and regionally in a single species, in the details
of the developmental history of the paraxial somites. The general
pattern, however, is that the medial wall and a considerable part of
the cramal and caudal walls of each more or less

cubical somiti :
(Test Fig, 1. A) cal somitic block

resolve themselves into a loose mesenchyme. As
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the so-called sclerotome (Text Fig. 1, B), these mesenchymal cells
migrate ventromedially round the notochord, where they meet and
fuse with the equivalent cells from the opposite side. From these
sclerotomic cells the vertebrae and the dura mater will develop. The
portion of the somite remaining after the migration of the sclerotomic

Text Fi6 1 Successive stages 1n development of somite and myotome. A; Left
fifth somtte 1n a 10 somate human embryo. The somitic wall is sohid black. There are
some cells loosely arranged 1in the cavity of the somite. B; Left sixteenth somite in a
28 some human embryo. The medial wall of the somite has resolved itself into a
loose mesenchyme which, as the sclerotome, 15 streaming medually. C; Left tenth
somute 1 a 28 sormite human embryo. The original ventral and dorsal walls of the
somite are bent towards *rc intact lateral wall to constitute the myotome. D; Left
midthoracic myotome 1 a 5 mm. human embryo. The lateral myotomic wall is now
interrrupted and the dermus has app 1. E; Left midit 1c in an
8 mm. human embryo The remaming cpnhelxal hke dorsal and\:mml margins of
the myotome are now widen separated, the ventral margin having extended into

the somatopleure.
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material is called the myotome (Hfantmushelplatte or dermomyotome).
This myotome consists of the lateral wall and of parts of the dorsal and
ventral walls of the original somite. “The cells of these persisting walls
have an epithelial-like appearance, those of the Jateral wall in partic-
ular taking on a high cylindrical character, As a r(::ult,. the gcn.cr:\l
appearance presented, on section, by the myotome at thm'smgc is of
an epithclial shell with a medially directed concavity. The surface
of the shell lies immediately beneath the ectoderm, no mesenchymatous
tissuc being interposed. For a period after the separation of the main
mass of the sclerotome the medial concavity, or hilum, of the myotome
often still shows some mesenchymal cells migrating from it (Text Fig.
1, C). Mecanwhile, the persisting part of the dorsal wall comes to
apply itself, with varying degrees of intimacy of contact, to the inner
surface of the intact outer somitic wall which is now called the der-
matome (Cutislamella or feuillet aponévrotique). The shell thus becomes in
part double laycred, The persisting part of the ventral wall, which
is distinctly shorter than the dorsal one, will eventually come similarly
to oppose itself to the outer wall. For some time, however, the ventral
wall appears as a medially directed projection of the myotome.
Possibly the differentiation of the dorsal root ganglia and of the
associated neural crest material exerts more pressure dorsally, This
would explain the temporal difference in behavior between the dorsal
and ventral somitic walls, By the time these two walls have come into
contact with the dermotome, the central part of the latter shows a
breakdown of its epithelial character (Text Fig. 1, D) and mesenchy-
matous cells migrate from its outer surface and come to lie between it
and the overlying ectoderm. Previous to the appearance of these cells,
there has been no cellular tissue interposed between the ectoderm and
the lateral somitic wall. The mesenchyme derived from the dermatome
is considered to constitute that of the dermis, at least in the immediate
neighborhood of its origin. The gap in the dermatome, resulting from
its central breakdown, rapidly extends to the cranial and caudal
limits of the lateral wall, so that the persisting epithelial parts of this
wall come to be separated into a dorsal and a ventral moiety, It is
generally believed that the dermatome gives rise only to mesenchyme.
Bardeen (1900) considered that, in the pig, it develops exclusively
into muscle, a view that is certainly mistaken. Graham Kerr (1919y,

however, states categorically that, in Lepidosiren, it gives origin tosome
striped muscle.
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The main mass of muscle of somite origin arises from the inner layer

of the myotome or from cells proliferated from this layer. In anam-
niotes, the cells of the inner layer tend to enlarge considerably and to
orientate themselves in a cranio-caudal direction. Eventually, many
such clongated and hypertrophied cells extend throughout the whole
length of the myotome. They become multinucleated and eventually
myofibrils appear in their cytoplasm. In the amniotes the differenti-
ation of the inner myotomic wall is not so casy to interpret. In the first
place, in these vertebrates this wall is frequently never quite complete
since the dorsal and ventral walls of the original somite frequently do not
meet and fuse. Indeed, the spatial separation of the dorsal and ventral
portions of the dermatome is often accompanicd by an apparent
stretching of the two components of the medial wall (compare Text
Fig. I, A and D). Therc also appcars to be more mitotic activity in the
myotomes of birds and mammals than in fishes or amphibia and the
cells of the inner layer consequently remain smaller for a longer time,
Nevertheless, in the amniotes there is a cranio-caudal elongation of
some of the cells of this layer, and eventually myofibrils will appear in
them. Morcover, in the amniotes, the persisting dorsal and ventral
portions of the original myotome in retreating from each other have
laid down more cells, some of which will become myoblasts while
others will probably form mesenchyme and fibroblasts which may be
concerned in the development of tendon (Butcher, 1933). The
appearances resulting from these histogenetic processes in the myo-
tomes of the higher vertcbrates are very confusing and require further
clucidation, Nevertheless, it is apparent that, in these vertebrate types
also, a great mass of striated muscle is produced by the inner wall of
the myotome, either directly or through the production of cells which
arc small enough to migrate and which then differentiate into muscle
in positions remote from the myotome itsell. Such complications in
myotomic differentiation in the amniotes are, perhaps, to be expected
in view of the greater diversity in the locomotor apparatus and the
muscular system of these vertebrates.

As has been indicated earlier, the prospective somite material in a
number of vertebrates has been identified in the ectoderm before
gastrulation. Yamada (1937, 1939), however, showed that, in am-
phibia, if such prospective material 1s grown within epidermal jackets
or is trapsplanted 1nto the midventral belly region, it does not develop
into striated muscle but into pronephric tubules. These findings
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suggested that, for its normal differentiation, somite material requires
the intervention of some extrinsic factor or factors. Yamada (1939),
Muratori (1939), Mutchmore (1951}, and Smithberg (1954) have all
demonstrated that the notochord probably contains such factors, for
when it is explanted in conjunction with presumptive somite material,
the latter can differentiate into striated muscle, The notochord is not
unique in this regard since other tissucs can substitute for it. Mutch-
more considers that the experimental results suggest that “muscle
differentiation is dependent upon the maintenance of a certain
proportion of the normal relationships of the developing somite to
surrounding tissues.” Strudel (1955) has also produced cvidence that
the presence of the spinal cord and notachord is necessary for differ-
entiation of the vertcbrac and of the vertebral muscles in the chick
embryo. More recently still, however, Holtzer ef al. (1956) have
reported experiments suggesting that spinal cord, in amphibia and in
birds, stimulates the growth of somitic muscle, whereas the notochord
isinert. Avery et al. (1956) also consider that chick notochord does not
enhance the growth of somitic muscle.

Whatever local factors are concerned in the differentiation of
embryonic muscle, the presence of a nerve supply to it is not one of
them. The absence of an cffect on this differentiation by the peripheral
nerves was first demonstrated by Ross Harrison (1904) and his work
has been amplified by, among others, Lewis and Lewis (1917), Ham-
burger (1929), Szepsenwol (1947), and Avery et al. (1956).

1V, THE MYOBLAST

The term myoblast has been used in different ways. For Godlewski
(1901), who introduced the term into general use, it meant those embry-
onic elements which, differing little from the remaining embryonic cells,
eventually become muscle fibers. As Katznelson (1936) pointed out,
such a definition is unclear and is, in practice, not very helpful. Tello’s
(1917, 1922) classification of the stages between the undifferentiated
embryonic cell and the fully developed muscle fiber is much more
fruitful. Tello identifies the following stages in the embryology of the
muscle fiber: (1) that of the myoblast, in which the primordial muscle
cell cannot be distinguished from the associated fibroblasts; (2) that of
the myocyte, in which the cell, which may be uni- or multinucleated, has
become elongated but shows no transverse striation and no spe,ciﬁc
cytoplasmic structure; (3) that of the myotube, in which the very
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clongated cell shows some striation in its periphery and an appearance
of an axial core of pale cytoplasm, with the nuclei still situated central-
Iy; and (4) that of the muscular fiber, with fully established transverse
striation and nuclei situated in the periphery. Katznelson uses the term
myoblast for hoth of the first two stages in Tello's classification. Indeed,
in descriptive histology, until the criteria laid down by Tello for
myocytes have become apparent, it is only by position, supported by
the eyc of faith, that a ccll can be identified as a myoblast in Tcllo's
stage 1. Further, the use, for cells in the state of development corre-
sponding to Tello’s stage 2, of the term myocyte suggests a completion
of development which they patently have not achieved. In my opinion,
the better terms for Tellos stages 1 and 2 would be, respectively,
premyoblast and myoblast. It is in this way that the terms will be used
in the subsequent discussion.

V. HISTOGENESIS OF STRIATED MUSCLE

There has been much conflict of apinion on the manuner in which
the myoblasts become converted into the elongated, multinucleated,
and highly specialized muscle fibers. As early as 1839, Schwann ex-
pressed the opinjon that, in the pig, the definitive functional fibers of
muscle arose by the alignment of the formative clements into parallel
rows in which the cells were arranged in an end-to-end fashion. He
considered that lincar coalescence of these cells produced the elongated
multinucleated condition. Schwann’s view was soon contested by
Prévost and Lebert (1844) and by Remak (1845), who believed that
cach muscle fiber was derived, by growth and nuclear division, from
a single embryonic cell. In the subsequent hundred years, many
investigators (Tello, 1922; Haggqvist, 1931, 1956, for summaries of
the literature) have reported findings which support onc or other of
these viewpoints. This literature is confusing and an attempt at an
impartial assessment of 1t leads to two conclusions. In the first place, it
is apparent that the material used in many of the contributions was
not adequate 1 amount or 1n histological state, for a solution of the
problem, Sccondlv, it 15 possible that all the striated muscle fibers of
vertebrates do not undergo identical histogenetic processes. Thus
myoblasts derived from the epithelial-like cells of the somites may
behave differently fron. those which arise i s from mesenchyme.
Further, Glucksmann (1934) has described striking differences in the
development of muscle in different vertebrate groups. Indeed, as will



11, DEVELOPMENT OF STRIATED MUSCLE 73

be seen later, there may even be differences in the mode of origin of
muscle fibers at different stages in the development of a single muscle.
The following account is based principally on observations on human
and sheep embryos; examination of more limited material from other
vertebrate types, however, does not lead ta the opinion that the histo-
genesis of muscle in them differs in any essential manner from that
which is found in mammals.

In the carliest musculature arising directly from the dermomyotome,
the premyoblasts are represented by the clongated epithelial cells of
its inner wall. In later stages, in this position and in all those regions
shere the musculature arises in site in mesenchyme, the premyoblasts
are slightly clongated, Apart from this clongation of the premyoblasts,
however, it is only by their position in rclation to the subsequent
developmental history of the region concerned that they can be
identified as myogenic in character. Like the closely related cells of
fibroblastic nature, these premyoblasts show mitotic activity. As is
usual in mitosis, the dividing cells become round and, hence, during
division, there is also no method of distinguishing premyoblasts from
fibroblasts. With continuing development, however, cclls that can be
identified as myoblasts appear in the regions of myogenesis. These
cells are characterized at first by their larger size, by their greater
elongation, and by an absence of mitotic activity. Their cytoplasm
increases considerably in amount; it is granular and often vesicular in
character. Owing to the initial tight packing of the myoblastsand to the
diffuse nature of their cytoplasmic boundaries, their increase in size
and the vacuolation of their cytoplasm often results in an appearance
as if there had been cell fusion, and not by cell ends only, 10 constitute
a widespread syncytium. There are many descriptions in the literature
indicating that there is, indced, a true syncytial formatdion by the
myoblasts. Careful study of the regions of alleged cytoplasmic fusion
leaves one undecided on this important point. In well fixed material,
cell boundaries can, in fact, usually be identified (Plate 111, Fig. 13).
However, even in embryos in which fixation in general is excellent,
th.e myoblasts frequently show such marked vacuclation and indeter-
minancy of bounding cytoplasm (see Plate 1, Figs. 1 and 3) that it
w.ould be rash to state dogmatically that there has been no fusion. In
view of the subsequent history of the myoblasts, syncytial formation is,
perhaps, not to be expected: The appearances of fusion of the myoblasts
are possibly due to a peculiar lability of their cytoplasm to fixatives at



MTRLCE RN . ¥
TN SRV AL SN
B

e

o
4
3

IS WISHPRINV. SOUF I YN

Prarte 1



111. DEVELOPMENT OF STRIATED MUSCLE 75

this stage. Glicksmann (1934) and Ballas and Obert (19§2) describe
the syncytial appearance as being found only in the higher verte-
brates.

The granularity of the cytoplasm of the myoblasts at this stage is in
part due to mitochondria, as was first indicated by Meves (1907) and
Ducsberg (1909) and as has more recently been demonstrated in
developing chick somite muscle by Weed (1936). It is also, in part,
attributable to the presence of slightly cosinophilic bodies which may
correspond to the cytoplasmic granules described by Moscona (1955)
in embryonic chick myogenic cclls growing in vitro. Moscona describes
these granules as ranging from 0.8-2.2p in diameter. They do not
stain supravitally with Janus green under conditions which demon-
strate mitochondria and they are too large for microsomes. They
appear to contain a polysaccharide in association with a protein and,
also, ribonucleoprotein.

As development proceeds, the myoblasts become much more clon-
gated and, at the same time, they increase in girth. Any appearance of
syncytial formation which may have been present disappears. The
resulting cells become multinucleated, apparently by amitotic
division, for no mitotic figures are observed. The nuclet are situated
centrally and frequently two, three, or more of them aresituated close
together in a linear fashion. The absence of peripherally situated nuclei
is, perhaps, a point against the origin of the myoblasts of this stage
from a diffuse syncytium. With the assumption of the multinucleate
condition, the cytoplasm of the central portion of each myoblast
becomes much clearer and the gencral granularity of the remaining

Fic. 1. Section through developing trunk muscle 1n 28 day (6 mm. Q.R. length)
sheep enbryo. A number of homogeneous and several striated myofibrils can be
seen, Note the ahsence of obvious eytoplasmic t daries. Iron h lin.
Magnification: x 1060. )

Fic. 2. Section through developing trunk muscle in a 17 mm. C.R. length human
embryo (H. 640). Straated myofibuls can be seen in the myoblastic cytoplasm. Iron
hematoxylin. Magmification: x 560

Fic. 3. Higher power photomicrograph of trunk muscle in 17 mm. C,R. length
human embryo, showing striated myofibrils in vacuolated cytoplasm. A pyknotic
nucleus 15 present, such presumably degenerating nuclei are not uncommon at this
stage. Iron hematoxylin. Magnification: x 1050.

Fic. 4. Myofibrils n a 17 mm. C.R. length buman embryo, showing longitudinal
spliting 1n several regions. Iron hematoxylin. Magnification: x 1540,

Fre. 5, Myotubes 1n trunk muscle of 2 22 mm. human embryo H.
hematoxyln. Magmification® x 532 ryo (H. 5949). Iron
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cytoplasm is decreased. In the central cleaver cytoplasm, howeer,
there is now present particulate glycogen and also some lipid (Cou-
teaux, 1911}, It is at this stage (5-8 mm, in man and sheep, third day
in chick) that the myofibrils can first be identified in the myoblasts of
those muscles which are more advanced in their development.
There have been widely differing opinions on the origin of the
myofibriks, The carlier investigators considered that they differentiated
out of homogeneous myoblastic protoptasm. Godlewshi {1901, 1902)
described them as arising through linear aggregation and fusion of
initially randomly arranged protoplasmic granules. Moscona (1935}
has also drawn attention to the origin of the myofibrils at that time
when the cytoplasmic granules deseribed by him disappear. Meves
(1907) and Duesberg (1909) bave associated mitochondrin with the
initiation of myofibrillar development but Hagggvist (1920) did not
agree with them. Weed (1936), in herstudy on myogenesis in the chich,
has assoctated both mitochendria and granules in the fibrillogenesis.
She writes: “The myofibrils were found to arise in close association
with filamentous mitochondria, apparently at the expense of the
numerous small cytoplasmic granules which fill the carly myoblasts.”
Most observers are agreed that, when they first appear, the individual
myofibrils are homogencous and stain very palely with iron hematoyy-
in and that only one or two of them can be identified in each cell.
Later they increase in number, stain much more deeply, and eventu-
ally show the appearance of striation. Godlewski {1902) considered
that the anisotropic band of this striation corresponded in nature to the
onginal granules, from which he believed the myofibrils to be derived.
When they are in the homogencous state, the myofibrils are very
attenuated. With the appearance of striation, however, their diameter
averages, as measurement of a Jarge number of them shows, about 1.
It can be recorded, too, that the anisotropic and isotropic segments
possess approximately their definitve lengths as soon as they become
apparent. Thus, measurements of 100 A segments in a 17 mm.
human embryo gave an average length for these segments of L4p
with no measurements falling outside the range of 1.3-1.5p. The
equivalent average for the I segments is 0.8y, but the range js rather
wider. Nevertheless, the dimensions are strikingly of the same order 23
1 adult muscle. The differentiation of the myofibrils coramences in
their intermediate portions and thence spreads rapidly along their
length towards their ends. As the myoblast grows, it would seem that,
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initially at any rate, new terminal parts of cach myofibrif consist of
homogeneons material into which the striation rapidy extends, The
regularity in the periodicity of the intermediate portions of the
myofibsrils sould scem to argue strongly against any interstitial growth
in them during their clongation,

When the myofibrils first appear and are in the homogencous state,
cach myoblast contains only & very small number of them. Of these,
onc appears to become striated in advance of the others, Often before
these others develop their striations, the more advanced myofibril
begins, in its intermediate section, to divide longitudinally. Indecd,
this myofibril may commence to divide in its central part while its
twa ends are still in the homogencous condition. The duplication of
the myofibrils by longitudinal splitting was first described by Heiden-
hain and by Maurer in 189+, Many subsequent observers have verified
their descriptions. In developing trout muscle, Heidenhin (1913)
described all the myofibrils in a myoblast as arising from one single
longitudinal cytoplasmic fibril by a rather complicated process of
splitting. Unfortunately, there appear to be no recorded observations
on the cytatogical conditions in trout muscle antecedent to the for-
mation of this single primary fibril. In mammalian myoblasts, it seems
unlikely that the myofibrils arc all derived from a single forcrunner,
unless the homogencous fibrils have had such an origin before they
become thick cnough to be resolved by light microscopy.

During the process of division of a striated myofibril, the darkly
staining anisotropic bands, as they appear in sections stained with
Heidenhain’s iron alum hematoxylin, become paler. The longitudinal
separation would appear to be the result of an actual split in the middle
of the fibril; the two resulting fibrils each possess about half the dia-
meter of the original fibril. Then, and apparently quite rapidly, the
components of each daughter fibril swell to their original thickness,
Production of new myofibrils in this fashion proceeds for a long
period—in man, certainly until the middle of intrauterine life. It
becomes progressively more difficult to observe the details of the
process of splitting, however, as the myablast comes to contain more
and more myofibrils. During the process of multiplication of the
myf)ﬁbrﬂs, equivalent isotropic and anisotropic segments keep in
register. This phenomenon is not surprising for those myofibrils which
have had their origim from a common forerunner. It is not apparent,
however, what mechanism brings into register equivalent segments of
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myofibrils of disparate origin. Possibly the arrangement is due to a
common origin of the homogeneous fibrils from a single initial fibril in
the carliest stage of myoblastic differentiation. Weed (1936) has
suggested that the Z-membranes may be present from the time the
fibrils first appear and their carly presence might be the explanation
for the alignment of equivalent bands. I have been unable to jdentify
with any feeling of ccrtainty Z- membranes at such carly stages. As
Heidenhain (1913} has shown, there are occasional lapses in the
correctness of register,

While the myofibrils are differentiating, there arc other striking
changes in the myoblasts which result in their gradually passing into
the myotube stage. The nuclei are still situated centrally; they tend to
be rectangular in shape except in those regions where scveral of them
are closely apposed to cach other and where, presumably, they have
been undergoing a mitotic division. The cytoplasm between the nucled,
in the central region of the developing muscle cell, stains very palely in
iron hematoxylin material. With continuing devclopment, this paleness
of the axial cytoplasmic core becomes more marked and the general
appearance presented by a section of any length through the cell is of a
tubular structure. With suitable fixation and staining, it is possible fo
identify both P.A.S, positive material and lipid granulesin the axial cyto-
plasm of these myotubes. The P.A.S. material is largely diastasescnsitive,
but even after long subjection to this enzyme, some positive reaction
persists. There can be no doubt that much of the central pallor in
myoblasts subjected to routine histological techniques is due to the re-
moval from the axial cytoplasm of water- and alcohol-solublesubstances.

Fi. 6 Higher power view of longitudinal section through myotubes with myo-
fibrtls in 22 mm C.R length human embryo (H. 594). Iron hematoxyhn. Magni-
fication % 1050

Fic 7 Longitudinal section of myofibnils in trunk muscle of a 22 mm. C.R. length
human embryo Several of the myofibnils are splitting longitudinaily, Just above the
middle of the ficld, a split myofibril can be followed (to the right) to a single striated
myofibnt which, 1 turn, can be traced into a fine homogeneons fibril. Iron hema-
toxylin Magmficonon  x 1050,

Fic B Transverse section of myotubes in developing sternohyord muscle of 2
43 mm C.R length human embryo (H 591). Four myotubes show the appearance
of marked siderophilia in the thickened pertpheral cytoplasm. Iron hematoxylin,
Magnification < 397

Fic. 9. Higher power view of part of sechen shown in Fig. 8. Note peripheral
sttuation of myofibrils in the myotubes and the clearness of the central cavity except
where nuclei are present. Iron hematoxylin. Magmfication: x 900.
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In the myotubces the myofibrils are arranged concentrically (Plate I1,
Fig. 9; Plate 111, Fig. 10} around the pale axial core in the denser
peripheral cytoplasm., As development proceeds, many of the myotubes
show a very remarkable alteration in part of their periphery. This
alteration is usually found at about the middle of a myotube’s length,
and it consists in a thickening of the cytoplasm accompanicd by a
striking increase in affinity for iron hematoxylin. Indeed, it is only
occasionally that the myofibrils ean be identified in the gencral dark-
ness of this cytoplasmic segment. At this level the nuclei of the myotube
tend to be arranged in closcly packed longitudinal formation (Plate
II1, Figs. 11~12). Therc arc no signs of any cellular reaction, such as
might be expected if the change is a pathological one, outside of the
myotubes in the regions adjacent to the cytoplasmic alteration.
Certainly there is no sign of phagocytosis. Morcover, if one passes along
the length of a myotube showing this alteration, after a region of
transition showing irrcgular signs of the change, one comes to perfectly
normal myotube structurc (Plate III, Fig. 11). This alteration has
frequently been described as evidence for degeneration in developing
muscle (Haggqvist, 1931; Glucksmann, 1934, 1951). It has also been
suggested that it may represent regions of contracture (Couteaux,
1941), Ifit were not for the fact that the myofibrils do not scem to show
interstitial growth, it would be tempting to suggest that perhaps these
altered regions in the length of a myotube represent regions of growth
in length of the developing cell. The alterations were found in muscles
from all parts of the body of both human and sheep embryos. They

Fic. 10. Transverse section of myotubes in the developing sternomastoid muscle of
a43 mm. C.R. length human embryo (H. 591). Note the extreme density of staining
of the peripheral cytoplasm in the larger myotubes, Myofibrils are well shown in
most of the other myotubes. Iron hematoxylin Magnification: x 1050.

Fie 11. Longitudinal section through the pectoralis major muscle of 2 43 mm.
human embryo. The myotube on the left shows the altered segment with closely
apposed nuclei and dense peripheral cytopl The dense staining b patchy
as the fiber 15 followed upwards and downwards and 1s eventually replaced by myo-
tube of normal character. Adjacent myotubes are apparently unaffected by the
proximity of the highly modified myotube. Iron hematoxylin. Magnification. x 520,
tthl. 12 Longitudinal section through part of modified segment of a myotube ir;

¢ gluteus maximus muscle of a 43 mm. C.R. lengt
toxylm. Magnification: x 675 st human enbryo. Iron hema-

Fic. 13. Longitudinal section throu,
embryo, sh

! . ¢ gh de\;elopmg slgmite muscle of an 8 mm., sheep
g my an ial cells. The myofibrils are mostly h -
gencous and the myoblasts posses clear cut boundaries, Magmficanon: yx olmog
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seem to occur more frequently in the large muscles (c.g. the pectoralis
major, gluteus maximus, and the sternomastoid) and they were only
rarcly found in the tongue. The changes in the human material
examined are less frequent after the 100 mm. stage. If the changes are
degencrative in nature and result in complete destruction of the associ-
ated myotube, the products of that degeneration must be removed
with remarkable speed, for in a large and closely spaced collection of
human embryos and fetuses, such products have not been identified.
Whether or not all the myotubes show the phenomenon at some stage
of their development, I cannot say.

Gradually, and at widely differing rates in different muscles and
even in different parts of the same muscle, the myotubes are converted
into muscle fibers. The process commences in the central part of a
myotube with the disappearance of the pale axial cytoplasmic core.
The nuclei become spaced out in a regular fashion and migrate to the
margins of the fiber and come to lic immediately under the sarco-
plasmic membrane. No signs of the formation of a sarcolemmal sheath
by the fiber itself have been observed. With the disappearance of the
tubular structurc and the peripheral migration of the nuclei, the now
very numerous myofibrils come to occupy the central part of the muscle
fiber. Multiplication of the myofibrils appears to continue for a fong
time, as the fiber itself secms to increase in girth more or less progres-
sively during gestation.

VI. INCREASE IN NUMBER OF MUSCLE FIBERS DURING DEVELOPMENT

It has long been recognized that the number of fibers in a2 muscle
increases considerably in the later stages of embryonic and during
fetal development. Thus MacCallum (1898) found that in the human
sartortus muscle there is a twentyfold increase between the 74 mm.
C.R. length stage and full term. Morpurge (1898) made a similar
observation on the muscles of developing rats. There have been two
cxplanations for this marked increase. Firstly, a number of observers
consider that the new fibers arise by the splitting of (or even by budding
from) already differcntiated striated fibers. Godlewski (1902), Ciardi-
Dupré (1938), and Cuajunco (1940, 1942) have described such
splitting and Tello (1922, figured a section through an altered central
sector of a myotube, very similar to those shown in Plate II, Figs. 8-9,
and Plate 111, Fig. 10, which he considered was evidence for such
division (Myotubenvermehrung). Couteaux (1941), however, has added
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considerable support to those who consider that the angmentation in
the number of muscle fibers is due to recruitment by the differentiation
of intenstitial, fibroblastic-like cells related to, and surrounding, the
primary muscle fibers. In stages of development before the appearance
of muscle fibers of this sccond generation, the “primary” myotubes are
cavered with numerous uninucleated elements which multiply on
their surfaces by mitotic division. (Plate II, Fig. 13). In Coutcaux’s
opinion, it is from somc of these satcllite cells that new fibers are added
to the developing muscle until the full number is achieved. Personal
obscrvations strongly support this interpretation.

Whatever the method of development of the new muscular fibers
which arc added to a muscle during its development, the appearance
presented on scction of the muscle in the late embryonic and in the
fetal period is of marked disparity in transverse diameter of the fibers,
The appearances, indeed, correspond closely with Wohlfart’s (1937)
account of human muscle, in which he considered that two varicties of
fiber could be distinguished. In cach “primary” muscle bundle,
Wohlfart described a thick “b-fiber” round which were grouped a
number of thinner “a-fibers.” This appearance was found first in the
fourth fetal month and could still be scen, in the sartorius muscle, in
the second year of postnatal life. Wohlfart concluded that there was a
functional difference between the two types of fiber. It scems more
likely, however, that they are the result of differences in time of
assumption of structural maturity.

VIl. DEVELOPMENTAL RELATIONSHIP OF MUSCLE AND TENDON

There has been much discussion of this relationship. Many investi-
gators (most notably Schmidt, 1927) have described a direct conti-
nl}ity of the myofibrils through a transitional zone (Uebergangsgebiet)
with fibrils in the substance of the associated tendon. A careful study,
particularly of trichrome stained material, leads one to doubt if the
relationship is more than that of contiguity. While it is possible to
obs‘ervc some branching of the terminal cytoplasm of a muscle fiber
as it ends in a tendon or in loose connective tissue, in well-stained
material no sign of segmented myofibrils transgressing the end of a
fiber has been observed by the author. Indeed, astudy ofthe histogenesis
of muscle leads one to consider that in the embryo it is formed of
two components. There is firstly the cells of the mesenchymatous
backeround which become the fibrous tissue of the muscle and which
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probably give origin to the endomysial (sometimes called sarcolemmal
membranc; these satellite fibroblastic cells and their connective tissu.
derivatives are dircctly continuous with the tendon, where thereis one.
The other clement is the contractile onc, and is constituted by the
primary myoblasts, reinforced in Iater stages by the recruits from the
satellite cells. Coutcaux (1941) apparently would go even further than
this conclusion for he writes: “I] semble, en effet, que, .. le tisu
musculaire strié et le tissu tendincux sc comportent au cours du
dévcloppement musculaire comme des tissus absolument distincts.”
Certainly the distinction is clear enough to justify the opinion that the
contractile and the connective tissue clements in a muscle and its
tendon constitute a composite organ rather than a single uniform
tissue,
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Although the morphological and histological study of embryonic
devclopment has been undertaken for many years now, little work has
been carried out on the associated chemical aspects of differentiation,
cither from the biochemical or from the histochemical point of view.

Histochemical work, in particular, is of very recent date, and has
mainly been concerned either with the development of the very early
embryo (Brachet, 1940; Moog, 1944; Buiio, 1951, 1954; Buiio and
Marifio, 1952), or with the processes involved in ossification (Horowitz,
1942; Lorch, 1947; Bevelander and Johnson, 1950; Pritchard, 1952).

A review of histochemical work on all fetal tissues was made by
Rossi and associates (1954), and from this it was clear that very few
data were available concerning any but the very earliest stages of
embryonic development, and moreover, that information about
developing muscle was almost nil. Since that time, as far as we are
aware, the situation has remained much the same, and so most of the
results 1o be described in this chapter will be those of the authors. For
this reason, it may be well to empbhasize that this chapter does not

represent an authoritative survey of a comprehensive range of infor-

I]:latmn but is only a preliminary resume of the little which is as yet
nown,
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1. SUCCINIC DEHYDROGENASE

An outline of the basic processes involved in the histochemical
procedure for the demonstration of succinic dehydrogenase is given in
Volume 111, chapter IX on adult skeletal muscle. Exactly the same
technique ean be used for fetal tissues, but sometimes it is advantageous
to usc a higher pH (pH 8.2 instead of the more usual pHl 7.5), since
this enables regions of lower enzyme activity to be demonstrated (Rosa
and Velardo, 1954). In fetal tissues there is less succinic dehydrogenase
than in adult oncs.

A. CARpIAC MuscLE

Succinic dehydrogenase activity in the hearts of developing chick
and rat was studicd biochemically by Sippel (1954). In the rat, it was
found that there was a steep increase in enzyme activity between the
10th and 13th days, followed by a leveling off until the 16th day and
then a further steep rise until the 19th day, i.c. 3 days before term.

Although histochemical observations do not readily lend themselves
to quantitation, somec intcresting results have been obtained. Rossi
and associates (1954) report that in human fetuses ranging in size from
60 mm. CR (crown-rump length) to 26 cm. CR, there is a strong
reaction for succinic dehydrogenase. This has been confirmed by the
present authors in hearts of 4-month-old human fetuses (Beckett and
Bourne, 1958). In our series of goat fetuses, of 5/, in. CR to 15 in.
CR, the reaction intensity was moderate in the youngest fetus and
progressively increased throughout prenatal life, although never
attaining adult levels. In fetal cardiac musculature there was no
evidence cither of intercalated discs, which in the adult are negative
(Bourne, 1953; Beckett and Bourne, 1958), or of Purkinje fibers, which

th'~2' Succinic dehydrogenase in skeletal muscle of a 15 m. (133 day) fetus. Note
the existence at this stage of fibers containmg much and little enzyme activity,
Fia. 3. Succinic dehydrogenase 1 adult goat skeletal muscle,

F16. 4. Succimic dehyd; i
day) it fcms.. ydrogenase m cardiac (ventricular) muscle from a 54 in (64

fctilf- 5. Succinic dehydrogenase in ventricular muscle from a 15m (133 day) goat
Fig 6. Sucamic deh:

ydrogenase 1n adult goat ventricul scle.
tive ntereataien desr g g ular muscle. Note the nega-
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in the adult goat have a succinic dehydrogenase-positive nucleus and a
positive reaction also in the peripheral myofibrils. Purkinje fibersare,
however, morphologically differentiated by the 10/, in. CR stage
in the goat, so that it scems that they must acquire their typical
distribution of succinic dchydrogenase activity some time after dif-
ferentiation,

B. SKELETAL MuscLr

Shen (1949), studying homogenates of fetal rat skeletal muscle,
found a steadily increasing amount of succinic dchydrogenase activity
present during the later part of fetal life. Rossi and associates (1954), on
the other hand, claim that there §s a strong reaction for succinic
dehydrogenase in skeletal muscle at all stages of development of the
human fetus. Qur own observations are not in accord with those of
Rossi and his colleagucs, since in about a dozen specimens of skeletal
muscle taken from three human fetuses of 16 weeks gestation we could
find little succinic dehydrogenasc activity. We also found that in goat
fetuses the reaction intensity progresses from weak to moderate during
prenatal life, In goat fetuses, little positive reaction was obtained until
about two-thirds term (i.e. about 100 days). During the next 30 days
or 50 there was a considerable increase in enzyme activity, so that by
about 130 days the diformazan granules were arranged in a typical
linear fashion, and in tibialis anterior, biceps, and gastrocnemius, it
was possible to distinguish between the fibers containing little succinic
dchydrogenase activity and those containing more of the enzyme. In
these muscles there was no difference in size between the fibers showing
different degrees of enzyme activity. In the rectus femoris, however, all
of the muscle fibers showed equal reaction intensity.

Fic. 7. Acd phosphatase in the Golg: apparatus of Purkimje fibers of fetal goat
cardiac muscle

Fic. 8. Actd phosphatase in the Golgi apparatus of Purkinje fibers of adult goat
cardiac muscle.

Frc. 9. Sucamic dehydrogenase in Purkinye fibers in adult cardiac muscle. Note
the positive reaction 1n the aucleus and at the periphery of each fiber,

Fic 10. Chol Acetyl chol 1n end-plate areas in muscle from
a 24 n (48 day) goat fetus (L.P)

Frc. 11. High power view of acetyl cholinesterase in end-plate areas of muscle
taken from a 2% 1n. (48 day) goat fetus

Fic. 12 Acetyl cholinesterase in motor end-plates in muscle from a 5} in. (64 day)
goat fetus.
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Despite the increase in succinic dehydrogenase activity during the
last third of prenatal life, the degree of activity shown by fetal muscle
was always considerably less than that exhibited by adult skeletal
muscle. There was no evidence of any tendency for the diformazan
granules to be more concentrated at the cdges of the muscle fibers,
although this distribution is often seen in adult human and goat
skelctal muscle.

1l. ESTERASES

The available information concerning the distribution of simple
esterases and lipases in the fetal beart and in the skeletal muscle of
fetuses can be very rapidly summarized. Buiio and Marifio (1952)
using Gomori’s Tween technique, (sec page 00 for details of method),
obtained no reaction in the cells of cardiac and skeletal muscle of chick
embryos of up to 18 days. Rossi and associates (1954) reported no
esterase in the heart and blood vessels of the human fetus, and McKay
et al. (1955) did not mention having obtained cvidence of enzyme
activity in cardiac or skcletal muscle fibers using the a-naphthyl
acetate technique for esterases on an acctone-fixed 5 mm. human
cmbryo, so onc must assume that here too, these tissues werc negative.

A. CHOLINESTERASE IN MoTOR END-PLATE AREAS

The chemical processes involved in histochemical techniques which
demonstrate cholinesterase have been discussed elsewhere in this book
(page 000). Although the distribution of cholinesterase has occasionally
been studied in the adult heart (sec for instance Gomori, 1948), as far
as we are aware distribution of this enzyme in the embryonic heart has
not yet been investigated, and so we must confine our remarks in this
chapter to the distribution of cholinesterase in skeletal muscle of the
fetus.

Kupfer and Koelle (1951), using the rat fetus as their subject, were
the first to describe the development of cholinesterase in end-plate
areas. They were unable to find cholnesterase in significant amounts,
cither histochemically, or biochemically, until the 16th day of gestation
(term 21-22 days) At this time, the amount of enzyme present in the
end-plate areas was low, since it required 50 minutes incubation to
demonstrate it compared with the 10 minutes needed for adult muscle.
The description of development of cholinesterase in the subneural
apparatus given by these authors is confusing. Their preparations must
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have shown the artifact of staining of muscle nuclei and the authors
scemed to be under the impression that the subneural apparatus was
produced by the fusion of bodies resembling nuclei, but which showed
more cholinesterase activity than the rest of the muscle nuclei. How-
ever, the picture which emerges from their observations is of cholin-
esterase being present at poorly defined points on the muscle fibers at
16 days, followed by the development of the subneural apparatus
during the next few days, until it is recognizable, at 20 days gestation,
as being similar to that of the adult. After this time, structural
development continues both in prenatal life and post partum,

The investigations of Kupfer and Koclle also demonstrated that
there was no innervation of the end-plate areas until 21-22 days
gestation, and it was suggested that cholinesterase might have a
chemotactic effect on the nerve fibers. It is perhaps significant that
East (1931) and Straus (1939) reported that the first movements of rat
embryos in responsc to faradic stimuli occurred at 16 days. Opinions
differ, however, about whether or not neuromuscular junction has
occurred at this stage. Straus concurred with the view of Kupfer and
Koclle that at this time no conncction existed between nerve and
muscle, whereas East thought that neuromuscular junction had just
occurred. Both East and Straus considered that some change other than
a morphological onc was responsible for the appearance of contrac-
tility at the 16-day stage. Maybe the production of cholinesterase has
something to do with this.

The pattern of the development of the subneural apparatus in the
fetal goat is apparently totally different from that in the rat (Beckett
and Bourne, 1958), unless the difference can be explained on technical
grounds. In a 2'/, in. CR goat fetus (i.c. about 48 days or one-third
term), when the muscle fibers are at a very early stage of development,
with few myofibrils and with centrally placed nuclei, there is a moder-
i.ltc amount of cholinesterase which is demonstrable after '/, hour
Incubation. This cholinesterase is situated at points in rows running
atright angles to the long axis of the muscle fibers, i.e., the distribution
of these areas of activity is the same as that for end-plates in adult
muscle. By the 64-day stage in the goat, cholinesterase activity in these
areas has apparently risen to adult levels and this level is maintained
for the rest of fetal life. This is in complete contrast to the slow develap-

ment of enzyme activity in the rat.

When cholinesterase first appears in goat muscle fibers, there is
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little in the way of structure to be scen in the arcas of enzyme activity,
but occasionally there is evidence of some sort of rudimentary subneu-
ral apparatus. This, instead of being in the complex pattern observed
in the adult of many animals, is in the form of a short straight tube, or
a crescent. At 64 days, the morphology of the subncural apparatus is
reasonably clear, Some of these structures are still like a short tube or
crescent, but others bear projections or outpocketings from the main
tube. As prenatal life continucs, the end-plate arcas become larger and
more complex. The original short tube or crescent scems to bend round
to form a circle, and other tubular structures stretch from side to side
of the circle in an irregular pattern, although the complexity and size
seen in the end-plate of the adult goat arc never attained before birth.
In the adult goat the end-plates arc larger and cven more complex
than those usually seen in the rat.

The subneural apparatus of human end-plates is present at 16 wecks
and possibly carlier (Beckett and Bourne, 1958), since at 16 weeks the
structure is like that of the goat at 64 days. The rate of development,
however, must be slower than in the goat, since Cocrs (1955) found
end-plates with a simple subneural apparatus in children of up to 1
year old, and he also observed that the adult character of end-plate
structure emerged between 12-14 months of age. Similar observations
have been made in other young animals by Gerebtzoff and co-workers
(1954).

In a 6-month human fetus the enzyme in the end-plate arca was
found to be capable of splitting butyryl thiocholine as well as the
acetyl compound (Beckett and Bourne, 1958) and it was cserine
sensitive. Experiments to see if this was also true of other fetal human
and goat muscle specimens were not carried out, but is it perhaps
interesting that the only end-plates in the adult human which contain
an enzyme that can sphit butyryl thiocholine arc the “classic” end-
plates, 1.e., those similar in form to the ones described in other verte-
brates. In human adult muscle, a wide variety of different morpholog-
ical forms of end-plate exists, whereas in the fetus there is apparently
only one form, 1.e. the “classic” type. Whether all of the “classic” end-
plates present 1n the fetus remain 1n that form until adult life and other
structures present 1n the adult arise, de novo, after birth, or whether
some of the “classic” end-plates 1n fetal muscle are converted to other
forms later on, perhaps during childhood, cannot be said at the
present moment, but 1t is a fascinating problem. Certainly by the age
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of 9 years, there arc a varicty of different cholinesterase-positive
structures in human mascle {Beckett and Bourne, 1957).

The work of the present authors cannat offer any evidence concern.
ing the time at which junction between nerve and muscie oceurs in the
goat. Methylene blue preparations by Dr. Rubinstein of the London
Hospital on one of the 16-week human fetuses of our series indicated
the presence of rudimentary nerve endings, and as has been mentioned,
the subneural apparatus of the 16-week human fetus is very like that of
the 6{-day goat fetus. No studies have been made of the neurological
side of formation of motor end-plates in the goat, so that it is impossible
ta say whether or not cholinesterase is present hefore the nerves reach
the cnd-plates and whether the enzyme might have a chemotactic
cffect on the growing nerve fibers. It were known that neuromuscular
junctions occurred at a definite stage of muscle fiber development,
examination of hematoxylin-cosin preparations might have thrown
some light on the problem, but is it obvious from the literature that the
stage of development of the muscle fibers at which neuromuscular
Junction occurs is variable and probably depends on the specics con-
cerned. No work has been done on goat fetuses which correlates develop-
mentof muscle fibers with the appearance of neuromuscular junctions,
and so the question must remain unanswered for the time being.

B. CrioLixesterase 1 Srres OTHER TRAN MOTOR END-PLATES

1. Nerve Fibers

In the coursc of the work of the present authors (Beckett and Bourne,
'1958) cholinesterase-positive nerve axons were occasionally observed
in fetal goat muscle and frequently in that of the adult of this species.
In contrast to this, we have not so far detected cholinesterase in axons
of human fetal muscle, and have very rarely seen it in nerves of adult
human muscie. This apparent difference in enzyme activity of nerve
fibers might be caused by differences in permeability of the myelin
Sl}ca(h to the reagent used to detect cholinesterase or it might be a true
dlff'er.encc in levels of enzyme activity. It scems unlikely that the
Positive reaction seen in these structures is due to a backward diffusion
9f Cho)ir}esterasc from the motor end-plates, since the enzyme activity
Is sometimes observed in nerve fibers situated some distance away from
the motor end-plates, and morcover cholinesterase is not situated in
the neural portion of end-plates.
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F1c. 13. Acetyl cholinesterase 1 erd-plate arcas in muscle from a 10 in. (100 day)
goat fetus.

Fic. 14. Aceny] cholmesterase in moror end-plate areas of muscle from a 15 in.
(133 day) goat fetus
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2. Muceulo-Tendinous Junctions

As has been mentioned elsewhere in this book (page 00), cholinester-
ase at musenlodendinons junctions was fimt observed by Couteaux in
1933 in frogs, mice, and fish. GerebtzofF and his colleagues have since
demomtrated the same thing in a variety of other animals including
man {Gerebtzafl, 1956}, but the development of these cholinesterase-
positive structures does not yet seem to have been described by authors
other than ounclves. .

In goat fetuses (Beckett and Bourne, 1958), structures at musculo-
tendinous jupctions mahe their appearance at about two-thirds term,
(i.c. at about 100 days), which is considerably later than the time at
which motor end-plates are fist visible. At the 100-day stage the
cholinesterase-positive material at muscufo-tendinous junctions is in
the form of small dots of structure similar to that of “gutters” of the
subneural apparatus of end-plates and it contains little chalinesterase
activity, During the time that follows, the musculo-tendinous junctions
rapidly gain their adult form, i.c., the dots of “gutter” structure fusc to-
gethertoform finger-like projectionsinto the muscle substance, and they
equally rapidly ncquire their full complement of chiolinesterase activity.
For the remaining period of prenatal life, they increase insize but donot
become more complex or apparently gain any more enzyme activity.

In the human fetus the structures at musculo-tendinous junctions arc
present in the carly “dotted” form at 4 months, but at 6 months have
changed very little in appearance, so that it seems that their develop-
ment proceeds more slowly than in the goat.

11l. PHOSPHATASES

A, ALKALINE PHOSPHATASE

The various histochemical methods for the demonstration of alkaline
phosphatase have been described elsewhere (Volume III, Chapter IX).
Itseems that in most cases the Gomori-Takamatsu technique has been
used for the study of fetal muscle, but just occasionally workers have used
the a-naphthyl phosphate method (sec for instance McKay et al., 1955)

———

NFm. I5. Acetyl cholinesterase in a single motor end-plate from adult goat muscle,
ote the engyme activity in the nerve axon,
Fia. 16. 5.Nucleatidase in aortic wall of goat fetus,
§’5~ 17. Acid phosphatase in skeletal muscle of fetus.
16. 18. Acid phosphatase 1n skeletal muscle of goat fetus showng positive axons,



98 E. B, BECKETT AND G. H, BOURNE

1. Alkaline Phosphatase in Cardiac Muscle

The development of alkaline phosphatase of the heart appears to
have been followed most closely in that of the human. McKay and his
co-workers (1955) studied the heart of 2 5mm. human embryo, using
both types of histochemical technique for the demonstration of alkaline
phosphatase. They found that the auricular muscle gave a positive
reaction with the Gomori technique, and that the walls of capillaries
contained alkaline phosphatase which could be demonstrated by both
mecthods. In addition, alkaline phosphatase could be demonstrated in
the endothelium of the auricle by both techniques, while that of the
ventricle gave a positive reaction only with the naphthyl phosphate
method. The endothelium of the aorta also contained alkaline phos-
phatase,

Rossi and associates (1951) studied older human embryos (23 mm.
CR to term), and during the next few years they extended their obser-
vations to the 9mm. CR stage (Rossi ef al., 1954). They found that
apart from a transitory alkaline phosphatase activity in the intima of
the aorta and other large vessels in the 23mm. CR embryo, this
enzyme was restricted to the endothelium of the small vessels of the
myocardium. Our own work, using the Gomori technique (Beckett and
Bourne, 1958), showed that in the hearts of 3- and 4-month fetuses
alkaline phosphatase activity was frequently to be found in the
endothelial linings of the larger blood vessels of the myocardium and
occasionally also in the endothelia of myocardial capillaries. There was,
in addition, an occasional patchy reaction in the endocardium and in
scattered areas of indifferentiated tissue. No activity was observed in
any of the vessels entering or leaving the heart,

The development of alkaline phosphatase in the heart of the chick,
which was studied histochemically with Gomori’s technique by Moog
(1944), appears to proceed in rather a different fashion from that in
the human. At 72 hours, Moog obtained a positive reaction (after 1'/,~
4 hours incubation) in the endothelial lining of ventricle and atrium,
and in the walls of the bulbus arteriosus, the ductus Cuvierii, and the
ventral aorta. The cardinal veins were negative, and so also were the
muscular walls of the atrium and ventricle, The nuclei of the myocar-
dium showed transient activity only on the 4th day.

From the 4th to the 8th day of incubation, the nucleoli only of the
myocardium were positive. The endothelial lining of the heart
remained positive throughout this period, and so also did the linings
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of the bulbus arteriosus and all vessels entering or leaving the heart,
A high level of alkaline phosphatase activity was present in the septa,
including the cushion septa.

The picture seen in fetal goat hearts appears to be very similar to
that in the fetal human (Beckett and Bourne, 1958). At the 2//, in,
CR stage (the carlicst goat fetus studied), there was a reaction in the
pericardium ncar the atrjo-ventricular junction, but by the 5/, in. CR
stage this had disappceared. In the hearts of thesc carly fetuscs, there
was alkaline phosphatase activity also in the endothelial linings of the
myocardial blood vessels, but there were usually fewer positive vessels
in the atria than in the ventricles, In older goat fetuses (up to term),
only ventricular muscle was studied and here, as in the human heasts,
most of the activity appeared to be centered in the endothelial linings
of the vessels larger than capillary size. The number of positive
capillaries was very variable. There was a slight tendency for more of
the myocardial blood vessels to acquire alkaline phosphatasc activity as
prenatal life progressed but this tendency was ill defined, and onc could
not be certain of it because the number of vessels giving a positive
reaction was so very variable at a given age.

The cardiac muscle of the adult goat gave no reaction at all under
the incubation conditions which were used for the goat fetuses in the
course of the work described above. This is perhaps interesting, since
earlier work had indicated that in cardiac muscle of mouse, rat, and
guinea pig (Zorzoli and Stowell, 1947) and of rat again (Bourne, 1953),
the intercalated discs were alkaline phosphatase-positive. However,
t!le different results may be the result of differing incubation periods,
since for the work on goats 15-30 minutes was used, in contrast to the
much longer periods used by Zorzoli and Stowell and by Bourne.

2. Alkaline Phosphatase in Skeletal Muscle

Although little work has been done on the subject of the distribution
of alkaline phosphatase in embryonic skeletal muscle, it is fairly certain
that its localization is essentially similar to that in both fetal cardiac
muscle and adult skeletal muscle.

McKay et al. (1955) noted the presence of alkaline phosphatase in
the fibrils of the myotomes of a 5mm. human embryo, but in later
fetlfses it appeared that it was only the endothelial cells of blood vessels
Whl.cb contained this enzyme. Kabat and Furth (1941) observed a
Positive reaction in the capillary walls of embryonic mouse muscle,
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while the present authors (Beckett and Bourne, 1958) found alkaline
phosphatase in the endothelium of capiilaries and of larger vessels in
skeletal muscle of both goat and human fetuses. In the human fetus,
however, the reaction in the intima of larger vessels was more common
than that in the capillaries and there was slight alkaline phosphatase
activity in the connective tissue between the striated muscle fibers. As
in adult man, only a certain percentage of the total number of blood
vessels of fetal muscle gave a positive alkaline phosphatase reaction.
In fetal goats, this percentage and the total number of vessels which
showed enzyme activity was variable in the extreme. There appears
to be no correlation between the number of positive vessels and the
age of the fetus from which the muscle was taken. In this, skeletal
muscle closely resembled cardiac muscle.

In addition to the enzyme activity displayed by blood vessel walls,
alkaline phosphatase could also be detected in nerve axons of fetal
goat muscle (Beckett and Bourne, 1958). No positive nerve axons
were, however, found in muscle of 3- and 4-month human fetuses.
Alkaline phosphatase activity had been previously noted in developing
nerve fibers of Amblystoma embryos by Elftman and Copenhaver
(1947) and in the peripheral nerves of a 5mm. human embryo by
McKay et al. (1955).

B. Acip PHOSPHATASE

Acid phosphatase, as demonstrated by the Gomori lead phosphate
technique (Volume 111, Chapter IX), has 2 much more widespread
distribution than alkaline phosphatase, although, like thislatter enzyme,
it has been little studied in fetal striated musculature. )

1. Acid Phosphatase tn Cardiac Muscle

a. Cardiac Blood Vessels. Rossi et al. (1952), reporting their findings on
human fetuses of from 1 to 7 months gestation, stated that no acid
phosphatase activity could be detected in blood vessels of any type
even after 2048 hours incubation with substrate. Later work by these
authors showed that there was no acid phosphatase in the major blood
vessels of the heart of a 9mm, CR human embryo, and that at later
stages of development {up to 36cm. CH), some of the large blood
vessels were negative, while others showed a positive reaction in their
mesenchymal nuclei.

The results described by Rossi and his co-workers are in complete
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-ontrast 1o those obtained by the present anthors (Beckett and Bourne,
1958) wsing intact hearts of 2/,-5', in, CR goat fetuses and of 12 to
16 week human fetuses, in addition 10 specimens of ventricular muscle
aken from goat fetuses of from 108 to 18 in, CR. Our incubation
periods for the demonstration of acid phosphatase were 4-6 hours
only.

In fetal poat hearts, the strongest reaction was in the walls of all
blood vessels except capillaries. The reaction was Jocated both in the
fibroblasts and in the nucici of all types of cell present in the blood vessel
walls. The picture seen in the human fetal hearts was esentially the
same, but in the human the most intense reaction was situated in
cone-shaped groups of granules lying at the poles of the nuclei of the
great vesscls entering or leaving the heart. In addition, the nucleoli of
blood vessels (which are always more strongly positive than the nuclei
of these structures) were more conspicuous in human than in goat
hearts.

There was a second striking difference between goat and human to
be observed in these intact hearts. There were present beneath the
endocardium of the human hearts, particularly in the atrial region,
some farge cclls, squarish in shape and packed with large granules
which gave a most intensc acid phosphatase reaction. These cells
looked very much Jike mast cells, but could not be stained cither
metachromatically, or with Gomori’s (1950) aldehyde fuchsin, so that
this morphological identification is likely to be incorrect.

b. Purkinje fibers. The only observations on acid phosphatase in
Purkinje fibers seem to be those of the prescnt authors. This is perhaps
not surprising, since most other work has made vse of human feial
material, and we could find no trace of these fibers in the human fetal

hearts of our series. In fetal goat hearts, a strikingly intense acid
Phosphatase reaction was present in the perinuclear zone of Purkinje
fibers, i.e., in what probably represents the Golgi apparatus of these
fibers. This very intense reaction was found in alf specimens, except
one of 2, in. CR and onc of 18 in. CR, and was also very clearly
dcn}onstmb\c in adult goat heart. The nucleus and peripheral myo-
fibrils of the Purkinje fibers gave a light to moderate reaction intensity.

¢ dbocardiwm. Rossi et al. (1952, 1953) reported that in their series of
?;T:;:nficx:u:}fs' which dr.zmgcd from 9mm. CR 'to. 36cm. CH, the
O the mscle Tber. O own sesuhs (Becket and. Boutn, oty

. and Bourne, 1958)
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showed rather a different picture. The reaction intensity was very
variable, and there was no observable correlation with the age of the
fetus concerned, or with any known technical variation. One must
therefore reserve judgment about whether the different reaction
intensitics reflected genuine variations in the level of enzyme activity
or whether they werc duc to lack of reliability of the technique. In spite
of the difficultics of interpretation arising from the variability of
reaction intensity, somcthing can be said about the distribution of acid
phosphatase activity.

In general, in the fetal goat, the greatest reaction intensity was
obscrved in the nucleoli of the myocardium, There was rather less
activity in the nuclei, and a light to moderate reaction for acid
phosphatasc in the cytoplasm. Where the cytoplasmic activity rose to
moderate levels, cross striations were visible, and in the adult, the inter-
calated discs were enzyme-positive. There appeared to be nosignificant
difference in cnzyme activity between auricular and ventricular
muscle, in either the young fetal goat hearts or the human hearts.

In addition to the sites previously mentioned, acid phosphatase
was sometimes also present in groups of granules at the poles of the
nuclei. These granules have in the past been designated cither as the
Golgi apparatus (Beams, 1929; MacDougald, 1936; Eastlick, 1937;
Moog, 1944) or as perinuclear sarcosomes (Kisch, 1951; Cleland and
Slater 1953). They were strongly positive in all four human hearts
which were examined, but they were not a constant feature of the
fetal goat cardiac muscle. In this latter tissue there were no enzyme-
positive perinuclear granules at the 2¢/, in. CR stage, but they made
their first appearance at 5'/, in. CR (64 days). After this, acid phos-
phatase activity in the granules increased, reaching a maximum at
about 100-110 days, and then decreased again, reaching zero at 120-
130 days, and staying at this level until term (150 days). As, however,
thissequence has been observed only 1n one series of 21 specimens, one
cannot be certain whether or not it represents a true picture of events.
It will be necessary to make many further observations before this
apparent rise and fall in acid phosphatase activity can be accepted as
being normal part of embryonic development. If, indeed, the acid
phosphatase activity in these perinuclear granules does fall away to
zero during the last part of fetal life, it must be regained at some later
stage, since the cardtac muscle of the adult goat again shows these
enzyme-positive granules.
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2. Acid Phosphatase in Skeletal Muscle

As in the casc of fetal cardiac musele, very few observations have
beet made on the distribution of acid phosphatase in fetal skeletal
muscle, but the pattern of enzyme activity appears to be very similar
in the two tissues, and very similar also to that obscrved in adult
sheletal muscle.

In the chick, there appears to be little acid phosphatase in muscle
except in the very carly stages of development, Moog (1944) reported
that this tissue lost practically all jts acid phosphatase activity during
differentiation from the mesoderm. Rossi ef al. (1953, 1951) found a
similar picture in fetal human muscle, since they were able to obtain
a positive reaction only in the nuclei of the skeletal muscle of their
series of fetuses.

In contrast to the observations mentioned above, Woll ¢t al. (1913)
found quite a lot of acid phosphatase activity in adult skeletal musele
of various animals. In the skeletal muscle fibers themselves, there was
a moderately intensc reaction in the nuclei and sarcolemma, and the
cross striations were sometimes visible. In addition, the smooth muscle
cells and the nuclei of all cell types in the walls of arteries and veins
contained acid phosphatasc. There was also a strong reaction for this
enzyme in the axons, the nuclej, and cytoplasm of Schwann cells and
in the endoncurial cells of peripheral nerves present in skeletal muscle.

The observations of the present authors (Beckett and Bourne, 1958),
on fetal goat and fetal human muscle are much more in tune with
those of Wolf e al. (1943) than with those of Rossi ef al. (1953, 1954) or
Maoog (1944), The over-all reaction intensity observed in the course of
our work on skeletal muscle was, as with cardiac muscle, variable in
the extreme, and was apparently not correlated either with fetal age
or with known technical differences. A high reaction intensity was seen
In nerve axons, and in the perinuclear granules of both the muscle
fibers themselves and of the connective tissue cells, There was a large
variation in the number of groups of positive perinuclear granules.
The vartation appeared to be random and not connected with different
Stages of prenatal life, In fetal human muscle, the perinuclear granules
were far less conspicous than those in fetal goat muscle. The nucleoli of

all structures contained in skeletal muscle of both fetal goat and fetal
h_“ma“ possessed 2 high degree of acid phosphatase activity. In addi-
lltm,~a moderate reaction was observed in the walls of blood vessels,
and in the nuclei of both connective tissue and skeletal muscle fibers.
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Prate IV

Fia. 19. 5-Nucleotidase A weak reaction in fetal goat cardiac muscle. The enzyme
actwaty is limited to the endothelial lining of the heart
Fic. 20. 5-Nucleottdase A strong reaction in fetal goat cardiac muscle, Enzyme
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Sometimes acid phesphatase was present in the muscle fibers them-
sches, and cross striations were then positive, As with the perinuclear
granules, the variation in acid phosphatase activity in the muscle
fiber seemed to be completely random,

1V, 5-NUCLEOTIDASE

The technique for the demonstration of this enzyme in acctone-fixed
material was introduced by Gomori (page 000), but it has been very
rarely used for the study of fetal muscle.

A, 8-Nvcrrornnast iv GARDIAG MuscLr

McKay ef af. (1955) noticed that 5-nucleotidase was present in the
cndothelium of the heart of 2 5mm. human cmbryo. The work of the
present authors (Beckett and Bourne, 1958) has to some extent
confirmed that of McKay ¢f al. and has amplified it. Our observations
shawed that in fetal muscle there was a specific enzyme which would
hydrolyze S-nucleotide, but not glycerophosphate, at pH 8.25, and
which had a distribution totally different from alkaline phosphatasc.
Long incubation periods {8 or 16 hours) were required for the demon-
stration of 5-nucleotidase, but its localization in fetal musele was
precise, with no cvidence of diffusion. It must be pointed out, however,
that in some other tissucs, for instance rat muscle, the incubation
period must be considerably shortened in order to attain clear cut
localization of enzyme activity.

. After 8 hours incubation, the hearts of the 2!, in. CR goatfetuses used
in our serics showed 3-nucleotidase activity in the endocardium and
in auricular muscle. The intimas of the larger blood vessels (i.c. those
larger than capillaries) and the walls of the aoria, where this structure

———————

activity is present in the cardiac muscle fibers themselves as well as in the walls of
blood vessels, etc.
F1o. 21, 5.Nucleotidase. Enzyme actvity 1n adult goat cardiac muscle. Note the
Ppositive nuclei and intercalated chscs.
@ Fra. 22, 5-Nucleoudase. Enzymc actuvity in adult human cardiac musele. The
istribution is similar o that seen in the goat. (The technique was carried out at pH
. ii_for this tissue.)
16. 23, 5.Nucleotidase. A weak reaction in fetal goat skeletal mi
uscle.
act;:ny 13 limited to blood vessel walls. ¢ Erme
16. 24, 5.Nucleotidase. A strong reaction in fetal goat skeletal muscle. There is a

eat o
E:ld n:l gﬂ;}:‘c‘twny in the muscle fibers themselves as well as 1n blood vesse} walls
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was present in the section, also gave a positive reaction. In all of these
sites there was high enzyme activity in the nuclei and moderate
activity in the cytoplasm. Therc was no 5-nucleotidase present in
ventricular muscle. If the incubation period was extended to 16 hours,
the reaction intensity became greater and the nuclei of the ventricular
muscle adjacent to the endocardium appeared to contain 5-nucleoti-
dase. Whether the positive reaction in ventricular nuclei was duc to
diffusion or to the existence of 5-nucleotidase in them is difficult to
decide.

In the 3-month human fetal heart, after 8 hours incubation with
substrate, 5-nuclcotidase activity was almost entirely located in the
endocardium and a little of the underlying tissue, and also in the
heart valves. As in goat, the reaction was primarily nuclear and there
was no activity in ventricular muscle. Afier longer periods of incuba-
tion, 5-nucleotidase activity was visible in the nuclei of the walls of
the smaller blood vessels and in auricular muscle.

The degree of enzyme activity displayed in specimens of ventricular
muscle taken from older goat fetuses was very variable. In the sarco-
plasm and myofibrils of both cardiac muscle fibers and Purkinje
fibers, the reaction intensity varied from nil to very intense. Most
5-nucleotidase activity was observed in the endocardium and in the
nuclei and intimas of the arterics and veins of the myocardium, In
addition, there was much enzyme activity in the nuclei of both capillaries
and loose connective tissue, and also in the nucleoli of the cardiac
muscle fibers. Both adult goat cardiac muscle and that obtained from
an 18 in. CR (term) fetus, showed a slight reaction in the sarcoplasm
and myofibrils, and a strong positive reaction in intercalated discs.
A simular distribution was scen in human adult cardiac muscle, but
with one difference. The nucleoli of the latter tissue contain less
5-nucleotidase activity compared with their nuclei than do the nucleoli
of goat cardiac muscle nuclei. The nuclei are therefore more conspic-
uous in the goat.

B. 5-NUCLEOTIDASE IN SKELETAL MUSCLE

For the discussion of this subject, the authors will again have to
rely only on their own observations on goat and human fetal muscle,
since there appears to be no reference to other work in the literature.
The distribution of 5-nucleotidase in skeletal muscle was very similar
to that in cardiac muscle and was equally variable. Most 5-nucleotidase
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activity in fetal musele was present both in connective tissue fibers
and nuclei of the arteries and veins, Equally high enzyme activity was
present in tendon fibroblasts and in the nuclei and fibers of connective
tisue situated between the muscle fibers. In addition, in the goat, but
not in the human, there was a strong reaction in the axons and connec-
tive tissue sheaths of nerves present.

The over-all reaction intensity in fetal goat muscle was extremely
variable, and this was reflected in the extent to which the muscle
fibers themselves displayed enzyme activity. Although in muscle fibers
enzyme activity varied from nil to very intense, there appeared to be no
correlation between the reaction intensity and the age of the fetus
from which the muscle was taken. Adult goat and human muscle
showed either no 5-nucleotidase activity at all, or a reaction which was
limited to the walls of blood vessels of larger size than capillarics.

V.SULFHYDRYL AND AMINO GROUPS

The histochemical procedures for demonstration of these two types
of protein-bound groupings (Volume III, Chapter IX) were carried
out by the present authors on one or two specimens of fetal goat and
human skeletal muscle. Although the number of specimens used was
50 small that the results can only be regarded as tentative, it may be
worth while recording that there appeared to be a consistently lower
concentration of these groups in fetal than in adult muscle.

Yi. SUMMARY

L. Succinic dehydrogenase activity in fetal cardiac muscle develops
from moderate to strong during the course of prenatal life, but never
reaches levels seen in adult muscle. In the adult, the intercalated discs
are negative and the Purkinje fibers show a positive reaction in their
nuclei and in their peripheral myofibrils.

2. The level of succinic dehydrogenase activity in skeletal muscle is
considerably lower than that observed in cardiac muscle, and it
Increases during fetal life. The difference between fibers having a low
Succinic dehydrogenase activity and those having a higher activity

mes apparent before birth. ’
3-.There is probably no simple esterase or lipase activity in fetal
cardiac or skeletal muscle. ’

+ In the rat, cholinesterase does not appear in end-plate areas in
appreciable amounts until 16 days (21-22 days is full term), whereas
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in the goat and human it is present much carlier, and in fact is there
by the time that about one-third of the total prenatal life has passed.
It 1s probable that the devclopment of the subneural apparatus takes
place much more rapidly in the goat than in the human after the fist
appearance of cholincsterase activity.

5. In the goat, cholinesterasc at musculo-tendinous junctions appears
later than that in end-plate areas. This enzyme is sometimes also
present in nerve axons in the fetal goat, but not in the fetal human.

6. Except at very early stages of development, alkaline phosphatase
activity is almost entirely limited to the endothelium of capillaries and
larger blood vessels in both cardiac and skeletal muscle.

7. Acid phosphatase has a more widespread distribution than the
phosphatase demonstrable at alkaline pH. In both cardiac and skeletal
muscle, most activity is centered on the nucleoli and perinuclear
granules. There is rather less activity in nuclei, and less still in the
striated muscle fibers themselves and the smooth muscle cells of blood
vessels. The over-all reaction intensity of this acid phosphatase is
extremely variable, but it is not certain that this is due to technical
difficulties. Acid phosphatase activity is sometimes present in periph-
eral nerves of skeletal muscle.

8. There appears to be a specific enzyme in cardiac and skelctal
muscle which is capable of hydrolyzing 5-nucleotide. This enzyme
is particularly associated with nuclei of all types and with membranes.
It is therefore limited in distribution to the walls of blood vessels of
larger caliber than capillaries and to the endocardium when there is
little total activity. When there is more activity present, it is also
situated 1n the nucler of connective tissue and sometimes in the sub-
stance of muscle fibers. On the whole, there is more 5-nucleotidase in
fetal than in adult stnated muscle.
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1. INTRODUCTION

From the ecarliest days of tissue culture, musele has attracted the
attention of investigators, who lost no time in examining the in vitro
behavior of the major tissue types. Against a background of movement
where tissues normally fixed ( or “noble™) took on a plastic and migra-
tory habit, all three kinds of muscle were conspicuous by their demon-
strated ability to contract autonomously and rhythmically in isolation
from the nervous and other controls exerted by the whole organism.
In the Lewises’ culture medium (which consisted of Locke solution
plus 0.5% dextrose and 10% chicken bouillon), contraction was
especially rife; it is sobering to read the early papers on muscle by
these superlative observers (Lewis and Lewis, 1917; M.R. Lewis, 1920)
and to reflect on how little proportionately has been added since by a
%egion of busy researchers. Problems of development and of structure
n relation to function occupied the early workers; for these workers,
tissue culture seemed to have been especially designed, since it threw
open the living somatic cell to microscopic observation—serially and
under conditions of experiment. The in vitro observations of Burrows
(1912), Lake (1915), and others contributed substantially to the
myogenic theory of heart action: it was carly shown also that skeletal
muscle is intrinsically capable of rhythmic contraction in the total
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absence of innervation (M.R. Lewis, 1915), and that the striated
types of muscle operate generically like smooth muscle in being able to
contract before any visible evidence of cross striation cxists (rccon-
firmed by Szepsenwol, 1946 and Holtzer et al., 1959). Much of this
carly work was revicwed and discussed by Levi in his monograph of
1934, and will not be claborated here, Arcas will besclected, however,
in which tissuc culture actually or potentially offers some special insight
into muscle problems through its ability to scparate the parts of 2
system and maintain them in health and isolation.

Il HISTOGENESIS

A. Inpuctioy AND CYTODITFERENTIATION

In normal development in rivo, muscle differentiation is probably
brought about by the synergistic action of various neighboring tissues.
From grafting cxperiments, it appears that not only the somite, but
also the pronephros area of the neurula, is capable of forming muscu-
lature in a suitable cnvironment. Differentiation of the trunk mesoderm
is envisaged by Muchmore (1951) in terms of several overlapping
morphogenetic ficlds which are characterized by qualitativerather than
quantitative differences; the notochord has been repeatedly implicated
as an inducing factor in the determination of skeletal muscle.

There is no doubt that mesodermal arcas of the chick destined to
become muscle are capable of autonomy when isclated in vitro at 2
stage preceding histological differentiation. Explanted at 3—4 days, the
musculature of the limb bud, as shown by van Weel (1948), is able to
develop and maintain a characteristically high content of ascorbic
acid; glycogen appears in these cells later in the course of cultivation
when they are differentiated into muscle fibers. In the limb bud
isolated at this period, skeletal primordia are present, though neural
and chordal influences are eliminated. Recently, Avery et al. (1956)
have cultured somites of stages 14-24 alone and in combination with
notochord or spinal cord. They found no evidence that the presence of
notochord in carly stages enhances muscle development; at stage 24,
somites alone will differentiate into muscle fibers. The presence of
spinal cord appears to accelerate the growth of somitic muscle. In
isolated somites, the capacty to develop cartilage precedes the capacity
to develop muscle, appranng at stage 20.

A fruitful approach to problems of tissuc interaction is afforded by
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the method of cell diwociation, recently extended by Moscona (1956)
to effect development in tinro of heterotypic combinations of cembryonic
cells, Using chick embryos from stage 16 1o 5 days, he found thatin the
presence of chondrogenic cells myoblasts did not readily attain ad.
vanced differentiation unless they were present in abnormal amounts,
Lven when Gisue suspensions were made from a 4-day limb bud, no
myogenic cells differentiated, though dissociated chondrogenice cells
proceeded to reaggregate and form typical cartilage. In mixed
aggregates, myogenic cells, if present in large excess, formed the outer
sheath of the cluster with cartilage restricted to the interior. Moscona
here discusses the principle of “liminal proportional concentration,”
suggesting that the characteristic histogenic activity of cells of a given
type may be related to their share in the total population, and may be
suppressed when this is below a given level. Factors which may enter
into themaking of the total effect of population density are CO,-O, ratio,
shifts in water balance, and even the mechanical naturc of the substrate
which if consisting of submicroscopical fibrils (as in bacterial cellulose,
ccllophane, or reconstituted collagen) allows the cells to become
firmly attached in sitn instead of wandering off.

In an account of carlicst changes in structure and behavior of
differentiating amphibian cells, Holtfreter (1947) notes that skeletal
myoblasts isolated from the gastrula or from older forms have an
inherent polarity. They adopt a plump spindle shape or 2 nonadhesive
cylindrical modification of this, and then stretch out into a long spindle
with psecudopods at cach end but with a hyaline end-plate to distin-
guish the anterior pole. Elongation results from successive forward
movements of the undulating end-plate and a passive stretching and
spinning out of the central cell portion, which is not adhesive to glass.
He finds no tendency of myoblasts to adhere in a group and therefore
concludes that the parallel oricntation of fibers in a somite is not due
to tactoid forces or to any molecular zipper mechanism, but rather to
the original parallelism of the cell axes and to the spatial conditions
of growth as supplied e.g. by the mesenchyme matrix.

Returning to the chick, Moscona (1958) has observed discrete
myogenic cells dissociated from 4-day limb buds assume polygonal
shapes typical of fibroblasts. The myoblasts, however, contained
characteristic granular inclusions of low polysaccharide and high
3?&1?:5:;2&;2 c}c:ntent, whic-h were the first visual .inc}icat.iqn. of

. From this point, the cells underwent mitotic divisions
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and then clongated to take on axial structure, losing the granules and
developing in their stcad longitudinal strands of nonstriated proto-
myofibrils. Such cells responded to mechanical stimulation with a
twitch. These myoblasts continued to clongate, becoming multi-
nucleate. Cross-striations usually did not become visible in fibrils until
the cell had reached the sarcoblast stage, but occasionally they were
noted in spindle-shaped, mononucleate cells. It is not known whether
the appearance of banding as scen by the light microscope represents a
change in the constitution of the myofibrils, or whether it is due to
their becoming appropriatcly arranged, aligned, and fasciculated.

Using explants from 7-11 day chick embryos, in which sarcoblasts
were already formed and in some cases cross-striated, Lewis and Lewis
(1917) observed “muscle buds” growing out from old fibers. These
elongated structures were less differentiated than the parent sarcoblast;
they did not develop cross-banding as a rule in the short period of
cultivation (about 5 days) used by these workers. Where striations
occurred, they occupied only a small portion of the bud, not directly
continuous with the old striated fiber, and were not well marked.
Fixation brought to light some banding that was not visible in life, in
myoblasts as well as in sarcoblasts, Longitudinal striations were usual,
but these were not regarded as myofibrils but as tension artifacts,
surface folds emphasized by fixation, W. H. Lewis (1923) in dark-field
examination of all three types of muscle i vitro, obscrved no intra-
cytoplasmic fibrils.

B. FIBROGENESIs AND NUCLEAR Division

The Lewises and subsequent workers (Levi, 1934) with embryonic
tissues have described two main out-growing or out-wandering cell
types: the bud or sarcoblastic prolongation of a part of an already
constituted fiber, and the spindle shaped myoblast. It is accepted by alt
that the early myoblast can and frequently does undergo mitotic
division; agreement has not been reached on the mode of formation of
the multinucleate sarcoblast. Though sarcoblasts may rapidly increase
in length and in number of contained nuclei, mitotic figures are rarely
observed in them. Are these multinucleate structurcs the result of
amitotic division or fragmentation of the large vesicular nuclei
originally present in young elongating cells, or are they the product of
fusion of many myoblasts? (Plate I, Fig. 1.)

Lewis and Lewis (1917), unlhike Holtireter, noted a marked
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tendency for anastomonds and fusion hetween separate clongating
muscle buds, following chance contact; branches containing one, two,
ar several nuclel might alo split off from sarcoblasts and wander
frecly on glaw, Some buds seemed toa consist of chains of myoblasts
which tended to break apart from one another, The authors observed
neither mitosis nor amitesis in multinucleate sarcablasts, but question-
od whether the apparent amitotic stages scen in fixed preparations
represented the typical mode of puclear multiplication, Levi (1934)
believed their skepticiim to be unwarranted. Recently, Rinabdini
(1957}, and Wilde (1958}, working independently at the Strangeways
Laboratory, have reported verbally on observations of myoblast
coalescence. Wilde in particular has observed fusion of myoblasts from
chick and mouse, to form contractile fibers containing longitudinal
fibrils,

Mascona (1958) has observed cleaving nuclei, otherwise in inter-
phasc configuration, and as many as three furrows dividing a nucleus
into sectors, cach with its nuclcolus. Chévremont (1910) described
amitosis in sheletal muscle cultivated in ritro; Frédéric (1954), in an
aperimental study of chick myoblasts utilizing time Iapse motion
pictures, observed three dircct divisions, although the more usual mode
of division is by mitosis (40 eases) for cells in this stage of development,
Frédéric observed in one cell that the nucleus first divided amitotically;
the daughter nuclei then fused again and the ccll went on to divide
normally by mitosis. Pogogefl and Murray (1946) have observed
suggestive configurations in the large vesicular nuclei of clongating
myoblasts; no mitoses were scen, Gedman and Murray (1953), adminis-
tering colchicine to developing sarcoblasts, saw no arrested mitoses.
Gf!dm:m (1957) again reports that cffective doses of colchicine are
without influence on the appearance or numbers of sarcoblastic nuclei.
A_ccurding to L. R. Konigsberg (1958), trcatment of cultures with
mrogen mustard (which excris a preferential effect on DNA synthesis)
docs not prevent the massive formation of multinucleate sarcoblasts.
At high concentrations, the lethal effects of this alkylating agent seem
10 be exerted preferentially on mononuclear cells.

© the writer, it appears that the above views of sarcoblast formation

need not he conflicting, and are not mutually exclusive, Coalescence of
fibers and of myoblasts has been observed repeatedly. The Lewises’ and
later observations that fibers might disintegrate into component
myoblasts suggest that this union is not necessarily permanent.
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Prate I
Fic. 1. Embryonic muscle, 18-day rat fetus, 3 days i purp Zenker’s fixative,

for amit

‘e

» 150. Note nuclear furrows and

crowding, also differences in nuclear size farrows),

Delafield’s hematoxylin stain Magnification;
Af, myoblasts; S, sarcoblast.

Fics. 2 and 3. Laving adult human muscle, 20 and 21 days 1z o1ire. Note longitu-
dinal fibnlsy Arrow pouits to region of apparent fusion between two sarcoblasts,

Magnification: x 300.
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Regeneration studies to be cited later indicate that fully differentiated
fibers alwo may break up into viable mononucleate forms which arc
capable of redifferentintion. The paucity of mitoses during inter-
mediate and Iate myodifferentiation and the concomitant increase in
mass of protoplasm and pumber of nuclei point to dircet division as
an cffective multiplication method, This is supported by the drug
experiments and by actual observation in cases. Itscems probable that
the normal counse of fiber development may involve both of these
processes—myoblast fusion and subsequent dircet nuclear division—
in varying degrees (Plate 1, I'ig. 1-5; Plate I, Figs. 8 and 11).

11, MORPHOLOGY

A. F1ieLr STRUCTURE

L. Microdissection

Microdissection studics by Chambers and Fell (1931-1932) and by
de Rényi and Hogue (1934) showed that the sarcolemma of the living
myoblast and sarcoblast is a structureless hyaline membranc of great
toughness and unusual thickness; it is fairly rigid, and docs not disinte-
grate for some minutes after injury, unlike membranes of fibroblasts,
which are much less substantial. It is always present on cultured
muscle cells, and is not formed by the connective tissuc component of
ml}sclt‘s. When the sarcolemma is torn, the sarcoplasm of thesc non-
striated cells wells out as a jellied mass, which is denser and more
refractile than the protoplasm of fibroblasts. The sarcoplasm in resting
ﬁ_bm is more plastic and less solid than in fibers undergoing contrac-
tion. The apparent fusion of fibers does not necessarily produce actually
confluent cytoplasm, as shown by micro-injection tests. The substantial
Sa‘rculcmma must offer a considerable barrier to fusion. Mechanical
stimulation of a long fibcr may result in contraction of only the
detached end of the sarcoblast. This can gradually become re-
extended; but alternatively may break up into many myoblasts, Such
a process would require some solation of the sarcolemma.
—_—

d‘FlGS 4 and 5. Living adult human muscle 27 and 30 days i 2utro. Separation of

stal ti;
ning o?gsli‘:‘il mgration away {rom parent fibers a and b. Fiber ¢ shows the begin-

Fre. ¢
muscle, .. C;ltz‘goe of adult human
Photomicrographs and observations are by Pogogefl and Murra;r,
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Prate II

Fi16. 7. 8-Day culture, showing cross-banding tn fibrillar arrang

ement, on each
side of the nucleus. A it Maenification:

areais pred by clear 1
x 1500.

Fic 8. h or fusing bl with lar banding; fatty !
9-day culture. Magnification  x 1600

Fic 9. Sarcoblast of 9-day culture with highly developed, comparatively regular
banding. Arrows point to M bands. Magmification® X 1600.



V, SKLLETAL MUSCLE TISSUE IN CGULTURL 119

2. Colchicine Response

The remarkable disrupting cffeet upon striated muscle ribbons of
colchicing in high dilution {up to 10* M) is deseribed by Godman
(1955). At first, slight expansions appeared, which then drew apary,
remaining connected for & time by an attenuating bridge of sarcaplasm,
which eventually snapped. Transverse, longitudinal, and tangential
clefis split the remaining sarcoblasts into short clements, which then
scparated as though by an oblique tateral shearing or slipping move-
ment. Gradually, contractility was lost. The end result was a general-
ized fragmentation of the original muscle slips into widened segments
of rhomboidal, fusiform, or clubbed shapes, which lacked the bire-
fringence that characterizes the normal fiber, and fn which the mito-
chondria no longer retained their longitudinally oriented position. In
notnal myoblasts which have assumed 2 strap-shape, the mitockon-
dria arc strictly aligned, as shown by Chambers and Fell withdark-field
illumination, This disruptive process occupied from several hours to
days; it was reversible, and recovery was possible when the drug was
withdrawn, even after prelonged exposure. It is suggested by Godman
that this series of cffects are due to the action of colchicine on an
oriented system of extended protein micelles, presumably actomyosin
protofibrils, so as to disturb their relationships or internal configura-
tions, or both,

3. Fibrils and Banding

Friedheim's conclusion {1931) that contractility is bound to cross-
striation visible with polarized light has not been generally corrobo-
rated. Numerous short-term studies on living contracting fbers at the
light microscope level have noted only a generalized birefxingence
paralieling the fiber axis, Though in long-term cultures claborate

Fic. 10, Brancl}mg fiber in 5.day culture, Magnification: x 550.

Fro. 11. Fiber in 14-day culture, apparently i process of fuston or of separation
(ar;cé\gs). Note banded fibrils continuing across gaps in sarcoplasm. Magmnification:
X N

Fie. 12. S bl with I-developed banded fibrils § ¥ i
Four day culture. Magnification: x TSOOV ik Trregularly. aligned.
CaObscrvauom and photomicrographs for Figs. 7~

pers and for Figs. 11 and 12 are by Dr. George G. Rose, from the Tissue Oy
Laboratory of Dr C. M. Pomerat, University of Texas in Gatveston e Culture

The matenal is hving chick skeletal muscle,

copy. From 13-day embryos,

10 meusive are by Mr. Charles

visuahzed by phase contrast micros-
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Prare 11

Fic. 7. 8-Day culture, showing cross-banding in fibrillar arrangement, on cach
side of the nucleus. A juxta-nuclear area 1s occupied by clear vacuoles Magnification:
x 1500.

Fic. 8. Branching or fusing sarcoblasts with irregular banding; fatty vacuoles
9_day culture, Magnification > 1600.

Fic. 9. Sarcoblast of 9-day culture with highly developed, comparatively regular
banding. Arrows pomnt to M bands. Magmficayon- x 1600.
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Prate 111

Fia. 13, Differentiating mononuclear cell in hving 30-day culture of adult human
muccle, Tibrils are evident, with frayed appearance at anterior and posterior
boundaries of the cell, Cross-banding s irregular. Magnification: x 450,

T, L Bnlargement from same negatne as in Tige 13 (Magnification: x 1330).
Arron points to the same band in both figures

T 15 and 16, The same cell 24 hours later. Arrows point to banded fibril in
formerh undiiterentiated area of cell Magmfications: \ 450 and x 1350,

Tus 17 10 Human rhabdemvesarcoma, 3 davs 2 zitro. Living, phase contrast.
Magmbation: 100, Note extreme pleomorphism. with bizarre forms.

Observatians amd phomu\icmgmphx by Murray
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patterns of cross-banding may cventually develop, their correlation
with spontancous contraction is imperfect. Sarcoblasts of all degree
and cven mononuclear myoblasts respond to mechanical stimuli by
twitching; spontancous contraction at all levels of differentiation tends
to be sporadic and dependent on environmental factors rather than
on structure as visible with the light microscope.

There is no doubt that in intact differentiating sarcoblasts there
appear longitudinal structures which may reasonably be called fibrils;
since they are uncquivocably visible in the living state (Plate I, Figs.
2, 3) they cannot be regarded as fixation artifacts. Though they appear
first in the body of the cell, usually near a nucleus, they cventually
extend to the anterior and posterior borders, where they give the cell
a frayed or fringed appcarance. A sarcoblast packed with these
structures is still quite plastic, as evidenced by changes in the surface
configuration and in the position of the nucleus from day to day (Plate
ITI, Figs. 13-16). After varying periods in culture, depending upon
the maturity of the explanted tissue, cross-banding can be seen. This,
too appears gradually, and involves at first only portions of the
longitudinal fibrils. At first, it is of a primitive type in which only A
and I bands can be discerned; later Z bands can be made out, and
eventually the M-H region can be detected, the latter especially by
phasc microscopy. In these developmental stages, banded fibrils or
bundles of fibrils appear to slip on one another. Sarcomeres do not
extend regularly across a sarcoblast, as in the classic mature fiber that
is used for paradigms. (Plate 11, Figs. 7-12; Plate III, Figs. 13-16).
This irregularity occurs in differentiating fibers, whether from explants
of adult muscle {Pogogeff and Murray) or from embryonic material
(Pomerat, Rose). It calls to mind the many observations of contracting
regions of cells, which likewise indicate a lack of functional unity in
development.

Morphological observations with the light microscope have lately
and with justice given place to electron micrographs. However, in
interpretation of ultrastructure and its correlation with development
and function, as well as 1n scale orientation, tissue culture seems to
retain a unique value because 1t offers living morphological material
whose developmental history and behavior can be known and recorded
at the cellular level before being prepared for electron microscopy. In
the above accounts, an attempt has been made to provide a taking-off’
point for this type of exploration.
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C. Rro1 N1 nattoN

The pathological anatomists of the late nincteenth century were
aware of the considerable capacity of mammalian skeletal muscle to
regencrate after neerotizing injury where the stromal pattern was
retained as in typhoid fever, However, because of its abortive or slight
regencration afier traumatic wounds and burns, the idea is still
widespread that muscle has little inherent growth capacity onceit has
reached the differentiated state. Recent studics in vivo (Le Gros Clark,
1916) as well as the observations noted above should Ieave no doubt
that mature mammalian skeletal muscle has a substantial potential
for regencrative growth. It is probable that the actual extent of healing
in any given casc is conditioned more by extrinsic factors governing
the stroma, scar formation, and rcinnervation than by any intrinsic
limitation of growth capacity.

When muscle injury occurs, the local inflammatory response coupled
with the modulatory changes involved in the breakdown and recon-
stitution of these highly organized syncytial units produce a histological
chaos which has been studied for a century without final resolution.
The transformation of sarcoblasts to monocellular forms such as
histiocytes, fibrocytes, and fat cclls has often been proposed, also their
disintegration into myoblasts which then redifferentiate in the em-
bryonal manner. Budding and the reversion of the mature muscle to
an undifferentiated embryonal blastema have likewise been described.
Since studics on the behavior of muscle in tissue culturc have the
fldvanlagc of climinating systemic factors which lead to confusion or
indirectly affect regenerative growth, a number of investigators have
a?_pronchcd regenerative problems by this means, among them
Kikuchi (1931-1932), Mauer (1939), and Godman (1957).

Kikuchi explanted injured rabbit muscle at various intervals and
dmcr.ibed the appearance of muscle buds, muscle corpuscles, myo-
]Jha-gxc cells, and transitional forms between them. Mauer examined
sections of explanted chick muscle and noted the formation from
muscle fibers of spindle cells capable of fibrillogenesis, a process oddly
called “regressive metaplasia.” In the most comprehensive work of the
three, Godman made comparative studies of healing lesions of rabbit
‘:;ﬁ-:ie t;'ln viwo and of uninjure:d rat miscle in vitro, atten}ptix}g to cor-
Siluatiun: ?Krcc and the destiny o.f the cell types appearing in the two

- Lhe events of regeneration and the cellular forms partici-
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B, MoburaTion RANGE

In contrast to tissuc defermination—thc progressive irreversible
restriction of ccllular potency with divergence of tissue type—which
occurs during development, a less persistent and less far-reaching
change in cellular form and function is recognized, and is known as
modulation. This term encompasses the reversible changes, in response
to external stimuli, that may be assumed by cells of a given tissue
type, once this type is determined. In modulation capacity, skeletal
muscle is particularly versatile, baving a range of modulations that
extend from the giant multinueleate forms (described by e.g., Hogue
and de Rényi, 1939) to macrophage or histiocyte-like forms (studied
intensively by Chévremont, 1940, 1945, 1948). The scries of changes
undergone by embryonic muscle, from spindle-shaped myoblast
to plasmodial structure and to cross-striatcd sarcoblast, have been
recounted above; they are not necessarily permanent. Differentiation
may regress as well as progress in ritro, and cven cross-striation
may be unstable and may appear and disappcar more than once
in the same cell,

When adult rat or human muscle is explanted (Pogogeff and Mur-
ray, 1946), a great variety of modulated forms may be observed
(Plate I, Figs. 2-6; Plate III, Figs. 13-16): round, spindle, strap,
rhomboid, trapezoid, ribbon, and even stellate or irregular shapes,
which may vary greatly in size. After a lag period of 1-3 weeks, these
wander or grow out from explants containing sarcoblasts in varying
degrees of injury. This outgrowth therefore contains regressive forms
mingled with differentiating forms, Cultures of adult rat muscle were
maintained continuously by the authors for as Jong as a year and a
half, during which time they displayed both differentiation and de-
differentiation, according to area and conditions, Contraction was
present until the observations ended, but not continuously in the same
groups of cells. The relation of these relatively gross changes in shape,
visible organization, and apparent viscosity to muscle ultrastructure
might be worth investigation. Could any of them be correlated with
micellar organization or with G2F transformation? To what degree
does the sarcolemma control external form, and how is its constitution
involved in these changes?



V. SRETTTAL MUSCLE TISUL IN CULTURE 125

scopically, a view thatisin aceotd with Porter’s (1931) electron micro-
graphs of amphibian myoblasts in which such a “polymerization” is
suggested.

D. Parnoroay

Morphological exuberance esues when a form normally as highly
organized as the sheletal muscle fiber escapes from restraining influ-
ences and yet remains viable and reproductive, as in neoplasia. Rhab-
domyosarcomas explanted in titre recapitulate as a group the modula-
tion history of regencrating and developing muscle in culture, but
rarely, if ever, reach the end point of cross-striation. Round forms,
spindle forms, “fbroblasts,” sarcoblastic ribbons which may or may
not develop myofibrils, and giant multinucleate forms can be identified,
though not all of these need appear in a single tumor. In addition to
these conventional modulants, exceedingly bizarre forms are some-
times seen in very malignant tumors (Plate 111, Figs. 17-19) which
yet in their texture and outline generically resemble the cultured
normal cells. An experienced observer of the modulation range that
characterizes muscle in ritro can put this knowledge to use in tumor
diagnosis, as Murray and Stout (1954, 1958) have done in the classifi-
cation of tumors from avariety of tissuc origins. For rhabdomyosarcoma,
the differential diagnosis usually lies between this and liposarcoma or
ﬁbrosarcoma, neither of whosc parent normal tissues runs a compa-
fable gamut of modulation.

.Undsr the spur of increased interest in muscular dystrophy as a
disease entity, in ritro studies of dystrophic muscle, both mouse and
human, have recently been undertaken. Geiger and Garvin (1957)
Teport considerable differences between regencration pattern and
behavior of normal and dystrophic human muscle, but these findings
ha\'.e not been confirmed by U. R. Konigsberg (1958) as regards lag
Period, life span, and degree of differentiation attained by the two
tz’Pm of material. However, during the first two weeks of culture,
Konigsberg found differences of unknown significance in the protein/

NA ratio. Since many factors influence the behavior of adult
Skelet'al muscle i ¢itro and it is actually very variable on all the counts
mengwned, the writer believes that ample quantitation should be
aPPh.Cd and extreme caution observed in generalizing. For example, in
2 rSenes of explants taken from various regions of the thigh and shank
of the rat, Pogogeff and Murray (unpublished) found that explants



124 MARGARET R. MURRAY

pating were found to be essentially similar i viro and in vitro. Though
the most significant mode of muscle regeneration was through terminal
budding of fiber stumps, isolated fusiform clements with one or more
nuclei might also survive and redifferentiate following nonlethal
injury to fibers, The large numbers of round, macrophage-like cells
which have repeatedly been deseribed in muscle lesions and in tissue
culture were regarded by Godman, bowever, as derived mainly from
the fixed tissue histiocytes of the endomysium. Free macrophagic
forms of whatever origin were distinguishable on the basis of eytologicat
characteristics and their ability to store trypan bluc intravitally. He
found no evidence of a differentiation of this ccll entity into histotypic
muscle,

Godman notes that in zive the macrophagic round cells are always
concentrated closc to the main necrotic masses where jt might be
expected that chemotactic agents released from degenerating muscle
should be present in greatest abundance. Murray and Pogogeff
(unpublished) have also noted, in a series of large and small muscle
explants, that explants too large to be adequately nourished and
oxygenated by diffusion in the given culture conditions evolve a
relatively high ratio of macrophage types to sarcoblastic elements, This
cell type can be distinguished from myoblast and other differentiating
forms by cytological characteristics, but not as regards the ingestion
of vital lithium carmine suspension, a process carried on also by
myoblasts. According to Chévremont and Chévremont-Comhaire
(1945), the histiocyte form and function may be assumed characteristi-
cally by many tissuc types, and this transformation in muscle is
governed by humoral factors identified as choline and related quater-
nary bases. They report further that it can be suppressed or eliminated
by precipitation of choline or by administration of cholinesterase—an
observation which should be rechecked in the conditions of Godman’s
experiments and our own.

As regards cytodifferentiation of regenerating adult muscle buds
in vire, Godman’s observations differ from those of the Lewises’ (1917}
on embryonic chick materal i t2tro. As he points out, the budding
sarcoblast in prefibril stage already possesses a high degree of organized
structure. The myofibrils when they become visible usually appear to
be in continuity with those of the parent fibers. He supposes that these
fibrils originate from pre-existing submicroscopic protofibrils which
gradually aggregatc mnto cables of sufficient size to be visible micros-
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fiber, which may be influenced not only by its developmental status
but alsa by nutrition, osygen tension, fatigue, and accumulation of
wastes in the meditm. Better defined factors such as pH, osmolarity,
temperature, and clectrolyte supply undoubtedly enter into this
complex in shifting balance with advancing age and vicissitude in
culture,

Imestigating the relationship between clectrical excitability and
the appearance of spontancous muscular activity, Szepsenwol (1947)
subjected cultures of myogenic tissue in an age serics to condenser
discharge shocks. He found that the threshold declined as differentiation
advanced, and was low when spontancous activity began, Compared
toskeletal muscle, cardiac muscle is precocions in developing spontane-
ous contraction; in this material he found that the threshold was low
from the start of cultivation, and did not decline appreciably as
differentiation proceeded. Such obscrvations on excitability and
Spontancous contraction call to mind the phenomena of fibrillation
in denervated skeletal musele (Tower, 1939) and pose the question
whether nervous conncections are regularly involved to some degree in
inhibition of fiber contraction.

B. Druc AcTioxn

The key position held by the myoneural junction in chemical
transmission and in the problems of “blocking™ have made it of some
Interest to observe the effects of biologically active compounds on the
behavior of living, uninjured muscle fibers with intact sarcolemma but
en.tirely devoid of neural connections and cnd-plates. Experiments of
this sort have been performed by Sacerdote de Lustig (1942, 1943),
from which it was reported that physostigmine and low concentrations
of acetylcholine activate the automatic contractility of chick skeletal
a.nd smooth muscle, while adrenaline, atropine, and high concentra-
tions of acetylcholine paralyze it. Heart muscle activity is paralyzed by
flcety]choline and stimulated by adrenaline; the acetylcholine paralysis
I lzeleased by atropine. Several curarizing substances (curare, ery-
thrine, snake venoms, strychnine, and veratrine) were also tested on
skeletal and cardiac muscle. Both tissues were activated slightly by low
co"Cf!rlltrations (10”) and paralyzed at higher concentrations. Curare,
erythrine, .and cobra venom antagonize only the paralyzing action of
acetylcholine, while strychnine and veratrine may reactivate cultures
Paralyzed by physostigmine-acetylcholine, erythrine, or curare.
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from regions having a more abundant blood supply produced superior
outgrowth as regards differentiation and contraction.

IV, PHYSIOLOGY

A. SpoNTANEOUS RuyTimic CONTRACTION

In 1915, M. R. Lewis rcported that rhythmical contraction of
embryonic chick skeletal muscle occurs spontancously in culture,
entirely free from nervous influences. This obscrvation has been repeat-
edly corroborated, and Pogogefl and Murray (1946) extended it to
include adult mammalian material. Lewis found that replacing the
nutrient balanced salt solution with physiological saline did not favor
rhythmic contraction but produced a twitching which was usually
followed by degencration of the fiber. Dilution of the medium by 10%
also resulted in loss of fiber form and degeneration. Chambers and Fell
(1931-1932) noted that puncturing the cytoplasm with a microneedle
caused a twitch, followed by a 10 sec. refractory period; occasionally,
the contraction and thickening of the fiber were most pronounced
about the pricked region, and the following relaxation was slow. De
Rényi and Hogue (1934) also reported cases in which a mechanically
rendered impulse appeared to travel only a short distance. Friedheim
(1931) reported that the spontaneous contraction rhythm (chick)
ranged from 40 to 90 per minute. In Pogogeff and Murray’s rat
preparations, the average rate was 138 per minute, with individual
fibers in the same culture often contracting in different rhythms; it was
observed that a portion of a fiber could contract, pulling the rest
passively. Where the explant was found contracting as a whole, it
also might be subdivided into areas with different rates.

The spontaneous activity of skeletal musele is not continuous; a
period of rhythmic contraction is followed by a rest interval. According
to Szepsenwol (1946), the frequency of contraction and duration of
rest periods for individual fibers from embryonic chick material are
characteristic and stable for as long a time as 2 months 12 vifro. In the
writer’s experience, however, with late fetal, newborn, and adult rat
material, the duration of rest periods 1s unpredictable, as is the rhythm
of single fibers and groups of fibers from day to day. The response of
resting or active fibers to chemucal agents in the medium is similarly
not uniform, especially 1n long-term cultures. One may suppose that
excitability can vary with the general physiological condition of the
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Tanr 1
Drua Errrem ox Froas Rar Serorran Muserr iy Virro,

Concentration Yiffeet on Numcrical
Acent {molar)  (mg. ml) contraction rating
3107 1.0 Not revensible Toxic
Procaine HCL 310 ol Inhibitory — 71
3000 001 1.6
o100 Inhilsitory
Veratrine 6107 o0t
T L ol - lnlululm:y
d-Tubocurarine —_— 0.001 Inhibitory?
—_— Q.0001 No cffect
—_ 0.00001 Stimulatory?

2,10 0.001

Ryanodine 2,107 0.0001 Inlulntory
210" 0.00001
ATP 500 Noeffeet
- o R -
— 0.01 Inhibatory - 38
Acetylcholine CI* — 0.001 No cffect + 0.1
Caffeine = Sumulatory?  + 1.6
—_ 0.1 + 1.5
- o001 + 04
Mapharsen — ©.0001 Stumulatory + 10
— 0.00001 + 3.2

o myoncural junction is necessary. Ryanodine, an alkaloid with some
charc-likc propertics in tivo, appears to be membranc-activerather than
being involved with actomyosin directly, as suggested by Edwardsetal.
(1943?, who found that nervous control scemed not to be involved. Our
€xperiments with ryanodine, undertaken to test this proposition, showed
that at the concentration range noted in Table I, rhythmic contractions
ceased within 15-45 min. after administration, time being inversely
P.mportional to concentration; when the agent was withdrawn, recovery
time was directly proportional to concentration. For this paralysis,
nervous intervention is certainly not necessary; but ryanodine has no
ePFect on nonconducting fiber preparations. Its total action, however,
still ha:s many unexplained aspects. Tissue culture thus appears to offer
g"e‘lmqhtie_s, especially if used in combination with other methods,

T elucidating mechanisms of drug action in relation to contractility.
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In all such preparations, there cxists a substantial source of error,
since spontancous contractions may be sporadic in occurrence and not
uniformly strong or rhythmic in different cultures from the same
matcrial. As an aid to the desired controlled quantitative observations,
Pogogeff and Murray {unpublished) devised a simple arithmetical
system of evaluation which is applied to cultures of late fetal or new-
born rat muscle before and during an experiment. In this, threc main
categories (slight, good, and cxcellent) are based on the number of
fibers contracting spontancously. Each main category is further
subdivided into five on the strength of contraction. This system allows
subjective ratings (always applied by the same observer) from 0-16,
which are given to the whole series of cultures at the beginning of an
cexperiment. Rated cultures are then distributed as equably as possible
between experimental and control groups, and during the exposure
period they are periodically re-rated. Ratings for cach group are
totaled and averaged. If the rating for an experimental group in-
creascs significantly over that for the controls, the agent is said to be
stimulating; if it decreases, the agent is said to be inhibiting. Since
some confusion may arisc from gencral toxicity of drugs apart from
their specific pharmacological action, it should first be ascertained that
agents are used at a concentration whose effects arc reversible upon
their withdrawal. Table I shows the action of eight biologically active
compounds on this system in sitro.

From this, it may be concluded that in rat somatic muscle without
innervation or end-plates, procaine, veratrine, tubocurarine, and
ryanodine are inhibitory, with the possibility that at very low concen-
trations tubocurarine may be stimulatory, as noted by Sacerdote de
Lustig; ATP and acetylcholine are without cffect or inhibitory; and
caffeine and mapharsen appear to activate contraction. The question
still exists whether some or all of these compounds are able to pene-
trate the cell, or to affect membrane permeability or whether they
exercise their effect from outside the membrane. Here a comparison
with glycerol-frozen nonconducting fiber preparations from the rabbit
(Korey, 1950) may assist mterpretation. In these, cocaine and vera-
trine (classic membrane-active drugs) are without effect. So, also, are
ryanodine and caffemne. Mapharsen 1s inhibitory and ATP, of course,
stimulating. Here, as in earlier biochemical preparations, ATP reacts
directly with the contractile substance of muscle.

Itis clear that for the tested curanzing drugs to exert a blocking effect,
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Recently, however, Grain (1956) has perfected a method of making
intraccliular action potential recordings of normal magnitude from
single cells in witro, ‘This involves a modificd Chambers-Pike micro-
dissection assembly with oscillowcope hookup; KCl-filled glass elec-
trodes of 0.5 diameter arc inserted into neurons or muscle cells
visualized with the high power compound microscope. With such a
small clectrode , the impaled cells may remain viable for a half hour
or more. Typical resting and action potentials can be recorded from
spontancously contracting sheletal and cardiac cells, as shown in
Crain’s description and Figs. 20 and 21, Similar potentials have also

(@) (b)
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Fic. 21. Membrane resting and action T ials recorded i Alularly from a
cultured, spontancously contracting sheletal muscle fiber. Note the similarity in the
mode of onset of the spikes to that of the cardiac fibers (Fig. 20), the large overshoot,
and }hc “negative after-potential,” The family of action potentials shown in C was
Of')tam:d by nearly synchromizing the sweep frequency with that of the fiber
;i:tchlirg:s c(‘e.malogous to Fdlg.hZO, G,). Age of culture: 9 days in titro, from a newborn

. Recordings were made . 8: M. Cr.
Suigoons Nc\% Vot o y Dr. S; M. Crain at the College of Physicians and

been obtained from trypsin-dissociated groups of cultured cardiac
fibers (Fange ef al., 1956). Crain (1956) found in neurons that the
response to electrical stimulation delivered 200-300 . away from the
cell is not exclusively of the all-or-none type, but that graded responses
occur near the threshold. Friedheim, with the techniques available in
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C. BioELECTRIC PHINOMENA

Many workers have made EKG records from tissue cultures, es-
pecially of contracting heart muscle. This extensive literature has been
reviewed by Levi (1934) and discussed by Fell (1951). Usually,
summation effects have been obtained with relatively large clectrodes
(30 1), as by Szepsenwol (1916, 1947), who used both cardiac and skeletal
muscle. In the latter material, a single, quick, bipolar wave was found
where a group of fibers had the same frequency, but this was replaced
with a slow mono- or bipolar wave when several different rhythms
were present, In cardiac muscle cultures, Hogg and associates (1934
1935) obtained small extracellular pickups with clectrode tips of the
order of 2-5y, probably from single cclls; they recorded positive
monophasic spikes with an “overshoot” during the spike.

Az nnRRNy
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F1c. 20. Typical membrane resting and action potentials recorded with micro-
electrodes (tip drameter about 0.5} inserted into the intenior of cultured, spon-
taneously contracting cardiac muscle fibers. The reference level (O) was obtained by
superimpostng a sweep taken with the microelectrode tip just outside of the cell,
lmmcdxalcly before (or after) the |mpalcmcnt In this, as chI as in an, 21 an up-

Nt ot
zation (the nising phase of the spike appearing as a discontinuity in the oscilloscope
trace), the large overshoot, and the absence of any steady membrane potential
between spikes (also the small responses recorded 1n B Just bcl'ore c[l'ccuvc pene-
tration), (C,) sertes of superimp d action
sweep {rcquency with that of the cardiac dnschargcs (C ) two famlllcs of discrete
curves obtained by shghtly unbal. his Age of cul
(A) 6, (B) 13, and (C) 4 days n wutro, from 9.day-old chick embryos. Recordings
were made by "Dr. $. M. Cram at the College of Physicians and Surgeons, New York.
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medium, The significance of this observation can only be surmised; it
may be rclated to an irregular serics of later observations made as the
use of simplificd media hay developed, Fischer's V2614 amino acid
mixture (1918) plus a litle balanced saline extract of chick embryos
is especially favorable for embryonic skeletal muscle (K. R. Porter,
personal communication). In White’s chemically defined medium
(1949), consisting chicfly of salts, amino acids, and vitamins, muscle
is conspicuous among mixed cmbryonic tissues for its survival and
continued function. Waymouth reports in a personal communication
that a variant of her defined medium 192/2 with the addition of
peptone (Waymouth, 1956) cspeciaily favors contraction in skeletal
muscle; this applies even to myoblasts and multinucleate round cells,
which contract radially. According to Godman (1957), muscle fibers
grown in synthetic medium 858 (Healy ¢f al., 1955) with the addition of
saline embryo extract dilferentiate precociousty. If there is a unifying
thread here, it is the presence of balanced saline solution and amino
acids in considerable amounts, and the absence of whole serum as a
constituent of the medium; these recurrent independent factual
observations scem worthy of notc.

Recently, at the Strangeways Laboratory, a series of studics has been
undertaken on growh and metabolism. The tissues are grown in
protein-frec media of known chemical composition (Parker’s 858), and
the utilization of amino acids is determincd quantitatively by column
chromatography, When suspensions of embryonic chick muscle cells
are cultivated in a medium containing amino acids in equimolar
concentrations, leucine, isoleucine, and aspartic acid are found to be
used in large amounts. The relative amounts used agree well with the
proportions in which these compounds are present in muscle proteins
(Lucy and Rinaldini, 1959). Studies on the synthesis of nonessential
amino acids from C*-labeled glucose in natural media indicate that
alanine, aspartic acid, glutamic acid, serine, glycine, and proline can
be synthesized by skeletal muscle, as well as by limb bones in itro
(Rinaldini and Webb, 1956).

The accumulation of glycogen in differentiating skeletal muscle
(van Weel, 1948) was mentioned earlier in another connection.
Sacerdote de Lustig and Mancini (1946) have pursued this subject
somewh‘at more extensively, finding similarly that embryonic chick
:)r}usf:le is capable of: syn}hes:zmg gliycogen w vitro, and that the speed

glycogen production is related directly to the age of the embryo at
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1931, reports similarly that the contraction magnitude of the isolated
skeletal muscle fiber, when stimulated electrically, is a function of the
magnitude of the current. In this situation, the all-or-none rule does
not apply.

The technique of recording action potentials from impaled cultured
cells, as handled by Crain (1956) and Fange et al. {1956), could contrib-
ute important clectrophysiological data if combined with the adminis-
tration of biologically active compounds in vitro. Also, in view of the
large potentials recorded with normal cells, it scems probable that the
method could be utilized to investigate intrinsic differences in function-
al capacity in devclopmental or in pathological states.

V. NUTRITION AND METABOLISM

Investigation of nutrient requirements and metabolic exchanges
of the special tissuc types is just in its beginnings. Though from the
early days of tissue culture attempts have been made to replace the
“natural” media of body fluids, in which explanted animal tissues
flourish, with media of known chemical constitution, only in the last
dozen years has the goal been closely approached. Recent reviews of
the general field of nutrition in ritre, to which the reader might refer,
are those of Waymouth (1954}, Biggers ¢f al. (1957), and Morgan
(1958).

Much of the early nutritional work concerned itself with “growth
factors”, and used as cultured material sarcoma cells or heart “fibro-
blasts” whose histogenesis was obscure and which for many generations
had been maintained in a state of rapid multiplication that precluded
the assumption of a differentiated form or function. Nevertheless,
Parker /1933) noted quantitative differences in nutrition and growth
rate between strains of “fibroblasts” from different sources, skeletal
muscle among them.

The earliest attempts to maintain animal cellsinsimplified, relatively
defined media as contrasted to cell extracts and body fluids were made
by the Lewises, who accomplished an enormously productive series of
morphological and physiological studies on a great variety of tissues.
Cultures were carned for periods usually less than a week in a mixture
of balanced salt solution (Locke ., glucose, and bouillon or peptone. In
their studies of skeletal muscle (Lewis and Lewis, 1917), they noted
that spontaneous contraction was much more marked than it appeared
to be in the cultures of contemporanes who employed a plasma
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explantation. They found no relation between growth rate and glycogen
production, nor could they observe a close correlation between content
of glycogen and spontancous contraction.

In the foregoing discussion of muscle tissue in culture, no general
exposition of tissue culturc mcthod has been included. It is assumed
that readers are familiar with the underlying principles; for more
comprehensive treatment of technical matters, reference can be made
to compendia such as those of Parker (1950}, Pomerat (1951) and Paul
(1959). The physical resources of the tissuc culture method have been
expanding with great rapidity in the period since World War II, so
much so that new cditions of most standard works, and several
entircly new productions, are now in preparation. Development has
followed two main lines: (1) intensive cell propagation producing
massive cultures for use in the study of growth, nutrition, metabolism,
genetic alteration, and malignancy; and (2) spatial restriction of ccll
growth in vitro dirccted toward fostering morphogenesis and function.

In this chapter devoted mainly to an account of obscrvations on
living contractile tissue, skeletal muscle has been considered selec-
tively, as representing the greatest specialization of the contractile
function, which is possessed in some degree by all protoplasm. Obser-
vations on cardiac muscle in culture arc generically similar to those
on striated; smooth muscle has not been studied so intensively. Re-
striction of space has made it necessary to omit more than occasional
reference here to thesc latter types. Interested readers might profitably
consult the fourth edition of Levi’s Treatisc on Histology (1954), in
which the author devotes some seventy pages to an exposition of the
histophysiology of the three divisions of muscle, illuminated by his
fifty years of research in the general field of tissue culture, The Bibli-
ography of the Research Tissue Culture (Murray and Kopech, 1953)
is recommended for further reference coverage.
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1. INTRODUCTION

Striated muscle has been extensively studied with the electron micro-
scope. Many of these areas of study fall naturally under the headings of
some of the chapters contributed to this book by other authors. Thus, in
VolumeI, ChapterIX, Hansonand Lowydiscuss thestructure ofinverte-
bratesstriated muscle asseen with the electron microscope. In Volume I,
Chapter VII, Huxleyand Hanson present evidence derivedfrom electron
microscopy which bears on the molecular structure of vertebrate and
invertebratestriated muscle and their changes in contraction, Volume I,
Chapter X1 consists of a description by Sjostrand and Andersson—
Cedergren of the intercalated discs of heart muscle. In these cases,
much of the important evidence is derived from electron microscopy.
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component and to coin a new term for the cell membrane of muscle
(Péterfi, 1913; Gutmann and Young, 1944). However, in this chapter,
the concepts and terminology of Schwann and of Bowman are used
and are found to provide a suitable basis for the interpretation of
clectron micrographs of musele, On these premises, the term sarco-
lemma is used for the membrane component of muscle corresponding
to the cell or plasma membrane, to which sclective semipermeable
characteristics can most reasonably be attributed, and across which
appears the resting potential of the muscle fiber (Katz, 1918, 1956).
A somewhat more extended discussion of the significance of the term
“sarcolemma” can be found in a previous review by Bennett (1958b).

B. Fixe STRUCTURE OF SARCOLEMMA

The sarcolemma was first studied with the clectron microscope by
Jones and Barer (1918) and by Reed and Rudall (1948). These two
carly studies appeared before the development of satisfactory sectioning
methods, and depended on surface views of the sarcolemma. The
sarcolemma was identified as a thin membrane underlying the colla-
genous connective tissue investment of the fiber. It was this collagenous
investment which Péterfi (1913) confused with the sarcolemma itsclf.
The observations of Jones and Barer and of Reed and Rudall confirmed
Bowman and Schwann in that the sarcolemmatic membrane was
structureless at levels of resolution accessible to the light microscope.
But with the electron microscope, some inhomogeneities were observed.
These were described as raised “spots” (Jones and Barer) or as
“corpuscles” (Reed and Rudall) which were deemed to lie on an
underlying membrane. These densities or clevations were said to be
between 0.04 ¢ to 0.1 12 in dinmeter, and were scattered rather irregu-
larly over the membranc itself. These “spots” have not figured in
more recent descriptions of the sarcolemma based on sectioning. It is
Quite possible, however, that they may correspond to small vesicles and
caveolae which have been seen in association with the sarcolemma
(Porter and Palade, 1957) and which are illustrated in Figs. 35, 37,
38, 40, 42, and 45 (see p. 170, 172). These are taken from the work of
Dr. David Robertson, Fawcett and Selby {1958), and of Porter and
Palade (1957).

The sarcolemma has been described in sectioned striated muscle by
Bennett and Poster (1953), Bennett (1955, 1958b), Ruska (1954)
Robertson (1956a, 1957b), Porter and Palade (1957), and Fawcett and,
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Tt then falls within the compass of this chapter to discuss those
phases of striated muscle structure which have been studied with the
electron microscope, and which arc not covered in other sections of
this book, The main topics to be discussed here include thesarcolemma,
the sarcoplasm, including the sarcoplasmatic reticulum and the sar-
cosomes or mitochondria, and the nuclei. Very brief attention will
be dispensed on the important topic of myofibrils and myofilaments,
which are described in detail in Volume I, Ghapter VII; on the tracheoles
of inscct muscle, which fall in the province of Volume 1, Chapter IX,
and on the intercalated discs of cardiac muscle, which comprise the main
topic of Volume I, Chapter XII. Vertebrate cardiac muscle is a type
of striated muscle, and will be a subject of discussion of this chapter,
except for those aspects of vertebrate cardiac muscle which fall within
the domains of Volume 1, Chapters VII and XII.

Il. SARCOLEMMA

A, GeNERAL FEATURES

In defining the sarcolemma as it appears in electron micrographs,
we draw on the findings of Schwann (1839) and of Bowman (1840).
These authors described a thin, structureless membrane investing the
striped muscle fiber. Both of them recognized the¢ membrane as
distinct from the fibrous connective tissue component of the muscle.
Schwann spoke of it as corresponding to the cell membrane of the
muscle fiber. Bowman, who named it the sarcolemma, wrote his
paper before Schwann's book on the cell theory appeared, and was
unaware of the concept of the cell at the time his paper went to press.
He demonstrated the semipermeable character of the sarcolemma by
observing a swelling of the muscle fiber and a lifting of the sarcolemma
from the myofibrils when the fresh fiber was placed in water. When
subsequently placed in strong sugar solution, the water previously
imbibed was removed and the original appearance of the fiber was
restored. In a footnote added in proof, Bowman states that he learned
after sending his paper to press that Schwann had described the
membrane which Bowman called the sarcolemma, and that Schwann
had decmed it to be the cell membrane of muscle.

This bref review of work over a century old is pertinent here, as
the nature of the sarcolemma has not been understood by all authors,
and some have attempted to apply the term to a connective tissue
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similarity of structute of many biological cell membranes, should be
taken in conteat with the work of Ferndndez-Morin and Fincan
(1957), Robertson (1955, Geren and Schmitt (1951, 1955), Schmitt
and Bear (1939), Bear and Schmitt (1936), Bear ef al, (1911), and
others, These studies demonstrate that the myelin sheath consists of
many layers of Schwann cell plasma membrane, and that this multiple
stack of cell membranes is comprised of protein sheets alternating with
polar lipid groups arranged radially with their hydrocarbon chains
arrayed paraliel to cach other and normal 1o the planes of the protein
sheets. The similarity between the sarcolemma and the Schwann cell
plasma membrane, discerned by Robertson, permits once to surmise a
similar model for the sarcolemma. In Fig. 39 one can sce one of
Robertson’s pictures of the Schwann cell membrane and myclin sheath,
This can be compared with the sarcolemmatic membranes seen in
Figs. 31-36 and 40.

C. CONFIGURATION OF SARCOLEMMA

A second important characteristic of the sarcolemma is that it is
not a perfectly smooth cylindroidal membrane, but is marked here and
there by tunncl- or cavclike invaginations or open vesicles called
“caveolae intracellulares” (Yamada, 1955). They can bescen in Figs. 35,
37, 40, and 45 (C). Entircly analogous cavcelac in a Schwann cell
are displayed in Fig. 39. Caveolac have been discerned in mammalian
smooth muscle sarcolemma by Mark (1956) and by Palade (1956), in
cardiac muscle by Moore and Ruska (1957) and by Fawcett and
Selby (1958), and in striated skeletal muscle by Porter and Palade
(1957). Associated with these caveolae are vesicles which may lie close
to the sarcolemma or even touch it without actually opening to the
outside. These vesicles and caveolae are usually oval or ellipsoidal, but
may have rather complicated ramifying and branching excursions
(Palade, 1956, Plate 38, Fig. 8). They are usually about 600 A.
in diameter and may be nearly spherical or elongated with a length
greatly exceeding the diameter.

Most of the authors who have observed these small vesicles and
caveolae associated with the sarcolemma have speculated on their
function. The predominant view 1s that they may have a role in
transport or transfer of substances into and out of the muscle cell, The
general theory of this mechamsm has been outlined by Bennett (1956a)
and many features of 1t are discussed by Palade (1956). In essence, thé
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Selby (1958). The gross features of the sarcolemma as currently
revealed in clectron micrographs are shown in Figs. 37, 38, and 4245,
which have been supplied most generously by Drs. Porter and Palade
and by Drs. Fawcett and Sclby. At this resolution, the sarcolemma (S)
appears as a thin dark line not over 100 A. in thickness. In more recent
micrographs (scc Figs. 34, 35, 36, and 40), Robertson {1957b, 1958a)
has resolved this membrane as displaying two peaks of density about
50-60 A. apart, between which lies a trough of Iesser density. Robertson
(1957b, 1958a, b) has found that this trilaminate structure is charac-
teristic of animal cell membranes in general. He speaks of it as the
“unit membrane” structure, and has found it to be a feature of the
plasma membrancs of many types of cells, including Schwann cells,
nerve cells, and muscle cells, Morcover, this “unit structure™ is like-
wise characteristic of internal membranes in cells, and has been noted
by Robertson in the membranes of mitochondria, cndoplasmic
reticulum, Golgi bedies, and nuclear envelope.

Similar pictures of twin densities within mitochondrial membranes
have been obtained by Freeman (1956). Zetterqvist (1956) has
demonstrated double parallel density peaks in the plasma membrane
of the absorbing cells of the intestinal mucosa of the mouse, and Low
(19564, b) has reported this type of membrane structure in the plasma
membranes and endoplasmic reticulum of the intestinal mucosa cells
of the rat.

From these developments, and from Figs. 34, 35, 36, and 40, we can
conclude that, surrounding the striated and smooth muscle fiber, there
is a membrane which resembles closely in structure the plasma mem-
brane and the internal membranes of other cells. It is altogether
reasonable to regard this membrane as the plasma membrane of the
muscle fiber recognized by Schwann and to follow Bowman in calling
this membrane the sarcolemma.

In this light, the most revealing pictures of the sarcolemma jtself are
probably those of Robertson, several of which have been supplied
most generously by Dr. Robertson and are reproduced in this chapter,
with his kind permission. It can be scen from Figs. 34-36 that the
overall thickness of the sarcolemma is somewhere between 50 and
100 A. In most places, it seems to be about 75 A. thick. Each of the two
peaks in density is about 25 A. wide, and the intervening less dense
portion measures about 20-25 A, in width.

The important unifying contribution of Robertson, relating to the
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festations of active transport mechanisms, However, in other cclls,
caveolac and vesicles have been shown to have a role in active trans-
port processes. Odor (1956) has observed transport of particles acros
mesothelial cclls in vesicles and caveolae, and Hampton (1958) has
demonstrated a similar transport mechanism to operate in hepatic
parenchymal cells, carrying colloidal particles from plasma to bile
canaliculi, Wissig (1958) and Alksne (1959) have noted that colloidal
particles can pass across capillary endothelial cells in vesicles. Chap-
man-Andresen and Holter (1955) and Chapman-Andresen and
Prescott (1956) reported that uptake of glucose and proteins by
amocba was accomplished by pinocytosis, using a vesiculation mecha-
nism. Thesc observations on cells other than muscle call attention to
the possibility that vesicles and caveolac associated with the sarco-
lemma may have a role in fonic movements and in passage of glucose
and other metabolites across the plasma membrane of the muscle cell.
Experimental evidence of such a role for sarcolemmatic vesicles and
caveolac is awaited. But in support of the concept, one may cite the
work of Wotton and Mosti (1955), who noted droplets of stained fat
passing through the sarcolemma of cardiac muscle cells of the cat,
and the obscrvations of Coons (1953), who reported pneumococcus
polysaccharide to be present in cardiac muscle cells after intravascular
administration. These experiments indicate that large molecules and
fat droplets large enough to be seen with the light microscope can
traverse the sarcolemma, indicating that a vesiculation mechanism
may be involved. Thus it is reasonable to suggest that sarcolemmatic
vesicles and caveclae may scrve to transfer smaller molecules across

the plasma membrane of muscle cells, just as similar structures function
in amoeba.

D. AssociATED EXTRACELLULAR FEATURES

A third feature of the sarcolemma 1s an associated extracellular
component, discernable in Figs. 34, 35, 37-40, and 42-44 as a cloud of
material perhaps 500 A. thick, of moderate density, diminishing
gradually in density as it extends further away from the sarcolemma
into the intracellular space. This extracellular component is designated
by the letter B in the figures accompanying this chapter, and is
considered to be the representative in muscle of a structure known as

“basement membrane,” which ;
,” which invests certain surfaces of end, i
and epithelial cells. othelial
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concept holds that substances such as ions, sugars, protcins, or larger
particles might gain access to the interior of cells or be discharged from
cells without passing through pores in the plasma membrane and
without risk of violating even momentarily the integrity of the osmotic
properties of the cell. The substances would enter the cell in vesicles
lined with membrane similar to or identical in composition to the
plasma membrane. In the case of the uptake of materials, the concept
holds that substances might first be bound to the outer surface of the
plasma membrane of the cell. Specificity of uptake would depend on
specificity of binding sites on the cell surface. After such binding, the
membranc would infold to form a cavcola; the orifice of this cave
would scal, forming a vesicle, and the vesicle would become detached
from the plasma membrane and take a place in the cytoplasm of the
cell. Once in the cytoplasm, the vesicle membrane might be modified,
disassembled, or destroyed, so that the substances become free in the
cytoplasmic matrix. Alternatively, the contents of the vesicle might
escape to the cytoplasm by diffusion or turnover of molecular com-
ponents of the membrane. Or, the vesicle might be transported to
another part of the cell, there perhaps to fuse with one of the interior
membranes of the ccll, such as those of some internal vesicle or vacuole,
or of the endoplasmic or sarcoplasmatic reticulum or nuclear cnvelope,
or of the plasma membrane in another part of the exterior surface of
the cell. Upon such fusion, the contents of the vesicle would be liber-
ated to the cavity or vesicle enclosed by the internal membrane or to
the exterior of the cell, according to the location of the membrane with
which the fusion took place. In the event that substances are to be
discharged from the cell by this mechanism, the theory envisions that
they first be enclosed in a vesicle within the cytoplasm of the cell. The
enclosed material in the vesicle is then moved to the plasma membrane

of the cell where the vesicle and plasma membranes fuse. Thereupon
the membrane of the vesicle opens up in the form of a caveola and

the contents are liberated to the exterior. An interesting feature of this

mechanism is that particles, molecules and ions of widely varying size

can move from one side of the plasma membrane to the other without
the existence of any pores, or without violating the permeability

characteristics of the membrane, or without actually going through the

membrane.

No one has demonstrated that the caveolae and vesicles associated
with the sarcolemma of muscle are actually morphological mani-
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festations of active transport mechanisms. However, in other cells,
caveolae and vesicles have been shown to have a role in active trans-
port processes. Odor (1956) has observed transport of particles across
mesothelial cells in vesicles and caveolac, and Hampton (1958) has
demonstrated a similar transport mechanism to operate in hepatic
parenchymal cclls, carrying colloidal particles from plasma to bile
canaliculi. Wissig (1958) and Alksne (1959) have noted that colloidal
particles can pass across capillary endothelial cells in vesicles, Chap-
man-Andresen and Holter (1955) and Chapman-Andresen and
Prescott (195G) reported that uptake of glucose and proteins by
amocba was accomplished by pinocytosis, using a vesiculation mecha-
nism. These observations on cells other than muscle call attention to
the possibility that vesicles and caveolac associated with the sarco-
Iemma may have a role in ionic movements and in passage of glucose
and other metabolites across the plasma membrane of the muscle cell.
Experimental evidence of such a role for sarcolemmatic vesicles and
caveolae is awaited. But in support of the concept, one may cite the
work of Wotton and Mosti (1955), who noted droplets of stained fat
passing through the sarcolemma of cardiac muscle cells of the cat,
and the observations of Coons (1953), who reported pneumococcus
polysaccharide to be present in cardiac muscle cells after intravascular
administration. These experiments indicate that large molecules and
fat droplets large cnough to be seen with the light microscope can
traverse the sarcolemma, indicating that a vesiculation mechanism
may be involved. Thus it is reasonable to suggest that sarcolemmatic
vesicles and caveolae may serve to transfer smaller molecules across

the plasma membrane of muscle cells, just as similar structures function
in amoeba.

D. AssoctATED EXTRACELLULAR FEATURES

A third feature of the sarcolemma is an associated extracellular
component, discernable in Figs. 34, 35, 37-40, and 42-44 as a cloud of
material perhaps 500 A. thick, of moderate density, diminishing
gradually in density as it extends further away from the sarcolemma
into the intracellular space. This extracellular component is designated
by the letter B in the figures accompanying this chapter, and is
considered to be the representative in muscle of a structure known as

“basement membrane,” which invests i
3 certain surfaces of endothelial
and epithelial cells. ’
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Indeed, it is timely to relate this structure in a broader context. Most
cells, if not all cells, appear to adorn themsclves with a polysaccharide-
rich coating outside the plasma membranc. This coating may be very
thin, as in the case of mammalian crythrocytes, where it represents
surface coatings responsible for the A-B-O agglutination reactions
demonstrable by immunochemical methods (Kabat, 1956). At
another extreme, very thick coatings are represented in the cellulose-
containing cell walls of higher plants, in the cell walls of fungi and
bacteria, in the chitinous covering of arthropods, and in the zona
pellucida of the mammalian ovum. The polysaccharides represented
in such coatings arc variable, including cellulose, polyglucosamine,
polyglucans, hyaluronic acid, chondroitin sulfate, and many others.
The polysaccharides may be mixed or conjugated with lipid, protein,
polyphenols, lignin, or other polymers, The presence of such a thick
or thin polysaccharide-containing coating just outside the plasma
membrane of plant and animal cells is sufficiently common to
justify recognition of the coating as a general structural feature
of cells,

Turning now to striated muscle cells, the coating is represented by
the parasarcolemmatic densitics mentioned above. This density often
shows a rounded summit perhaps 200-250 A, outside the sarcolemma
itself, and a trough about 100 A. widc just outside the sarcolemma, It
appears to correspond to the structure mentioned by Schiebler (1953)
as responsible for the positive periodate-Schiff reaction associated with
the sarcolemma, Outside this layer, onc can often distinguish some
collagen filaments (Fig. 43, F).

This coating, which is herc called the basement membrane, may
have a role in permeability and exchange phenomena of the muscle
cell. Its composition, as represented in muscle cells, is not well under-
stood, but it is presumed to contain carbohydrate and protein. It
appears to be nearly structureless, even at high resolution, though at
times a fine fibrillar appearance can be noted. It may be capable of
binding ions or glucose and of concentrating such molecules close
to the sarcolemma. It may be able to influence or regulate the
molecules which are close to the outer surface of the sarcolemma.
Some of the bascment membrane material appears to become
enclosed in caveolae and vesicles formed by invagination of the
sarcolemma. Thus it appears to be a flexible and malleable structural
component.
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E. ExreriesTaLLY INpucEd CIANGLS IN SARCOLEMMA

The sarcolemma appears to undergo appreciable changes in confi-
guration under the influcuce of certain pharmacological agents. Thus
Lindner {1957) has reported that, under the influence of strophanthin,
a vigorous membrane activity with extensive vesiculation becomes
cvident. This important study indicates that the electron microscope
may become a useful instrument in pharmacological research and that
fine structure changes induced by physiological and pharmacological
influences may improve our knowledge of cell physiology.

F. REGIONAL SPECIALIZATIONS OF SARCOLEMMA

All regions of the sarcolemma are not identical in structure and
physiological behavior. Thus, in many striated muscle cells, most
regions of the sarcolemma arc excitable clectrically, but the sarcolemma
underlying the motor end-plate is not excited by clectrical pulses.
Converscly, the sarcolemma of the myoncural junction can be excited
by acetylcholine, whercas most of the area ol sarcolemma of a striated
muscle cell is insensitive to acetylcholine (Katz, 1956). These physio-
logical differences indicate important distinctions in molccular
structure, details of which, however, are concealed from our knowledge
at the present time. But even with the relatively crude electron
microscope, some regional structural differentiation of the sarcolemma
can be detected. Here mention will be made of two such regions,
though neither of them will be deseribed minutely in this chapter,

L. The Sarcolemma of the Motor End-Plate

The structure of the motor end-plate is described in Volume 1,
Chapter X of this volume. The most definitive electron microscope study
of the motor end-plate so far published is that of Robertson (1956b).
A second important clectron microscope study of this region has been
published by Edwards and associates (1958). This second paper deals
with motor end-plates in the leg muscles of the wasp. In this form, the
sarcolemma 15 not conspicuously specialized morphologically in the
region underlying the nerve ending, insofar as it can be studied with
the electron microscope. Here the sarcolemma may be slightly thicker
and more dense than elsewhere, but otherwise appears much as it does
over other portions of the muscle cell.

In contrast, the sarcolemma underlying the motor nerve endings in
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vertebrate muscle is elaborately specialized structurally. Robertson’s
electron micrographs show that the sarcolemma and basement mem-
brane are here thicker and more dense than elsewhere and are folded
in a series of troughs or grooves indenting the sarcoplasm of the fiber,
The basement membrane material intervenes everywhere between
sarcolemma and synaptic neural endings and between the membrane
folds forming the grooves mentioned above. Robertson (1956b) has
prepared a diagram showing these relationships, which are also
discussed more fully in Volume I, Chapter X.

2. The Sarcolemma of the Myolendinal Function

The myotendinal junction is described more fully in Volume I,

Chapter II. No definitive clectron microscope studies of myotendinal
Jjunctions have been published. Our information about the finestructure
of this interesting region is therefore very meager. From unpublished
micrographs, it appears that thesarcolemma of the my otendinal junction
isspecially modified, and in it are inserted tapering bundles of keratin-
like filaments which are continuous with the contractile myofilaments
at the first Z band. The sarcolemma is thicker and more dense at the
regions of insertion than clsewhere. These insertions resemble the
attachment of the keratin filaments of human epidermal cells to the
cell membrane in the region of the attachment disc or node of Bizzo-
zero, as described by Odland (1958). Opposite the filament attach-
ments, the extracellular basement membranc is likewise thickened, and
into these thickenings insert collagenous fibers of the tendon.

A more specialized type of myotendinal junction is represented in
the intercalated discs of heart muscle, which are described in Volume I,
Chapter XII. In these cases, a muscle fiber on oneside of an intercalated
disc functions as a tendon foritsfellow on the otherside. The intracellular
filaments insert in the sarcolemma much as in ordinary myotendinal
junctions, but the collagenous extracellular tendon is missing. In its
place is another cardiac muscle fiber with a similarly specialized
sarcolemma.

I, THE SARCOPLASM

A. GENERAL FEATURES

If one defines the sarcoplasm of a muscle fiber as consisting of the
contents of the sarcolemma exclusive of the fibrillar contractile
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material and the nuclei, it is convenicnt to consider the sarcoplasm as
having five main components. These are the sarcoplasmatic matrix,
the mitochondrin or sarcosomes, the sarcoplasmatic reticulum or
tubular system, the sarcoplasmatic lipid bodics, and the Golgi appara-
tus. In insect muscle, onc may also find tracheoles in the sarcoplasm.

B. THE SARCOPLASMATIC MATRIX

All muscle cells can be considered as containing a continuous
aqueous fluid phase surrounded by sarcolemma, in which myofila-
ments, mitochondria, fat droplets, and internal membranes are present
as discontinuous bodies or scparate phases. This fluid matrix contains
many of the soluble proteins of the muscle fiber. As seen in clectron
micrographs, (Figs. 34-38, 40, and 4245}, the matrix (Y) is less dense
than most of the components of the fiber. This relatively light density
of the matrix is evident in muscle prepared by frecze-substitution
without osmium or heavy metal treatment, as well asin muscle fixed in
osmic or permanganate solutions, This indicates that the native
matrix,should have a refractive index less than that of the myofibrils
and mitochondria. Huxley and Niedergerke (1954), however, have
reported that the sarcoplasm has a higher refractive index than the A
band. Their interference photomicrographs do indced show a streak-
like interfibrillar component with a refractive index higher than that
of the A bands. But the transverse spacing of thesc long streaks is rather
greater than the myofibrillar diameter, and many of the streaks taper
off after extending the length of only a few sarcomeres. It is evident that
the structure responsible for these effects is an intermittent component
of the sarcoplasm rather than the sarcoplasmatic matrix itself, It seems
reasonable to attribute the effect to long chainlike accumulations of
mitochondria or sarcosomes. These have the requisite properties of
density and high refractive index, and are often disposed in long
linear groups extending along the length of many sarcomeres, but are
not found in all interfibrillar positions. But the sarcoplasmatic matrix
itself is less dense than the myofibrils and has a lower refractive index
(Viés, 1911).

The.mfxtrix contains a goodly number of smallish granules scattered
about in it. .These are but a few tens or hundreds of Angstroms across,
and zlirc quuet.valna:lc i.n distribution. Some regions of some muscle
are almost entire. H
the sarcoplasmatiz a::;)slddios;;:‘,izgi;a;lilles‘i?imlzcems ey, the case n

g. 43. But Fawcett and Selby
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(1958) have found areas of sarcoplasm in heart muscle where these
granules are very abundant (Figs. 37 and 45), and have brought forth
evidence that they may consist of glycogen (G). This evidence hinges
on the obscrvation that arcas of muscle rich in these granules give a
strong periodate-Schiff reaction which is abolished by prior treatment
of the tissue with amylase, and on the demonstration that arcas rich
in these granules are not basophilic, thus leading to the conclusion
that they do not contain nucleoprotein.

Granules corresponding to the particles of Palade (1953a, 19535),
which are rich in ribonucleic acid, have not been positively identified
in sarcoplasm of mature muscle, although in the first few clectron
micrograph studies of muscle, a number of authors assumed that any
cytoplasmic particles of appropriate size and density belonged to this
class. But Fawcett and Selby (1958) have shown that it is incautious to
make such assumptions, as crror can result. At the present state of
knowledge, hazard obtains when onc attempts to identify small
sarcoplasmatic granules in this size range, but in muscle it would
appear from the work of Fawcett and Sclby that most of them contain
glycogen. The great abundance of glycogen granules in some areas of
some muscle can be ascertained from scrutiny of Figs. 37,40, 44, and
45. It is well known that the concentration of glycogen in muscle is
variable, and can increase or decrease rapidly with varying states of
nutrition, endocrine influences, exercise and state of development.
Apart from glycogen granules, no definitive structural components
have been identified in electron micrographs of the sarcoplasmatic
matrix. It can be presumed, however, that the matrix represents an
aqueous phasc in which are dissolved soluble proteins such as myogen
and myoglobin, and in which metabolites ofsmaller molecular weight
might be found.

C. THE MITOCHONDRIA OR SARCOSOMES

The mitochondna of striated muscle were depicted unmistakably
and clearly by Aubert (1853). It may be that this 15 the first unequi-
vocal published demonstration of mitochondria in any cell, although
Aubert’s paper was written long before mitochondria were recognized
as distinctive cytoplasmic components generally present in cells. But
even earlier, Henle (1841) described in muscle cells some small
cytoplasmic granules, some of which might have been mutochondria.
Kolliker (1857, 1888) first distinguished clearly between fat droplets
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and mitochondria (which he called “intenstitial granules”), Retzius
(1890) characterized these structures further, calling them “sarcoso-
mes”=a term still frequently used when referring to the mitochondria
of muscle. It remained for Regaud (1909} and for Regaud and Favre
(1909) to show that the “interstitial granules” of Kélliker and the
“sarcosomes” of Retzius displayed the staining reactions of mito-
chondria. Later, Watanabe and Williams (1951, 1953) demonstrated
that the sarcosomes or mitochondria of inscct flight muscle possessed
biochemical and biophysical properties similar to those of mitochon-
dria in other cells. Palade (1952, 1953a) showed that mitochondria
of muscle had characteristic ultrastructural features similar to those of
mitechondria in other cclls.

Muscle mitochondria arc shown in Figs. 38, 41, 44, and 45. Addition-
al detailed micrographs of striated muscle mitochondria can be found
in the papers by Sjostrand ef al. (1958), Fawcett and Selby (1938},
Bennett (1958b), Muir (1957), Andersson (1957), Moore e/ al. (1956),
Sjostrand (1956), Bennett (1955), Chapman (1954), and many others.
The finc structure shows membranes and cristac in the arrangement
now familiar to cytologists, and little is to be gained by describing
these features ancw here. The descriptions of mitochondria in smooth
muscle published by Mark (1956) and by Gansler (1956, 1957)
indicate that in these cells the mitochondrial structure is not ex-
ceptional.

A contrary view of muscle mitochondrial structure has been ad-
vanced by Harman (1955). Harman deemed muscle mitochondria to be
comprised of “a coiled gel structure” without a membrane. This
error was a consequence of faulty resolution and of specimen drift and
astigmatism evident in Harman’s clectron micrographs. Sjéstrand
(1956) and Bennett (1958b) have dealt in detail with this error.
Moreover, Bennett (1958b) has discussed a further error of Harman’s,
wherein he confused the lipid droplets of muscle with the sarcosomes
of the earlier literature.

_One should comment on the distribution of mitochondria in muscle.
:;lltsozziodne:; thalt this v.axies gfeatly from musc.le to nfuscle, though the

a always lie outside the contractile fibrils themselves. In
some muscles—for example, in the flight muscles of the domestic fowl,
o 1 s 5 o e e
chondria in vertel;rate heart muscle and Chgreat Tong, o mito-

pman (1954) reported
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the same for insect flight muscle. Very large numbers of mitochondria
were found by Robertson (1956b) and by Edwards ef al. (1958) in the
vicinity of myoncural junctions. But in general, mitochondria tend to
be distributed between the myofibrils in longitudinal rows or along
horizontal planes at levels of I bands, Z bands, or A-I junctions. Very
large clusters are often scen at the ends of ellipsoidal nuclei and
immediately under the sarcolemma.

Barrnett and Palade (1957), in a pioneering cffort to develop
enzymatic cytochemical approaches to the study of units of cell
structure discernible with the electron microscope, found that dense
crystals could be seen in mitochondria of muscle and other cells which
had been incubated with succinate and tellurite. The sites of locali-
zation of these dense crystals were interpreted as indicating the activity
of dehydrogenase systems near the sites of deposit. The densc crystals
were found to be localized in close relation to the mitochondrial
cristae.

D, Tue SarcoprassaTic RETICULUM, OR SYSTEM OF SARCOTUBULES

1. Historical Survey

For over a century, there have appeared from time to time papers
reporting that the interfibrillar sarcoplasm of muscle fibers contains
an organized component which is often arranged with a relevance
to the cross-striations of the myofibrils. Perhaps the most definitive
early descriptions of this structurc were those of Kolliker (1888), Cajal
(1888), and Retzius (1881, 1890). Retzius spoke of this organized
component as a sarcoplasmatic network. The most comprehensive
treatment of this reticulum based on light microscope studies is that of
Veratti (1902), who termed it the reticular apparatus of striated
muscle. When Bennett and Porter (1953) encountered this component
in electron micrographs, they referred to it as the sarcoplasmic retic-
ulum, 1n conformity with the terminology already well-established in
the light microscope literature. In later studies, Sjéstrand (1956),
Andersson (1957), and Sjostrand and Andersson-Cedergren (1957)
spoke of this component as “tubes,” “tubules,” or “sarcotubules.”
This term is descriptive of some aspects of this interesting sarcoplas-
matic component.

The history of the discovery and gradual unfolding of knowledge of
the sarcoplasmatic reticulum has been reviewed by Bennett (1955,
1956b, 1958b) and by Porter (1956). Insofar as it can be studied with
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the light microscope, it was deseribed and understood most fully by
Veratti (1902). There followed a decline in comprehension of this
reticulum, This decline was already cvident when Heidenhain wrote
his review of muscle structure in “Plasma und Zelle” in 1911, Heiden-
hain depicted a “cross-fiber network” (p. 518, Fig, 297), which,
however, is rather diagrammatically portrayed when compared with
Veratti’s elegant and accurate illustrations. Mention of the sarco-
plasmatic reticulum scems to have almost disappeared from that date
until its rediscovery in clectron micrographs by Bennett and Porter
(1953), though some fragments of it appcar in von Boga’s (1938)
illustrations. But text books, reviews (Barer, 1918; Haggquist, 1931;
Bailey, 1954; Fenn, 1915, Perry, 1956; Hamoir, 1956) and other
papers dealing with muscle structure, function or biochemistry are,
for the most part, devoid of any evidence of recognition of the existence
of the sarcoplasmatic reticulum. It is astonishing that a structure once
described as accurately and as beautifully as the reticulum was by Veratti
(1902), should have so quickly become almost lost to man’s knowledge.

Since Bennett and Porter revived interest in the sarcoplasmatic
reticulum, much has been achieved in the way of clarifying and
extending concepts of its description and significance. The subscquent
efforts of Bennett (1955, 1956b, 1958a, b), Edwards and Ruska (1955),
Edwards ef al. (1956), Sjostrand (1956), Andersson (1957), Sjostrand
and Andersson-Cedergren (1957), Porter (1956), and several others
have contributed to this clarification. They have shown that the
reticulum is a membranous cytoplasmic component. The membranes
resemble in thickness those found in the cytoplasm of other cells, and
termed by Porter the “endoplasmic reticulum” and by Sjostrand, the
“cytomembranes.” In dimensions and basic architecture, the mem-
branes of the sarcoplasmatic reticulum conform with Robertson’s
(1957a, b; 1958a, b) concept of the “unit membrane,” which is
mentioned earlier in this chapter in connection with the sarcolemma.
In general, the membranes of the sarcoplasmatic reticulum are not
associated with a granular or particulate component, as are those
ten:med the o-cytomembranes of the exocrine cells of the pancreas
(Sjostrand, 1956).

2. Physiological Considerations
Recent work by Husley and Taylor (19552, b) and by Andrew
Huxley (1957a, b) has called attention to the existence in striated
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muscle of a localized structure which can transmit a signal leading to
a contraction from the sarcolemma transversely towards the interior
of the muscle. In order to facilitate an understanding of the possible
physiological significance of the sarcoplasmatic reticulum, it may be
helpful to review briefly some of the main points in the experiments.
These workers isolated striated muscle fibers of frog, crab, and lizard.
To the outer surface of the sarcolemma (8) they applied the tip of a
movable clectrode micropipette (E) filled with a conducting solution
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Tic. 1. Diagram of a portion of a muscle fiber of an adult frog as represented in
the experiments of Huxley and Taylor (1935a). The sarcolemma (S) is represented by
a vertical line to the right of the representation of two A bands and the intervening
1 and Z bands. A sensitive spot is represented by a black dot at the projection of the
Z band to the sarcolemma. Agamst this sensitive spot a stimulating pipette electrode
1s placed, with 1ts contained electrolyte solution in contact with the outer surface of
the sarcolemma. This represents the status when no stimulating current is flowing.

Fia. 2. The same muscle fiber during the passage of a stimulating eurrent through
the electrolyte filling the pipette electrode and the sarcolemma at a sensitive spot
as described by Huxley and Taylor (1955a). The two adjacent half-sarcomeres are
shown as responding to the stimulus by a localized contraction extending a few
mucrons beyond the sarcolemma 1nto the fiber. The widths of the A bands do not
change, and the proximal borders of the A bands approach each other very closely
at the Z band, Sarcomeres above and below the ones represented are not caused (o
contract by the stimulus.

Fic. 3 Drawing of a portion of Fig. 17 from Veratti’s (1902) paper, showing the
sarcoplasmatic reticulum of adult frog muscle as seen in the light microscope after
metallic impregnation by Veratti's method, The blackened strands of reticutum lie
along the Z bands, at levels corresponding exactly to those found by Huxley and
Taylor to be sensitive to localized stumulation (see Figs, 1 and 2). Figure 3 includes
part of a “Nomus” unconformity in the banding of the muscle. Along the “fault
hine” of the ity 15 a | dinal strand which connects the transverse
strands at the Z band levels There 15 no evidence from Huxley’s work of longitudinal
conduction within the muscle fiber.

s

(see Figs. 1 and 4). The inside diameters of the electrodes were of the
order of 2. The pipettes were connected to a suitable source of a
stimulating current pulse. Pulses of about !/, sec. duration could be
applied, making the imnteriors of the tips about 20-40 mv. negative
with respect to the bath m which the fiber was immersed. The stimu-
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lating currents were very much weaker than the minimum ones required
for initiating propogated activity of the membrane of the fiber. A
micropipette and stimulus were applied to the muscle fiber while it
was under observation under a polarizing microscope. The tip of the
pipetie was moved about from place o place on the surface of the
fiber and the response of the fiber was observed as stimuli were applied
at cach place.

It was found in the course of these experiments that no contractile
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Fic. 4. This corresponds to Tig. 1, cxeept that it represents muscle of the lizard,
Lacerta, rather than frog. In lizard muscle, Huxley was able to elicit a localized
contractile response only when the stimulating prpette clectrode (B) was placed on
certain sensitive spots on the sarcolemma (S) opposite the line of junction of A and I

bands. The sensitive spot 1s indicated by a black dot on the sarcolemma. The elec-
troluts in tha alamiweado /T 20 DA BN - A

dppned through the electrode (E) to a sensitive spot on the sarcolemma (S), as
de.OflSlmlul by A. F. Huxley. In this muscle, only the half-sarcomere opposite a
sensitive spot responds to this type of shmulus, The localized contraction extends
°:“I)'a few microns onto the fiber from the stimulated spot on the sarcol and 1s
charactarioad Lo on m s -y . P e

di
, wling

: : z the
sattopiasmatic reticulum of a muscle of the hzard, Lacerta, as scen in the eiight
microscope after impregnation by Veratti’s method, In this muscle, the reticulum
Appears as a series of transverse networks, each located at the levels of A-I junctions,
at positions corresponding exactly to the sensitive spots found by Huxley in lizard
muscle, No longitudinal strands were found by Verattiin this muscle

response could be observed when stimulating currents were applied at
man}' places on the surface of the fiber, but when the pipette was
applied to certain discrete loci, a localized contractile response could
be 0})§erved (Figs. 2 and 5). In frog semitendinosus muscle fibers, the
Sensitive spots were found here and there along the middle of the I
F)and, .CEntcring on a projection of the Z. Many sites at this level were
insensitive, but when stimulating currents were applied at certamn
Spots opposite the Z band, a contraction of the two adjacent half-
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sarcomeres could be observed, cxtending into the interior of the fiber
for a number of microns (see Figs. 1 and 2). The contractions in these
instances were characterized by a symmetrical drawing together of
the A bands of the respective two sarcomeres straddling the I band to
which the stimulus was applied, with a narrowing and almest com-
plete disappearance of the stimulated I band during the localized
response. Neighboring sarcomeres were unaffected.

In the case of crab and lizard muscle fibers, sensitive spots were
similarly encountered, but in these cases at the levels of junctions
between A bands and T bands and not at Z band levels. When sensitive
spots were activated by the pipette, the underlying half-sarcomere
contracted, the contraction cxtending some microns into the fiber,
being characterized by a reduction in the width of the adjacent half I
band, and an approach of the edge of the A band to the Z (Figs. 4 and
5). The half-sarcomcres adjacent to that contracting gave no visible
contractile response to the stimulus, though they were displaced
somewhat by the contracting half-segment.

3. Correlation of Structure and Function

It is interesting to compare these physiological experiments with
some of the figures from Veratti’s (1902) paper, some of which bave
been prepared in schematic form and arc presented among the figures
of this chapter. Figures 7-10' show two longitudinal and two cross
sections of several types of muscle in which the reticulum has been
impregnated and drawn by Veratti. It can be seen in each example
that strands of reticulum cxtend out from the contractile myofibrils,
ending in close relation to the sarcoplasmatic surface of the sarco-
lemma. It would be interesting to know if the points of termination of
such strands correspond to the sensitive arcas of sarcolemma discovered
by Huxley and his co-workers.

Further interesting points emerge if one examines and compares
longitudinal views of some of the muscles depicted by Veratti with
the sensitive spots and contraction patterns elicited by Huxley. It will
be recalled that a localized response was obtained in frog muscle if a
sensitive spot was stimulated opposite the Z. The resulting contraction

! Figures 7, 8, 9, and 10 are redrawn from Verattt’s (1902} p:xpcr, and are
selected to show Vcram s rep trons of ¢ )
reticulum and the sarcolemma 1n several muscles. It 1s possible that lhc terminations
of strands along the sarcolemma may correspond to the sensitive spots described
by A. F. Huxley (1956).
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involved ncarby portions of the two adjacent half-sarcomeres (Figs. 1
and 2). Veratti's metallic impregnation of frog muscle displayed
constituents of the reticulum disposed transversely at the levels of the
7 bands, just at the levels at which the exploring pipette could clicit
a response (Fig. 3). In a similar manncr, the level of the sensitive
spots of lizard muscle, detected by Huxley at the levels of A-T borders,
and the resulting contraction involved only ncighboring portions of
the corresponding halfsarcomere (Figs. 4 and 5). Veratti’s prepara-

Fic. 7. This is redrawn from Veratti’s Fig. 23, and represents a cross section of a
dorsal fin muscle fiber of the sca horse, Hippocampus brevrrostris. The cross sections of
the myofibrils appear as convoluted ribbonlike structures embedded in a large mass
9fsarcoplasm (Y), surrounded by sarcolemma (S). A number of tortuous anastomos-
Ing strands of sarcoplasmatic reticulum fan out from the myofibrils and end on the
inner surface of the sarcolemma.

Fic. 8. This 1s redrawn from Veratti's Fig. 21 and represents a longitudinal section
through a muscle fiber from the red lateral line muscle of the fish, Cyprinus carpio.
In this muscle, the tr p of the sarcopl 1c reticulum occur at
levels 9( the Z bands, and from their circumferences, strands of reticulum are shown
extending across the subsarcolemmatic sarcoplasm (Y) towards the sarcolemma (S).
Many of these strands end in close relation to the inner surface of the sarcalemma as
shown in Fig. 9.

F16. 9. Cross section of a fiber from the same muscle represented 1n Fig. 8. It is
redrawn from Fig. 20 of Veratti’s paper The transverse networks of reticulum seen
edge en 1 Fig. 8 here appear m plaim view, showing a meshwork through whose
interstices pass the myofibrils. From the circumferences of this network, strands
traverse the subsar ic sarcoplasm (Y) to the sarcol (s). i

Fr. 10 Thiss redr::]wn'from Verattr’s (1902) Fig. 40, which represents a longitu-

dmnnal cansene 1
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tions of the reticulum of lizard muscle show a transverse component
at the level of each A-I junction at preciscly the levels on which
sensitive spots were found by Huxley (Fig. 6). These correspondences
between the clements of reticulum demonstrated by Veratti and the
localization of sensitive spots and of localized half-sarcomere contrac-
tions suggest a functional relationship. It is tempting to speculate that
Veratti may have demonstrated a structure capable of participating
in the response to a weak stimulating localized sarcolemmatic current
and in the conduction of this impulse transverscly some microns into
the fiber, transmitting its signal to adjacent half-sarcomeres.

Correlations of structure and function in this connection are not
always as satisfying as in the examples cited above. Huxley found that
crab muscle showed sensitive spots and responses similar to those
illustrated in Figs. 4-6 for lizard muscle. Veratti’s study of crab muscle
showed transverse units of the reticulum at levels of each A-I junction,
asin the lizard, and in addition, short longitudinal strands bridging each
half-I band to the Z, where transversestrands werc alsoseen (see Figs. 13
and 23). Veratti’s figure suggests at first glance that in crab muscle
sensitive spots might be found at the levels of the Z bands and of the
A-I junctions, whereas Huxley found them only at the latter levels.
Veratti’s figures suggest further that a localized contraction in crab
muscle might involve two adjacent half-sarcomeres straddling a Z
band, as in the frog, whereas in fact it involved only one half-sarcomere,
as in the lizard. Though it is not certain that the crab muscle studied
by Huxley was identical, as far as reticulum disposition is concerned,
with those pictured by Veratti, it scems evident that internal conduc-
tion pathways within muscle fibers cannot always be assumed tobe
continuous over all the structures which show mutual continuity in
Veratti’s diagrams.

4. Variatwns in Patterns of Retwculum as Seen with the Light Microscope

With these reservations in mind, it isof interest to glance at examples of
some of the reticulum patterns depicted by Veratti, and then to compare
these with the electron micrographsso far available. Much further physi-
ological and cytological work will be necessary before the internal
conductingsystem of muscle cells can be understood. Figure 14showsone
of Veratti’s impregnations of the reticulum from the muscle of an adult
white rat. The transverse component hes parallel to the Z bands, and
longitudinal components connect adjacent transverse members hercand
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there. This can be contrasted with the examplein Fig, 3, where transvensc
membersoccupy thesamelevelswithrespect to thesarcomere crossbands,
but where longitudinal connections are lacking except at intersections
of out-of-phasc sarcomeres at “Nonius” unconformities.

Figures 15 and 16 show Veratti’s examples of muscles from bat and
pigeon respectively, Each of them shows a transverse component of the
reticulum disposed at the Ievels close to the A-I junctions, correspond-
ing to those occupied by reticular strands in the lizard muscle shown
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F!o. 11, This is redrawn from Veratti's Fig. 31, which represents a longitudinal
section of a muscle fiber from the claw of a crayfish, Astacus fluriatilis, fixed in a state
of relaxation, Tr planes of reticulum are shown at levels of the Z band and
of A-1 junctions, with connecting longitudinal strands.

. Fio. )2, ‘This is from Veraw's Fig. 35, representing a longitudinal section of a
limb muscle of the giant water beetle, Hydrophulus prezus. In this muscle, transverse
networks arc seen at levels of each A-l junction, with longitudinal connections
traversing both A and I bands.

Fic. 13. This 1s from Veratti’s Fig. 25, showing a diagram of a section of a muscle
fiber from the leg of the crab, Carcinus maenas. Transverse members appear at levels
of Z bands and of A-I junctions. I bands are traversed by longitudmal connecting
strands of reticulum, but the A bands are not.

in Fig. 6. But whereas the transverse networks of the lizard muscle are
not connected to each other longitudinally, those of the bat and pigeon
muscles are connected in pairs by short longitudinal strands. But in
these two muscles the pairing occurs in two different manners. In the bat
muscle, the transverse components are paired by short longitudinat
strands which traverse the A bands (Fig. 15), whereas in the pigeon
muscle, the longitudinal strands pass across the I and Z bands as they
connect the transverse networks in pairs (Fig. 16). It would be interest~
ing to know if these two ways of pairing are reflected in differin

physiological behavior of the respective muscles. ¢
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Figures 11-23% include several other illustrations of Veratti, depicting
the sarcoplasmatic reticulum as impregnated by his method and as it
appears in longitudinal section in several different types of muscles. It
is not profitable at this time to speculate on correlations of such complex
reticular configurations with detailed patterns of physiological con-
duction within the muscle fiber.

Figures 24-26 reproduce three of Veratti’s figures of the sarcoplas-
matic reticula of muscles of embryonic, larval, or newborn animals as
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F1G. 14. This 1s from Veratt's Fig. 3, representing a longstudinal section of a muscle
from an adult rat. Transverse nets of reticulum occur at each Z band level. These
are connected here and there by short longrtudinal strands extending from Z to Z.

Fi. 15. This is from Verattr’s Fig. 8, which 15 a longitudinal view of the muscle of
a bat. This resembles closely Veratti’s Fig. 6, showing tongue muscle of an adult
mouse. In both these muscles, transierse networks of reticulum are stretched out at
each A-1 junction and are connected 1n pairs by short longitudinal strands bridging
the A bands. Connections across I bands are rare or absent in these muscles, though
one 1s shown 1n the diagram.

Fic. 16. This 1s from Veratty's Tig. 10, representing a longitudinal view of a muscle
of an adult pigeon Here also transserse netw orks occur at levels of the A-I Jjunction
and are paired by short longitudinal strands, but the strands traverse I bands, and
not the A bands, as in the bat muscie shown in Fig. 15.

they appear in longitudinal view. It is of interest that in these young
muscles there is little obvious correlation between the disposition of
members of the reticulum and the cross bands of the sarcomeres of the
myofibrils. Yet examples of the reticulum of muscles from adult animals
of the same species show a clear transverse stratification. This suggests

2 All these figures areredrawn from Veratty’s (1902) paper toshow some variations
i 1
T

in the conf; ion of the sar as seen in the light microscope

after impregnation by his method.
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that the irregular pattern of the younger forms may represent a primi-
tive manifestation of the sarcoplasmatic reticulum, The pattern bears
some resemblance to the concept of the grosser disposition of the sarco-
plasmatic reticulum presented for mammalian heart muscle by Porter
and Palade (1957) and reproduced in diagrammatic form in Fig. 32 of
this chapter. It would be of interest to know the physiological charac-
teristics of an irrcgular reticulum such as that found in juvenile, larval,
and embryonic vertebrate muscle.

BT

Tic. 17. This is from Veratti’s Fig. 29, representing a muscle from the crab,
Carcinus maenas, fixed in contraction. Transverse reticular planes are shown at levels
of Z bands and of A-I junctions. The I bands are bridged by numerous short longi-
tudinal strands. The A bands are bridged less abundantly by longitudinal connec-
tions,

Fic. 18, This is from Veratti’s Fig. 36, representing the reuculum from the muscle
fiber from a2 limb of the water beetle, Hydrophilus piceus. Rather elaborate skeins of
transverse reticulum at the A-I junction levels are connected by many strands
crossing the I bands and by two or three times as many crossing the A bands,

Fic. 19. This is from Veratti’s Fig. 41, and represents the reticulum as drawn
from a muscle fiber from the larval fly, Gastrophilus equi. In this preparation, one sees
strands of reticulum d out mto the pl many from Z bands levels,
though others are not clearly assoctated with any of the cross bands. More closel;
asso;xated with the myofibrils are transverse skeins at levels of the Z bands, connected
by irregular longitudinal, oblique, and transverse strands which form irregular
transverse plexuses at about the levels of the A-I junctions.

. The appearance of the sarcoplasmatic reticulum in cross section as
It appears when studied with the light microscope in several types of
muscle§ isshown in Figs. 7,9, and 27-29,’ all of which are redrawn from
Veratti’s paper. It is seen that the transverse components form true

* Figures 27, 28, and 29 show the sarcoplasmatic reticulum as i

P N t appea
View in cross sections of three types of muscle. ppears in plan
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enlargements lying close to those of the sct immediately neighboring,
Between the saclike enlarged terminals of cach set, opposite each Z
band, occur rows of small vesicles resembling those between the sets in
the rat muscle. In this type of muscle, elements of the reticulum encircle
each myofibril completely only in the region of the M bands, where
connections can be found between bracelets surrounding adjacent myo-
fibrils, Longitudinal elements extend from the central bracclet at the
levels of the M and Z bands.

Fic. 27. This is from Veratti’s Fig. 18, It shows the reticulum in a cross section of
a part of 2 fiber from an adult frog. The sarcolemma is represented along the curved
left margin. The oblique right upper and right lower margins are arbitrary edges of
the drawing representing sites within the fiber. The myofibrils run at an angle nor-
mal to the drawing, and pass through the meshes of the reticulum. Each of the trans-
verse strands occurring at levels of Z bands, as shown mn longitudinal section in Fig-
3, would be represented by a transverse network as shown 1 this figure.

Fio. 28. This 1s from Veratt’s Fig. 19, representing a muscle from a fish, Gyprinus
carpio. Ths differs from the red lateral line muscle from the same animal, shown in
Fig. 9 In the present case, large amounts of sarcoplasm outside the myofibrils are
lacking, and the border of the drawing represents the sarcolemma itself. The cir-
cumferential subsarcolemmatic row of myofibrils are nibbonlike in cross section, with
the long axes of the cross section arranged radially. The cross sections of myofibrils
1n the interior of the fiber are nat speaially elongated i any one direction. Thestrands

of reticulum are blackened by the tmpr 1on procedure and, runmung in the sar-
coplasm, outline the cross sections of the myofibrils
Fic 29. This 1s from Veratt)’s Fig 2, showmng *' L i

section 1 a muscle from a newborn rat (Mus ra

shown 1n longttudinal sectsion in Frg 25. In this r .

oped or differentiated, the sarcopl r lum shows less regularity or order
1n structure than in the corresponding muscles of adult animals,
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Fig. 32 is taken from Porter and Palnf\c’s diagram of the sarco-
plasmatic reticulum as they conceive of it as nn:nn'gcd in rat ]{c.ﬂrl
ruscle. [n this type of muscle, there is less regularity in the d:spmnuzn
of the reticulum than in the other two muscles discussed here. Yet, in
the rat heart muscle, there is likewise a type of organization of the
reticulum into sets, Each unit or sct can be considered to be a series of
interconnected bracelets surrounding each myofibril, once to cach sar-
comere, the cquatar of cach bracelet lying at the level of the corre-

Frc. 30. This is redrawn from Text Fig. 2 in the article by Porter and Palade {1957,
P. 283). It represents their concept of the y of the \f i iculum as
related to myofibrils and sarcomere bands in a muscle fiber from thesartorius muscle
of the rat. Magnification: x 21,000,

sponding M band. Each bracelet has its edge at the level of the A band
and consists of an irregular plexus of anastomosing tubules embracing
the A band regions, from which tubular projections extend out across
the I bands, terminating in flattened enlargements which lie close to
the terminals of corresponding projections from the tubular plexus of
the adjacent sarcomeres at the levels of the Z bands. Between these
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enlarged terminals are found slender clongated vesicles arranged in
rows at the level of each Z band. In this muscle alone of the three
studied in detail, Porter and Palade found occasional tubulelike strands
of reticulum bridging a Z band from one sarcomeric set or unit of
reticulum to its neighbor in the next sarcomere.

It must be emphasized that in all three of the muscles studied, Porter
and Palade found each sct or unit of reticulum to be connected to its
neighbors transverscly, so that a continuity of reticulum across the en-

Fic. 31. This 1s redrawn from Text Fig. 1 of Porter and Palade (1957, p. 279). It
represents their formalized concept of the sarcoplasmatic reticulum as related to
sarcomere bands and myofibnils as 1t appears in muscle fibers in myotomes of the
larval sal ler, Ambl Yy Magmfication: x 24,000,

tire fiber occurred at each level represented by a unit orset of reticulum.
These anastomoses between the bracelets or units surrounding individ-
ual myofibrils are represented in Figs. 30, 31, and 32.

Another important detail of the system of sarcoplasmatic reticula,
applicable to all three muscles and to others as well, is a special relation
between units of reticulum and the sarcolemma. Some examples are
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represented in the clectron micrographs of Figs. 38 and 42 and in the
diagrams shown in Figs. 7, 8, 9, 10, and 33, Connections between the
sarcoplasmatic reticulum and the sarcolemma often appear in clectron
micrographs as irregular rows of clongated or spheroidal vesicular pro-
files extending transversely from a region of the reticulum to the sarco-
femma at the level of a Z band. Frequently caveolae and subsarco-
lemmatic vesicles characterize the sarcolemma at such sites. One pub-
lished picture by Porter and Palade (1957) shows that the relationship

Fic. 32. This 1s redrawn from Text Fig. 3 of *

g. 3 of Porter and Palade’s paper (1957, p.
288). It represents thewr concept of the sarcopl 1c reticulum as e e
cardiac muscle of the rat. Magmification: approx. x 22,000.

d 1n the

jbetweer_l the sarcoplasmatic reticulum and the sarcolemma can show
Interesting morphological specialization in certain cases. A diagram
drawn from Fig. 14 of Porter and Palade’s (1957) important paper, is
presented herewith in Fig. 33. It can be seen that the sarcolemm:; is
here indented at the level of the Z band. Closely applied to the inner
surface of the sarcolemma, but separated from it by about 150 A., are
membranous structures which represent specializations in exten.s’ions
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of the sarcoplasmatic reticulum to the sarcolemma. In the profile
evidenced in the micrograph, tubular members of the reticulum ap-
proaching the sarcolemma at the level of a Z band appear to form a
pair of lobelike projections which apply themselves to the inner surface
of the sarcolemma. The full three-dimensional shape of these structures
cannot be deduced from Porter and Palade’s single micrograph. Knowl-
edge of this may have to await reconstruction from serial sections. It is
tempting to think this might represent one of the sensitive sarcolem-

g

Fic. 33. This 1s a schematic tracing taken from Plate 94, Fig. 14, of the paper by
Porter and Palade (1957). It represents a tracing of an electron micrograph showing
the margin of a cardiac muscle fiber of a rat. The sarcolemma (S) and basement

L (B) sep subsarcol ic sarcoplasm (Y) from the intercellular
space(l). A myofibril with A, I, and Z bands is indicated, Profiles of L of
the sarcoplasmatic reticulum (R) extend out from the Z band, forming two oblique
flattened vesicles, cach of which presents a surface Jying close to the mnner surface of
the sarcolemma. One 1s tempted to speculate that this might represent an area
where, durmng the passage of a propagated impulse along the sarcolemma, a signal
might be picked up and transmitted to myofibrils within the fiber. Magnification:
approx. x 29,000.

matic spots demonstrated by A. F. Huxley (1957b), but direct evidence
as to jts functional significance is lacking. Nevertheless, it may be
profitable to consider such morphological relationships as this in at-
tempting to formulate experiments or models designed to improve
understanding of the mechanism of conduction of a signal from an
excited region of the sarcolemma to myofibrils in the fiber.

6. Correlation of Light and Electron Microscope Findings

It is pertinent to ask what components of the sarcoplasmatic retic-
nlum evidenced in electron micrographs are represented in the im-
pregnations of Veratti. In general, Veratti’s impregnations tend to
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portray a miore sitnple pattern than appears in clectron micrographs,
or in the diagrams derived from them, examples of which appear in
Figs. 30, 31, and 32. One gains the impression that Veratti’s impreg-
nation method was not consistent, and that some of his preparations
yielded a more complete demonstration of the reticulum than others.
For example, those diagrammed in Figs, 3, 6, 14, 15, and 16 show in
the main transverse networks at the levels of either Z Band or A-1
junction. Ifonc then examines electron micrographs or the reconstruc-
tions shown in Figs. 30, 31, and 32, it scems apparent that in these
instances, Veratti may have studied preparations in which metal was
deposited primarily in the rows ofslender vesicles evident in the electron
micrographs between transverse scts of reticulum at levels of the H
band or A-I junction (Fig. 30) or Z band (Figs. 31 and 32). In two of
these cases, as illustrated in Figs. 3 and 6, there is an interesting corre-
spondence between the sensitive region, the localized contraction, the
location of the metal deposits in Veratti’s preparations, and the row of
small vesicles seen between the scts or units of reticulum in electron
micrographs. This suggests that the rows of small vesicles seen in elec-
tron micrographs between enlargements of terminal members of'scts of
reticulum rclated to sarcomere units may have an important role in
transmitting an excitatory signal to the contractilc units and may have
a preferential capacity to bind metal in the course of Veratti’s impreg-
nation procedure. Yet it is evident that most of the sarcoplasmatic
reticulum is not demonstrated in these particular examples of Veratti’s
work.

But many of Veratti’s preparations reveal a much more claborate
skein of structures, some of them corresponding in complexity to the
elaborate diagrams of Porter and Palade (Figs. 30, 31, and 32). Ex-
al:nples of some of Veratti’s preparations of this type are reproduced in
Figs. 20-23. Demonstrations of reticulum of intermediate complexity
are presented from Veratti's work in Figs. 11~13 and 17-19, If one
examines carefully the specimens portrayed in Figs. 20-23, one gains
the impression that in these examples much, if not all, of the sarco-
plasmatic reticulum is demonstrated in gross outline. But concealed by
the.resolxting limitations of the light microscope may be discontinuities
Coreponding ecione o o I on st from
matching proje}::tions are diagrammed ilril Fij . “3‘3 o g1 omere: Suc?z

gs. 30, 31, and 32, This

condition may have deceived Veratti into thinking that the sarcoplas-
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matic reticulum was, in many types of muscle, continuous longitudinal-
ly over many sarcomeres. The clectron micrographs, however, have
shown that this appearance may be misleading, and that discontinu-
ities too narrow to be detected by the light microscope may occur.
Caution is signaled by certain other inconsistencies between Veratti’s
pictures and electron micrographs. Veratti's (1902) Fig. 3, part of
which is reproduced in this chapter as Fig. 4, shows his display of the
sarcoplasmatic reticulum in an unspecified muscle of an adult white
rat. In this and in Veratti’s Fig. 5, which likewisc shows a rat muscle,
the transverse networks of reticulum impregnated by his method ap-
pear at levels of Z bands, In Fig. 30 and Fig. 41 of this chapter, which
are taken from the clectron microscope study of Porter and Palade
(1957), the reticulum of rat sartorius muscle is depicted. Here the rows
of small intermediary vesicles comprising the central member of the
triads occur at Ievels of the A-I junctions or N bands, and not at levels
of the Z bands, where Veratti’s studies showed a definite structure. The
clectron micrographs of rat sartorius muscle show no feature which can
reasonably be correlated with the network shown by Veratti. However,
Veratti’s Fig 6 shows a muscle fiber from the tongue muscle of another
animal of the same genus, Aus decumanys. Here transverse networks are
shown at levels of the N bands or A-I junctions, corresponding in
position to the rows of intermediary vesicles demonstrated by Porter
and Palade in rat sartorius muscle fibers,

It is not certain that these apparent inconsistencies between Veratti’s
portrayal of the reticulum of rat muscle and the electron micrographs
of Porter and Palade are real. Veratti did not state what muscle of the
rat is represented in his drawings. It is possible that it was not the rat
sartorius muscle, or that the muscle fiber represented has an arrange-
ment of the sarcoplasmatic reticulum dissimilar to that of the sartorius
muscle of the adult rat. Moreover, within a single muscle, two or more
types of fibers are often found (Knoll, 1891; Bullard, 1912; Denny-
Brown, 1929; Wachstein and Meisel, 1955). No electron microscopestudy
published up to the present has dealt with the sarcoplasmatic reticulum
in different types of fibers within the same muscle. It may be that the
configuration reported by Porter and Palade for the reticulum of rat
sartorius muscle actuaily represents the patterns for only one type of fiber
in that muscle, and that different types of fibers within a single muscle
may reveal differing configurations of the sarcoplasmatic reticulum.

Only further work can dispel the uncertainties now existing with
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respeet to the variations to be expected in the sarcoplasmatic reticulum
among fibers of the same muscle and among fibers from different
muscles. Furtlier work is also needed to clarify questions relating to
possible changes in the sarcoplasmatic reticulum with contraction,
fatigue, degeneration, and development. Variations duc to these factors
may also be clouding our vision at the present time.

The evidence derived from the electron microscope, then, permits us
ta interpret Veratti’s preparations uscfully with the following three
reservations in mind: First, the pattern of reticular structure may vary
from animal to animal, from muscle to muscle within the same animal,
and even may differ for differing types of fibers within the same muscle.
Second, Veratti’s methods do not always demonstrate the whole sarco-
plasmatic reticulum, but may at times reveal only portions ofit. Third,
there may be discontinuitics in the reticulum which are too narrow to
be detected by the light microscope. Thus structural continuity be-
tween strands of the reticulum cannot always be assumed cven though
an appearance of continuity may be evident when impregnated speci-
mens are studied with the light microscope. But within the limitations
of their respective methods, it appears that the methods of Veratti and
of electron microscopy provide valuable information relating to the
organization of the sarcoplasmatic rcticulum. This information is now
finding uscful physiological implementation.

7. Fine Structural Details of the Sarcoplasmatic Reticulum

From the micrographs reproduced in Figs. 38 and 4145, it is evi-
dent that the strands of reticulum represented as black lines in Veratti’s
llustrations are actually membrane-bound tubules, channels, bullae,
and cisternae upon which the impregnating metal has been deposited.
Electron micrographs show that the membranes bounding the channels
of the reticulum are similar in structure to the sarcolemma and to other
examples of the “unit membrane” described by Robertson (1957a, b;
1958a, b) and discussed in earlier passages in this chapter. One of
Robertson’s high resolution electron micrographs of elements of the
sarcoplasmatic reticulum appears in Fig. 40.

Although these membranes in cross section display two peaks in
density separated by an interval of lesser density, and appear to be
about 75-100 A. thick overall, this similarity in structure to the sarco-
k’f‘ma, to cytoplasmatic membranes in general, to those of mitochon-
dria, and to the nuclear envelope should not lead to the conclusion
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that all of these membranes are really identical insteucture, Differences
in physiological propertics of various membranes betray differences in
molecular structure which arc not evident in clectron micrographs,
which can at best only sketeh out in rough form the geometry of the
framework upon which the molecular components are arranged. Thus
it is possible that among various components within the sarcoplasmatic
reticulum, considerable and significant variations in structure might be
present atlevelsof organization not resolved by the clectron microscope.
But even with the electron microscope, certain differences in density arc
discernible if some clements of the sarcoplasmatic reticulum are com-
pared with others, Thesc will be discussed in later passages of thischapter.

The membranes defining the borders of the sarcoplasmatic reticulum

TG, 34, Llectron micsograph by Dr. J. D, Robertson, showing unit membrane
structure of sarcolemma of two adjacent smooth muscle cells, Permanganate fixation,
Araldite embedding. Y designates the cytoplasm of the two muscle cells, while I
mdicates an interccllular space perhaps 100 A wide. This intercellular space is more
dense than the sarcopl M. fication hat uncertain but probably
approx. x 400,000,

Fia. 35, Llectron micrograph by Dr. J. D. Robertson, showing unit membrane and
caveola of the sarcolemma of a striated muscle cell. Permanganate fixation and
Araldite embedding. The unit membrane, with its two dense components and s
less dense central lamina, 1s here indented into the cytoplasm to form a small pit
or depression or caveola about 300 A. deep and 400 A. across. In the intercellular
space just outside the sarcol is the t b B. Magnification:
approx. x 240,000,

Fic. 36. Electron micrograph by Dr. J. D. Robertson, of the sarcolemma of a
striated muscle cell, showing characteristic unit membrane structure. Permanganate
fixation and Araldite embedding. Magnification. x 250,000.

F1c. 37. Electron micrograph by Professor D. W, Fawcett and Dr, C. C. Selby of
heart muscle from the atrium of a heart of a turtle. Osmic fixation and methacrylate
embedding. The sarcoplasm (Y) 1s punctuated with glycogen granules and 1s
separated from the intercellular space (I) by basement membrane (B) and sarco~
lemma (8). The sarcolemma displays many caveolae (C). Nearby are vesicles which
show no membranous connection with the sarcolemma. Magnification: x 28,000

Fic. 38. Electron micrograph by Professors K. R. Porter and G. E Palade, of
heart muscle fiber of a rat. Osmic fixation and methacrylate embedding. In the lower
left corner is intercellular space (1). Adjacent to the sarcolernma (8) is the extra-
cellu}ar basement membrane (B). The sarcoplasmatic reticulum (R) is conspicuous
and is cut in some places so that extensive stretches ie i the plane of the section,
The triad ar g 1t (T), which betok a spectal connection between reticulum
and myofibril, can be recognized at the level of the Z bands in this type of muscle,
Near the vesicles designated (V), the reticulum comes close to the sarcolemma anci
Zj_PP?ars to enter into close relation to 1t One can speculate that at this noint an
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material (B) close to the plasma membrane (P) of the Schwann eell, Two caveolae (C)

indent the plasma membrane into the Schwann cell cytoplasm (Y). Two profiles

identificd as vesicles (V) can be scen in the cytoplasm, Itis possible that serial sections

would hase revealed one or both of them to be cantinuous with a caveola. Myelin
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strands of reticulum (R) connected to large vesicles (V), which probably represent
cisternae of the sarcoplasmatic reticulum, Note that the sarcolemma s punctuated
by caveolae (C) and by small vesicles nearby. The horizontal strands of reticulum
am st e v oo " ™ " :tween the sarcoplasmatic
re e " . .
: L. L ' ™ + s K.R. Yorter and G. L.
Palade of a section taken from the sartorius muscle of a rat. Portions of six myofibrils
are shown, with several of the crossbands of one labeled. Several mitochondria (M)
also appear. Of chief interest here are el of the sarcopl. ic reticulum (R).
The planc of section has grazed two myofibrils tangentially in such a way as to show
to advantage some features of their relation to the reticulum, The letter T designates
one of several “triads,” or combines of paired cisternac with intermediary vesicles, all
showing a special relation to the myofibrils. In this muscle two triads occur with each

sarcomere at levels of junctions between A and I bands. Magnification: x 17,000.
Trem 19 4. [, T —r.,a1 n o - - 1.1-:“'\ e

membrane and resemble those comprising the central vesicular component of the
triads. The bulbous symmetrical outer cisternae of the triads show clearly their
continuity with tubular portions of the sarcoplasmatic reticulum. In this muscle, the
triad occurs one to a sarcomere at the level of the Z bands. Magnification: x 17,000.
Fig. 43. An electron mucrograph supplied by Professors K. R. Porter and G. E.
Palade showing reticulum and triads in a muscle of a larval Amblystoma punctatum.
Ths figure shows to advantage a segment of reticulum (R) connecting two triads
(T), and forming a skein of tubules meeting in a belt around each myofibril at the
level of the M band. Magnification x 12,000
Fic. 44. An electron micrograph suppled by Professors K. R. Porter and G. E.
Palade showing a transverse but shightly oblique section through a muscle of a larval
Amblystoma. Myofibrils are seen 1n cross section, most of them cut through the bands
(A). The sarcoplasmatic reticulum (R) 1s cut tangentially in one area, revealing its
membranous, tubular nature and 1ts relation to the cisternal enlargements at the
triad Magnification x 13,000.
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enclose spaces which are structureless at resolutions so far achieved
with the electron microscope. It is presumed that the contents enclosed
by the membranes consist of an aqueous proteinaceous fluid containing
dissolved ions and perhaps small organic molecular components. But
no chemical studics of its contents have been reported, and it scems that
difficulties would confront onc attempting to obtain samples sufficiently
large for analysis. It is evident, however, that the contents of the retic-
ulum comprisc an aquecous phase scparated by a lipid containing
phase boundary residing in the membranes from the aqueous phase of
the rest of the sarcoplasm. There is no reason to think its ionic content
would be identical with that of the sarcoplasmatic matrix, If the fonic
content docs differ from that of the matrix, an electrical potential
difference might exist between the two compartments. Such a voltage
gradient would not be detected by present microelectrode techniques,
and attempts to determine if such gradients exist would not be easy.
Each transverse set or unit of the reticulum, then, contains, by means
ofits membrancs, 2 quantity of fluid which is walled off, not only from the
sarcoplasmatic matrix in general, but also entircly oralmost entirelyfrom
the corresponding fluidin the neighboringsets. Thusthe reticulumdefines
a series of intrareticular or intratubular fluid compartments extending
continuously transversely across the fiber, one or twosuch compartments
being present for cach sarcomere, Each compartment consists of elabo-
rately anastomosing tubules and channels of varying caliber, tending
to be flattened in planes tangential to the borders of the myofibrils.
Along lines where the border or edge of one sct or unit of reticulum
contacts its neighbor of the same myofibril, there occurs an interesting
pattern of morphological specialization which involves, among other
factors, relationships between the reticulum and the myofibrils which
are not found elsewhere. These relationships are worthy of attention as
possible sites at which excitatory impulses or substances may be con-
ducted or transmitted to the myofibril. At present we have no knowl-
edge of the physiological significance of these sites and only partial
knowledge of the structure. For this we depend almost entirely on the
study by Porter and Palade (1957), to which extensive and grateful
reference has already been made. Examples of electron micrographs
of sections through these specialized sites are presented in Figs. 38 and
4143 (T). From these illustrations, from other figures in Porter and
Palade’s paper, and from Figs. 30, 31, and 32, it can be scen that at the
levels of the Z bands 1n some muscles and at the levels near the A-I
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junctions in others, the two adjacent sets or units or sarcoplasmatic
reticulum which border each other present paired sausage-like or bullous
dilatations, enlargements, or cisternac, which abut against theiropposite
fellows. Between the paired apposed enlargements arc arrayed rows of
small intermediary vesicles 200-300 A. across in their shortest diameter.
This combination of apposed pairs of bullous cisternal dilatations and
intermediary vesiclesisspohenofasa “triad” by Porterand Palade (1957).

The membranes comprising the members of the triad show some
variations in density from the usual pattern scen in cytomembranes in
clectron micrographs of sections of osmic-fixed material. Thus the side
membranes of the bullous terminal enlargements are somewhat less
dense than most of the membranes of the sarcoplasmatic reticulum,
whereas the apposed membrancs of the terminal cisternac and the
membranes defining the small interposed vesicles are usually more
dense than the standard. Such variations in density, as well as the as-
sociation of bullous cisternae with smail dense vesicles, are reminiscent
of features of the Golgi membranes of many cells (Dalton and Felix,
1953, 1954; Sjostrand and Hanzon, 1954a, b). But it must be remem-
bered that typical Golgi bodies and membranes have been demon-
strated clsewhere in striated muscle cells, characteristically in the cyto-
plasm in the vicinity of the poles of ellipsoidal nuclei (Luna, 1911;
Faweett and Selby, 1958).

Porter and Palade (1957) have discerned some interesting features
associated with the small intermediary vesicles of the triads. In cross
sections so located that the section includes the intermediary vesicles,
one can see fingerlike projections extending into each myofibril from
the region of the interposed vesicles around the periphery of the fibril.
These projections extend in only a short distance, not further than the
most circumferential two or three rows of myofilaments, Many details
of these projections remain obscure. In basic structure, the projections
appear to be bound by unit membranes enclosing elongated, curved
sausage-like vesicles perhaps 200 A. in diameter. The inner terminals of
these projections presenting to the interior of the myofibrils do not
ShOV\f very clearly, nor 1s the relationship of these inward projections to
th_e interposed vesicles unambiguously demonstrated in any of the
mlcrograPhs so.far published. Because of the possibility that these
Za:lu:igﬁixt];e psrzjbf:nons 'mlgh{tI have z}i 1x;olle ;.n trans_mming or inject%ng
ot s lzturesaz::ic: ellr;tiaotns (; 1myo 1], further information relating

p would be very welcome.
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enclose spaces which are structureless at resolutions so far achieved
with the clectron microscope. It is presumed that the contents enclosed
by the membranes consist of an aqucous protcinaccous fluid containing
dissolved ions and perhaps small organic molecular components. But
no chemical studies of its contents have been reported, and it seems that
difficulties would confront one attempting to obtain samples sufficiently
Yarge for analysis. 1t is evident, however, that the contems of the retic-
ulum comprise an aqucous phasc scparated by a lipid containing
phase boundary residing in the membranes from the aqueous phase of
the rest of the sarcoplasm. There is no reason to think its jonic content
would be identical with that of the sarcoplasmatic matrix. If the jonic
content docs differ from that of the matrix, an clectrical potential
difference might exist between the two compartments. Such a voltage
gradient would not be detected by present microclectrode techniques,
and attempts to determine if such gradients exist would not be easy.
Each transverse set or unit of the reticulum, then, contains, by means
ofits membranes, a quantity of fluid which is walled off, not only from the
sarcoplasmatic matrixin general, but also entircly oralmost entirely from
thecorresponding fluidin the neighboringsets. Thusthereticulumdefines
a series of intrareticular or intratubular fluid compartments extending
continuously transversely across the fiber, one or twosuch compartments
being present for each sarcomere. Each compartment consists of elabo-
rately anastomosing tubules and channels of varying caliber, tending
to be flattencd in planes tangential to the borders of the myofibrils.
Along lines where the border or edge of one st or unit of reticulum
contacts its neighbor of the same myofibril, there occurs an interesting
pattern of morphological specialization which involves, among other
factors, relationships between the reticulum and the myofibrils which
are not found elsewhere. These relationships are worthy of attention as
possible sites at which excitatory impulses or substances may be con-
ducted or transmitted to the myofibril. At present we have no knowl-
edge of the physiological significance of these sites and only partial
knowledge of the structure. For this we depend almost entirely on the
study by Porter and Palade (1957), to which extensive and grateful
reference has already been made. Examples of electron micrographs
of sections through these specialized sites are presented in Figs. 38 and
41-43 (T). From these illustrations, from other figures in Porter and
Palade’s paper, and from Figs. 30, 31, and 32, it can be seen that at the
levels of the Z bands in some muscles and at the levels near the A-I



V1. TUDE STRUCTURE OF STRIATED MUSCLE 177

this fish, very large amounts of fat are stored in the muscle during the
feeding in salt water prior to the spawning migration, This fat is used
as fuel during the ascent up the rivers, The fat accumulates in large
groups of droplets under the sarcolemma and in rows of smaller drop-
Tets between the myofibrils, This fat s largely wsed up before spawning
oceurs. Considerable differences occur in fat distribution in the decp
pink swimming muscles as compared to the dark superficial Jateral Yine
muscles,

Fat droplets have been scen in clectron micrographs of striated
muscle. Some of the catly observations were made by Harman (1955),
who spoke of the Jipid bodies as “sarcosomes” and who failed to recog-
nize their lipid nature. .

Intrasarcoplasmatic lipid droplets, as seen in the clectron micro-
scope, often are not circular in profile, but display irrcgular contours.
Frequently they are quite densc in osmic-fixed material, apparently as
a consequence of binding osmium compounds. They arc found with the
electron microscope just where one wonld expect them on the basis of
light microscope studics. Some typical examples appear in Fawecett and
Selby’s (1958) Figs. 1 and 27, in Muir's (1957) Fig. 8, and in Moore
and Ruska’s (1957) Fig. 12.

G. TRACHEOLES

In many insect muscles, fine tracheolar branches are found in close
relation to the sarcolemma and deep in the fibers, running in the
sarcoplasm between the myofibrils. Descriptions of these components
of insect striated muscle as seen in the electron microscope are meager.
No definitive description of intrasarcoplasmatic tracheoles in insect
muscle as seen in the electron microscope has yet appearcd. Some
casual observations on their structure appear in the paper by Chapman
(1954}, and an abstract mentioning some details of the fine structure of
such tracheoles was presented by Bennett (1953). Edwards and Ruska
(1955) and Edwards et al. (1958) present some pictures of tracheoles
associated with the external surface of the sarcolemma of wasp leg
muscle and within the sarcoplasm. But detailed knowledge of :hg fine
structure of insect muscle tracheoles must await further studies

1V. NUCLEL

The. nucl_ei of striated muscle fibers do not deserve extended treat
ment in this chapter. The localization of nuclei in varigus types of
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E. Tue Gorct MEeMBRANES

Until recent years, there has been considerable confusion in the
literature relating to the naturc of the Golgi apparatus of striated
muscle cells. A review of this topic is available in the paper by Eastlick
(1937). A number of different structures in muscle cclls which could be
impregnated with osmic acid or with silver, and which appeared black
with the light microscope, have been called the equivalent of the Golgi
bodies of muscle. With the clarification of the nature of the Golgi bodies
through the work of Dalton and Felix (1953, 1954) and Sjostrand and
Hanzon (1954a, b), the characteristic membranes and configurations
of the Golgi region have permitted this cytoplasmic component to be
identificd in clectron micrographs of many types of cells. Fawcett and
Selby (1958) have published excellent pictures demonstrating this com-
ponent in heart muscle cells. As mentioned carlier in this chapter,
characteristic Golgi membranes can be found in the cytoplasm at the
poles of the cllipsoidal nuclet of muscle cells. Figure 27 from Fawcett
and Selby’s paper provides a good example. In the light of the clectron
microscope findings, it scems evident that a correct interpretation of
the Golgi apparatus of striated muscle can be attributed to Luna
(1911), whose clegant impregnations and careful Jight microscope
studies show the Golgi apparatus just where it is found in electron
micrographs.

F. SarcopLasmaTiC LIPID INCLUSIONS

Kolliker in 1857 described fat droplets in striated muscle fibers and
distinguished them from mitochondria, which he called “interstitial
granules.” There have been several subsequent descriptions of fat in
muscle, of which some of the most elegant are by Bullard (1912, 1916)
and by Greene (1913), based on light microscope studies. Both of these
authors stress that fat droplets are normal components of the sarco-
plasm of many muscles, and that the presence of fat is not to be con-
strued, in itself, as evidence of degeneration. These authors also point
out that sarcoplasmatic fat content and disposition varies considerably,
not only from muscle to muscle, but among fibers of different types
within the same muscle and with different physiological states within
the same muscle fiber.

Some particularly striking variations 1n intramuscular fat are de-
scribed by Greene (1913) in the king salmon, Onchorkynchos kisutch. In
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DernrrioN oF LETTERS Usep 1N FIGURES

A Aband M mitochondria
B basement membrane P plasma membrane
C caveola intracellularis R sarcoplasmatic reticulum
E stimulating pipette electrode S  sarcolemma
F collagen (or reticulum) filaments T triad (of Porter and Palade)
G glycogen V  vesicle
I intercellular space Y ¢y l" ic {or sarcop! tic)
matrix
J Iband
L lamellae of myelin Z Zband
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striated muscle cells has been thoroughly explored with the light micro-
scope, and the electron microscope cannot be expected to contribute
significantly to this matter. A number of papers include satisfactory
clectron micrographs of nuclei in striated muscle cells of various kinds.
Among these papers arc those of Bennett and Porter (1953), Chapman
(1954), Lindner (1957), Moore and Ruska (1957}, and Fawcett and
Selby (1958), It scems cvident that the fine structure of nuclei of
striated muscle cells is not significantly different from that of nuclei in
other unspecialized cells, Individual chromosomes have not been rec-
ognized in muscle cell nuclei. These nuclei are surrounded by an
envelope consisting of two unit membranes, the outer member of which
may be continuous with eytomembranes in the perinuciear sarcoplasm
or those of the sarcoplasmatic reticulum (Porter and Palade, 1957).
The envelope of striated muscle cell nuclei is likewise endowed with
“pores™ resembling those described in relation to other nuclei. The
description and concepts of Watson (1955) can be regarded as appli-
cable, in general, to nuclei of the muscle cells in question,

V. CONCLUDING REMARKS

Most of the studics of muscle so far reported in the literature have
dealt with the contractile mechanism of muscle. This group of studics
includes those relating to the proteins comprising the contracting por-
tion of muscle (the myofilaments and myofibrils), thestructure of myo-
filaments and myofibrils, and the coupling mechanisms which might
rendér available the bond energy of ATP for the contractile process.
A second major effort has gone into the characterization of the exci-
tation of muscle cells by nerve impulses or by direct stimulation of the
sarcolemma.

This chapter, however, deals with structural aspects of muscle which
have received relatively little attention in recent years. It deals with
the fueling system of muscle and with structures which support, control,
regulate, and exaite the contractile material itself. These topics, having
been neglected in the past, are worthy of special attention in the future.
One can hope for rapid advance in our knowledge of the structure and
function of portions of muscle not directly involved in the contractile
process. This knowledge, along with a satisfactory acquaintance with
the myofilaments and myofibnls, will be necessary before one can
achieve a comfortable understanding of the structure and function of
striated muscle.
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L INTRODUCTION

In several fields of biology today, studies which formerly belonged
to entirely different disciplines are beginning to find common ground,
and it is becoming increasingly possible to formulate many of the more
fundamental questions in fairly detailed molecular terms. A number
of these questions—for example how chemical energy is stored, released,
and converted into other forms, or how enzymes work-—are ones
which occur in several different contexts, and gains in understanding
in one field may help to throw light on others. A cross-striated muscle
functions in such a dramatic and efficient manner, and many of its
phystological and biochemical properties have been so clearly defined,
that it now presents a very favorable system for the study of moleculax"
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far as we know they eatend for the whole length of the fiber, The cros
striation which is visible in the musele fiber in the light microscope is
due to the striation of its fibrils, which are aligned with equivalent
bands in register, Between them are many interesting structures which
are deseribed clsewhiere in this book and which are concerned in
providing sources of chemical energy for the fibrils 1o v, and in con-
trolling the contractile activity of the fibrils in other ways, It is im-
portant to note that the fibrils have no surface membranes (Hodge
al., 1951) (Figs. 5, 6, and 7) so that many of the substances in solution
in the eytoplasm (“sarcoplasm™) may be present between the protein
filaments in the fibrils, and exchange of some metabolites may be
rlatively unrestricted.

11. THE STRUCTURE OF A FIBRIL
A. IntrRODUCTION

The fibrils of these muscles, asseen in the light micioscope or electron
microscope (Figs. 1, 3, and 1), arc transvensely striped in a very regular
manner; the striation arises from a variation of density along the length
of the fibril. Each repeat of the pattern is known as asarcomere, There
are considerable differences in sarcomere length between different
muscles, and even in one case (blowfly flight muscle—IHanson, 1956)
between different fibrils in the same muscle. In general, satcomeres are
usually not more than about 15 i long; in vertebrate animals they are
commonly 2-3 u long. Exceptionally long sarcomeres (33 ) have been
found in the pharyngeal muscles of certain syllids (annelids) (Haswell,
1889). No correlation between sarcomere length and function has yet
been clearly established (Pringle, 1957).

Thestructure of myofibrils has been analyzed by two complementary
methods. Regularly-ordered structures of suitable dimensions diffract
X-rays in a manner which gives information about the positions of
submicroscopic components, The protein filaments in myolibrils are
regularly arranged, and diffraction patterns which show some features
of the arrangement of these filaments have been obtained from whole
“living” muscles (H. E. Hunley, 1951, 1952, 1953a). This information
is necessarily incomplete, but it is valuable beeause it refers to muscles
which are still excitable and contractile. Electron microscopy enables
us to examine in more detail the structure of fixed museles, The exist-
ence of the filaments and a number of other important features of the
structure of myofibrils were revealed by some ol the first clectron micro-
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architecture and function, and their relation both to the large-scale
properties of muscle, and to the mechanisms of enzyme action and
energy transfer from the chemical to the mechanical form. The studies
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Fic. 1 Diagram 1l the di and of the contractile

components m a muscle The whole muscle (a) 1s made up of fibers (b) which con-
tain cross-striated myofibnils (¢, dv These are constructed of two kinds of protein
filaments {e) put together as shown in Fig 2.

we shall describe in this chapter have these aims, and the results so far
show that this approach may be a very fruitful one.

The contractile elements in a cross-striated muscle are the myofibrils
inside the fibers (Fig. 1). They are usually 1-3 y in diameter, and so
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far as we know they extend for the whole fength of the fiber, The cross
striation which is visible in the muscle fiber in the light microscope is
duc to the striation of its fibrils, which arc aligned with cquivalent
bands in register, Between them are many interesting structures which
are described elsewliere in this book and which are concerned in
providing sources of chemical energy for the fibrils to use, and in con-
trolling the contractile activity of the fibrils in other ways. It is im-
portant to note that the fibrils have no surface membranes (Hodge ef
dl., 1954) (Figs. 5, 6, and 7) so that many of the substances in solution
in the cytoplasm (“sarcoplasm”) may be present between the protein
filaments in the fibrils, and exchange of some mctabolites may be
relatively unrestricted.

1. THE STRUCTURE OF A FIBRIL
A. InTRODUCTION

The fibrils of these muscles, as seen in the light microscope or electron
microscope (Figs. 1, 3, and 4), are transversely striped in a very regular
manner; the striation arises from a variation of density along the length
of the fibril. Each repeat of the pattern is known as a sarcomere. There
are considerable differences in sarcomerc lengtht between different
muscles, and even in onc case (blowfly flight muscle—~Hanson, 1956)
between different fibrils in the same musele. In general, sarcomeres are
usually not more than about 15y long; in vertebrate animals they are
commonly 2-3 4 long. Exceptionally long sarcomeres (33 ¢) have been
found in the pharyngeal muscles of certain syllids (annclids) (Haswell,
1889). No correlation between sarcomere length and function has yet
been clearly established (Pringle, 1957).

Thestructure of myofibrils has been analyzed by two complementary
methods. Regularly-ordered structures of suitable dimensions diffract
X'm):s in a manner which gives information about the positions of
submlcmscopic components. The protein filaments in myofibrils are
regularly arranged, and diffraction patterns which show some features
glf'ﬂ'le arrangement of these filaments have becn obtained from whole
_wing” muscles (H. E, Huxley, 1951, 1952, 1953a). This information
is n_ecessarily. incomplete, but it is valuable because it refers to muscles
:’:‘gh are S}lll excitable anr.! contractile. Electron microscopy enables
ey (‘:;i?}:m;_\;’. in more detail the structure of fixed muscles. The exist-
struet el aments and a number of other important features of the

cture of myofibrils were revealed by some of the first electron micro-
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graphs of fragmented muscles (for example those of Hall ¢f al., 1946;
Draper and Hodge, 1949). Morc recently, the technique of ultrathin
sectioning has made it possible to examine fibrils in which the spatial
relations between the various components arc fairly well preserved
(Bennett and Porter, 1953; H. E. Huxley, 1953b, 1957; Hodge e al.,
1954; Hodge, 1955, 1956; Spiro, 1956; Huxley and Hanson, 1957b;
Sjostrand and Andersson, 1956, 1957). Some distortion of structure,
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Fic. 2. Dragram illustrating the arrangement of the two kinds of protein filaments
mna myoﬁbnl At thc tup are thrcc sarcomcrcs drawn as (hcy hould appear m
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transverse sccuon) it would show two
thin filaments between cach two th:ck ones, as in the electron micrograph in Fig. 5.

and particularly of dimensions, is an inevitable consequence of the
methods that must be used in the preparation and examination of these
thin sections. However, it is possible to assess some of the artifacts—in-
cluding those affecting dimensions—by referring not only to X-ray
diffraction patterns, but also to the appearance of muscle fibers or
myofibrils viewed in a phase contrast or interference microscope, while
they are still sufficiently hfelike to be contractile (Huxley and Hanson,
1954, 1957a; Huxley and Niedergerke, 1954; Hanson and Husxley,
1953, 1955; Hanson, 1956; A. F. Huxley, 1957). The description of the
fibril which follows is based on the results obtained by using all these
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methods. It most probably applics to all cross-striated muscles, al-
though only some vertcbrates and arthropods have yet been studied.
There is disagreement between various authors in the interpretation
of some crucial features of the clectron micrographs, but H. E. Huxley
(1957) has shown that this can be resolved if one takes account of the
effect of the thickness of the sections and if onc relies on those which
are sufficiently thin to contain only onc layer of filaments.

B. THE ARRANGEMENT o' THE FILAMENTS

The fibril is constructed (Figs. 2, 5, and 7) from protein filaments
which lie parallel to its long axis and are arranged in a serics of over-
lapping arrays. There are two kinds of filaments, and in cach array
all the filaments are of the same type and cxtend from one end of the
array to the other. The two kinds of filaments differ in diameter, onc
being about twice as thick as the other, and they also differ in length,
The two types of array which they form alternate along the length of
the fibril, and where the arrays overlap, the thick and thin filaments
interdigitate with each other.

As a result of this construction, a fibril viewed in the light microscope
(Figs. 1 and 3) is seen to consist of transverse bands of differing optical
density and birefringence. The arrays of thick filaments are the so-
called A bands, which are dense and anisotropic. Where the arrays of
thin filaments are present alone, the fibril is less dense and less bire-
fringent; these bands are known as the I bands, for they appear to be
nearly isotropic (Schmidt, 1934); they are bisected by Z membranes.
In either halfof the A band, the arrays of thick and thin filaments inter-
digitate and here the optical density of the fibril is greatest, In the
center of the A band, there is a short region where the thick filaments
alone are present; this is the H zone, and its optical density is lower
than that of the rest of the A band.

The approximate lengths of the two kinds of filaments in living
muscles can be measured in the light microscope, for the thick filaments
have the length of the A band, and the thin ones extend from one H
zone to the next (though it is not clear whether they are actually
conti.nuous at the Z lines). In vertebrate skeletal muscles (frog and
rabbit), the thick filaments are about 1.5p long and the thin ones
about 2.0¢. (or 1.0 if they are interrupted at the Z lines).

The lengths of A and I bands vary considerably from one kind of
muscle to another and, as we shall see later, may control one important
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aspect of tie behavior of the living muscle. Here we shall only mention
that in the indircet flight muscles of Calliphora, which shorten very little
when they contract, the I bands in resting muscles are so short that
they cannot be measured in the light microscope; the A bands arc about
3.0y long (Hanson, 1956). In the rabbit psoas muscle, held at the
mavimal length it has in the body, the A band is 1.5 long, the I band
0.8y (Huxley and Hanson, 1954); this muscle shortens much more
than the insect flight muscle when it contracts,

In living vertebrate skeletal muscles, the thick filaments lic 450 A,
apart, this being the distance from the center of onc filament in the
array to the center of the next, Their arrangement is hexagonal. Where
the arrays of thick and thin filaments interdigitate, the thin filaments
lic in the trigonal positions within the hexagonal array of thick fila-
ments (Figs. 2 and 7). Thus, cach thick filament is encircled by six thin
oncs, and cach thin filament is “shared” by three thick ones. In the
indirect flight muscles of the blowfly Calliphora (Huxley and Hanson,
1957b), the thick filaments arc again hexagonally arranged, but the
thin ones are relatively more numerous, and each of them is “shared”
by fio thick filaments (Fig. 11).

The diameters of the two kinds of filaments as seen in electron micro-
graphs are about 110 A. and 50 A. It is not known how thick they are
inliving muscles; the images seen in electron micrographs are of protein
filaments which have been dehydrated and heavily stained. The only
museles which have so far been studied in any detail are those of verte-
brates and insects. Others may have filaments of different dimensions;
very large filaments, about 250 A. in diameter, were isolated from crab
leg muscles by Farrant and Mercer (1952).

Frc. 3. A photograph, taken in an interference microscope, of a single glycerol-
extracted myofibril from the psoas muscle of a rabbrt, The various bands differ in
2}:&1“:31 density; they are illustrated and named in the diagram (d) in Fig. I, Such

N
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ones in the A band, and thin ones in the I band extending into the A band; th’cy are
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shown at higher fication 1 Fig. 5. Magmfication: x 53,000,
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C. Z axp M Lives

Halfway along cach array of thin filaments, a thin band of dense
amorphous-looking material fills in the spaces between the filaments
(Fig. 5); thus the array appears to be bisected by a membrane; this is
visible in the light microscope and is known as the Z line or Z mem-
branc. The filaments are slightly thickened in the vicinity of the Z line.

The thick filaments taper at cither end and are slightly thickened
just in the middle (Figs. 4, 5, and 10); as a result, the A band appears
to be bisccted by an ill-defined line. This is the position of the so-called
M line which has been observed in light microscope images, particu-
larly of inscct fibrils; but, as we shall see, a different Lind of dense line
(involving the thin filaments) appears in this position in contracted
fibrils, and it is not always clear which type of line is referred to in the
literature on this subject. In addition to the Z and M lincs, other trans-
verse lines have been seen in both the I bands and the A bands of
insect and vertebrate myofibrils, but they have not yet been studied
in any detail.

D. Bribces BETWEEN FILAMENTS

Each of the thick filaments in a cross-striated muscle bears a large
number of regularly spaced short lateral projections, which always
appear to lie more or less at right angles to the filament axis. They
extend towards and appear to touch the thin filaments, where these are
present in the array of thick filaments (Fig. 10). In the psoas muscle of
the rabbit, where their arrangement has been studied in some detail
(H. E. Huxley, 1957), there are six longitudinal rows of these projec-
tions on each thick filament, and in each row there is one projection

F1c. 5. An electron micrograph of a longitudinal section through the sarcomeres
of two adjacent myofibrils, such as those shown at lower magnification in Fig. 4.
The Z lines bounding the sarcomeres are at the top and bottom of the prcture. Two
kinds of filaments are visible, thick ones (about 110 A.) in an array confined to the
A band, and thin ones (about 50 A.) 1 two arrays which terminate at the borders
of the H zone n the middle of the picture. The two kinds of filaments interdigitate
in the A band (except the H zone), the plane of sectioning through the lattice of
mnterdigitating filaments which will produce a longitudinal section Like this one 15
illustrated in Fig. 2 (p. 186). Compare Fig. 21, cut in a different plane. Cross links
between thick and thin filaments are visible; these are shown at higher magnification
m Fig. 10. Magnificatron X 147,000.
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cvery 400 A., approximately.! The projections in the six rows arc
“staggered,” so that every 60-70 A. along the thick filament, there is
one projection. The rows are arranged so that they occur opposite the
six thin filaments which lic alongside. (It will be recalled that in the
Aband, where the arrays of thick and thin filaments interdigitate, cach
thick filament is cncircled by six thin ones, and each thin filament is
“shared” by three thick ones.) Hence, from the three thick filaments
which lie equidistant from cach thin one, a lateral projection reaches
out to this thin filament every 130-140 A, along its length.

The methods for preparing very thin scctions for electron micro-
scopy have only been developed in the last few years. Previously, studies
were made on whole isolated myofibrils or on rather thicker scctions,
These showed an axial periodicity (Fig. 17), usually of about 400 A.,
but sometimes much less (see for example, Hall ef al., 1946; Draper and
Hodge, 1949; Hoffmann-Berling and Kausche, 1950; Hodge, 1956).
This axial periodicity is visible not only in the A bands but also in the
I bands, whose filaments do not bear lateral projections. There are
several possible interpretations, some of which are discussed later (p.
203-206). Similarly, it is not yet clear what produces the axial periodicity
of 415 A. revealed in “living” muscles by low-angle X-ray diffraction
methods (H. E. Huxley, 1951, 1952, 1953a). Since the different prote-
ins in these myofibrils must be fitted together in a very precise manner,
any regularitics the composite structure possesses may be due to the
molecular structure of more than one of its constituents.

' The distance from one projection to the next along a filament has been estimated
by counting the number of projections in electron micrographs, and dividing this

i.mo the Zength of the filament, as measured from the band lengths of living muscles
in the light mcroscope.

. F16, 6. An electron micrograph of a transverse section through several myofibrils
n a rabbit muscle such as Figs. 4 and 5 show 1n longitudinal section. The section has
Tmenadt o et R e digitating arrays
X 44,000.

: . - filaments (about
110 A.) are hexagonally arranged. The thin ones (about 50 A.) are situated in the
trigonal positions in this latthice; thus each thick filament 15 encircled by six thin
ones, and each thin filaments is ““shared” by three thick ones (sec diagram in Fig. 2,
P. 186). Magmfication. x 132,000.

Fro. 8 A transverse section passing through the H zone where only the thicker
are present. N fication. x 132,000.
Fra. 9. A transverse section passing through the 1 band where only the thin

fil N . N
Xar‘r%;r’x(t’sog'rc present, and thewr arrangement has been disturbed. Magnification:
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E. RELATIVE AmoUNTS OF “A Sumstancr” anp “I SumsTancr”

An interference microscope can be used to estimate the quantity of

material other than water in living cells and similarobjects (Davics et al.,
1954). Inorder toobtain absolute valucs, the dimensions must be known.
The thickness of a myofibril cannot be measured accurately, However,
ithas been possible to determine the refative quantitics of materials in the
different parts of the glycerol extracted rabbit psoas sarcomere (Huxley
and Hanson, 1957a); these materials are practically all proteins (Perry,
1955). The methods used for this analysis cannot be critically discussed
with any brevity; here we shall have to summarize the results without
describing how they were obtained (Figs. 13 and 14). “A substance”
is defined as the optically dense material which makes the A band
denser than the T band; it is believed to correspond to the material of
the thick filaments. “I substance” corresponds to the material of the
thin filaments; it extends from one H zone to the next, so that for some
part of its length it is situated in the A band. These two “substances”
can be experimentally distinguished, becausc one of them, the A sub-
stance, can be extracted completely from the fibril, leaving most of the
I'substance behind. Of the total dry mass of the sarcomere, about 54%,
is A substance, 36%, is I substance, and 6% is Z line material, A small
quantity of other matcrial bridges the H zone where the T substance is
discontinuous in the middle of the A band. The Aband (apart from the H
zone) is three times as dense as the I band, i.e. the A substance is twice as
dense as the I substance. As there are twice as many thin filaments in the
Isubstance as there are thick filaments in the A substance, it follows
that unit length of a thick filament must contain four times as much
material as unit length of a thin filament; this is consistent with the
observed filament diameters, providing their densities are similar.

F1e. 10. An electron micrograph at high magnification of a longitudinal section
through part of a rabbit fibrl including the H zone and the adjacent parts of the
A band, A similar section at a lower magnification is shown in Fig. 5. The picture
here shows the cross links between the thick and thin filaments. The impression that
;o:r]‘.: lln’n{gs connect the th\r‘xi filaments to each other is probably due to the visibility of

mks belanging to thick filaments which lay above and bel i
section. Magnification x 510,000, Y ¢ below the plane of this

Fre. 11. An electron micrograph of part of a transverse secti o
band of a myofibril 1n the indrect flight muscles of the fly Galliph:rx:z.ﬂ;;el:g l;st::lzmA
pared with rabbit muscle {Fig. 7), the thin filaments lie in differ : h
respect to the thick ones,

X 170,000,

¢ ent positions with
and the cross links are more clearly visible, Magnification :
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1. SuMMary

A fibril in a cross-striated muscle is constructed of an alternating
scries of arrays of longitudinal filaments of two kinds. Their sequence
results in the regular alternation of A and I bands, which is the charac-
teristic microscopical featurc of this type of muscle. The arrays overlap
and their filaments interdigitate in the A band; here a large number
of projections from the thicker filaments reach towards and appear to
touch the thinner filaments,

111, THE PROTEINS OF THE FILAMENTS

Rabbit skeletal muscles have been employed much more than any
others for biochemical studies and, as we have scen, their structure is
known in some detail. Thus it has been possible to devise experiments
to discover the location of the chief proteins in the contractile clements
of rabbit muscles. The results probably apply to other cross-striated
muscles as well, for it is known that they also possess the three proteins
which account for ncarly all the dry matter of the rabbit fibril—myosin,
actin, and tropomyosin.

Myosin is quantitatively the most important. It accounts for about
549, of the total protein in the fibrils (Hanson and Huxley, 1957;
Huxley and Hanson, 1957a). Tropomyosin is presentinsmaller amounts,
about 119, (Perry and Corsi, 1958). The quantity of actin is less well
known; a reasonable estimate is 20-25%, (Hanson and Huxley, 1957;
Perry and Corsi, 1958). It is unlikely that any other proteins are present
inlarge amounts. Indeed, it is possible that the figures we give for actin
and tropomyosin are too low; the fraction which is unaccounted for
(10%) is not necessarily another material.

A. Mvosiy

Myosin can be extracted from these muscles (see also Volume II,
Chapter 1) by hypertonic salt solutions. When pyrophosphate and

Fro. 12. Diagrams illustrating the structural effects of the extraction of myosin
from a sarcomere- (a) the bands in an intact sarcomere; (b) the filaments in an
intact sarcomere; (c) the bands in an extracted sarcomere; (d) the bands in an

d 3 (d) the fil in an d sarcomere. As a result of

, the A sub {the thick fil ) d leaving behind th
I substance (thin filaments) and Z lines. Phot Cwhich ; 3 e <
illustrated in Fig. 14. ) 10 otographs which show this effect are
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magnesium jons are ako present in thesesalt solutions, the extraction of
actinislargelysuppressed (Hasselbach and Schncider, 19515 Hassclbach,
1953} The reason scems to be that pyrophosphate, in the presenee of
magnesium, dissociates the complex of actin and myosin (actomyosin)
which exists in the fibrils, and that actin is not readily extracted except
in combination with myosin. It is not known exactly how much
tropomyosin comes out with the myosin. However, tropomyosin, once
it has been extracted from the muscle, is soluble in weak salt solutions,
and actin is also soluble, whereas myosin is insoluble. Therefore the
amount of myosin in the extracted protein solution can be estimated by
reducing the ionic strength of the extract and measuring the quantity
of protcin that precipitates; such estimates are not completely accurate,
for a variable but small part of the myosin fails to precipitate,

When this method for the extraction and estimation of myosin was
applied to isolated rabbit myofibrils (Hanson and Huxley, 1957), it
was found that about 519, of their total protein content is myosin, A
very similar value can be deduced from the results of Hasselbach and
Schneider (1951) obtained for whole muscle. Szent-Gybrgyi et al.
(1955) and Perry and Corsi (1958) also obtained rather similar figures.
This quantity (51%) is nearly thc same as that of the A substance in
these fibrils, strongly suggesting that myosin is the A substance.

The same extraction method has been applied to similar fibrils under
the light microscope (Hanson and Husxley, 1953, 1955; Huxley and
.Hanson, 1957a), and the residue after extraction has also been studied
in the electron microscope (Hasselbach, 1953; Hanson and Huxley,
_1953, 1955). In a phase contrast or interference microscope, it is
immediately seen that the A substance disappears (Figs. 12, 14, and 15).
The I substance and the Z lines persist, and seem to be unchanged, and
the extracted sarcomere consists of material of uniform optical density
which is, however, interrupted in the H zone; here there appears to be
a gap, but this must in fact contain some small amount of material
for the fibrils do not fall apart into segments, and indeed it has bcex:
possible to detect and measure the material in the gap by interference

Fre. 13. H P g i ly the distril in i

single sarcomere* (\a) ntact 1.., (b) the A sub b:“(‘:)“s‘;ii‘:::: ;;‘: .
extraction of myesin (A substance), Vertical dimensions represent the propo: ('Cr
of each component 1n the total protein. The results on which these hist, s are
based were obtamned by interference microscopy (see Fig, 14), ograms ate
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microscopy. When the process of extraction is viewed in a polarizing
microscope, it is scen that the bircfringent A bands disappear. Electron
micrographs of extracted fibrils not only confirm that the A substance
has been removed, but also show that it is the #hick filaments of the A
band which have disappeared.

Interference microscopy has been used to estimate the amounts of
material that are removed from the different parts of the sarcomere
(Huxley and Hanson, 1957a) (Figs. 13 and 14). All of the A substance
is taken out (i.c. about 54% of the total protcin), together with about
one-fourth of the I substance, so that, in all, about 60-65% of the total
material of the sarcomere is extracted. Parallel estimates by chemical
methods (Hanson and Huxley, 1957) showed that on the average 62%
of the protein of the fibril is extracted and that most of the extract (51%
of the total fibril protcin) is myosin.

These results provide very strong cvidence that myosin is the A sub-
stance, and hence that the thick filaments of the fibril are composed
of myosin.

There is another way of approaching the problem of the location of
proteins in myofibrils. Finck et al. (1956) and Holtzer et al. (1957) have

Fic. 14. Photographs taken in an interference microscope (and densitometer
tracings of the negatives) of one glycerol-extracted rabbit fibril before and after the
extraction of myosin. The A substance 1s removed, leaving behind the I substance
and the Z lines. To the eye, there appear to be gaps, where the I substance is dis-
continuous, 1n the center of the sarcomere (H zone), but the densitometer tracing
demonstrates that there is a small amount of material here. The tracings were taken
along the length of the fibril and show peaks corresponding to Z lines and A bands,
and troughs in the I bands. The heights of such peaks or troughs above the base
que (tracing of background density) are related to the amount of protein present.
Diagrams illustrating the results of such interference microscope studies are shown in
Fig. 13. Magnification: x 2,600. (From Buochim. et Biophys, Acta.)

Fic. 15. Three photographs, taken mn a phase contrast microscope, of a single
glycerol-extracted rabbat psoas fibril treated first to extract myosin, and then to
extract actin. The A substance disappears on myosin extraction, the I substance on
actin extraction, The Z lines persist. Magmfication: X 3,350. (From Sympasia Soc.
Expll. Buol,)

Fic. 16, A photograph taken 1n a fluorescenc o N
chick muscle treated with a fluorescein-labeled
T:n;l A ba;:ds are labeled. (Reproduced from Fir
of the authors i
Magmﬁcazion;of ):hlxja%z(a)[.:er and of the editors of the 7. Biophys. and Biochem. Cytol.)

Fre. 17. An electron micrograph of a 1 i i i
dhomny i clec graph of a longitudinal section through rabbit muscle

33,000 -scale axial periodicity in A and I bands. Magnification: x
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found that a fluorescently-labeled antibody to myosin will react with
the A bands rather than with the I bands of chick muscles (Fig. 16).

Extraction experiments have also been performed on insect flight
muscles, and have given qualitatively similar results (Hanson, 1956).
There is also some similar evidence that the A substance in the arach-
nid, Limulus, is myosin (Amberson ¢t al., 1949).

B. Activ

If the thick filaments are composed of myosin, then actin must be
situated in the thin filaments, which make up the I substance. Quali-
tative cvidence that this is so has been provided by extraction experi-
ments of two kinds. A, G. Szent-Gyorgyi (1951a, b) showed that actin
can be extracted from rabbit muscles by potassium iodide, which de-
polymerizes the fibrous aggregates of actin molecules in the fibrils.
When a potassium iodide solution was applied to myosin-free fibrils
under the microscope, it was found that a large part of the I substance
was extracted (Hanson and Huxley, 1955) (Fig. 15). More recently,
Perry and Corsi (1958) have found that a great deal of protein, some-
times as much as onc-third of the total, slowly leaches out of isolated
fibrils stored in solutions of low ionic strength. The extracted protein
consists of tropomyosin (identified clectrophoretically) and of another
protein which closely resembles a form of actin that can be produced
from “normal” actin when this is submitted to the same procedures as
were used for extracting the fibrils. Corsi and Perry (1958) examined
these fibrils in a phase contrast microscope and concluded from the
changes observed as a result of extraction that tropomyosin and actin
were situated mainly in that part of the sarcomere which is here called
“I substance.” They found that this type of extraction, which some-
times removed the I bands and Z lines completely, appeared to leave
all the myosin behind in the residue.

A different kind of experiment (Hanson and Huxley, 1955) again
indicates that the I substance contains actin. It is well known that actin
and myosin in vitro form a complex—actomyosin—which contracts
when it is treated with ATP; neither protein by itself is contractile
(Hyashi ef al., 1958). Rabbit fibrils from which the A substance had
been removed were treated with a solution of rabbit myosin under the
microscope. The protein was taken up by the I substance, whose optical
density increased. When these “reconstituted” fibrils were treated with
ATP, the I substance n each half of the sarcomere contracted to the
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adjacent Z line where a thick “contraction band” was formed. If ATP
was given before myosin, it had no effect on the fibril. Similar results
were obtained (Hanson, 1956) when inseet fibrils, freed from A sub-
stance, were treated with rabbit myosin and then with ATP. It is clear
that in these experiments, an actomyosin system had been formed from
the thin filaments and the added myosin,

C. SuMMARY

There is strong cvidence that the thick filaments arc composed of
myosin, and that the thin filaments contain actin and perhaps tropo-
myosin.

IV. THE MOLECULAR STRUCTURE OF THE FILAMENTS

Information from several sources provides cvidence about the mole-
cular structure of the filaments, In the first place, one can study the
molecular weights and dimensions of the principal muscle proteins in
solution. Next, one can prepare oriented arrays of these protein mole-
cules, which give X-ray diffraction patterns, and sometimes show axial
periodicities in the clectron microscope. Now, X-ray patterns are es-
sentially of two types: “low-angle” patterns produced by large-scale
regularitics in the structure (up to about 0.1 ¢), and “wide-angle” pat-
terns which derive from small-scale regularities of only a few Angstrom
units. Studies of these patterns can thercfore give us information both
about the way in whicl the protein molecules can pack together, and
about the nature and arrangement of the polypeptide chains within
these molecules. Finally, we can make similar studies on the structure
of the filaments as they occur in the muscle, and use the information
obtained from the simpler artificial systems to assist in the interpre-
tation of the results.

A. Toe Myosin FILAMENTS

The number of molecules in a single myosin filament can be esti-
mated approximately in the following way. 100 g. of rabbit muscle
contains 20 g. of dry matter, of which 7.6 g. is myosin (Hasselbach
zmd.Schncider, 1951). The number of myosin filaments in a myofibril
of given length and cross section can be calculated from the data al-
re.ady described. A very high proportion of the muscle volume is oceu-
pied by fibrils, but the exact figure is not known. Here we shall assume,
for the sake of simplicity, that the muscle consists entirely of fibrils. IE‘



204 H. E. HUXLEY AND J. HANSON

this were so, then the “molccular weight” of one myosin filament would
be 180 millions. The molecular weight of myosin is difficult to measure
accurately, partly becausc the molecules in solution tend to aggregate.
Recent estimatces suggest a weight of about half a million (Laki and
Carroll, 1955; Holtzer and Lowey, 1956). A valuc which is probably
more reliable can be deduced from studies on the “light” and “heavy”
meromyosins into which myosin splits when it is bricfly treated with
trypsin (A, G. Szent-Gyorgyi, 1953). The meromyosins are liberated
in the proportion of one H-meromyosin to two L-meromyosins, and
their molecular weights arc 236,000 and 94,000 respectively. Hence the
molecular weight of myosin itself should be 424,000 or some multiple
of this. If the molccular weight of myosin is taken to be 424,000, the
number of molecules in cach filament is about 424.

There is evidence that the myosin molecules lie with many of their
polypeptide chains Iengthwise in the muscle, and that thesc chains have
an o-helical configuration (sce also Volume II, Chapter I). The wide-
angle X-ray diffraction pattern of whole muscle is that of a structure
containing longitudinally-oriented «-helical polypeptide chains (Pauling
et al., 1951; Pauling and Corey, 1951; Perutz, 1951; Huxley and Perutz,
1951). A very similar pattern is given by oriented samples of acto-
myosin (Astbury and Dickinson, 1940), but actin itself has a wide-
angle pattern of a different type (Astbury and Spark, 1947; Cohen
and Hanson, 1956). Tropomyosin gives a pattern like that of whole
muscle (Astbury e al., 1948) but is present in much smaller amounts
than myosin.

The “staggered” arrangement of the lateral projections on the myo-
sin filaments suggests that the molecules may also be “staggered.” The
observation that the filaments taper at their ends supports this sugges-
tion. Numerically, there scem to be two myosin molecules for cach
lateral projection. The number of projections counted in electron
micrographs 1s about 216 on each filament, while the calculated
number of molecules is 424.

The meromyosins to which we have briefly referred seem to exist as
definite units in the myosin molecule. When they are released, they
always have the same dimensions and properties, and they can also be
prepared from myosin by using chymotrypsin (Gergely e al., 1955),
which differs from trypsin in normally attacking different links in
polypeptide chains; subtilisin also releases meromyosins (Middiebrook,

1958). There is some evidence that they are synthesized independently
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of each other in the body (Velick, 1956). The wide-angle X-ray dif-
fraction pattern of an oriented sample of L-mcromyosin (Cohen and
A. G. Szent-Gyorgyi, personal communication) is very similar and
rather supcerior to that of whole muscle. Repeating the argument we
used to show that myosin molecules probably lie lengthwise in the
filaments, we now deduce that the L-meromyosin units may be similarly
oriented,

Light meromyosin can precipitate from solution as transversely-
striped “crystals” with an axial period of 424 A, as mcasurcd in the
electron microscope (Philpott and Szent-Gydérgyi,.1954). One is re-
minded that an axial periodicity of about 400 A. is visible in myofibrils,
and that a spacing of 415 A. can be demonstrated in whole “living”
muscles by low-angle X-ray diffraction mcthods. The spacing of the
lateral projections in cach of the six rows along a myosin filament is
also about 400 A. We have already indicated that these projections link
the actin and myosin filaments together, and later in this chapter it
will become even more apparent that the actomyosin complex, as it
exists in muscle, is most probably made by means of these cross-links,
Light meromyosin, however, does not combine with actin in vitre, but
heavy meromyosin does, and the actin-H-meromyosin complex is, like
actomyosin, dissociated by ATP (A. G. Szent-Gyérgyi, 1953). This
strongly suggests that the lateral projections on the myosin filaments
are composed of H-meromyosin. One can imagine that the “back-
bone” of a myosin filament is composed of longitudinally-oriented
“staggered” L-meromyosin units, whose length determines the axial
periodicity in these filaments and the positions of the H-meromyosin
units; and that the H-meromyosins, attached to the L-meromyosins,
project from the filaments and are visible in the electron microscope,

B. THE Actin FiLAMENTS

The approximate number of actin molecules in each filament can be
calculated by the same method as we used for myosin filaments, The
amount of actin in 100 g. of rabbit muscle is taken to be 3.5 g- (see p.
197) and the molecular weight, 70,000 (Tsao, 1953a). Each filament
(length 2 p) contains about 600 molecules.

It is very probable that these filaments also contain tropomyosin
(Perry and Corsi, 1958; Corsi and Perry, 1958), in the proportion of
about 1.7 molecules of actin to 1 of tropomyosin, (The molecular
weight of tropomyosin is about 53,000—Tsao ez al., 1951.) The relative
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positions of these two proteins in the filaments arc unknown, but it
seems likely that the actin molecules are exposed at the surface to form
actomyosin links with the adjacent myosin filaments.

The low-angle X-ray diffraction pattern of an oriented sample of
actin (dry or rewetted fiber) (Astbury and Spark, 1947; Cohen and
Hanson, 1956) is remarkably like that of whole dry muscle {Bear, 1945;
Selby and Bear, 1956). (The pattern given by fresk muscle is rather
different; it shows a strong 415 A. axial periodicity in addition to the
54 A, periodicity characteristic of dry muscle or dry actin.) Samples of
myosin or tropomyosin have not so far given any low-angle patterns.
For this and other reasons, Selby and Bear have identified the pattern
they obtained from the fast part of the clam (I'enus) adductor muscle
as that of actin; this is a smooth muscle (Hanson and Lowy, unpub-
lished) but its X-ray pattern is similar to that of cross-striated muscles
(Bear, 1945). Sclby and Bear point out that their data could be inter-
preted in terms cither of a two-dimensional net, or of a two-chain helix
with a 406 A. axial period and with a diameter comparable to that of
the thin filaments in clectron micrographs. It is perhaps significant that
an axial periodicity of about 400 A. is visible in the I bands of myo-
fibrils where actin filaments but no myosin filaments are present. Fi-
brous actin in vitro, however, shows a 300 A. axial periodicity in the
electron microscope (Rosza ef al, 1949). H. E. Huxley (1957) has
pointed out that a two-~chain helical model constructed from the data
of Selby and Bear would have a threefold axis of symmetry when viewed
end-on, and would therefore be very suitable for forming cross-links
with three myosin filaments placed symmetrically about it.

Tropomyosin preparations were examined in the electron micro-
scope in 1948 by Astbury e¢ al.; there were slight indications of an
axial period, and it is important that this protein should be stud-
ied again. A different kind of tropomyosin, from molluscan smooth
muscles, shows clear axial periodicity, which in some “crystals” is
145 A. and in others, 720 A. (Hanson ef al., 1957), There is good
reason to believe that this particular tropomyosin is responsible for
the low-angle patterns of some of these molluscan muscles (Bear,
1944; Bear and Sclby, 1956) where it is present in very large amounts
(Bailey, 1956).

It is clear that further X-ray diffraction studies on muscles and their
proteins will eventually gmve us a much more detailed picture of the
construction of the filaments in the living muscle.
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V. STRUCTURAL CHANGES DURING CONTRACTION AND EXTENSION

There are as yet no methods for observing structural changes at the
molecular level while a muscle is contracting, although it is possible
that improvements in X-ray diffraction methods will eventually make
this feasible. In the meantime, several important things can be learned
by studying under the light microscope the large scale changes in con-
tracting muscles. Itis also instructive to examine how the structure has
been changed after the muscle has shortened or been extended to a
new length, and this can be done by X-ray diffraction and electron
microscopical methods.

A. Resurrs Onrawvep ny Licnt Microscory

Several studies have been made on muscles contracting under the
microscope; these are reviewed by A. F. Huxley (1957). Two recent
investigations have given consistent and unambiguous results and are
more reliable than previous ones, because optical artifacts were
avoided, in the onc case by the use of an interference microscope
(Huxley and Niedergerke, 1954; Huxley and Taylor, 1955; A. F.
Husxley, 1957) and in the other case by working with single myofibrils
which are thin cnough for the cross striations to be observed and
measured in a phase contrast microscope of high resolving power
(Huxley and Hanson, 1954; Hanson and Huxley, 1955; Hanson, 1956).
The studies of A. F. Huxley and his colleagues were made on intact
frog fibers during stretch or isotonic or isometric contraction, Those of
Hanson and Huxley were made on glycerol-extracted rabbit psoas
Sibrils (and also on insect flight fibrils) treated with adenosine triphos-
phate (ATP) either while they were held at constant length or while
they were free to shorten; such fibrils could also be stretched if dephos-
phorylation of ATP was suppressed (see p. 215-216). Other chapters
in this book review the convincing evidence that the changes taking
place in glycerol-extracted fibrils during ATP-induced contraction, and
during stretch, are similar to those occurring in life.

It has been found that the A bands remain at constant length while
the length of the fibril 15 changing. While the fibril shortens, the I bands
shorten, while it is being stretched, they lengthen.

The constancy ofA. band lengt‘h is observed in rabbit myofibrils over
the range from maximal extension down to about

length? (Fig. 19). It must be remembered, of course
* “Resting” .

65% of “resting”
g : that the resolution
ength is defined as the maximal length of the muscle 1n the body.
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Fic. 18. Diagram illustrating the structural changes associated with contraction (in) and extension (i) from resting length (ir).
The top row (a) shows the band patierns of intact fibrils, The net row (b) shows the band patterns after extraction of myosin.
The bottom row (c) shows the positions of the filaments. Light and clectron micrographs on which these diagrams are based are
shown in Figs, 19 and 22-28,
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of the liglit microscope is limited, and small changes will not be de-
tected. The frog fibers were observed in a microscope of lower resolu-
tion, and this may account for the decrease in A band fength which
was found when the fibers had shortened below about 80% of resting
length.

When the rabbit psoas fibril has shortened to about 63% of resting
length, the T bands have completely disappeared, and each Z line now
touches the ends of the two adjacent A bands. Here, as shortening
continues, a dense “contraction band” develops. This becomes the
most canspicuous band in the fibril, and a “reversal of striation,” such
as many carlicr workers described, appears 1o have taken place (Figs.
20 and 22). Probably contraction bands form by distortion of the ends
of the myosin filaments, when they are pressed against the Z lines. In
polarized tight, the A bands remain birefringent, and the contraction
bands are isotropic (Fig. 20).

During isometric contraction, neither the A band nor the T band
changes its length,

Thus it is clear that the myosin filaments, whose length determines
the length of the A band, do not shorten or Iengthen by any important
amount over the normal working range of the muscle. A further series
of observations suggests that the actin filaments also stay at constant
length during extension of the muscle and during contraction down to
about 90%, of resting length (Huxley and Hanson, 1954; Hanson and
Huxley, 1955; Hanson, 1956). Thus it is found that the H zone in the
middle of the A band widens as the sarcomere is stretched, and closes
up as it shortens. In fibrils stabilized at different lengths (by glycerol
extraction), one can easily determine the positions and lengths of the
actin filaments by extracting the A substance and observing the I sub-
stance in the extracted fibril (Figs. 18 and 22). The I substance in a
fibril at resting length is about 2 long and extends from one H zone
to the next; the H zone, after removal of the A substance, looks like a
short gap, about 0.25 i wide. In fibrils which have been stretched, the
I substance is still about 2. long, but the H zone has become wider,
Bl i ong e o o sl i bensirtched,

th, 0 changes in length until
the H zone has <_11sappearcd, and then it shortens, but a dense line
appears in t!_le mlddle.of the sarcomere as though the actin filaments
were crumpling at their ends. (This line is visible in intact fibrifs, and
1t is probably the M line described by some previous workers.)
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Thus, over a wide range of lengths, a muscle can contract without
any detcctable changes taking place in the overall lengths of any of its
filaments. And even on further shortening, neither type of filament
changes its length until it is obliged to do so for steric reasons occurring
as a result of shortening.

The results of studics in the light microscope clearly indicate that
shortening is brought about by a sliding movement of the arrays of
actin filaments, inwards into the arrays of myosin filaments in the A
bands, and that extension of the muscle reverses this movement.

B. Susmicroscopric CHANGES

Neither the wide-angle nor the low-angle X-ray diffraction pattern
of a muscle scems to change in the meridional (axial) dircction as a
result of extension or contraction (Astbury, 1947; H, E. Huxley, 1951,
1952, 1953a). Many of these studies were made on “living” or glycerol-
extracted muscles, and they provide strong evidence that the filaments
do not change their lengths as a result of changes in muscle length; for
one would expect a shortening or Iengthening of a filament to result in
alterations in its internal structure and hence in the X-ray patterns,
None of the investigations we have so far discussed excludes the
possibility that small-scale changes occur during contraction.

Although the electron microscope has a high resolving power, it does
not provide a straightforward method for measuring filament lengths
or band lengths, because these may change while the fibrils are being
prepared for examination. However, if suitable precautions are taken,
it is possible to compare muscles of different lengths with some confidence

Fic 19. Photographs, taken in a phase contrast microscope, of a pai
extracted rabbit myofibrils at different stages during comfaétion l()i;::r:{‘%l)ycfr?xk
resting length down to about 80% of that length. It can be seen that the A’ band
stays at the same length while the I bands shorten and the H zone closes up a d
becomes replaced by a dense line. Magnification: x 4,000, P an
Fxcl. %0. 1:; contracted fibril isolated from fresh Dm:;ph
muscles) and photographed mn phase contrast and in polarized 1
have dsappeared and contraction bands (c) (xsotrop?c) }:avidd;%};;;):::al: lt);::dzs

Lines. A rabbit fiby i i H in Fi .
pnes. Ana 2’;00- ril with contraction bands is shown in Fig. 22, vi (Plate 7). Magnifi-

Fic. 21. An electron micro;

tla muscle (indirect flight

. graph of a longitudinal section through
;(i‘ ga ;a(bpbn;sﬁﬁl;nl (st!la:.buut rcslinf length). The plane of sectionix?g i‘;ni‘:nsj?:;?:c]le;:
-2 (p- » and this picture should be compared with i i
= longitudinal section cut in a different plane. Il\)lagniﬁclati;l:t;nglfr;%bg, which s of
: 8
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that the results are significant, In this way, it is again found that the
length of the A band remains constant and the length of the I band
changes with changing muscle length (H. E. Huxley, 1957; H. E.
Huxley and B. Katz, unpublished). Morcover, it can be scen that, in
contracted muscles, the actin filaments have reached the middle of the
A band (Fig. 28); in stretched muscles, the zone of overlap between the
arrays of actin and myosin filaments is shorter than it is in resting
muscles, and there s a long H zonc from which the actin filaments have
been withdrawn (H. E. Huxley, 1957). In these stretched muscles, the
lateral projections on the myosin filaments are still visible in the zone
from which the actin filaments have been withdrawn. At all muscle
lengths, the lateral projections are seen to lic more or less at right angles
to the filament axis.

V1. THE MECHANISM OF CONTRACTION

All the information we have discussed leads to the conclusion that
contraction is brought about by a mechanism which causes the actin
filaments to slide past the myosin filaments in the direction of the
center of the sarcomere. We have no direct information about the exact
nature of this mechanism, but many of the well-known biocchemical
and physiological properties of muscles can tell us a great deal about
its general properties.

F{G. 22. Ph phs showing the ch in band pattern which occur when a
fibril contracts or is extended. The top row shows intact fibrils, the bottom row
fibnils from which the A substance has been extracted. The latter illustrates how the
1 _substancc chan'gs position during contraction and extension. Compare with
Fig. 18 (p. 208). (i) and (xi) : a stretched fibril (1109 resting length) before and after
myosin extraction; there is a very wide H zone, which shows as a wide “gap” after
extraction. (ui)-(vi): one fibril photographed at different stages during contrac-
tion, mn ATP, from resting length (iu) down to about 509 of that length (vi). The H
zone closes up (1v) and is replaced by a dense line (v); when the I bands h;wc di
appeared, contraction bands form at the Z lines (vi). (vii)—(ix) : three fibnls simx']ls-
x(x‘\‘ Ieng"l)h l:o tl(-;osc above, from which myosin has been extmcted: In (viii), tht; H zo::

a as disal in (i i %
sarcomese, Magiiheation: x S000. © . [ M4 sppeared i the center of the

Figs. 23 and 24. Electron micrographs of longitudin: i
extracted rabbut fibrils, one (Fig. %I?Spat aboulgx:;ungaies:c:‘l‘:on:htchszxgh gl‘}_YCcrOI-
stretched by about 30%,. The A bands have th: ey o (Fig. 24)

clongated the T bands and the K zoncs. Magnifiatums x phggp " CFiemion bas
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A. ACTOMYOSIN SYSTEMS

When ATP is added to a solution of actomyosin, a decrease in vis-
cosity and turbidity is observed, and this is belicved to be due to the
dissociation of actomyosin into actin and myosin (Straub, 1942, 1943;
A. Weber, 1956; Gergely, 1956). For as long as enough ATP is present,
the proteins remain dissociated, but when the ATP concentration di-
minishes—by dephosphorylation, catalyzed by myosin—actomyosin
reforms.

Actomyosin precipitated from solution contracts when it is treated
with ATP (A. Szent-Gyérgyi, 1941). If the protein has been precipi-
tated in the form of a thread with some longitudinal alignment of its
molecules, the thread shortens and contraction is anisodimensional
(A. Szent-Gyorgyi, 191). If the ATPase activity of the actomyosin
thread is suppressed, the addition of ATP does not bring about con-
traction, but instead the thread becomes extensible (H. H. Weber,
1951). It can now be stretched quite easily, whereas in the absence of
ATP it rcsists extension, ATP, when it is not split, therefore seems to
“plasticize™ an actomyosin thread; contraction of the thread seems
to be specifically associated with the splitting of ATP,

A glycerol-extracted muscle, like an actomyosin thread, is inexten-
sible. During the process of extraction, ATP and its precursors have
been removed from the muscle. A glycerol-extracted muscle contracts
when it is treated with ATP, but if its ATPase activity is suppressed,
it becomes extensible (H. H. Weber, 1951).

Actomyosin threads and glycerol-extracted muscles can also be made
extensible by treatment with pyrophosphate (Portzehl, 1952), which
does not induce contraction. Pyrophosphate dissociates a solution of
actomyosin into actin and myosin (Mommacrts, 1948) and these
remain separate until the pyrophosphate ions are removed.

All these observations on actomyosin systems w sitrg suggest that
actomyosin will form iz vive in the absence of ATP and will dissociate

Fics. 25-28. Electron micrographs of longitudinal sections through i
grap 0 rabbit muscl
at four dufferent lengths, that in Fig. 28 being about 209/ shorter thgan thati‘n Fx":cZ?
A single sarcomere 15 shown 1n each case. The two arrays of thin filaments are sépa:

rated from each other in the shghtly stretched muscle (Fig. 25

3 ; as the muscl
contracts, they move nearer together (Figs. b o i 5
et oy e gether (Figs. 26 and 27) uatil they meet (Fig. 28)
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in its presence. Thesites of linkage between actin and myosin molecules
are presumably located where the lateral projections on the myosin
filaments touch the actin filaments, With the linkages locked (no ATP),
the fibril would be inextensible; with the locks open (ATP present and
ATPase activity suppressed), the arrays of actin filaments could be
pulled out of the A bands, and the muscle would be extensible.

A living relaxed muscle is extensible, and it contains ATP. Therefore
it is very probable that ATP is able to dissociate the cross-linkages
between actin and myosin filaments in the living muscle, and that the
ATPase activity of the myosin molecules is suppressed. The low heat
output of resting muscle supports the view that ATPase activity is low.
Recently, Marsh (1951, 1952) has discovered that muscles contain a
“relaxing factor”; this will not only inhibit the ATPase activity of acto-
myosin or isolated myofibrils, but will also cause glycerol-extracted
muscles to become extensible in the presence of ATP (Bendall, 1953,
1954; Hassclbach and Weber, 1953). It is thought that the relaxing
factor is active in a relaxed muscle and is inactivated when the muscle
is stimulated to contract.

The earliest sign of physical change in an active muscle is the rapid
development of resistance to stretch (Hill, 1949¢); at about the same
time, heat production increases (Hill, 1949b). This strongly suggests
that very soon after stimulation, ATP is dephosphorylated and acto-
myosin forms in the fibrils by cross-linkage of the filaments,

Although an active muscle is relatively inextensible, it is not locked
in one position, like a muscle in rigor; it shortens and excrts tension.
Mechanisms by which this may be done have been suggested and dis-
cussed by A. F. Huxley and Niedergerke (1954), H. E. Huxley and
Hanson (1954), Hanson and Huxley (1955), H. E. Huxley (1956,
1959), A. F. Huxley (1957), and H. H. Weber (1958).

B. HYPOTHETICAL SCHEMES FOR CONTRAGTION

Observations which have already been described indicate that when
a muscle contracts, its actin filaments “slide” past its myosin filaments.
The extent of this sliding movement is much greater than theseparation
of the lateral projections on the myosin filaments, and it thercfore
follows that these cannot remain attached to the same points on the
actin filaments for more than a very small fraction of the total contrac-
tion. Thus in a contracting muscle 1t seems likely that a repetitive cyclic
process goes on at each actin-myosin cross-linkage site, the link being
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conneeted for one part of the cycle and disconnected for the rest. The
discussion of actomyosin systems given above suggests that the opening
and closing of the links corresponds to the binding and dephosphoryl-
ation of ATP, Each time one cycle of operation of the links takes place,
the actin Glaments are forced to slide a short distance past the myosin
filaments in the direction of the center of the sarcomere, When a load
on the muscle opposes this movement, tension is exerted, Each link will
act many times while the muscle is active.

Two ways in which such a system might work can be suggested. The
more obvious onc is by a repetitive change in the positions of the lateral
projections on the myosin filaments, in such a way that while they are
attached to the actin filaments, they excrt a tension and draw these
filaments along in the direction of the center of the sarcomere; while
they are detached from the actin filaments, they return to their original
positions; then they attach themselves to the actin filaments at new
points. The cycle is then repeated. Change in position of the lateral
projections might occur as a result of the binding of ATP to the protein,
or as a result of the dephosphorylation of ATP, or as a result of combi-
nation between myosin and actin, or (A. F. Huxley, 1957) as a result
of thermal motion. The essence of the system is that each link can
exert a tension whilst moving along a certain distance during one
phase of each cycle of operation, and that these tensions, generated at
many links in the muscle, add together in parallel. The distance of
movement will necessarily be controlled by the exact spatial arrange-
ment of the crossllinks. The total movement of the actin filament
while the muscle is shorteming is related to the sum of all the movements
of any one link while it is connected to the actin filament®, and the
total tension at any particular time is the sum of the tensions generated
at all the links in operation.

Another way in which such a system might operate is as follows. Let
us suppose that the axial repeating period of myosin-binding sites on
the‘acu.n f.ilam§nts is slightly less thaun the axial repeating period of

actin-binding sites on the myosin filaments. Let us also suppose that
when cross-links form,.the forces involved are sufficient to streich (or
:Z:il; :;1 bf;zak) the actin filaments, and th.at when actin becomes dis-
m myosin (by ATP), the actin filaments revert to their

* It s in fact the average total movement

of any one link while it i
to the actin filament, ditded by the fra is connected
4 ction of tl 3 .
connected at any one time, Y of the total numbser of links which are
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original condition and length. If we begin the cycle with actin and
myosin combined, and detach the actin filaments in cach half of the
A band by a wave of detachment sweeping along the A band from its
end inwards, then the actin filaments will be drawn into the A band
as they shorten to their “free lengths”; as a result, the terminal actin-
binding sites on each myosin filament will now be near to new myosin-
binding sites on the actin filaments around it; a wave of reattachment
now takes place and the system reverts to its original condition, with
the difference, however, that the whole of cach actin filament has
moved along by onc “step.” In this system, the length changes pro-
duced by all the links add together, and cach of them need be only a
few Angstrom units, Tension is excrted as a result of the changes in the
actin filaments,

In the first of these two systems, the myosin molecules change their
shapes, and in the second, the actin filaments. Such changes would be
difficult to detect; they occur during contraction, and no sign that they
have taken place remains at the end of contraction. Studies on the cffect
of ATP on myosin in solution have so far been unrewarding, and no
structural alterations have been detected (H. H. Weber, 1950; Gergely,
1956). Experiments on actin, however, have proved very interesting,
but difficult to interpret (sec Volume I1, Chapter I}; they have shown
that ATPisimplicated in the interactions between actin molecules, and
it is clearly very important that these should be studied more closely.

The general theory we have outlined goes on to suggest that a muscle
remains active for as long as ATP is being split, cach of the cross-links
going through one cycle of operation each time it captures a “quan-
tum” of ATP and splits it. If the supply of ATP fails, the links lock and
remain locked (rigor). If the dephosphorylation of ATP ccases while
the supplies of ATP are still maintained, the muscle relaxcs.

C QUANTITATIVE ASPECTS OF THE MECHANISM

It is important to see if the mechanism we have been discussing is
practicable from a quantitative point of view. In the first instance, let
us consider a muscle which is shortening very slowly under a load which
1t can just lift, i.c. a muscle which is exerting almost its maximal ten-
sion, P,, which we will take to be 3 kg. per cm.? of its cross-section.
Under these conditions, the energy liberated as work will be about
3 x 10% ergs per cm.? for each centimeter of shortening. An active
muscle also liberates heat. Part of the heat appears whether the muscle
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shortens or not, and this part is known as the “activation heat” in
a twitch, and the “maintenance heat” in a tetanus. If the muscle
shortens, additional heat is liberated, and this is called the “heat of
shortening.” The amount of shortening heat is proportional to the dis-
tance the muscle shortens and is independent of the load being lifted.
The total extra encrgy (work plus shortening heat) liberated by a
muscle shortening under nearly maximal Joad will be about 3.35 X 16¢
ergs per cm.? per centimeter of shortening. If this energy is derived
from the hydrolysis of ATP, which we will take to yicld 10,000 calories
per mole, then it is easy to show that in the model we have described,
onc molecule of ATP will have to be split, at cach cross-linkage site, for
cach 120 A, of movement of an actin filament past a myosin filament.
This figurc agrees well with the “step distance” we would expect on
structural grounds.

It is also important to sce if the known enzymatic activity of myosin
is adequate to release energy at the required rate. If the heat of short-
ening is 350 g. em. per cm.2 per centimeter of shortening (Hill, 1949a)
and if the maximal velocity of shortening is ten muscle lengths per
second, then the maximal rate of energy liberation, which will occur
when the muscle is shortening under zero load, will be about 3.5 x 10¢
ergs per second per cm.. {Maintenance heat—about 1 X 10® ergs—
can be neglected here.) On the same basis as before, this is equivalent
to the splitting of 5 X 10 molecules of ATP per second. We know that
one cm.’ of muscle contains about 5 X 10 cross-linkage sites; thus
each site would have to split about 100 molecules of ATP per second.
We have estimated earlier (see p. 204) that each site is associated with
two molecules of myosin. In vitre, one gram of myosin can split at least
8.3 X 10~* moles of ATP per second (Mommaerts and Green, 1954).
If the molecular weight of myosin is taken to be 424,000, than one
molecule will dephosphorylate 35 molecules of ATP per second. Hence
one cross-linkage site would be capable of splitting 70 molecules per
second. This 15 reasonably close to what is required of it i zizo.

D. Some GENERAL FEATURES OF THE MECHANISM

L. Varation of Energy Release and Tension with Velocity

of Shorteni
When a muscle is shortening rapidly, Y Shortning

it exerts a lower tension, and
the tofa} energy released for a given distance of shortening is lcss’than
when it is shortening slowly. We do not know if the lower tension results

from a reduction in the tension generated by each cross-link, or if it
s
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results from a reduction in the number of cross-links that arc formed,
or from both of these possible factors. However, it scems very plausible
that a decrease in the number of links will occur when the velocity with
which actin filaments slide past myosin filaments is increased, because
the time available for a given site on a myosin filament to interact with
a given site on the actin filament moving past it will be reduced. If the
actin filaments, when linked to the myosin filaments, can only move
for a certain distance before the links are broken, then it follows that
higher \ clocities of shortening will lead to a decrease in the number of
links present at any given moment, and hence to a decrease in tension
(and also in the total energy liberation for a given distance of short-
ening).

The empirical relationship between tension and rate of energy liber-
ation can be derived from the Hill cquation (Hill, 1938) defining the
relation between tension (P), velocity of shortening (), and maximal
isometric tension (P,), in terms of two constants, g and 5:

(P+dyv=(P,—P)b

It is found that the constant a in this equation is numerically equal to
the heat of shortening; thus the rate of cnergy liberation (over and
above maintenance heat) is equal to (P, — P) . Thus, empirically,
the rate wncreases as the tension decreases. This is by no means incom-
patible with the existence of a smaller number of cross-linkages at any
given time, for the rate of turnover of links will increase with the ve-
locity of shortening. In fact, the mechanism we have been describing
provides a reasonable explanation of the particular form of the relation-
ship between load and rate of working. The probability, per unit time,
of a given site on a myosin filament interacting with any of a series of
attachment points on an actin filament moving past it, is likely to be
insensitive to the velocity of the movement; thus the total rate of at-
tachment will be proportional to the number of myosin sites available,
which will in turn be proportional to (P, — P), for the number of
occupied sites 15 proportional to P, and the total number of sites 1o P,

2. Heat of Shortening

This type of mechanism does not in itself indicate where the heat of
shortening onginates. And, indeed, the fact that this heat is Jargely
independent of load is very difficult to account for in any straight-
forward way. The muscle behaves as though shortening were always
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opposed by a constant internal force. Simple friction cannot provide
an explanation, for then there should be a difference, equal in amount
to 2 a, in the maximal load against which a muscle can shorten, and
the minimal load required to stretch it. This is not found to be the case;
an active muscle begins to extend as soon as the load on it exceeds the
maximal load against which it shortens. Viscous forces, on the other
hand, would be expected to vary with the velocity of shortening, and
hence with load.

Alternatively, one might suppose that the heat of shortening is simply
a part of the energy liberated by the chemical reactions which occur
when the muscle is allowed to shorten, a part which is not available as
work. However, we have scen that the amount of chemical reaction
which occurs appears to be controlled by the amount of work done, so
that if a constant fraction of the energy produced in each reaction were
liberated as heat, the shortening heat should vary with load; this is not
the case. To account for the heat of shortening as a by-product of such
reactions, one must therefore have a mechanism in which the fraction
of the energy, per reaction, which appears as heat, varies with the speed
of shortening. The system described by A. F. Huxley (1957) has this
general property, and will in fact give good agreement with the ob-
served heat production when appropriate values are given to a small
number of adjustable constants. However, serious difficulties still re-
main when one tries to account for the reported constancy of shortening
heat at different muscle lengths (Abbott, 1951) where maximal tension
(P,) has different values.

3. Variation of Tension with Muscle Length

The maximal tension that an active muscle can develop varies ac-
cording to the length of the muscle, in such a way that it is greatest
when the muscle is at about the maximal length it can reach in the
body, and decreases at shorter and longer lengths. It was pointed out
by Huxley and Niedergerke (1954) that this behavior would be ex-
pected from the sliding filament model, for when a muscle is stretched
the number of possible cross-linkages will diminish as the extent 0;‘
overlap between myosin and actin filaments is decreased. However,
when the muscle shortens below a certain length, the extent of overla};

between the filaments does not change until contraction bands form:
H

this begins to occur at about 65%, of resting length, but by then, the

tension developed in a frog sartorius muscle, for example, has already
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results from a reduction in the number of cross-links that are formed,
or from both of these possible factors. However, it scems very plausible
that a decreasc in the number of links will occur when the velocity with
which actin filaments slide past myosin filaments is increased, because
the time available for a given site on a myosin filament to interact with
a given site on the actin filament moving past it will be reduced. If the
actin filaments, when linked to the myosin filaments, can only move
for a certain distance before the links are broken, then it follows that
higher velocities of shortening will lead to a decrease in the number of
links present at any given moment, and hence to a decrease in tension
(and also in the total encrgy liberation for a given distance of short-
ening).

The empirical relationship between tension and rafe of energy liber-
ation can be derived from the Hill cquation (Hill, 1938) defining the
relation between tension (P), velocity of shortening (), and maximal
isometric tension (P,), in terms of two constants, a and &:

(P+ayv=(P,—P)b

It is found that the constant 4 in this equation is numerically equal to
the heat of shortening; thus the rate of cnergy liberation (over and
above maintenance heat) is equal to (P, — P) 5. Thus, empirically,
the rate increases as the tension decreases. This is by no means incom-
patible with the existence of a smaller number of cross-linkages at any
given time, for the rate of turnover of links will increase with the ve-
locity of shortening. In fact, the mechanism we have been describing
provides a reasonable explanation of the particular form of the relation-
ship between load and rate of working. The probability, per unit time,
of a given site on a myosin filament interacting with any of a series of
attachment points on an actin filament moving past it, is likely to be
insensitive to the velocity of the movement; thus the total rate of at-
tachment will be proportional to the number of myosin sites available,
which will m turn be proportional to (P, — P), for the number of
occupied sites is proportional to P, and the total number ofsites to P,.

2. Heat of Shorteming

This type of mechamsm does not in itself indicate where the heat of
shortemng originates. And, indeed, the fact that this heat is largely
independent of load is very difficult to account for in any straight-
forward way. The muscle behaves as though shortening were always
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problem of how chiemical encrgy is transformed into mechanical work
is much more difficult, and it is probably true to say that so far we have
merely succeeded in localizing the phenomenon in the cross-bridges.

If the cross-bridges to any particular actin filament work in paralic,

then they must move a distance of 50-100 A. during cach cycle of
operation. This movement is associated with the splitting of one mole-
cule of ATP per bridge. The distance involved is very large compared
with the range of & chemical bond, which would exert a much larger
force over a much smaller distance, To produce the required excursion,
some type of lever or other magnifying system is necessary (for example
the “bimetallic strip” model of A. Szent-Gyorgyi, 1947). This is a
general difficulty encountered in any contraction mechanism where a
substantial number of tension-generating sites on a given filament act
in parallel. Such difficultics do not arise in a mechanism where the
movements produced by the tension-gencrating sites add up in series
along a given actin filament, for then the movement per site can be
quite small—one or two Angstrom units. However, it is not at all casy
to envisage a mechanism of this type, in which the amount of encrgy
release is determined by the work done, rather than merely by the
distance of shortening,

An indirgct means of overcoming the difficulty of the large move-
ment required, per molecule of ATP split, is to make use of Brownian
motion to bring together two sites which are narmally separated by
too large a distance for reaction or combination to occur (see, for in-
stance, H. E. Huxley, 1952). This has been done in a very ingenious
way in the mechanism of A. F. Huxley (1957). A cross-bridge (or
“side-piece”) vibrates to and fro in a longitudinal direction on two
elastic connections, as a result of thermal agitation, until it comes near
to an active point on the actin filament. Having been brought close
e_nough in this way for short-range forces to come into operation, the
side-piece joins firmly on to the actin filament. Tension is then exerted
by the stretched elastic connection, and work will be done as this
shortens back to lts rfasting length, pulling the side-piece and the actin
ilzf;i:;aii;ntgh ;thh lti)iln stder '“1) malfe the system unidirectional, it
side-piece is at oxf: :ilden:f f}i‘?tul';;u? o ta!u': place only w}}en Ehe
is broken by ATP at a high rat;1 altlthnumhpom‘non; (he Cﬂm"nl.naflon
position. The immediate source of e o side O{ th? equilibrium
motion of the side-pieces, stored as s f‘Ol' comracfmn B the tl.lermal

s potential energy in the elastic con-
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fallen to practically zero. The reason for this fall is unknown; possibly
the filaments move further apart as the muscle shortens (if the fibril
volume remains constant) and as a result the cross-links may operate
less effectively,

A muscle which shortens very little in the body will not nced long I
bands, and indeed would probably be most efficicnt if the length of the
I band were just sufficient to allow shortening to proceed until the Z
line reached the A bands, but no further. The indirect flight muscles
of Calliphora seem to be constructed on this principle (Hanson, 1956).
The frog sartorius muscle shortens to a much greater extent, and has
relatively long T bands; it appears that this is generally true of verte-
brate skeletal muscles. It will be interesting to examine other muscles
from this point of view, and also to sec if the length at which a muscle
develops maximal isometric tension is always about the same as the
length at which the maximal number of cross-links can operate.

4. Buochemical Interpretation of Vanation of Energy Production with Load

It is implicit in this type of mechanism that the enzyme site on the
myosin filament is able to split a molecule of ATP more rapidly if cross-
linkage to the actin filament has occurred; it is this specific feature
which enables the release of energy to be controlled by the amount of
external work which is done, and which thercfore enables the muscle
to operate reasonably efficiently. It is interesting to find that there
seems to be some counterpart to this in the behavior of myosin ATPase
i witro. Experiments which are discussed in Volume 11, Chapter I show
that the ATPase activity of myosin is low when actin is absent and is
greatly increased when actin is present, provided that combination
between the two proteins can occur, This suggests that the activity of
an enzyme site on a myosin filament is increased when a link to an actin
filament has been formed at some point in the cycle of events taking
place each time the site reacts.

5. The Mechamsm of Energy Transfer

The two most important features of muscular contraction are that the
contractile mechanism is able to transform the energy liberated in the
chemical reaction into mechanical work, and that the amount of me-
chanical work which is done controls the extent of the chemical reaction
which takes place. We have scen that experimental evidence indicates
how the second of these two features may possibly be achieved. The
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cxactly what process at the cross-bridges causes the two sets of filaments
toslide past each other. On the other hand, it docs provide a means by
which arguments based on physiological and biochemical information
about muscles and muscle proteins can be brought to bear on this so
intractable question, and can be used to define, more and more closcly,
the nature of this detailed process. And it is reasonable to hope that one
will eventually be able to embody these data in a unique and verifiable
hypothesis,
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nections, but the system does not violate the second law of thermo-
dynamics because energy has to be supplied to break the actin-myosin
linkage in another part of the cycle.

There is very little experimental evidence at present to help to decide
how (or whether) movement of the cross-bridges takes place. Pure myo-
sin is reported (H. H. Weber, 1950; Gergely, 1956) to be unaflected in
its sedimentation constant, viscosity, and light-scattering behavior by
the presence of ATP. However, changes in molecular shape which
could considerably alter the positions of the cross-bridges on the fila-
ments might not be casy to detect in isolated molecules in solution.
Also, it may be possible that a shape change only occurs when combi-
nation with actin is able to take place.

In contrast to its apparent lack of effect on myosin, ATP scems to be
involved in at least two important structural reactions of actin mole-
cules, and it would be surprising if these did not play some part in
muscular contraction. The monomer-dimer transformation of actin,
which Tsao (1953b) has shown to take place instantancously when
ATP is added to actomyosin, is a very striking phenomenon; and the
dephosphorylation of bound ATP which accompanies the G to F trans-
formaton of actin (see Volume 11, Chapter I) could also provide a
link between chemical and mechanical effects. One could speculate
that if these molccular transformations, or equivalent ones in zito,
produced small changes in the length of an actin filament, it might be
possible to make this filament crawl along the system of cross-bridges
from the three myosin filaments around it.

V!il. CONCLUSIONS

The purpose of this chapter was to see to what extent our present
knowledge of the molecular structure of cross-striated muscle can il-
luminate the relation between the physiological and biochemical prop-
erties of the tissue, and can provide information about the detailed
events taking place when the chemically stored energy, through the
mediation of an enzyme system, is converted into mechanical work.
The sliding filament model, and its detailed dimensions, now seem
fairly well established. This model is able to give a logical and straight-
forward account of many aspects of the general physiological behavior
of striated muscle in terms of its chemical constituents and their known
properties and reactions. The account is, however, incomplete in per-
haps its most important and fundamental detail, for it does not specify
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L. INTRODUCTION

The molecular structure and function of smooth muscle may be con-
sidered more meaningfully if compared to that of cross-striated muscle.
This approach, both in experiments and in exposition, may not only
point to some common features of structure and function in muscle,
but may also put smooth muscle in its place in the large family of
contractile and excitable tissues. It may help us in distinguishing be-
tween “fundamental” and “special” properties of muscle, and insetting
proper limits upon general validity of new concepts,

Beside stressing the value of comparison, the present article will
emphasize the importance of studying the function of muscle at dif-
ferent levels of organization. Arguments will be restricted to experience
with the frog sartorius and toe muscle, the rabbit psoas, the retractor
penis of the turtle, the rabbit and the human uterus, and the tenia coli
of the guinea pig. The group is small but represents a variety of physi-
ological functions. Each type of muscle will be considered to a limited
extent only.

To students of smooth muscle, the support offered by knowledge of

! The work reported i this chapter was su
port pported by a grant from The M;
Dystro;;hy Associations of America, Inc., New York, N. Ygrand by The i’opﬁ‘;:l:;
uncil,
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mechanism ofmuscular contraction. Howwell hisnewtheoryissupported
will become evident from his present article and that of A. G. Szent
Gyorgyi. He now belicves that the sarcomere consists of a supporting
protein structure to which are attached the mcromyosins,_thc heavy
portion being in the middle of the sarcomere. How then, is the con-
tractile machinery energized as far from the H-meromyosins as 1000
A2 Szent-Gyorgyi suggests that clectronic excitation is at work here.
Somewhat modifying his carlier concept of the final event in muscle
contraction as an interreaction between AM, ATP, and jons, he now
considers water to be an integral part of the system and not merely a
constituent of the milieu,

Hippel ef al. (1957) question the presence of A in natural AM
(“myosin B”), doubting that the reaction of AM with ATP involves
“dissociation” and “association” of A and M. They suggest the defor-
mation of M by ATP as the physical change underlying the observed
phenomena. Gergely and Kohler (1957), using the same light-scat-
tering technique used by Hippel et al., report however that dissociation
and association of A and M indeed occurs during the AM-ATP
interreaction. Gergely’s laboratory also demonstrated that A is present
in natural AM, by extracting A from it (personal communication),

Such uncertainties exemplify the problems which arise in studying
muscle function at the molecular level. No doubt these studies promise
a penetrating insight into the molecular mechanism of muscle function
but the danger of artifacts at the molecular level is indeed great. Because
of this danger, interpretations must be cautious and tentative. Intact
muscle, if properly handled, is free of artifacts but its complexity fre-
quently permits the investigator to describe phenomena only, rather
than to state in biochemical or biophysical terms what happens inside
the muscle; thus the component parts of the contractile machinery
remain unrevealed as well as their respective nature and interrelations.
A, V Hill stated, for example, in 1956 “It is true that the heat pro-
duction 1s unspecific: even the most accurate description of it does not
f,\llow us to qecide what exactly the underlying chemical events are but
it does proylde a framework into which these must be fitted,”

Uncertztmtigs of this kifxd and the lability of concepts aboutstructure
tion in Zross-l:fﬁafed aendos::gjﬁe:n;};clmiecular' m'echar'mx.n ?f ﬁfnc-
the author will proceed, nevertheless, ‘3 . Fpprecating his lllm‘tatwns

s , in order to fulfill 2 commitment.
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cross-striated muscle has been a comfort; but as this article is written
it is apparent that this ground is becoming insecure.

Thus H. E. Huxley (1956) proposed the “sliding” model for the
molecular mechanism of muscular contraction, a well documented
hypothesis considerably extended by A. F. Huxley (1956, 1957). In
spite of the variety of supporting evidence, the validity of the model is
questioned on the ground of contradictory findings. A. Szent-Gyorgyi
(1958), the senior student of the proteins myosin (M) and actin (A),
which are supposed to slide past each other when muscle shortens or
lengthens, argued that the model is too mechanical and that it takes no
advantage of the drastic physicochemical changes characteristic of the
AM-ATP interreaction and does not explain how the “AM-thread,”
free of organized structure, can shorten 809, of its “resting™ length. The
general validity of the sliding model may also be questioned since it
docs not explain shortening in smooth muscle, which exhibits no peri-
odic structure. Sjostrand and Andcrsson-Cedargren (1957) state that
the diameter of the myofibrils in the *A” band increased in proportion
to the shortening and that both the “I” and “A” bands shorten when
the muscle contracts. They believe that shortening is associated with
“folding up or a change in the helical arrangement of the subunits of
the myofilaments.” The internal coherence of the sliding model also
depends on the exact chemical and physical characteristics of M and
A, and other muscle proteins which arc as yet defined only operation-
ally and without gencral agreement.

Laki (1957) suggests, for example, that “a comparison of the amino
acid composition of tropomyosin and actin shows that myosin and the
meromyosins might be looked upon as compounds of tropomyosin and
actin.” This statement implies that M and the meromyosins are arti-
facts of extraction and preparation rather than genuine constituents of
living muscle. In the articles of Gergely and his colleagues (1955;
Gergely, 1953}, no opinion is expressed about the genuineness of the
meromyosins as subunits of the contractile proteins.

Laki’s suggestion is objected to in Szent-Gyorgyi’s laboratory where
M, A, and the meromyosins are looked upon as genuine units of the
contractile machinery. In his recent article, however, Szent-Gyorgyi
(1958) emphasized the genuineness of the meromyosins only, implying
that M may be an extraction product. Referring to recent observations
of Inoue, Holtzer and Marshall, and A. G. Szent-Gyorgyi, he proposed
a rather drastic modification of current concepts about the molecular
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(Csapo, 1955) offcred only slightly morc information than did the light
microsc’opc. Myofibrils of about 0.5—1 p. in diameter wereseen running

F16. 1. Structure of the longitudinal muscle Ia
term (Csapo, 1955). Numbers 1-4, light microsc
and 1,000, respectively; bers 5 and 6, e]

yer of the pregnant rabbit uterus at
opy; Magmfication: x 12, 75, 300,
; s Magnification s

% 10,000 and 20,000, respectively. -
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il. “"HEADACHE MUSCLE”

Smoothmuscleshavebeenmorcoficnused totestdrugaction thantoin-
vestigate theirintrinsic properties. The techniquesuscdin thesestudiesare
objectionable, frequently yielding controversial and inconclusive results,
and the prejudice developed against them among muscle physiologists
is justified to a considerable extent. The widely used phrase “headache
muscle” is not altogether inappropriate. An attempt will bemade here to
limit this prejudice to its proper extent. This is done in appreciation of
Hill'sstatement (1956) : “The mechanical responseofactive muscleiseasy
to record; indeed too casy, for very inadequate methods have been used
and the older physiological literature is burdencd with results of experi-
ments which depended more on the propertics of levers than on those of
muscle.” Largely because of a lack of appreciation of the significance of
adequate techniques, smooth muscle physiology became an isolated and
retarded discipline, conducted without regard to the fundamental simi-
larity of contractile tissues. Special attention, therefore, will be paid here
to techniques and to those experiments which suggest that a variety of
muscle tissues are alike in the fundamental principles of their function.

1il. STRUCTURE

The smooth muscle of the rabbit uterus, like many other smooth
muscles, forms a coat around a hollow chamber. Its function is mainly
to exert pressurc on the contents of the chamber in the process of
emptying it. This muscle coat is built, like cross-striated muscle, of long
fiber-bundles about 100 p1in diameter. In cross-striated muscle, thesingle
fiber, a giant multi-nucleated cell with an excitable membrane around it,
is assumed to be the final physiological unit; in smooth muscle, however,
the fiber-bundle of the uterus is composed of a number of individual cells
about 10 i in diameter and 50-300 ¢ in length, each of which possesses an
excitable membrane (Csapo, 1955). This structural difference, however,
may be of minor significance. Porter and Palade’s (1957) myoplasmic
reticulum in cross-striated muscles may turn out to be a membrane—like
structure around myofibrils. Bozler’sstudies (1938) indicate that the fiber
bundles of uterine smooth muscle behave as syncytia, responding in an
“all or none” fashion and that in a d.c. field the bundles develop
polarity. The possibility, therefore, should be examined that fiber bundles
in smooth muscles are surrounded by an excitable structure.

The first studies of the myometrial cell with the electron microscope
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Thesignificance of ultrastructureinsmooth muscle is now increasingly
realized and the possibilitics offercd by a comparative approach, insug-
gesting generalizations about muscle structure, begin tobeappreciated.
In thisvolume Lowyand Hanson, indetail, discuss thestructurcof smooth
muscle. Their published work and that of Weinstein and Ralph (1951},
Hodge and associates (1954), Mark (1956), and Kawaguti and Ikemoto
(1957 do not yet suggest structural features in smooth muscle which
would explain their respeetive physiologieal functions. Obviously, more
work needs 1o be done before we can account, in structural terms, for
the fact that the rabbit utcrus obeys Hill’s classical equation.

V. THE CONTRACTILE PROTEINS

When the “natural” actomyosins of cross-striated and of uterine
wwuscle were first compared (Csapo, 1948, 1949, 1950), only alimited set
of techniques were available for analysis. These observations showed
striking similarities between the proteins of the two types of muscle.
Considerable advancement in technigues has not yet convincingly
challenged the original notion that the contractile proteins of these
different types of muscle are closely similar.

The statement that the uterus contains actotropomyosin, rather than
AM, came {rom Snellman and Tenow (1954). Considering their ex-
traction procedure Csapo (1955) suggested that most of the AM present
in the muscle was left by them in the debris and the character of what
little AM they brought into solution was masked by impurities, i.e,
proteins extractable by strong salts. Kominz and Saad (1956) studied
the question experimentally, finding that Csapo’s extraction procedure
yielded considerably more AM from the uterus than that of Snellman
and Tenow. Furthermore, purified AM yielded a peak in the ultra-
centrifuge which changed into a hypersharp M peak on the addition
of ATP. Thus the ultracentrifuge indicated no difference between the
contractile proteins of cross-striated and smooth muscle. Uterine AM
repeatedly precipitated, however, shows an additional peak beside that
of AM. Thus an impurity in the AM solution which may well be tropo-
myosin cannot be eliminated by precipitation by dilution. But the
Presence of tropomyosin in the uterus, or its relatively high concen-
tr:mo.n, does not in any way interfere with the notion that the acto-
myosins of different muscles are similar, Recent experiments of Tono-
mura et al. (1957) and Tonomura and Sasaki (1957) also show that

smooth muscles contain AM and M but that their tropomyosin con-
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parallel to the long axis of the cell, while the space between the myo-
fibrils was filled by mitochondria, arranged like beads in a row. It was
not possible to determine where the myofibrils arc anchored in the cell,

Fic. 2. Electron mucrograph of the rabbit myometrium at term (Csapo, 1955),

showing longttudnal structure within the myofibnils and mitochondria between
them. Magnificaton. x 40,000.
i.e., where they begin and end. Although a regular system of longitudi-
nal filaments was clearly visible within the myofibnls, the resolution
was not sufficient to show whether the filaments were of one or two types
nor could their diameter be measured. Cross-striations, however, were
never seen at any magnification.
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uterus by A, G. Szent-Gycrgyi’s KI treatment. Such a preparation,
after repeated precipitation, sediments as M with a hypersharp peak,
and its change in viscosity on ATP addition is negligible. It readily
combines with A of cross-striated muscle as indicated by the character-
istic rise in viscosity. The optimum combination ratio M: A is 5:1. Such
asynthetic AM (a hybrid of cross-striated and uterine muscle) exhibits
the well known change in viscosity on the addition of ATP. Studies on
such synthetic AM confirm the notion that the drop in viscosity is a
measure of the AM concentration. These studics again suggest close
similaritics between the contractile proteins of different muscles.

Actomyosin

Myosin
¢}
Actomyosin | Myogen

Myoatbumin
® Y

-~

Fie. 4. Efectrophoretic patterns of uterine muscle proteins (after Blasius and
Schuck, 1955). Number 1, uterus of immature rabbit; 2, the same after estrogen
treatment, Note the increase of the AM peak after estrogen treatment.

It has long heen demonstrated that the contractile proteins of the
uterus are controlled by endocrine regulation. The removal of the
ovaries results in a drastic decrease in the AM concentration of the
uterus, whereas estrogen substitution therapy restores the status quo
(Csapo, 1948, 1949, 1950). Under certain physiological conditions, for
example, during pregnancy, the AM concentration of the uterus in-
creases in order to meet the functional requirements imposed upon it
by parturition. The uterus is not unique, however, in responding to
hormone action, as indicated by the changes in AM concentration of
chick cross-striated muscle during the hatching period and afterwards
during sexual maturation (Csapo and Hermann, 1931). Endocrine
regulation of the contractile proteins of cross-striated muscle in the
adult animal is not yet obvious, probably because of its complexit
But studies along these lines may well reveal fundamental corrclatim)],s.
betwcer_l regulation and disease. The experiments (Csapo, 1950) dem-
onstrating the influence of estrogen on the contractile p;oteins of the
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centration is higher than that of cross-striated muscle. It appears, there-
fore, that the ratios of different proteins to one another is different in
different muscles, but there is no convincing cvidence yet that the
contractile proteins themselves are different from one muscle to the
next.

AM M
! 2
AM
M
3 4

Fic. 3. Ultracentrifuge patterns of actomyosin (AM) and myosin (M) (after
Kommntz and Saad 1956). Number 1, rabbtt skeletal muscle; 2, the same with ATP;
3, human uterus at term; 4, the same with ATP. KCl = 0.5 M, MgCl, = 10744,
ATP = 5 x 107Af. Time of exposure 64114 minutes after reaching 59, 780 r.p m.
Protem concentration = 0,7-0 99,. Sedimentation rates: 1, 8.5; 2, 3.9; 3, 9.3;
4, 4 4. Note the characteristic hypersharp M peaks mn the presence of ATP.

Extraction of rabbit cross-stnated muscle for a short time yields M
(plus the debris containing A) whereas long extraction yields AM.
Extraction of uterine muscle always yields AM and heretofore nobody
has obtained pure M or A from the uterus. Recently, however, Nagy
and Csapo (unpublished observation) obtained A-free M from the



Viil, MOLECULAR STRUGTURE AND FUNCTION OF SMOOTH MUSCLE 237

uterus by A. G. Szent-Gyorgyi’s KI treatment. Such a preparation,
after repeated precipitation, sediments as M with a hypersharp peak,
and its change in viscosity on ATP addition is negligible, It readily
combines with A of cross-striated muscle as indicated by the character-
istic risc in viscosity. The optimum combination ratio M: A is 5:1. Such
asynthetic AM (a hybrid of cross-striated and uterine muscle) exhibits
the well known change in viscosity on the addition of ATP. Studies on
such synthetic AM confirm the notion that the drop in viscosity is a
measure of the AM concentration. These studies again suggest close
similaritics between the contractile proteins of different muscles.

Actomyosin
pulinie Al

Myosin

e
Actomyosin | Myogen
—

®Myoa1bumin
-— -~
Fic. 4, Electrophorctic patterns of uterine muscle proteins (after Blasius and
Schuck, 1955), Number 1, uterus of ¢ rabbit; 2, the same after estrogen

treatment. Note the increase of the AM peak after estrogen treatment,

It has long been demonstrated that the contractile proteins of the
uterus are controlled by endocrine regulation. The removal of the
ovaries results in a drastic decrease in the AM concentration of the
uterus, whereas estrogen substitution therapy restores the status quo
(Csapo, 1948, 1949, 1950). Under certain physiological conditions, for
example, during pregnancy, the AM concentration of the uterus in-
Creases in order to meet the functional requirements imposed upon it
by parturition. The uterus is not unique, however, in responding to
h°}'ln0ne action, as indicated by the changes in AM concentration of
chick cross-striated muscle during the hatching period and afterwards
during sexual maturation (Csapo and Hermann, 1951). Endocrine
regulation of the contractile proteins of cross-striated muscle in the
adult animal is not yet obvious, probably because of its complexity.
But studies along these lines may well reveal fundamental correlations
between regulation and disease. The experiments (Csapo, 1950) dem-
onstrating the influence of estrogen on the contractile proteins of the
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uterus have been successfully repeated and extended by Blasius and
Schuck (1955) and by Cretius (1957).
The information obtained through thesc experiments allowed us to
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Fig. 5. Actomyosin of the human uterus 1n different endocrine conditions (after
Cretius, 1957). Note the decrease in AM after withdrawal of estrogen and its
nerease on estrogen adminustration, and also the further increase in AM during
pregnancy and its decrease after parturition,

alter the AM concentration of the uterus at will and to study the ques-
tion of whether the working capacity of the muscle is determined by its
AM concentration. Experiments (Csapo and Corner, 1953) showed
that maximum isometric tension falls with decreasing AM concen-
tration and rises when the latter is increased, leaving tension/[AM]
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constant. With synthetic AM formed by varying the A concentration
in vitro, Hayashi ¢t al. {1956) arrived at the same conclusion. Tension
in living muscle, of coursc, docs not depend upon the [AM] only.
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uterus have been successfully repeated and extended by Blasius and
Schuck (1955) and by Cretius (1957).
The information obtained through these experiments allowed us to
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Fic. 5. Actomyosin of the human uterus in different endocrine conditions (after
Cretius, 1957). Note the decrease in AM after withdrawal of estrogen and its
increase on estrogen admunistration, and also the further increase mn AM during
and its d after par

preg! Y

alter the AM concentration of the uterus at will and to study the ques-
tion of whether the working capacity of the muscle is determined by its
AM concentration. Experiments (Csapo and Corner, 1953) showed
that maximum isometric tension falls with decreasing AM concen-
tration and rises when the latter is increased, leaving tension/[AM]
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the speed of shortening, so that the difference in the kinetics of short-
cning disappears, is only a puzzle as yet. Tonomura and Sasaki (1957)
noted the interesting fact that the AM of csophagus smooth muscle has
a “functional unit weight” of 10 x 10 g., whercas that of the psoas
muscle 1,85 x 107 g. Functional unit weight is the weight of the
protein which combines with [ molecule of ATP.

The presence of the high energy phosphate (~ph) compounds ATP
and creatine phosphate (CP) in the uterus was already known to
Lohmann (1934). The nonpregnant estrogen-dominated rabbit uterus
contains 1.9-2.4 pM ATP per gram and 0.74-1.26 uM CP per gram of
tissue (Csapo and Gergely, 1950; Menkes and Csapo, 1952). Cretius
(1958) reportssimilar data for the human uterus and Born (19561 for the
tenia coli of the guinea pig. From these observations, it appears that the
~ph concentration of smooth muscle (2.6-3.6 pM per gram) is about
5-7 times less than that of cross-striated muscle (17.5-25 uM per gram).
This difference may have considerable functional significance. It is
known that excitability depends on the membrane potential “excess”
over a critical value (Jenerick and Gerard, 1953). It is also known that
the excess potential depends on the [CP), as shown by Ling (1952). In
smooth muscles one would expect (from the low [GP]) a lower mem-
brane potential, and a tendency toward activity and contracture. In
fact, these are characteristic propertics of a variety of smooth muscles,
as will be pointed out later. The low ~ph concentration in the uterus,
as compared with cross-striated muscle, coincides with a proportionally
lower [AM], resulting in similar ratios of AM: ~ph in both types of
muscle. The similarity in AM: ~ph ratios again suggest that these
compounds are parts of the same functional system, serving the same
purpose in contractility.

The notion that ATP is the immediate source of energy originates
from the work of Lundsgaard (1930, 1934) and Lohmann (1934). The
former d?monstratcd that frog muscle relying entirely on its stored
~ph (p(?lsoned by IAA + N,) can perform only a limited number of
contractions and that contractions cease when the ~ph (ATP + CP)
are exhausted. The Lohmann reaction (ADP + CP = ATP + C), on

the other hand, indicates that CP will disappear before stored ATP is
hydrolyzed.

Lundsgaard’s experiments have been successfi 5
ull
uterus (Csapo and Gergely, 1950; Gsapo, y repeated with the

¢ 1955). A recent reconsider-
ation of Lundsgaard’s original experiment, however, brought out some
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Factors influencing excitability and energetics may completely suspend
muscle function without altering the [AM] at all. These possibilities
are utilized in the regulation of muscle function as will be mentioned
later.

Needham and Cawkwell (1957), using non-collagenous nitrogen as
a measure of contractile proteins in different fractions of rat uterus,
could confirm the changes in [AM] only after ovaricctomy and sub-
sequent estrogen treatment but not during pregnancy. This technique
may be less specific for AM than the “ATP-scnsitivity” technique. Let
us suppose that both the nonpregnant and pregnant uterus contains
10 mg. M per gram of tissuc but that the nonpregnant has 1 mg. A per
gram and the pregnant has 2 mg. A per gram of uterus. The sum
M -+ A will be 11 mg. per gram and 12 mg. per gram tissuc, respec-
tively, an insignificant difference indeed. However, the [AM] in the
nonpregnant uterus (taking 5:1 ratio of M: A) will be 6 mg., whereas
in the pregnant uterus [AM] will be 12 mg.—a 100%, increase. Vis-
cometry suggests that it is the [A] which increases significantly during
pregnancy.

It may be concluded from these observations that the contractile
proteins M and A are similar in different muscles although their re-
spective concentrations arc different, Also variable are their ratios to
other muscle proteins, which perhaps provide a framework only, or
may actually participate, in some yet unknown way, in the contraction
cycle. Similarities in the contractile proteins of different muscles are
encouraging. They suggest that a varicty of muscles obey certain funda-
mental principles in function. If so, we have to understand these prin-
ciples first to appreciate modifications, in the complexity of muscle
function, which have developed during the process of evolution in order
to meet special functional requirements.

V. ENERGETICS

The above considerations prompt us to look for similarities in ener-
getics in cross-striated and smooth muscle. Studies with uterine AM-
threads (Csapo, 1948, 1949, 1950) showed that the thread contraction
phenomenon occurs with uterine muscle proteins, as well as with those
of cross-striated muscle. The fact that shortening is considerably slower
with uterine AM than with threads prepared from cross-striated muscle
may be significant. The observation that a water soluble protein (“X-
factor”) of cross-striated muscle added to uterine AM-threads increases
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cles develop a sct of tetani, of somewhat l‘CdllCCfl amplitude, \vhc.n
stimulated in a strong clectric field, Contractility is lost when ATP is
exhausted. These and other experiments to be referred lo.]fucr, cmpha-
size the significance of the distinction between excitability an‘d con-
tractility. They illustrate that muscles which cease to be “cxcxf?blc‘
may remain contractile and that the qucstion‘of “rpcxnbranc and
“myoplasmic” excitability must be thoroughly investigated.

Frog sartorius 20°C. Duration 2 sec.
Frequency 10 sec.

il -

intact 1AA+Ng
Ringer Ringer
lv/cm.ac. i2v./cm. ac.

Fi6. 8. The “second phase” of tension development in the IAA- and N,-blocked
sartorus in a strong electric field (Csapo, 1957). Note that the muscle only becomes
“inexcitable” with the usual tetanic stimulus (1 v. per centimeter) but remains
contractile for ashortperiod if stimulated inastrong (12 v, per centimeter) electric field.

Munch-Petersen (1953) and Lange (1955) claimed to have obtained
direct evidence that contracting muscle contains less ATP than its
“resting” control, implying that the bond energy of ATP is utilized
during contraction, Fleckenstein and his colleagues (1954) and Mom-
maerts (1954), on the other hand, claimed that a single muscle twitch
can occur without ATP breakdown and proposed that ATP is not the
immediate source of energy in muscle contraction. Needham (1956)
has appropriately dealt with this question in a recent article. A few
additional remarks will suffice here (see also Volume II, Chapter II).

In the majority of experiments, the muscle is frozen in order to
preserve it for chemical analysis. This quick freezing complicates the
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significant points (Csapo and Gergely, unpublished). First it was found
that repeatedly tetanized frog or uterine muscles, blocked by TAA 4 N,
have exhausted only their CP when they cease to contract, while their
[ATP] was slightly changed. If ATP provides the contractile encrgy,

Fie. 7. Maximum tenston as a function of the ~ ph content of the rabbit uterus
(Csapo, 1955) Four identical segments from the same rabbit uterus, in natural estrus,
are tetanized once every minute, From top to bottom: 1, Krebs solution, 953, O, +
59, CO,; 2, 110,000 M IA\ 1s apphed, 3, O, off, N on; 4, IAA + N,. Note that
tension declines more rapidly as the resynthesis of ~ ph 1s increasingly blocked.

why should the muscle cease to contract with a practically unchanged
store of ATP? Further experiments showed that muscles under these
conditions become only “mnexcitable,” but indeed remain contractile.
They will not respond to a conventional tetanic stimulus, probably
because with the loss of CP the membrane mechanism for propagated
activity 1s eliminated. In spite of their loss of CP, however, these mus-
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tension, after quick relcases to zero tension, at different times during
2 5-scc. tetanic stimulus. He found that the increase in rate may be as
much as tenfold, indicating that activation is a gradual process, taking
several scconds for completion, Other muscles {retractor penis and re-
tractor capitis collique of the turtle) occupy a position between the
rabbit utcrus and the frog sartorius, which shows an increase in rate
as small as 10%. This difference between cross-striated and smooth
muscles in the kinctics of the development of the active state is charac-
teristic and significant in the interpretation of the “active state”.

It is stated (Wilkic, 1956) that the physical state in muscle is the
same during the carly part of a twitch and in a tetanus, activity being
maximal in both cases. A single stimulating pulse sets off the “active
state” fully without maintaining it. Thus the active state declines be-
fore maximum tension is reached. The result is a twitch. If a scrics of
pulses are placed close enough to one another (30 per second for the
frog sartorius at 0°C.), the active state is maintained and individual
twitches fuse into a smooth tetanus. Both twitches and tetani can be
obtained in the uterus, as well as all the intermediate valucs of tension
due to the “summation” effect. It is doubtful that activation is maximal
in all muscles during a twitch, if the conclusion is correct that in a
variety of muscles activation is a function of tension as well as of time.

The presence of a “series elastic component’” in muscle is indeed very

s.trongly implied by a variety of experiments (Wilkie, 1956), although
its structural whereabouts and chemical nature are unknown. From a
theoretical viewpoint, this component is of great significance, since the
mechanical properties of muscle, as currently visualized, depend on it,
It is supposed to provide a “buffering’ action in muscle against the
consequences of rapid changes in physical state. It is possible, however,
that this elastic component is not a structural entity but is part of the
contractile machinery left in the elastic (“resting’”) state when other
portions are already activated. If the contractile system is not activated
at the same instant along the whole length of the fiber, the elastic, not
yet ac:uvated, portion can indeed fulfill the buffering function. A com-
parative st}xdy of cross-striated and smooth muscle, with respect to the
series C‘Iastlc component, may explore this question.

The ‘leng'th-.tension”and"Ioad~shortcningvelocity”rclationsoccupy
i;;g;igg‘c‘{;;;the?t“d}’hﬂf muscle physiology, and have yielded sig-
velocity relagion %Sl;l,nce 1] eir first c?lseovery. Ffom the load-shortening

, Hill's classic equation was derived: (P + a) (¥ + ) —
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interpretations of the obtained data, even if one assumes that the
methods of analysis of ~ph are accurate enough for the demonstration
of a fraction of micromolar change in ~ph content during a single
muscle twitch and also that the control and experimental samiples are
identical before the experiment. Quick cooling, preceding freezing, is
known to activate muscles and recent experiments (Csapo, unpub-
lished) indicate that muscle, whether electrically or pharmacologically
stimulated or “resting”, may be cqually and fully activated when
frozen. The lack of action potentials is no evidence against myoplasmic
activity since both normally pelarized and depolarized muscles are
cqually affected by quick freezing, Nor is the lack of mechanical re-
sponsc a proof of rest, because activation occurs several milliseconds
carlier than the mechanical response; if freczing quickly follows cooling,
the two subscquent processes, activation and mechanical response may
be interrupted. One must insist, therefore, that a state of rest be proved
rather than taken for granted. A great number of methods are known
by which muscle can be effectively activated. The significance and also
the necessity of Iearning about how to keep muscles at rest is now being
realized. In our experiments, it was possible to suspend the effect of
quick freezing only by pretreating the muscle with Na Versene,

These considerations about encrgetics suggest, as did those concern-
ing structure and contractile proteins, that the molecular structure of
the contractile machinery and the principles of its function may be
similar in varicty of muscle tissues. We may justly expect similarities
among them in mechanical properties.

VI. MECHANICAL PROPERTIES

Resting muscle is plastic and freely extensible. During excitation it
passes nto a new physical state; it becomes hard, develops tension, lifts
load, and resists stretching. This is the “active state”, first described by
Gasser and Hill (1924), and characteristic of all muscles. But while in
the frog sartorius (at 0°C.) the “active state’® manifests itself 3 msec.
after the beginmng of stimulation and full activity is reached after
about 20 msec.; in uterine muscle, activation proceeds very slowly
(even at 37°C.), reaching maximum about 4 sec. after stimulation
{Csapo and Goodall, 1354). Since the mechanical latency period in the
uterus 1s about 200 msec., it was concluded from these observations that
activation in this muscle is a function of tension as well as of time.
Goodall (1955) studied in the uterus the rate of the redevelopment of
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VIl SOME TECHNICAL CONSIDERATIONS

1t is not altogether clear to many students of smo?tll muscle th:}t
it is significant whether the mechanical response of intact muscle s
studied isotonically or isometrically. In the former case, the muscle
shortens and lifts load; the work done = load X distance. For each
rauscle, there is only one specific Ioad which when lified yields maxi-
mum work, and this is approximately one-half of the maximum load
which the muscle can sustain but not lift. This maximum load is equal

1 2 i
15 Wﬁﬂﬁ}"
-1%0
o
z =
Z 10 4 1SOTONIG o
et SHORTENING 202
224
o g ISOMETRIC ] E
3 TENSION .
. [~
g S Jio
€
] 1 i P D | | S -} 1
10 15 2025 30 35402 4 6 B8 10 12 14 16 18 20
°C. VOLTS

Fre. 10, Isametric tension and isotonic shortening of the same uterine segment as
a function of temperature and the strength of electrical stimulus (Csapo, 1954a).
Hatched areas indicate vanation of mndividual samples. Note that shortening of the
unloaded uterus is practically masimal when tension is reduced to about 5%5.

to the isometric force which develops in a tetanus without external
shortening.

In a series of experiments (Csapo 1954a), isotonic shortening was
compared with isometric tension of the same muscle, by varying the
strength of stimulation and temperature. When tension was recorded,
increasing field strength and temperature resulted in a gradual in-
crement of tension. An unloaded muscle shortens maximally at the
threshold stimulus and temperature (about 10°C.). This means that if
there is no resistance against which the muscle is to work, shortening
is maximal even though only a fraction of the contractile system is
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(P, + a) b (Wilkie, 1956). Considering the similarities between cross-
striated and smooth muscle previously pointed out, it is not surprising
that the uterus obeys both relations very accurately (Csapo and Good-
all, 1954). This similarity in behavior between the two types of muscle
is indeed important because it suggests that whatever is the underlying
mechanism of contraction, it is the same in a variety of muscles.
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Fi16.9 Thelength-tension, load-shortening velocity, and strength-duration relations
of the frog sartonus and the rablbst uterus (after Fill, 1953 ; Rushton, 1930; Csapoand
Goodall, 1954). The first picture in each row is an original record {rom an experi-
ment with the uterus; the second 1s a plot from the first record to be compared with
the third 1n each row, llustraung the same experiment with the frog sartorius. Note
the general ssmulanties between the frog sartorius and the rabbit uterus, n each
of the three relations.
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is an cxpensive and time-consuming affair since c]abor:‘;tc synthc_tic
processes are involved which may only be justificd in special cascs .hkc
those of pregnancy and parturition, It is certainly simpler to shift ions
around so as to alter the threshold, conduetivity, and probably the
coupling process. Thesc considerations are mentioned to point out the
possibility that the excitation process may be a bottleneck in the
physiological function and regulation of different muscles.

Excitable tissues are all alike in that the intracellular [K] and [Na]
are reversed with respect to their surrounding medium and that the
inside of the cell is electrically negative with respect to the outside,
giving rise to a potential difference across the excitable membrane
{Hodgkin, 1951).

The “threshold’” relation informs us (Jernerick and Gerard, 1953)
that effective excitation in intact muscle occurs when the membrane
potential (36 mv. in the frog sartorius) is suddenly decreased to a
“critical” value (52-56 mv. in the frog sartorius). The difference be-
tween membrane “resting’ and “critical” potential is called “excess™
or “safety” potential. The stimulus needed for effective excitation de-
pends on the magnitude of the excess potential being zero when the
muscle is depolarized to the critica] level.

It is implied in the threshold relation that the contractile system in
muscle is so balanced that change-over from rest to activity occurs
automatically unless an excess or safety potential prevents the trans-
formation. From this relation, one also would expect that muscles kept
below the critical potential would stay in contracture. The first muscle,
however, which disappoints the observer in these expectations is the
frog sartorius, the very one on which the threshold relation was first
established. If the frog sartorius is depolarized to the critical potential,
recording of isometric tension reveals no appreciable spontaneous ac-
tivity. If the sartorius is suddenly and excessively depolarized, contrac-
ture does occur but it is only transient and subsides in a few seconds.
Why the frog sartorius does not develop effective spontaneous activity
at the C{itical potential and why contracture is so short-lived when the
n'mscle is d'.spolarized below the critical potential are puzzling ques-
tions. This situation is more puzzling because it has been shown (Csapo,

)956)_ that gh? 'smooth muscle of the uterus obeys the threshold relation
f}xlly in cx}nbl.ung maximum spontaneous activity at the critical poten-
tial and sustained contracture below it (Fig. 11).

A possible explanation of this difference in behavior between cross-
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activated (about 5%). Isotonic recording with little or no load, as
commonly and uncritically used, is therefore misleading, and is only
justified in a few special cases. Since most pharmacological studies on
smooth muscle have been carried out with unloaded or slightly loaded
Ievers, their results are often meaningless.

Isometric recording is not the only necessary experimental practice.
In a quantitative study of muscle function, special attention should
also be paid to the following factors in esperiments with mammalian
smooth muscles: the use of mammalian Krebs solution, oxygenation
with 959, O, -+ 59, CO,, control of pH and temperature, and quick
transfer of the tissuc from the living animal to the perfusion Krebs
solution. Smooth muscle can be stored, but only under carefully con-
trolled conditions, so as to maintain the normal jonic gradients.

Itis often necessary to record the work done or the tension developed
by smooth muscles in the living animal. Studies of this type (Schofield,
1954; Bengtsson, 1957) on the rabbit uterus have been carried to a
considerable state of perfection. If the anesthesia and the body temper-
ature of the animal and of the recording chamber are well controlled, no
difference can be detected betw cen the performance of theeacised and the
1 sifu uterus. These experiments have confirmed phenomenologically the
characteristic effects of estrogen and progesterone on the myometrium,
described previously on the excised uterus (Csapo, 1953, 1956).

Viil. EXCITABILITY

The importance of studying the eacitability of smooth muscles is now
fully realized. These studies allow us to progcse certain generalizations
akbout excitability, to specify some unique features of excitation in
smooth muscle contrasted to that of cross-striated muscle, to investigate
the mechanism of regulation in terms of hormone and drug effects on
excitability, and even to make uscful suggestions to the practically
minded who are concerned with disease and treatment. Excitation is
the first in a series of processes which if effective can yield muscular
work. The others are the coupling process and the mechanical response.
If the first process fails, the others will not take place although poten-
tially they may be set to occur. It is enough then to suspend excitation
in order to ehmmate muscle function and there is evidence to suspect
that nature takes advantage of this possibility when needed. As pointed
out previously, the working capacity of the uterus depends upon the
action of estrogen building up the final contractile system, but this
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striated and uterine muscle is offered by some of our recent experi-
ments. Turtle muscle behaves as ifa critical fraction of its Ca would be
lost as a function of the extent of sustained depolarization, clicited by
excess potassiun. That it is the cscape of calcium which results in inexci-
tability at a [K], of for example, 24~28 mM per liter is indicated by the
observation that the muscle response to electrical stimulation returns
under these conditions as a function of the [Ca)],. The uterus unlike
frog and turtle cross-striated muscles retains its maximum response to &
strong longitudinal field, even when completely depolarized by excess
potassium,

It appears that depolarized cross-striated muscle becomes extremely
sensitive to Ca-deficiency which causes it to become “uncoupled.”
Treatment with excess calcium “recouples” the activation chain and
the muscle responsc to electrical stimulation returns,

The membrane potential of the frog sartorius is not only high (96
mv), but is also stable. In smooth muscles, on the contrary, it is not
only low but its scatter is very great. In the pregnant uterus Woodbury
and McIntyre (1954) reported a scatter as large as 22 to 66 mv., and
in the taenia coli Bulbring (1954) recorded values between 22 to 78
mv. This scatter may be due in part to damage of the small cell (5 to
10y diameter) during impalement as suggested by Biilbring. But it may
also be an expression (Csapo, 1956) of a continuous rhythmic mem-
brane activity.

Our experiments (Goto and Csapo, 1958) showed that the uterus,
not acted upon effectively by the ovarian steroids, has a low membrane
potential of about 30 mv. A few days of estrogen treatment results in
a rise in potential to a value of about 45 mv. Such a muscle has good
excitability, conduction, and pharmacological reactivity. Progesterone
treatment (in addition to estrogen) leads to a further increment in
membrane potential up to 55 to 60 mv., a loss of conduction and
pharmacological reactivity.

It' is of interest that the uterus dominated by progesterone binds
calcium more effectively than that dominated by estrogen (Coutinho
and (?sapo, 1958). This difference in Ca-binding could explain the
functfo_nal propertics of the uterus under these contrasting endocrine
conditions. The elegant ex.pen'ment of Bulbring ¢/ /. ( 1956) should
also be recalled demonstrating that the membrane potential of the Ca-

deficient frog muscle becomes labile, and its value scatters like that of
smooth muscle,
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Fic. 11 The threshold relation and the effect of depolarization on the spontaneous
mechanical activity of the rabbit uterus (Csapo, 1956}, The upper graph 1llustrates
that the strength of stimulation required to ehat a threshold response decreases as

mM per liter The lower graph 1llustrates that the frequency and magnitude of the
rythmic 1sometric contractions ncrease with gradual depolarization, eheited by
mcreasmg the [K], Note that hyperpolarization {{K], = 1 mM per hter abohshes
spontancous activity, that tension 1s maximal at [K], = 30 mM per hter) and that
sustained contracture develops if the muscle 15 depolarized below the “critical
potential,” 1¢ at [K], > 30 mM per hter
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striated and uterine muscle is offercd by some of our recent experi-
ments. Turtle muscle behaves as if'a critical fraction of its Ca would be
lost as a function of the extent of sustained depolarization, elicited by
excess potassium. That it is the escape of caleium which results in inexci-
tability at a [K], of for example, 2428 mM per liter is indicated by the
obscrvation that the muscle response to clectrical stimulation returns
under these conditions as a function of the [Ca],. The uterus unlike
frog and turtle cross-striated muscles retains its maximum response toa
strong longitudinat field, cven when completely depolarized by excess
potassium.

It appears that depolarized cross-striated muscle becomes extremely
sensitive to Ca-deficiency which causes it to become “uncoupled.”
Treatment with excess calcium “recouples™ the activation chain and
the muscle response to clectrical stimulation returns.,

The membrane potential of the frog sartorius is not only high (96
mvy), but is also stable. In smooth muscles, on the contrary, it is not
only low but its scatter is very great. In the pregnant uterus Woodbury
and Meclntyre (195+4) reported a scatter as large as 22 to 66 mv., and
in the tacnia coli Bulbring (1954) recorded values between 22 to 78
mv. This scatter may be due in part to damage of the small cell (5 to
10y diamcter) during impalement as suggested by Bulbring. But it may
also be an expression (Csapo, 1956) of a continuous rhythmic mem-
brane activity.

Our experiments (Goto and Csapo, 1958) showed that the uterus,
not acted upon effectively by the ovarian steroids, has a low membrane
pot'ent'ial of about 30 mv. A few days of estrogen treatment results in
a rise in potential to a value of about 45 mv. Such a muscle has good
excitability, conduction, and pharmacological reactivity. Progesterone
treatment (in addition to estrogen) leads to a further increment in
membrane potential up to 55 to 60 mv., a loss of conduction and
pharmacological reactivity.
callctifmofnz‘:r:fsrt l!mtl the uterus domi.natcd by progesterone b.inds
and Csapo 1958?:!{;}6{), til}an that c!ommatr?d l?y estrogen (Cm.mnho
fanctiont ;)ro eni ;shlﬁerencc in Ca-binding coulfi explain Ehe
conditions, T}ﬁ: CI:S ol tt (?. ut?rus under thes.c contrasting endocrine
a0 be recalled dcmiz:;ﬂex}:enment of Bulbring ez al. (}956) should

ating that the membrane potential of the Ca-

defici
cient frog muscle becomes labile, and its value scatters like that of
smooth muscie.
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It appears that the physical state of muscle calcium is influenced by
regulation. We observed (Coutinho and Csapo, 1958) that the Ca-
deficient uterus, whose tetanus is barcly measureable, develops maxi-
mum tension if treated by oxytocin. This suggests that oxytocin might
act as “Ca-carrier” (Figs. 12 and 13).

A puzzling question is how spontaneous activity originates in smooth

Fic. 12, Delayed relaxation and “repetitive firing” of the Ca-deficient frog toe
muscle {Kernan and Csapo, 1957). The upper record shows a train of action poten-
tials 1 normal muscle giving rise to a l-sec. tetanus. Note that electrical and
mechanical actuvity suddenly ceases with the last normal action potential ehaited
by electrical stimulation The lower record shows the same muscle 10 minutes after
treatment with Ca-deficient Ringer Note that after the last normal action poten-
tial “repetitive finng” continues Ily without stimulation, and that tension
15 maintained

muscles. The correlation between membrane and mechanical activity
is well established by Bulbring (1956). As for rhythmic membrane
activity all we know 15 that such activity is greatly dependent on
temperature and O,, and that muscles possessing such activity have a
low [CP], which has been correlated with low values of excess potential
(Ling, 1952) and with membrane labihty. A possible working hypo-
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thesis which explains these observations is that spontancous activity
involves a cyclic release and readsorption of calcium. Agents that influ-
ence the forces by which calcium is held in muscle or interfere with
its readsorption influence spontancous activity. The relationship men-
tioned previously between depolarization, calcium release, and excita-
bility is of special importance here.

30—

q.

TENSION ,
~n
(=]
T

PARTURIENT
UTERUS

1 L
015 030 045 060
[cal, ,mm/ L

Fia. 13, The effect of temperature, [Cal,, and oxytocin on the tension developed
by the (}a-dcﬁcxent uterus (Coutinho and Csapo, 1958). Note that tenston of the
Ca-deficient muscle (after repeated washing in Ca-free Krebs), at 25° C and at a
[Ca], = 0.30 mM per liter, 1s just measurable. It increases, however, to maximal
at an oxytocin concentration of 0.03 mU per mulliliter. The correlation between

tension and temperature, [Cal,, and oxytocin provides an accurate method for the

quantitative of oxyt

Other evidence of membrane lability is the demonstration (Kernan
and Csapo, 1957) that the frog toe muscle in Ca-deficient Ringer in-
creases its time of relaxation fivefold, a retarded “deactivation” of the
contractile system which coincides with “repetitive firing” of the mem-
brane aft.cr‘ the cessation of stimulation. Prolonged relaxation is a
characteristic property of intact uterine muscle, and the fact that the
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frog sartorius can assume similar propertics when slightly Ca-deficient
indicates that some of the striking and pronounced differences between
one muscle and another may find their cxplanation in the concen-
tration and physical state of muscle (membranc) calcium.

The most striking property of the excitable membrane is its built-in
mechanism for the generation and conduction of propagated activity,
in the form of an “action potential.” It was already known to Bozler
(1938) that the uterus propagates membrane activity. It is comforting
to learn from the recent obscrvations of Woodbury and McIntyre
{1956), using the microclectrode, that action potentials with overshot
can be recorded from uterine muscle cells. The significance of the
microclectrode recording is the demonstration that a mechanism oper-
ates in uterine muscle during membrane activity similar to that of other
ceacitable tissues,

IX. PHARMACOLOGICAL STIMULATION

From these experiments and from carlier ones on isolated AM it was
anticipated that pharmacological stimulation involves intact membrane
function. In a series of experiments, Csapo (1947, unpublished) found
that estrogen, progesterone, oxytocin, acetylcholine, histamine, and
adrenalin do not affect the characteristic viscosity change and thread
contraction of iselated AM, initiated by ATP. In another sct of experi-
ments, (Csapo, 1954b, 1957) thc question whether depolarization
climinates pharmacological stimulation was studied.

Intact uterinc strips were tetanized and maximum tension recorded.
Then the maximum response to pharmacological agents was observed,
including in the serics: oxytocin, acctylcholine, histamine, and sero-
tonin. In the next step the uterus was completely depolarized by
immersing it 1n a mammalian Krebs solution with excess potassium
(K = 120 mM per hiter—substituted for Na). By this treatment, both
the K and Na gradients were eliminated. When placed in this modified
Krebs solution, the uterus developed maximum contracture tension,
which however gradually subsided, the uterus resuming its original
resting length after some 15 minutes. The uterus in this condition is a
resting muscle, with very httle if any membrane potential. Rest i5
evidenced by the length of the muscle and by the fact that it can be
repeatedly activated in a longitudinal a c. field {Csapo, 1954b) and d.c.
field (Mashima and Csapo, 1957) of sufficient strength, resulting in
maximum tension. The transverse ficld, a.c. or d.c., is relatively in-
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cffective. This demonstration is also proof of the intact state of the
contractile system and shows that activation can be achieved by current
flow in the absence of the membrane potential.

The point of intcrest here is the finding that the uterus in this de-
polarized condition docs not exhibit the characteristic pharmacological
effects, in spite of the fact that its contractile system retains maximum

Rabbit uterus at term
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contractile capacity. A contracture of less than 10% can be elicited by
the administration of these drugs, but a second application is without
effect even if the concentration of the substance is increased 10-100
times. Our conclusion is that “muscle stimulants” do not stimulate the
contractile system at all, but regulate membrane function so as to make
the intrinsic stimulatory system more cffective. Characteristic drug
response requires intact membrane function. Experiments yiclding
different results from the one just described were reported by Evans
and Schild (1957), who state that depolarized smooth muscle responds
to acctylcholine. In these experiments, isotonic recording was em-
ployed. Since this technique docs not deseribe the extent of activation,
no quantitative conclusions can be drawn from these studies.

These observations and the experience that the isolated contractile
system is only sensitive to temperature and charges (Szent-Gyorgyi,
1953) suggest that “regulatory influences” have to be translated at the
membrane into terms of charges if an cffect is expected at the level of
the final contractile system. Charge displacement may be an ancient
method of regulation, discovered at a time when there were no other
means of regulating the primitive function of the first protein, In the
course of evolution, as cells, organs, and whole animals devcloped and
as they became increasingly complex, regulation also had to become
specific and localized. A variety of compounds with adequate specif-
icity had to be created to impose rcgulation upon such a complexity.
Thus perhaps membranes learned how to “translate” while the cyto-
plasms remained faithful to the old regime.

X. EXCITABILITY OF THE POTASSIUM-DEPOLARIZED UTERUS

In his “Facts and Theories About Muscle” Wilkie (1954) points out
that “few of us are strong-minded cnough to follow Bateson’s advice
‘to treasure our cxceptions’.” The following experiments illustrate the
usefulness of this moral. It was reported (Csapo, 1954b) that the smooth
muscle of the rabbit uterus can be completely depolarized by immers-
ing it in a high potasstum (120 mM per liter) and low sodium (35 mM
per liter) Krebs solution, without loss of electrical excitability and
contractility, This condition prevails for more than 60 minutes, during
which time the muscle can be repeatedly tetanized by strong longitudi-
nal current. The electric field applied 1n the transverse direction is
little, if at all, effecive. When the uterus is repolarized in a regular
Krebs solution, all properties of the mtact myometrium return. In this
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candition the potassium and sodium gradicnts across the membrane
are eliminated and there is no appreciablemembrane potential, This ex-
ceptional behavior of the uterus strongly suggested, in spite of contrary
views, that depolarization and activation ar¢ not directly linked to one
another but that an additional step in the activation process isinvolved,
subsequent to depolarization. Thisstep scems to be dissipated by partial
and sustained depolarization in frog muscle but is maintained in the
uterus, completely depolarized. Since longitudinal but not transverse

Turtle, retracter penis. 20° C. Load: 2g.

Ringer L 1v./cm. a.c.

|

20 mM/1K Ringer
L 4v./cm. d.c.
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Ringer L 1v./cm, a.c.

Fic. 15, lustration of a new technique for recording sh ing indi i
along the length of a muscle (Mashima and Csapo, %95;’)".l ":In'}lxxégr::rigg:mt: p'ur?:hm
turtle 1s marked offinto 7 segments along its length with a fluorescent dye (I;{EIZO 5
Z-607). The movement of the illuminated marks is recorded by a constant : 353&
:nz:mnbp}cture camera. The record obtained is shown here. Graphs I and 2 are nopn;al
u:nﬂ‘:‘rm eaolx; ;hlch?‘p\’:;::l:; Z?}? aGflcr rECZO)i;ry, respectively. Note that shortening is
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ino t cg:ng involv €5 thew hl_)lc length, except the extreme anodal end, and th i

g is the greatest in the middle portion, and at the extreme cathod’a] end 2t shorten-
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applied current effectively and fully activates the depolarized resting
uterus, it was thought that internal currents complete the “priming”
effect of depolarization in the activation of the contractile machinery,

X! EXCITATION-CONTRACTION CQUPLING

The coupling process is an old problem of muscle physiology. The
current position has been recently expressed by A. F. Huxley (1956)
stating that the essential thing in activation is the change in the poten-
tial difference across the membranc itsclf, and currents flowing inside
the muscle fibers are incffective.

Our own observations on the other hand suggest (Csapo and Suzuki,
1957; Mashima and Csapo, 1957; Csapo, 1957; Csapo and Suzuhi,
1958; Sakai and Csapo, 1958) that activation is a jeint contribution of
depolarization and current fiow. Unless the participation of ionic cur-
rent in the activation process is definitely ruled out by direct cvidence,
it is justified to consider its cffectiveness (Fig. 15).

Since it is difficult, if at all possiblc, 1o provide experimental con-
ditions whereby the muscle becomes depolarized with the complete
absence of current flow, in recent experiments we have taken the oppo-
site approach. Using the intracellular microeleetrode technique, com-
bined with a method (Mashima and Csapo, 1957) which accurately
records shortening along the length of the muscle, we have shown
(Sakai and Csapo, 1958) that K-depolarized, nonpropagating turtle
muscle can shorten in a longitudinal d.c. field at portions where the
membrane potential remains unchanged or increases slightly during
stimulation (Fig. 16).

When the longitudinal d.c. is abruptly applied the musecle shortens
along its entire length (except at the extreme anodal end). If the cur-
rent is gradually increased, however, the cathodal end hardly shortens,
whereas shortening at other portions is unchanged. Thus the rate of
the membrane potential change is critical for the effect at the cathode
whereas shortening at the middle portion of the muscle is dependent
only on the applied current and independent of the membrane poten-
tial change (Fig. 17).

Measurements of the membrane potential change with microelec-
trodes rule out the possibility that the middle and anodal portions of
the nonpropagating muscle become depolarized in the d.c. field, Short-
ening in these portions then is evidence for the triggering effect of
internal currents. Furthermore if the effect of the longitudinal field
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were mediated by depolarization (due to distortion of the applied
current by irregularitics in the fiber), the transverse d.c. ficld should
be more effective than the longitudinal. In fact just the opposite is truc
as shown by our experiment on the turtle muscle at [K], =20 mM
per liter.

Turtle, reteactor penis, 20°C.

24mM/1.[K), Ringer 6v,/em.,d c,20mM/1. [K], Ringer
mv. » 100
] ]
- _ 3]
g® & 801
g -1 Sole ®
3 & 60-
& o5 g
g g
g -3+ S 40
& Tield steength 5
- 4 V. .
E-a) :pfv/em 2 5
M| LBY L e
55 3le - ks 3
IS
L_‘__,g_é & o
cm. 12345617 The order of segments
along the length of the muscle
4 Fic. 16. Left: The change in membrane potential along the length of the K-
epct "t v e R e RN S
de. . '
mete " - .

at the anodal portion of the muscie (Sakai and Csapé, 1958). T
Right: Shortening of the K-depolarized (nonpropagating) turtle muscle along its
length c!icnted by longitudmal d.c. The [K], = 20 mM per liter; the strength of

\! 6 v. per 1 ; load = 3 g. Note that the middle and anodal half
of the muscle does shorten, Note also that if the stimulating current is slowly (Curve

2) rather than abruptly {(Curve 1) applied, the cathodal effect i
{Mashima and Csapo, 1957). al effoct 3 greatly reduced

We believe that depolarization is an essential first step in the series
of events leading to myoplasmic activity. They are not linked directl
hoxvsver, but are connected by at least one intermediate step in whic};:
calcium is involved. We have succeeded in “uncoupling” the turtle
muscle temporarily at a membrane potential above the “critical” valu
by rendering it Ca-deficient or by recovering it from excess potassi -
treatment at low temperature (see also Csapo and Wilkie, 1951(;) Ext:l;sn
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calcium in both cases shortens the time during which the muscle is
“uncoupled.”

It appears that depolarization “primes” the muscle for activity by
calcjium release, and that this ion may be cffectively carried by current,
thereby contributing to the coupling process. The sensitivity of the
muscle to current seems to depend on the extent of this priming effect

g

[N
<
N

(=]
'

Relative shortening, percent

ably. Right" Frog foe muscle, [K], = 16 mM, Sumulus: longitudinal a c. = 3,6,
12 and 16 v.fem respectively (Mashima and Csapo, 1957).

of depolarization. If, on the other hand, depolarization is maintained,
allowing ample time during which calcium is free to move outward
with the gradient away from the active sites, the sensitivity of the
muscle to current decreases.

Xl). A LINK BETWEEN INTACT MUSCLE AND ITS MODELS.

The experiments just described opened up the possibility of studying
depolarized muscle as a “link” between intact muscle and its “models.”
When Szent-Gyorgyi first claimed that muscular contraction is an
interaction between AM, ATP, and ions, many chjections were raised
in different quarters against his conclusion, on the ground that his
greatly simplified muscle preparations had no resemblance in their
contractile properties to those of intact muscle. How isolated AM or
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glycerol-treated muscle should have behaved, of coursc, nobody knew
since no one has ever scen contracting AM in intact muscle, frec of the
regulating influences of this complex biological system. One suspects
that the regulatory influences of the fiber membrane would mask the
genuine properties of the myoplasm, but if one could reduce this regu-
latory influcnce by temporarily suspending it in the intact muscle, then

Frog sartorius
lv./cm.ac. 12v./cm. 1v./em.

P

intact15°C. 151050 151050 recovery intact 15°C.
Ringer polarized depolarized  Ringer

22 mM/.l.D(] 0

Fm: 18 The temperature dependence of the intact and K-depolarized frog
sartorius (Csapo, 1957). Note that tension 15 more sensitive to temperature in the
K-depolanized than 1n the intact polarized muscle.

one can expect that this simplified muscle and the “models” would
exhibit some similar properties (Fig. 18).

Intact frog muscle, somewhat simplified by K-depolarization, can be
repf:atedly tetanized in a strong electric field. Contrary to the behavior
of intact polarized muscle, which is insensitive to changes in pH and
temperature (Csapo and Wilkie, 1956), the depolarized sartorius is
greatly dependent on pH and temperature (Csapo, 1957). Tunic (per-
sonal communication) finds a Q ,, in the Hayashi model higher than
?.5, and Briggs and Portzehl (1957) reported that tension of the glycer-
inated psoas is abolished if the pH is lowered from 7.2 to 6.2. The
K-depolarized intact sartorius exhibits similar properties, whil.e .it be-

comes again insensitive to temperature and pH i
(Conpo, o3 (Rre. 107 p PH when repolarized
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Frog sartorius 20°C.
Iv/femac. 12v/em. 12v/em.  Iv./em.

U

polarized depolarized  polarized
22 miM/1.[K],
pH 74 6.0 74 6.0 74

Fic. 19, The pH dependence of the intact and K-depolarized frog sartorius
(Csapo, 1957). Note that intact muscle is inscnsitive to changes of the pH of the
perfusing Ringers solution, whereas tension of the K-depolarized muscle is greatly
reduced if the pH is lowered from 7.4 to 6.0.

Xiil, CONCLUDING REMARKS

For those who have never worked with smooth muscle or who used
it only to test pharmacological effects, the term “headache” muscle
may sound appropriate. But to those who appreciate the observations
that from these muscles a contractile system was isolated greatly similar
to that of skcletal musele; that smooth muscle exhibits many of the
classic properties of muscle in excitability and mechanical response
such as length-tension, strength-duration, load-shortening velocity, and
threshold relations; and that it obeys Hill’s equation, this term is no
longer acceptable. Smooth muscle, however, may still remain a head-
ache muscle for those who intend to make gencralizations about struc-
ture and function of muscle on experimental grounds restricted to the
frog sartorius or the rabbit psoas,
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CHAPTER IX

Structure and Function of the Contractile Apparatus

I
IL

I

1v.

<

VI.

ably specialized that unique mechanisms have been
how they work.

in the Muscles of Invertebrate Animals
Jean Hanson aAnp J. Lowy

Introduction . P
Survey of the e\mma] hmgdom Ce e e e e
A. Introduction .

B. Provisional Classification ol‘ Musclm on the B:ms of [‘xbcr Struclurc

C. Distribution of the Main Types of Muscle Fibers . . . .
D. Sunvey of the Better Known Phyla . . . .
Structure P

A, Structures oth:r than thc Conlracnlc t\pparalus
B. Contractile Apparatus .
C. Helical Organization in Musclc Flbcxs. .
Biochemistry . PN L e e e
A, Structural Prmcms e e e e e e e
B. Energy Sources
Physiology
A, Introduction .
B. Mechanical Propcr(les of Rcstmg Muscle
C. Features of Active Muscle .
D. The Prolonged Maintenance of Tensmn in Molluscan Smooth Musclc
E. Myogenic Rhythmic Contraction in Insect Flight Muscle.
Conclusions
A. Features of the Con!racnle Apparatus Wthh are Pmbably Common
to all Types of Muscle .

. Examples of Specializations in Invcrtebrate Muscles .
. The Significance of Helically Arranged Smooth Myoﬁbn]s
. The Meaning of Striation

Appendix .

References

pos

I. INTRODUCTION

265
266
266
266
67
273
279
279
281
288
289
289
297

299
301
305
319
321
324

324
326
327
327
328
330

Contractility is a universal property of living cells. Only by com-
paring different contractile systems in considerable detail will it be
possible to decide what molecular mechanisms are common to all of
them. Here we are concerned with the muscles of invertebrate animals,
which are very important from this point of view. In invertebrates
every type of muscle is repreSented and some of them are so remark-’

proposed to explain

It should not be forgotten that the way a muscle functions in a living
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animal depends not only on the propertics of its contractile elements
but also on how they are brought into action. Other important con-
trolling factors include passive muscle clements such as connective
tissues. Herc attention will be concentrated on the intrinsic properties
of the contractile material, its construction, its mechanical perform-
ance, and its constituent proteins. But as far as possible, these features
will be related to the function which the particular muscle carries out
in life.

Il. SURVEY OF THE ANIMAL KINGDOM

A. INTRODUCTION

A brief survey of the distribution of the different types of muscle
fibers in the animal kingdom, and of the purposes for which they are
used, willserve to bring out any obvious relationships between structure
and function, and will also prepare the way for the more detailed dis-
cussions of physiology, structure, and biochemistry which follow. Few
comprehensive reviews of this kind have ever been attempted (Prenant,
1912; Hoyle, 1957), and it is difficult to collect the information which
is needed, for much of it is contained in papers dealing with other
aspects of zoology. The references given here do not aim to be com-
plete; they have been critically selected, rejecting many unsupported
statements, and they direct attention to key papers, to the recent post-
war literature, and sometimes to interesting early observations.

B. PrROVISIONAL CLASSIFICATION OF MUSCLES ON THE Basis
oF FIBER STRUCTURE

A classification of muscles on the basis of the structure of their fibers
is at present hound to be unsatisfactory, for recent results obtained by
electron microscopy have shown the limitations the light microscope
imposes on the recognition of significant structural detail, and as yet
very little is known about the submicroscopic morphology of smooth
muscles. The provisional scheme adopted here recognizes four classes,
one comprising the striated muscles, and the other three containing
different kinds of unstriated (smooth) muscles.

1. Striated Muscles
The contractile elements (Figs. 5, 6, and 19) are axially differentiated
into an alternating sequence of optically dense, birefringent A bands,
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and less dense, less birefringent 1 bands, The banding is caused by the
way in which submicroscopic protein filaments of two-kinds arc ar-
ranged in the structure (sce Volume 1, Chapter VII). The clectron
microscope has not yet discovered any muscle with an axial periodicity
of this kind that cannot be resolved by light microscopy.

2. Helical Smooth Muscles

These are muscles with myofibrils (i.c. bundles of filaments) which
follow a helical course in the fiber (Figs. 1, 2, and 3). Such fibers show
“double-oblique striation” in the light microscope, i.c. a diamond lat-
tice appearance due to the visibility of both aspects of the helix when
the microscope is appropriately focused. Not all muscles with “double-
oblique striation” actually possess helical fibrils; some show the dia-
mond pattern only when they are excessively contracted, and in these
cases the lines of the lattice probably represent contraction bands
(Fig. 9).

3. Paramyosin Smooth Muscles

These are smooth muscles (Figs. 10 and 13-17) whose fibers contain
longitudinal filaments of large size (sometimes more than 0.1 p in
diameter) and complex structure, which appear to be composed of
ribbon-shaped “paramyosin” elements. The latter have a character-
istic structure which is visible in the electron microscope and readily
detected in low-angle X-ray diffraction patterns. The name “para-
myosin” refers to this structure, which is very probably due to the
protein tropomyosin.

4. Classic Smooth Muscles

These are muscles which are smooth but are neither of the “helical®
nor of the “paramyosin” type (Fig. 12). This category no doubt con-
tains muscles of several different kinds, and some which are at present
included in it may belong to the paramyosin smooth muscle category
but have not yet been adequately studied.

C. DistriBution oF THE MaiN Tyres or MuscLe Fisers
1. Striated Muscles
Stréated ml{SCleS are present in neatly all kinds of animals, even in
the diploblastic coelenterates (Krasiniska, 1914) and in phyl;; like the
Mollusca and Annelida where most muscles are smooth, frequently of
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the helical type, In the Chordata and Arthropoda, the somatic and
cardiac muscles are striated, almost without exception, and among
arthropods the muscles of the alimentary canal also are usually striated.
Other animals with striated muscles are arrow~worms (Sagitfa, etc.)
(Burficld, 1927; H. and L.!) which swim with rapid darting movements;
certain rotifers (Brakenhoff, 1937) and gastrotrichs (Remane, 1933);
Kinothyncha {Zclinka, 1928); and Euplocamis which, unlike other
ctenophores, has striated muscles in its tentacles (Biedermann, 1895).
Striated muscles are also found in the Bryozoa, examples being the
retractors of some cyclostomatous forms (Borg, 1926), which are used
for pulling the animal back into its “house,” the adductors of avicularia
(Délage and Hérouard, 1897), and certain muscles in the frec-swim-
ming Cvphonautes larvae (Kupelweiser, 1906). Some of the pedicellariae
and spines in echinoids also have striated muscles (Hamann, 1887;
Kiernick, 1905). It is interesting to find that the adductors of certain
pedicellariae consist of two parts, onc striated, one smoath (Kiernick).
The body wall muscles of Priapulus (Apel, 1885) and one of the ad-
ductor muscles of the brachiopod Afagellania (Délage and Hérovard,
1897} are striated. Among the urochordates, muscles which are used
for swimming are striated, for instance in salps, Doliolum, appendicu-
farians, and tadpole Jarvae (Kukenthal and Krumbach, 1933).

2. Helical Smooth Muscles

Locomotory muscles in annelids and cephalopods have smooth fibers
with helically arranged myofibrils. Such fibers also occur in many other
molluses and in other phyla. They are probably much more wide-
spread than is known at present, for they are not always easy to rec-
ognize, Examples include some of the intervertebral muscles of ophi-
uroids (Schwalbe, 1869; Hamann, 1889) and crinoids (Reichensperger,
1912) and certain muscles in the first asexual generation of Doliolum

f The abbrevation H. and L, throughout this chapter refers to unpublished
observations by Hanson and Lowy.

Prate I, “Helcal smooth muscles.” Phase contrast photonucrogra
wsolated fibers. The obhque lines are helically arrangeg smooth xngyofli)ll:il(s7.f whote
Fic. 1. Squd (cephalopod mollusc) mantle muscle. Fixed m formaldehyde at
approximately maximal body length. The end of a broken fiber photographed at
tiree successive focal levels, the muddle one showang “double-oblique-striation,”
Magnification. % 2,000. (Hanson and Lowy, 1957). o
Fi. 2 Myawola (annelid) longitudinal bod

wall muscle, .
unfined Somewhat contracted. Fiber axis verti ; Giyceroleuracted,

cal, Magnification: 4,800,
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{Grobben, 1881). A double-oblique striation has been reported in the
Nematomorpha {(Rauther, 1914) but it is unknown if nematodes are
similar. Apparently, no arthropods or vertebrates have muscles of this
Aind.

3. Paramyosin Smooth Muscles

The only known examples of this type of muscle oceur in moltuscs
(p 274) where they typically serve a tonic function. They may, how-
ever, be much more widespread, for they can only be identified when
submicroscopic structure is known,

4. Classic Smooth Muscles

Some of the muscles included in this category are faitly well known
and appear to he distinct from the smooth muscles of the hefical and
paramyosin types. The fibers contain small longitudinally oriented
filaments, which show no signs of paramyosin structure. This applies to
the pharynx and penis retractors of Helix {Hanson and Lowy, 1957;
Schlote, 1957), to Phascolosoma retractors (Fig. 12) (Hanson and Lowy,
1857), and to vertebrate smooth muscles (Caesar ¢t al., 1957, for
example). In other cascs, however, the term “smooth” is used only in
a negative sense, i.e. to indicate that no striations of any kind (trans-
verse or oblique) have been seen. In the absence of further information,
nothing positive can be said about such muscle fibers. They are present
in alf kinds of animals, and no useful purpose will be served by listing
examples,

Prare 11,
Fic. 3. “Helical smooth muscle.” Earthworm longitudinal body wall muscle.
Electron micrograph of longitud section th h two adj fibers. Fiber

axis vertical. Glycerol-extracted material. (See Fig. Z for a light micrograph of a

similar fiber.) The fibrils are cut 1 various planes—some obliquely, giving a false

appearance of cross-striation, others longitudinally. Note the sar plasmic retic-
ulum, which is shown more clearly in Fig. 4. Magnification: x 20,000,

'Fm. 4. Same as Fig. 3 Between the longitudinally cut smooth myofibrils are

of the & pl T lum, Magnificanon. x 30,000,

Fics. 5 and 6. “Stnated muscle.” Phasic part of the adductor of the scailop

Pecten Phase contrast photomicrographs of isolated fibers, showing the same bands
e v X 2,700,

. ., , . ands and H zones; the

Fia. 6. A contracted fiber wit

contraction bands {C). Fixed in formaldchyde.
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D. Survey oF ThHE Brrrer Kyows Puyia

1. Cnidaria

Many of the animals in this phylum arc scsile polyps, like 7iydra,
anemones, and corals, while others are motile medusoid forms, like
jellyfish. Medusae swim with fairly rapid rhythmic movements (Ro-
manes, 1885) and their swimming muscles are striated (Krasinska,
1914; Horridge, 195%). Polyps, on the other hand, have “classic”
smooth muscles (sec Hess et al., 1957, for a recent study of Hydra) and
they change shape rather slowly; retractor and sphincter muscles are
sometimes differentiated, but these also are smooth.

2. Nemaloda

The very large muscle cells in the body walls of nematodes (round-
worms) have often been studied and indeed are described in most text-
books, but it is surprising to find how little of significance is known
about them (Apathy, 1893; Roskin, 1925 b Mueller, 1929). Asin many
other invertebrates, the nucleus is situated in a “cell body” lying to one
side of the contractile fibrous part of the muscle cell. The contractile
elements, which are smooth, are lamellar in shape and composed of
small “fibrils,” and they appear folded in various ways when viewed
in cross section. A rather complicated system of intracellular “fibers,”
§ituatcd between the lamellae, is seen when sectioned material is viewed
in the light microscope, and has in the past been interpreted in several
different ways. It would be interesting to know if these “fibers” are in
fact clements of a sarcoplasmic reticulum of exceptionally large size,
commensurate with the very large scale of the whole cell. Nematodes,
even some parasitic ones, often move very actively.

3. Swpunculoidea

This small phylum includes Sip lus and Phascol animals in
which the front part of the body can be drawn back by four smooth
retractor muscles, which can undergo a wide range of length changes,
fmd h.ave been the subject of several recent physiological and other
Investigations. The relations between length and birefringence have
be.en studied (Fischer, 1947) and are discussed later (p. 285). The
wide-angle X-ray diffraction pattern is of the same type as in striated
muscles and some other smooth muscles, and it changes little with
muscle length (Astbury, 1947). Electron micrographs show that the
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fibers, which are about 5 y in diamecter, contain longitudinal protein
filaments, apparently all of the same kind, not arranged in any regular
manner, and not grouped into fibrils (Hanson and Lowy, 1957) (Fig.
12). It has been reported (Bear, 1945; Schmitt ¢f al,, 1947) that the
low-angle X-ray diffraction pattern of Phascolosoma muscles has reflec-
tions attributable to paramyosin, although the strongest components
are those due to actin, Only the latter were found in Dendrostomum
(Worthington, 1956). Elements showing paramyosin structure have
not yet been seen in electron micrographs,

4, Mollusca

All the main types of muscle fibers arc represented in this phylum.
The most interesting muscles are the adductors of lamellibranch (bi-
valve) molluscs, which serve to close the shell and maintain tension
against a springy hinge ligament. Generally, an adductor consists of
two parts, onc of which is white and opaque and very specialized to
serve a tonic function, i.e. for the prolonged maintenance of a high
level of tension, The other part is more translucent and ofien colored,
and is less specialized for tonic function, The more tonic muscle is
always a smooth muscle of the paramyosin type (Figs. 13~17) (Bear,
1944; Hall et al., 1945; Schmitt et al., 1947; Elliott et al., 1957).
The other muscle varies greatly from one species to another. In a
few cases, it is striated (Figs. 5 and 6), for instance in the scallop,
Pecten, where it is used for swimming. The low-angle X-ray dif-
fraction pattern of this striated muscle is like that of a vertebrate
skeletal muscle, no paramyosin reflections being present (Bear, 1945;
Schmitt et al, 1947). In electron micrographs, also, it looks like
vertebrate and arthropod muscles, being composed of alternating
and inter-digitating arrays of two types of protcin filaments (H.
and L.).

In most lamellibranchs the translucent (less tonic) part of the
adductor is a smooth muscle. In some (eg. Pinna, Mpytilus, Ostrea,
Gryphaea, Venus, Anodonta) therc is already information from X-ray
diffraction patterns (Schmitt ez al., 1947) and/or electron micrographs
(H. and L.} that it is a “paramyosin smooth muscle”.

In some species, for instance in Cardum and Cyprina, although the
fibers from the two parts of the adductor look alike within the range
of lengths they can assume in the body, the less tonic fibers develop
““contraction bands” if detached from the shell and allowed to shorten



1%. CONTRACTILE APPARATUS IN INVERTEBRATE ANIMALS 275

excessively (Hansonand Lo - . . i+ - .7+ bands are gﬁcn
helically arranged, giving a ... * ! double-obligue
striation” to the fiber. .

Fibers with helically-wound smooth myofibrils are characteristic of
nearly all the muscles of cephalopods (Fig. 1), including not f)nly'thc
powerful mantle muscles, which are used for respiration and swimming,
but also the muscle coats of the alimentary canal (H. and L.). The
cardiac muscles, however, are striated, as they also are insome lamelli~
branchs and gastropods (Marceau, 1905b; Krijgsman and Divaris,
1955; H. and L.). Other molluscan cardiac muscles appear to be of the
helical smooth type (Marceau, 1905b), and some are of the classic
smooth type (Motley, 1933; Esser, 1934), It is curious to find that the
radial muscles in the long arms of female decapods are striated (H. and
L.), while in the shorter arms and in the male they are of the smooth
(helical) type. In the eye of Septa, there are some small striated muscles
associated with the retina (Alexandrowicz, 1927).

The myofibrils in the mantle and in the funnel retractor of the squid
are constructed, along the whole of their length, of two types of cross-
linked protein filaments, and resemble the A bands of striated myo-
fibrils (Hanson and Lowy, 1957) (Figs. 7 and 8).

So far we have mentioned three types of molluscan muscle fibers,
striated, “helical,” and “paramyosin.” A smooth muscle of different
construction can also be distinguished. In the edible snail, Helix
pomatia, the pharynx retractor muscle, which has been the subject of
several physiological studies, consists of smooth fibers containing longi-
tudinal filaments of two kinds; these filaments are cross-linked together
in the same way as in striated muscles; they are not grouped into myo-
fibrils, and they are irregularly packed with respect to each other
(Hanson and Lowy, 1957). The penis retractor of the same species is
similarly constructed (Schiote, 1957).

To conclude this account of molluscan muscles, a few other facts are
warth noticing here. The paramyosin type of smooth muscle fiber is not
confined to the adductors of lamellibranchs, but is also found in the
byssal and pedal retractors of Mytilus (G. F. Eliatt, and H. and L.,
unpublished) and probably in the foot retractors of the snails Vwiparus

(H?ll et‘al., 1945) and Helix (H;}nson and Lowy, 1957}, from both of
\\Quclh x:xbbon—shapchparam)iosm clements have been isolated. The
; yt] m}ncally contracting respiratory septum in Cuspidaria and Porompa
as striated fibers (Yonge, 1928). In the pteropods (planktonic swim.-
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ming gastropods), the muscles of the “wings™ arc sometimes of the
smooth helical type (Roskin, 1925a), sometimes striated (H. and L.).
In a number of gastropods, the radular muscles and tentacle retractors
are striated (Merton, 1911). .

5. Annelida

The somatic muscles of annelids consist of smooth fibers in which the
fibrils are helically arranged (Figs. 2-4). “Double oblique striation”
was first observed by Mettenheimer (1860) in Arenicola. {In the same
year it was observed in Octopus by Margo.] As in the casc of molluscs,
the interpretation of this “striation” has been much debated (Prenant,
1929), but recent studies on the carthworm, Lumbricus, using phase
contrast and electron microscopy, have shown clearly that the lines of
the diamond lattice pattern are smooth myofibrils (Hanson, 1957). The
body wall muscles of many annelids are capable of fairly rapid move-
ments, in many cases being stimulated by giant nerve fibers; the latter
are particularly well-developed in serpulids (Nicol, 1951).

These helical muscles of oligochactes and polychactes differ from
those of molluscs in that they are often very flat, wide in one dimension
{about 30 win Myxicola, for example, H. and L.), but very thin in the
other (less than 5 ). In leeches, on the other hand, as in cephalopods,
the fiber is more nearly circular in cross-section, and there is a thick
core of nonfibrillar cytoplasm (Schwalbe, 1869).

There are few authentic cases of striated muscles in annelids. Among
them are the pharyngeal muscles of syllids, some of which have sarco-
meres 33 plong (Haswell, 1889; Schmidt, 1936), certain head muscles
in a syllid (Prenant, 1912), and an interesting and little known system
of small muscle fibers in Nephthys (Emery, 1887).

N In .comparative studies on the tropomyosins of invertebrate animals,
I\?mxnz et al. (1957a, 1958) have discovered that annelid muscles con-
tain the same type of tropomyosin as that which is present in molluscan
Pararflyosin muscles, where it is believed to be responsible for para-
myosin structure (see p. 297). One might expect that annelid muscles

—_—

PLate IIL. “Helical smooth muscle.” S i

- 111 ."” Squid mantle muscle. Electron micre

of: ;ecuons through glycerol-extracted fibnils (Hanson and Lowy, 1957}, iorographs

@ 16. 7. Transverse section. The fibnls are lamellar in shape. A double array of
aments—thick and thin—is seen. Magnification: X 160,000, v

T16. 8 Longitudinal section. Cross-links b i i
L - ctween thi
seen. Magnification: x 160,000, ek and thin flaments are
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would also contain paramyosin elements, and recently an axial perio-
dicity like that of paramyosin has been noticed in the filaments of
Lumbricus muscles (Hanson and Lowy, 1957).

6. Arthropoda

As in vertebrates, the somatic muscles of arthropods work on a hard
skeleton and arc striated. The idea that striation is in some way cor-
related with rapidity of movement is, however, not immediately recon-
cilable with the fact that the muscles of the alimentary canal, in
arthropods, are generally striated (Wigglesworth, 1950).

There are exceptions to the general rule that all arthropod muscles
arestriated, As Darwin (1851) observed, the peduncle muscles of barna-
cles are smooth, and this applies also to the mantle and adductor
muscles in some species (Kochler, 1889; Gruvel, 1896).

In the Onychophora (Peripatus, etc.) and Tardigrada, two groups
which are allied to arthropods, the somatic muscles are smooth (H. and
L. for Peripatus; Plate (1888) for tardigrades) and they work on a
deformable connective tissue.

7. Chordata
This phylum includes the vertcbrates and some other classes which

lack vertebral columns,

a. Protochordates. Amphioxus, like the vertebrates, has striated somatic
muscles (Schneider,1902; H. and L.). Hemichordates (Balanoglossus, etc.)
appear to have smooth muscles. Among the urochordates (reviewed in
Kukenthal and Krumbach, 1933}, the somatic muscles of the sessile
forms (ascidians) are smooth (“classic”), but the swimming muscles of
the motile forms (salps, Doliolum, appendicularians, tadpole larvae) are
striated. The ascidian heart has striated muscles (Krijgsman, 1956),
and Bozler (1928) concluded that individual muscle fibers contain
both smooth and striated contracule elements; this extremely inter-
esting observation awaits confirmation.

b. Vertebrates. In general, the somatic and cardiac muscles arestriated
and the visceral muscles are of the classic smooth type. But the upper
part of the mammalian csophagus has striated muscles, and in the
intestine of the tench there is a coat of striated muscles as well as a
coat of smooth muscles (Retterer and Lehévre, 1909). So far as is
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known, neither “paramyosin smooth muscles™ nor “helical smooth
muscles” are found in vertebrates.

1. STRUCTURE

A. STRUGTURES OTHER THAN THE CONTRACTILE APPARATUS

1. Size and Nuclei

Striated muscle fibets are usually multinucleate and frequently much
larger than smooth ones. As far as is known, smooth fibers are always
uninucleate and rarely more than 10-15 g in diameter. Although in
many annelids one dimension of the lJamellar-shaped smooth fiber is
large, the other dimension is only about 5 ¢ (H. and L.). Nevertheless,
some smooth muscle fibers are quite long, up to 2 em. in the anterior
byssal retractor of Afytilus, for example (Fletcher, 1937), and about the
same in the pharynx retractor of Helix (Bozler, 1930). Exceptionally
large smooth muscle cells are found in nematodes, where the whole
animal consists of very few cells. In Ascaris, the fibrous part of the cell,
in cross section, measures as much as 1 mm. X 0.2 mm., and the “ceil
bady” is as large (H. and L.). At the other extreme, there are many
rotifers which measure much less than 1 mm. in length (Wesenberg-
Lund, 1939) and yet have numerous discrete muscles {striated and
smooth),

Some of the thickest striated muscle fibers, about 2 mm. in diameter,
are to be found in the indirect flight muscles of Diptera (Tiegs, 1955),
and one wonders how stimuli are conducted to the center of the fiber.
Possibly this process is aided by invaginations of the excitable mem-
brane around the tracheoles which penetrate into the fiber; in the leg
muscles of a wasp, it has been shown that the plasma membrane is thus
invaginated (Edwards et al., 1958) but it is not yet known if this occurs
in flight muscles. Intracellular nerve endings have been described in
dipteran flight muscles (Tiegs, 1955), but perhaps what really happens

is that nerves accompany the tracheoles, so that the endings are not in
fact intracellular.

2. Sarcolemma

The question of the presence or absence of a sarcolemma in insect
n.lusclts has been much debated. However, the existence of a fine con-
tinuous membrax.le, presumably the excitable membrane, is now known
from electron micrographs (Chapman, 1954; Hodge, 1955; Edwards
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et al., 1936, 1958). The nature of the conncctive tissue component is
still not understood. Collagen fibers are absent and, in fact, arthropods
apparm

cuticle- ; .
tissuc which holds the muscle fibers together (Edwards et al., 1958), or
that amebocytes lay down a kind of connective tissue (Wigglesworth,
1956).

3. Sarcoplasmic Reticulum

A sarcoplasmic reticulum scems to be present in all types of muscle
fibers. Its detailed anatomy has not yet been described in any inverte-
brate muscle. A high degree of organization is clearly present in the
reticulum of earthworm fibers (Figs. 3 and 4) (Hanson, 1957; Hanson
and Lowy, 1957; Edwards, 1957) and squid fibers (Hanson and Lowy,
1957), both of which arc of the helical type. The presence of a reticulum
in the “classic” smooth fibers of the penis retractor of Helix has also
been noted (Schlote, 1957). In view of the suggestion that the reticulum
is concerned with the conduction of excitation (sce Volume I, Chapter
V1), it is very interesting to find that it is better developed in the leg
muscles of inscets than in their specialized flight muscles (Edwards
et al., 1956).

4. Sarcosomes

In the flight muscles of insects, it is known that enzymes concerned
with oxidative metabolism are situated in the sarcosomes (mitochon-
dria) and that enzymes for anaerabic glycolysis are present in solution
in the sarcoplasm (Watanabe and Williams, 1951; Sacktor, 1955; dis-
cussion in Pringle, 1957). This is true of other muscles (Volume 11,
Chapter I11), and it is significant that those vertebrate skeletal muscles
which accumulate an oxygen debt while they are working have rela-
tively small sarcosomes, while cardiac muscles have many large ones
(Cleland and Slater, 1953). The sarcosomes are very numerous and
reach a large size (Fig. 19) in the flight muscles of those insects which
are good fliers, such as flies, midges, bees, wasps, and locusts (Tiegs,
1955); in Phormia, they may account for as much as 409, of the weight
of the muscle (Levenbook and Williams, 1956). As Keilin (1925) dis-
cavered, such muscles have more cytochrome than any other living
system. It is interesting to find that in flies, during the first few days
after emergence from the pupa, while the frequency of wing beat is
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increasing, the size and the cytochrome content of the sarcosomes, and
their rate of oxidative phosphorylation, show a parallel increase
(Keilin, 1925; Lewis and Slater, 1954; Levenbook and Williams, 1956).
In the adult insect (flics and locusts), oxygen is used at a very high rate
during flight (Weis-Fogh, 1952; Chadwick, 1953}, and even after long
periods only a negligible oxygen debt is accumulated (Chapman
and Gilmour, 1940; Krogh and Weis-Fogh, 1951). Evidendy, as
Buchthal et al. (1957) point out, complete recovery is included within
the period of mechanical response in locust flight muscle, which never
contracts tetanically in the living animal, but works by repetitive
twitches, wing stroke frequency being equal to twitch frequency (Weis-
Fogh, 1956b).

Oxygen is brought to the sarcosomes by tracheoles (Hodge, 1955;
Edwards ef al., 1956, 1958). The presence of tracheal branches inside
muscle fibers was observed in 1859 by Leydig. The leg muscles of insects
have a poorer tracheal supply and smaller sarcosomes, and the same
is true of the flight muscles of insects like cockroaches (Edwards et al.,
1956).

These well-known facts about insect muscles lead one to inquire
about the sarcosomes in other invertebrates. They are very large in the
mantle fibers of cephalopods, where they are situated in a central core
surrounded by the helically wound fibrils (Hanson and Lowy, 1957).
Cephalopods are very active animals and use the mantle for swimming
and respiration. In contrast, the tonic fibers of lamellibranch adductors
seem to have only a few very small sarcosomes (H. and L.); as we shall
see later, these muscles maintain tension for long periods with very little
expenditure of energy.

It is unfortunate that more is not known about the quantity and size
of sarcosomes in other invertebrate muscles, for these may be major
factors controlling the mode of action of a muscle, perhaps just as im-
portant as the details of construction of the contractile apparatus.

B. CONTRACTILE APPARATUS
\. Filaments and Fibrils
In all muscles, the contractile apparatus is made up of protein fila-
ments which are too small to be resolved in the light microscope, but
can be seen in clectron micrographs. Such filaments are prmer’lt in
contractile cells in which the light microscope detects no fibrillar ma-~
teriaf, for instance in embryonic myoblasts (Hibbs, 1956). In adult
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et al., 1956, 1958). The nature of the conncctive tissue component is
still not understood. Collagen fibers arc absent and, in fact, arthropods
apparently do not possess collagen. It has been suggested that the
cuticle-like basement membranes of tracheoblasts provide a connective
tissue which holds the muscle fibers together (Edwards ef al., 1958), or
that amebocytes lay down a kind of connective tissue (Wigglesworth,
1956).

3. Sarcoplasmic Reticulum

A sarcoplasmic reticulum scems to be present in all types of muscle
fibers. Its detailed anatomy has not yet been described in any inverte-
brate muscle. A high degree of organization is clearly present in the
reticulum of carthworm fibers (Figs. 3 and +) (Hanson, 1957; Hanson
and Lowy, 1957; Edwards, 1957) and squid fibers (Hanson and Lowy,
1957), both of which arc of the helical type. The presence of a reticulum
in the “classic® smooth fibers of the penis retractor of Helix has also
been noted (Schlote, 1957). In view of the suggestion that the reticulum
is concerned with the conduction of excitation (sec Volume I, Chapter
VI), it is very interesting to find that it is better developed in the leg
muscles of insccts than in their specialized flight muscles (Edwards
et al., 1956).

4. Sarcosomes

In the flight muscles of insects, it is known that enzymes concerned
with oxidative metabolism are situated in the sarcosomes (mitochon-
dria) and that enzymes for anacrobic glycolysis are present in solution
in the sarcoplasm (Watanabe and Williams, 1951; Sacktor, 1955; dis-
cusston in Pringle, 1957). This is true of other muscles (Volume II,
Chapter III), and it is significant that those vertebrate skeletal muscles
which accumulate an oxygen debt while they are working have rela-
tively small sarcosomes, while cardiac muscles have many large ones
(Cleland and Slater, 1953). The sarcosomes are very numerous and
reach a large size (Fig. 19) in the flight muscles of those insects which
are good fliers, such as flies, midges, bees, wasps, and locusts (Tiegs,
1953); in Phormia, they may account for as much as 40%, of the weight
of the muscle (Levenbook and Williams, 1956). As Keilin (1925) dis-
covered, such muscles have more cytochrome than any other living
system. It is interesting to find that in flies, during the first few days
after emergence from the pupa, while the frequency of wing beat is
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fibers of many kinds, parts of the sarcoplasm appear in the light micro-
scope to be nonfibrillar, and Hoyle (1957) has recently revived the old
suggestion (Bottazzi, 1897) that this undifferentiated sarcoplasm may
be contractile, serving a tonic function, while the fibrillar parts of the
cell are used for phasic contractions only. In the relatively few muscles
which have been examined by electron microscopy, no filaments have
been found in the undifferentiated sarcoplasm. Morcover, in many
such muscles, it is clear, even in the light microscope, that this part of
the sarcoplasm is full of sarcosomes and is thercfore much more
likely to serve a metabolic function than to be contractile.

Many smooth muscle fibers show a more or less homogencous ap-
pearance in the light microscope, provided that they have not Leen
damaged by fixation or dehydration, This is due to the fact that their
filaments are not groupcd into well-differentiated fibrils, but are pres-
ent over the whole cross-sectional area of the fiber. Examples of
such muscles are the retractors of Phascolosoma (Fig, 12), the pharynx
and penis retractors of Helix, and also vertebrate smooth muscles
(Hanson and Lowy, 1957; Schlote, 1957). ““Paramysion muscles” ap-
pear fibrillar in the light microscope (Fig. 10) because of the large size
of their filaments, which may be as much as 1500 A. in diameter.

2. The Contractile Unit and its Construction
a. Introduction. The question of what is the smallest contractile unit in
a muscle fiber, whether a single filament, or a particular grouping of

Prate IV.

Frc. 9 Phase contrast photomicrographs of fibers from the less tonic (translucent)
part of the adductor muscle of Cyprina. Whole fibers, fixed in formaldehyde. Magnifi-
cation: x 2,700, (a). Fixed at maximal body length. (b). Fixed after excessive con-
traction to less than minimal body length. Note the “double-oblique™ pattern of
“contraction bands” superimposed on longitudinal lines like those seen in (a).

Frg. 10 “Paramyosin smooth muscle.” The opaque (tonic) part of an oyster ad-
ductor muscle. Phase contrast photomicrograph of an isolated fiber fixed in formalde-
hyde at maximal body length. The longitudinal lines are not fibrils, but are due to
the large size of the filaments (see Plate V). Magnification: x 2,400.

Fic. 11. Electron micrograph of a transverse section through p:
fibers, in the translucent (less tonic) part of an oyster (Ostrea
showing the regularly arranged filaments 1n the lam
e\l;:aclcl% mangaL Magmfication- x 20,000. (

1G. 12. “Classical smooth muscle.” Retractor of i it
Electron micrograph of a Tongitudinal section. The fg;cmselr}:t:n:::d afbﬁﬂobm”m
fiber axis and are not ped into fibrils, M: fication: x 20,000, parallel 1o the

arts of two adjacent
) adductor muscle,
ellar-shaped fibrils, Glycerol-
Hanson and Lowy, 1857).




JEAN HANSON AND J. LOWY

282

A
. . .
ESAAS L NS E PRI ]

- T

e

Sk

T Y s R o
PR ST vy g

TS e Yt .
RN AN o CARAREN AT <

0 \,.u...,(w

Prate TV



IX. CONTRACTILE APPARATUS IN INVERTEBRATE ANIMALS 285

the penis retractor of the dog (Bear, 1945). As yet, no detailed study
appears to have been made on the effects of muscle length on these
actin patterns in smooth muscles, but in the case of the Venus adductor
the pattern seems to remain unchanged when the length of the muscle
is altered (Selby and Bear, 1956). Hence there is no cvidence from
Xeray difiraction data that individual filaments in smooth muscles
shorten on contraction. But a much more thorough study is nceded
(sec Appendix). It must also be remembered that paramyosin structure
is very probably duc to tropomyosin (sce p. 297), and as yet there is no
evidence that tropomyosin participates in contraction in any muscle.

Brief mention should be made here of a remarkably detailed wide-angle X-ray
diffraction pattern, known as the “Lotmar-Picken pattern,” which has occasionally
been obtamned from various muscles, and particularly investigated in invertebrates
(Lotmar and Picken, 1942; Bear and Cannon, 1951; Huxley and Kendrew, 1952;
Worthington, 1956). Thus pattern 1s now known to be due to the amino acid taurine
(Cohen, 1958) which is readily washed out of the muscle.

¢. Birefringence. Mcasurements of the relative contributions of form
and intrinsic components to total birefringence are difficult to make
and to interpret. However, studies on the smooth (“classic) retractors
of Thyone and Phascolosoma have shown that changes in instrinsic bire-
fringence (presumably structural alterations inside filaments) contrib-
ute rather little to the marked changes which take place in total bire-
fringence when the length of the muscle is altered (Fischer, 1947).
These results are not inconsistent with the idea that the length of
individual filaments does not change appreciably with changes in
muscle length. !

d. Stnated muscle. The striated fibrils of two different invertebrate
muscles have been examined by electron microscopy, and it has been
found that they have essentially the same structure as fibrils in verte-
brate skeletal muscles; this applies to the indirect flight muscles of
Calliphora (Huxley and Hanson, 1957) and to the phasic adductor of
Pecten (H. and L.). In all cases, vertebrate and invertebrate, the band
Pattern which is visible in the light microscope undergoes the same
changes on contraction, and this is also true of Cuspidaria septal muscles
.(H. a_nd L.). It can be concluded that the mechanism of contraction,
in principle, is probably the same in all striated muscles. Mureover’
structural considerations suggest that certain smooth )

der muscles may also
contract by a sliding filament mechanism. Y
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filaments, has recently come into prominence with the discovery that
in striated muscles the filaments are very much shorter than the length
of the fibril, and appear to slide past each other during contraction,
without necessarily undergoing any overall changes in length (sec
Volume I, Chapter VII). The obscrvations which led 1o this conclusion
were greatly facilitated by the fact that the positions of the filaments are
reflected in the striations. Since these are visible in the light microscope,
observations made during contraction can give information about the
behavior of the submicroscopic filaments. The results of such obser-
vations helped to explain the discovery, made by low-angle Xeray
diffraction methods (H. E. Huxley, 1951, 1953), that the 415 A axial
periodicity in striated musele does not change with the length of the
muscle, They also shed new light on the fact that the wide-angle X-ray
diffraction pattern changes very little (Astbury, 1947). (Wide-angle
patterns give information about intramolecular architecture, low-
angle patterns about structure on a larger scale, up to about 0.1 p.)

In the case of smooth muscles, onc cannot straightforwardly deduce
anything about the behavior of the filaments from studies on con-
tracting fibers or fibrils viewed in the light microscope, and for various
technical reasons it is virtually impossible to measure filament lengths
by clectron microscopy. However, X-ray diffraction patterns can be
obtained.

b. Xray Diffiaction. The wide-angle pattern of the byssal retractor of
Mytilus (a “paramyosin muscle™) or of Phascolosoma retractors ( “classic”
smooth muscles) is essentially the same as that of striated muscle and
shows no significant changes on contraction {Astbury, 1947).

Low-angle patterns from unstriated muscles are of two kinds.
Paramyosin muscles give a pattern which is dominated by reflec-
tions from the paramyosmn structures (Bear, 1944, 1945) (Fig. 16).
When such muscles were extended or contracted and then dried and
examined, no changes were observed in axial periodicities (Bear, 194%;
Bear and Selby, 1956). Similarly, the spacings in paramyosin filaments
examined in the electron microscope showed no changes (Hall ¢ al.,
1945). Other smooth muscles give a low-angle pattern which is like that
of striated muscle and is attributed to actin. This applies to the trans-
Jucent {less tomc) part of the adductor in some lamellibranchs (Bear,
1945; Selby and Bear, 1956) and to other invertebrate smooth
muscles,—Fhascolosoma and Thyone retractors (Bear, 1945; Schmitt ez al.,
1947), and Dendrostomum retractors (Worthington, 1956),—and also to
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e. Swaoth muscles with two types of flaments. As we havescen, the pharynx
retractor of Helix, and the funnel retractor and mantle muscles of the
squid have two types of filaments, cross-linked by a series of bridges
which look very like those present in striated muscles (Hanson and
Lowy, 1957) (Fig. 8). In the squid, a transverse section through any
part of a fibril shows a hexagonal array of thick filaments, about 120 A
in diameter, and between them a number of thinner filaments, about
50 A. in diameter (Fig. 7). These two kinds of filaments closely re-
semble those of striated muscles in diameter and arrangement. [t is not
known, however, if the Jarger filaments contain myosin and the smaller
one actin, as they do in vertebrate muscles. The penis retractor of
Helix also contains thick and thin filaments (Schlote, 1957) arranged
as in the pharynx retractor., Dr. Richard L, Wood (personal communi-
cation) has also observed the presence of two types of filaments in the
muscles of Hydra (a coelenterate) and Dugesia (a flatworm). More
examples are given in the Appendix.

f- Paramyasin smooth muscles'. A paramyosin muscle fiber (for example
from the specialized tonic part of a lamellibranch adductor muscle)
contains numerous irregularly arranged longitudinal filaments of a wide
range of diameters (150-1500 A) and of complex structure (Figs. 13-15).
Studies on these filaments have led to the conclusion that each consists
of a number of ribbon-shaped paramyosin elements, stacked longitudi-
nally and surface to surface. Such clements can easily be isolated from
mechanically disintegrated muscles (Fig. 17) and were described several
years ago (Jakus et al., 1944; Hall e al., 1945). The mechanism of
contraction in these interesting muscles is open to speculation; perhaps
the filaments are in fact fibrils in which the paramyosin ribbons are
cross-linked and slide past each other during contraction. This raises

! See Appendix

Prate V. “Paramyosin  smooth muscle.” Electron micro
3 graphs of sections

through fibers fromt the opaque (tanic) part of the oyster adduct
o e ) yster adductor muscle {Taken by

Fic 13 An accurately oriented transverse section showi

owing filam:
co;lpos;:;i :{ lamellar-shaped suburts, Magnification: x 92.%00 onts apparently
G, ongitudinal section showmng the complex and variabl
e st

ﬁlamcntsf these are thought to consist of ribbon-shaped paramyosin :3‘1‘:::1:;0{ e
of which is shown in Fig. 17, Magnification: x 75,000, > one

FiG. 15 Same as Fig. 14, except that some protein has been extracted from the

fiber, the structure of th
i 55,,000' re of the filaments 15 now seen more cleasly, Magnification -
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with “double-oblique striation” is controversial. Some authars, in par-
ticular Plenk (1924, 1925a, b, 1933) and Schmidt (1938) held the view
that such muscles are in reality cross-striated; others (Engelmann,
1881; Fol, 1888; Ballowitz, 1892; Marccau, 1905a, b, 1909) maintained
that they are muscles with helically arranged fibrils. No doubt many
difficulties arose because the material was fixed and stained, and ob-
served in unsuitable ways. However, studics on whole, unfixed, glycerol-
extracted fibers in a phase contrast microscope give unambiguous re~
sults (Fig. 1), and low power clectron microscopy overcomes the dif-
ficulty that in some of these muscles, particularly those of annelids, the
light microscope is almost inadequate to resolve the fibrils, Such meth-
ods show clearly that the fibrils are smooth and are helically arranged
in those muscles which exhibit the diamond lattice pattern at physio-
logical lengths (Hanson, 1957; Hanson and Lowy, 1957).

IV, BIOCHEMISTRY

A. STRUCTURAL PROTEINS
1. Introduction

The contractile elements of all kinds of muscles seem to consist mainly
of actomyosin and tropomyosin. These proteins have been identified in
a wide range of muscles and in many kinds of animals. The criteria for
recognizing them, however, are somewhat unsatisfactory, nor is it by
any means certain that they exist as these entities in the living muscle.

The greater part of our knowledge of these proteins comes from
St_udies on the skeletal muscles of rabbits, and here it is usually recog-
nized that actomyosin is a complex of two proteins, actin and myosin,
w%ﬂch are situated in different filaments in the myofibrils, and interact
with each other and with ATP to bring about contraction (sce
V(zlume I, Chapter VII). Turning to other muscles, evidence for the
existence of actin and myosin is not as substantial as one would wish.
No detailed accounts have yet been published of the preparation or of
the properties of actin or of myosin from any smooth muscle. [But
thex:e are reports that actin has been made from the oyster adductor
(Ballcy,. 1956) and myosin from the Pecten adductor (Ruegg, 1957).]
The evidence that actin and myosin are present in muscles other than
vertebrate skeletal ones rests mainly on the fact that it is possible to

extract a Pmtein which significantly resembles rabbit actomyosin in
the following properties:
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the problems of the location of actomyosin and of the function of
tropomyosin, which is quantitatively the more important protein in
thesc fibers (Bailcy, 1956, 1957; Ruegg, 1957; H. and L.) and appears
to be responsible for the fine structure of the paramyosin clements
(Hanson et al., 1957; Elliott et al., 1957) (sce p. 297).

C. Hericar Orcanizatiox 1v MuscLe Finers

Two distinct types of helical organization in muscle fibers have been
described. In one type which, as far as we know, is found only in
certain smooth muscles of invertebrate animals, the myofibrils and their
filaments follow a helical course in the muscle fiber. Theoretically, this
arrangement could enhance the extent to which the fiber shortens for
a given shortening of its fibrils (Marceau, 1909) and this may be of
importance in some cases. However, measurements of the angle sub-
tended between the helix and the fiber axis in squid muscles at maximal
body length (Hanson and Lowy, 1957) have shown that here it is small
{5-10°)—too small to have much cffect. When such muscles shorten,
the angle increases, and in glycerol-catracted fibers treated with ATP,
it may become as large as 60°.

Sccondly, in some other muscles, it appears that the contractile
clements lie parallel to the fiber axis, but certain featurcs of their axial
differentiation lic in register in such a way as to impose a helical
organization on the fiber as a whole. Thus in a striated muscle of this
type, the bands of the fiber will follow a helical course. Convincing
descriptions have been given (Tiegs, 1955) of fibers with helically ar-
ranged bands, in both vertebrates and arthropods. Tiegs points
out that Leeuwenhoek probably noticed the same phenomenon. The
question arises whether or not any striated muscle fiber i ivo actually
has a helical organization of this kind, The fact that the configuration
is helical and not random favors the view that it is not an artifact.

In certain smooth muscles, for instance in the translucent (less tonic)
parts of some lamcllibranch adductors, helically-arranged dense lines
develop on excessive shortening, and appear to be superimposed on
longitudinal contractile elements (Hanson and Lowy, 1957) (Fig. 9).
The axial separation of these lines is approximately 5 p. Little is known
about the structures which are responsible for these “contraction
bands.” Perhaps they mark the extremities of filaments, as do the
contraction bands of striated muscles.

We have not yet mentioned that the earlier literature on muscles
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TapLe 11
AcTomyosins PREPARED FrROM DipFERENT INVERTEBRATE Muscres

Phylum Genus Muscle Type Relerences
Cnidaria Anthopleura Whole body Smooth (C\ass?c) 1,2,3
Sipunculoidea  Urechis Body wall Smooth (Classic} 4
Mollusca Pecten Tonic adductor  Smooth (Paramyosin) 5, 6, 7

Striated adductor Striated 56,7,8
Anodonta  Foot Smooth 10
Squid Mantle Smooth (Helical) 1
Aurex Foot Smooth (Paramyosin?) 12
Annehda Lumbricus  Body wall Smooth (Helicalj 13
Arthropoda Lobster Abdominal Striated 14
Crayfish ~ Abdominal Stmated 15
Limulus Longitudinal Striated 16,17
Locust Leg and Flight  Striated 18
Bee Fhght Striated 19
Echinodermata  Asterias Tube feet Smaoth (Classic) 20

References: 1. Maruyama (1955) 2. Maruyama (19582, b) 3. Maruyama (19584, b)
4. Maruyama (1954a) 5. Tonomura ef al. (1955, 1956) 6. Tonomura ¢f al. (1955,
1956) 7. Ruegg (1957) 8. Matsumiya et al. (1957) 9. Yagi (1957) 10, Dorr and Pori-
zehl (1954) 11, Villafranca (1955) 12. Dubuisson and Pezeu (1947) 13, Godeaux
(1954) 14 Dubwisson-Brouha {1953) 15, Maruyama (1958¢) 16. Sarkar {1951y 17,
Amberson et al, (1949) 18. Gilmour and Calaby (1953) 19. Maruyama {1957y 20.
Maruyama and Matsumiya (1957).

Although several studies have heen made on the properties of these
actomyosins, including the effects of ATP on the viscosity and turbidity of
solutions, no differences have yet been established which might help us to
understand the functional or thestructural differences between muscles.

Tonomura and his colleagues (Tonomura, 1956) have suggested that
there is a significant difference between smooth and striated muscles in
the number of ATP-binding sites in the actomyosin molecule, and
hence, by inference, in the number of sites which may be active in
contraction. However, results obtained by Ruegg (1957) indicate that
the preparations of actomyosin made by Tonomura ef af, (1955, 1956)
from the smooth adductor of Pecten almost certainly contained enough
tropomyosin to account for the difference observed between this muscle
and the striated adductor of Pecten,

3. AT Pase dctivity of Actomyosin
The ability of myosin to catal

yze the removal of the termi -
phate group from ATP is of ou il phos

tstanding importance, for it seems pos-
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(a.) The viscosity and the turbidity of solutions of this protein de-
crease on addition of ATP, and then tend to recover their original
values as the ATP is dephosphorylated. This behavior is believed to
be due to the dissociation of actomyosin into its two components in the
presence of ATP,

(b.) The precipitated protein exhibits syneresis when treated with
ATP, and threads of it shorten.

(¢.) The ATPasc activity of this protein is influenced in much the
same manner as is the activity of rabbit actomyosin by several factors,
such as divalent cations and total salt concentration,

The myosin of rabbit skeletal muscles can be split into two distinct
parts, known as the “heavy” and “light” meromyosins {Volume II,
Chapter I). Necdham and Cawkwell (1958) have now reported the
preparation of heavy acto-meromyosin from a mammalian smooth
muscle. But meromyosins have not yet been prepared from any
invertcbrate muscles.

Tropomyosin can be identified by its amino acid composition, which,
however, varies slightly from onc¢ muscle to another, as do some other
propertics. Two main types of tropomyosin are recognized (Bailey,
1956, 1957; Kominz et al., 1957a, 1958), and much of our knowledge
about them comes from recent work on invertebrate muscles.

Although these different proteins are readily distinguished in extracis
made from the contractile elements of muscles, their existence in life is
only inferred from indircct evidence. The most satisfactory kind of
evidence is that which actually locates different proteins in different
structures. For striated muscles, but for no others, information of this
kind exists, as far as actin and myosin are concerned. Tropomyosin
presents a major unsolved problem, for nothing is known about its
function, Studies on nvertebrate muscles will probably help to solve
this question, for in some of them it seems that there is more tropo-
myosin than actomyosin, and, moreover, such muscles have special
physiological properties.

2. Actomyosin

Proteins resembling the actomyosin of rabbit skeletal muscles have
been obtained from all the mam types of muscles and from represen-
tatives of several phyla (Table I1).
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Tante 11
ACTOMYOSINS PREPARED FROM DIFFERENT INVERTEDRATE MUSCLES

Phylum Genus Muscle Type References
Cnidaria Anthopleura Whole body Smooth (Classic) 1,2,3
Sipunculoidea  Urechis Body wall Smooth {Classic) 4
Mollusca Pecten Tonic adductor  Smooth (Paramyesin) 5, 6, 7

Striated adductor Striated 5,6,7,8
Anodonta Foot Smooth 10
Squid Mantle Smooth (Helical) 11
Murex Foot Smooth {Paramyosin?) 12
Annelida Lumbricus Body wall Smooth {Hclical) 13
Arthropoda Lobster Abdominal Striated 14
Crayfish ~ Abdominal Striated 15
Limulus Longitudinal Striated 16,17
Locust Leg and Flight  Striated 18
Bee Flight Striated 19
Echinodermata  Asterias Tube feet Smooth (Classic) 20

References: 1. Maruyama (1955) 2. Maruyama (1958a, b) 3. Maruyama (1958a, b)
4. Maruyama (1954a) 5. Tonomura et al. (1955, 1956) 6. Tonomura et al. (1955,
1956) 7. Ruegg (1957) 8. Matsumiya et . (1957) 9, Yagi (1957) 10. Dorr and Port-
zehl (1954) 11. Villafranca (1955) 12. Dubuisson and Pezeu (1947) 13. Godeaux
(1954) 14. Dubuisson-Brouha (1953) 15, Maruyama (1958¢) 16. Sarkar (1951) 17.
Amberson ¢f al. (1949) 18. Gilmour and Calaby (1953) 19. Maruyama (1957) 20.
Maruyama and Matsumiya (1957).

Although several studies have been made on the properties of these
actorflyosins, including the effects of ATP on the viscosity and turbidity of
solutions, no differences have yet been established which might help us to
understand the functional or the structural differences between muscles.

Tor}omura and his colleagues (Tonomura, 1956) have suggested that
there is a significant difference between smooth and striated muscles in
the number of ATP-binding sites in the actomyosin molecule, and
hence, by inference, in the number of sites which may be active in
contraction. However, results obtained by Ruegg (1957) indicate that
the preparations of actomyosin made by Tonomura et al. (1955, 1956)
from the smooth adductor of Pecten almost certainly contained enough

ti 1 H
"OgOmYOSIP to account for the difference observed between this muscle
and the striated adductor of Pecten.

%hA 'I'Pa.se Activity of Actomyosin
ph;,tee ability of myosin‘ to catalyze the removal of the terminal phos-
group from ATP is of outstanding importance, for it seems pos-
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sible that this reaction releases the energy which is used in contraction.
The question arises whether or not the inherent enzymatic activities of
the myosins of different muscles are in any way correlated with partic-
ular physiological properties.

The ATPasc activities of the myosins of invertcbrate animals have
not yet been studicd. At first sight (Table IIT), it appears that the

Tasre 111

VaLues ReporTeED FOR THE ATPase AcTiviTies 0F ACTOMYOSING PREPARED
¥ROM DIFFERENT Muscres

Thylum Genus Muscle Type Qp Refer-
a ences

Sipunculoidea  Urechis  Body wall Smooth (Classic) 1300 1
Mollusca Pecten Tonic adductor  Smooth (Paramyosin) 260 2
Peclen Tonic adductor  Smooth (Paramyesin) 2700 3

Pecten Striated adductor Striated 780 2

Pecten Striated adductor Striated 2700 3

AMa Adductor Smooth (Mixed types) 9 4

Saxostrea Tonic adductor  Smooth (Paramyosin) 20 3

S dductor Smooth (P yosiny 20 5

Squid  Mantle Smooth (Helical 2000 6

Arthropoda Crayfish Abdomen Striated 3000 7
Locust Leg Striated 3000 8

Locust  Flight Striated 3000 8

Bee Fhght Stniated 5000 9

Wasp  Flight Striated 1210 10

Housefly Fhght Striated 5000 11

Vertebrates Rabbit  Skeletal Striated 2240 12
Rabbit  Skeletal Stniated 84 10

Rabbit  Skeletal Striated 66206 13

Rabbit  Skeletal Stnated 1140c 14

Pig Uterus (pregnant) Smooth (Classic) 170 15

? Uterus (pregnant) Smooth (Classic) 1180c 16

a Activities are expressed i Qp unus (Bailey, 1942), i.c. 22.4 X (u moles of
phosphorus split off from ATP in 1 hour by 1 mg. of protcin).

b Value for myosin, which s usually lower than that for actomyosin.

¢ Values for heavy acto-meromyosin,

References: 1. Maruyama (1954a) 2 Tonomura ef ol (1955) 3. Ruegg (1957)
4, Humphrey (1949a) 5. Humphrey (1949b) 6. Villafranca (1955) 7. Maruyama
(1958¢) 8. Gilmour and Calaby (1953) 9. Maruyama (1957) 10. Maruyama and
Tonomura (1957) 11 Maruyama (1954b) 12. Greville and Needham (1955) 13.
Mommaerts and Green (1954) 14. Mihilyt and Szent-Gyorgy: (1953) 15. Needham
and Cawkwell (1956) 16. Needham and Cawkwell (1958).
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aclomyosins of different muscles vary widely in their ATPase activity.
This, however, can probably be attributed to the fact that the enzyme
is extremely sensitive to the conditions under which it is isolated and
studied. This is clearly brought out by the large differences in the values
which have been reported for Pecten and even for rabbitskeletal muscles,

However, two significant results have rccently been obtained. A
comparison between the actomyosins of the tonic (“paramyosin™) and
striated parts of the adductor muscle of Pecten has shown that they
both have about the same ATPase activity (Ruegg, 1957). And in
vertebrate animals, it has been found that much the same activity is
exhibited by preparations of heavy acto-meromyosin made from mam-
malian skeletal and uterine muscles { Mihdlyi and Szent-Gybrgyi, 1953;
Needham and Cawkwell, 1958). In the case of Pecten, some earlier
measurements (Tonomura ef al., 1955) also suggest that enzymatic
activity is about the same in the two actomyosins, if allowance is made
for the quantity of tropomyosin which very probably was present in
the smooth muscle preparations; this tropomyosin has no ATPase
activity (Ruegg, 1957).

Even though the inherent ATPase activity of myosin may be the
same in all muscles, the rate at which the enzyme actually functions in
life must be under the control of a variety of factors; about these, we
have little information. Studies on glycerol-extracted fibers are of in-
terest in this connection. Preparations of the tonic and phasic parts of
the adductor muscle of Anodonta differ in their ATPase rates, and are
less active than preparations of rabbit skeletal muscles (Ulbrecht and
Ulbrecht, 1952). Such differences will partly depend on the Quantity
of actomyosin present in the muscle fibers. This is not known for

Anodonta muscles, or, indeed, with any certainty for any invertebrate
muscle.

4. Tropomyosin

‘Two kinds of tropomyosin are recognized in muscles (Bailey, 1956,
1957; Kominz et al., 19572, 1958). One of them, which here will bé
called “water-soluble tropomyosin® was discovered jn vertebrate ske-
letal and cardiac muscles (Bailey, 1948) and has since been found in
vertebrate smooth muscles and in several kinds of invertebrate muscles
(Table IV). Tt occurs in rather small amounts; thus in rabbit skeletal

muscles it ts f i -
030, accounts for about 8% of the total protein (Perry and Corsi,
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The other kind of tropomyosin precipitates in water or weak salt
solutions, and is therefore called “water-insoluble tropomyosin.” It was
discovered in the adductor muscles of Piana and Ostrea (Bailey, 1956,
1957) and is found in very large amounts (as much as one-third of the
total protein) here and in other smooth adductor muscles (Ruegg,
1957; H. and L.).

Although Kominz et al. (1957a, 1958) have used different criteria
for classifying tropomyosins, they consider that their “tropomyosin A”
corresponds to water-insoluble tropomyosin, and “tropomyosin B” to
water-soluble tropomyosin.

Water-soluble tropomyosin (tropomyosin B) scems to be presentinall
kinds of muscles, including the tonic adductors of lamellibranch
molluscs, which also contain the other tropomyosin. Water-insoluble
tropomyosin (tropomyosin A) is more restricted in its distribution and,
in general, the muscles which possess it are those which exhibit para-
myosin structure, The best-known “paramyosin muscles” are those
of the adductors of lamellibranch molluscs. But certain gastropod
muscles also contain paramyosin filaments, and the equivalent muscles
in the gastropod Buscyon contain tropomyosin A,

In the cephalopod molluscs, it is very interesting to find that Octopus
arm muscles have some water-insoluble tropomyosin. The structure of
these muscles has not yet been examined in any detail, so that we do
not know if they contain paramyosin. Water-insoluble tropomyosin has
not been found in other cephalopods (Loligo and Sepia) where the
mantle muscles were examined. Filaments with a structure which in
some particulars resembles that of paramyosin have recently been
observed in earthworm muscles, and here tropomyosin A is found.

Striated muscles do not show paramyosin structure, and no water-
insoluble tropomyosin has been found in such muscles; but Kominz ¢
al. (1957a) briefly refer to a rather similar tropomyosin which they
have prepared from rabbit actomyosin.

No function has yet been established for cither kind of tropomyosin.
Tsao and his colleagues have suggested that these proteins have a
“holding” function (Sheng and Tsao, 1954; Jen and Tsao, 1957). This
idea was based on their finding that smooth muscles in vertebrates
contain more tropomyosin than striated ones, but this difference no
longer holds true (Perry and Corsi, 1958).

The presence of very large amounts of water-insoluble tropomyosin
in the tonic muscles of molluscs suggests that this protein may in some
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way be responsible for their ability to sustain tension for long peri-
ods of time. It is sometimes maintained that a “catch” mechanism
operates in this type of muscle, and that once the muscle has con-
tracted it can remain in that state without any further energy consumption,
until it is stimulated to relax {Jordan, 1938). But it now seems more
likely that tonus involves intermittent activity (Lowy, 1953) (p. 319).
Nevertheless, these muscles are undoubtedly highly specialized for
maintenance of tension, and although tropomyosin is not necessarily a
“catch” protein {in the original sense of the term, as Hall et al. {1945)
suggested @ propos paramyosin), it is very reasonable to suppose thatitis
in some way concerned with the muscles’ tontic function (Bailey, 1957).
Perhaps it would be possible to assign a function to the tropomyosin
in these lamellibranch muscles if one knew where this protein and
where actomyosin were situated in the muscle fibers, and what detailed
structural changes occur on contraction, There is good evidence that
the tropomyosin is situated in the paramyosin ribbons which seem to
compose the filaments in the tonic fibers of lamellibranch adductors
(Figs. 13-15). These ribbons have a fine structure which closely re-
sembles that of the “crystals” precipitated from solutions of water-
insoluble tropomyosin prepared from these muscles (Hanson et al.,
1957) (Figs. 17 and 18). Preliminary X-ray diffraction studies on this
tropomyosin point to the same conclusion (Bailey, 1957). A different
type of protein solution made from isolated paramyosin ribbons pre-
cipitates as banded “crystals” {Hodge, 1952; Locker and Schmitt, 1957)
whose axial period is about the same as the length of the molecules of
water-insoluble tropomyosin (Kay, 1958). The physical propertiesofsuch
?ar'a\myosin solutions (Hodge, 1952; Locker and Schmitt, 1957) again
md_lcate that paramyosin is equivalent to water-insoluble tropomyasin,
which has r.ecently been studied from this point of view (Kay, 1958).
’.I‘he locattzon of actomyosin in thesc_ tonic muscles is open to specu-
?;on (Ellllmt et al., 1957). Its_ quam'Jt?' is sm.all, it has not yet been
ifferentially extracted, and it precipitates in an amorphous form
gR:ifif’thlg?;; H an’d L). Thu.s there is no evid‘em:c either for or
g: e idea that it may be situated together with tropomyosin in

the paramyosin ribbons. (See Appendix)
B. ENERGY Sources

A great many investigations have been m.
an ade on the phosphagen
contents (arginine and creatine phosphates) of different muscles, and
5
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some also on the quantities of ATP and ADP. With the reservation that
unknown types of phosphagen may be present, such investigations give
some idea of the total energy which may be available in a resting
muscle for use in the initial period of activity following stimulation
(Table V). There are interesting differences between cardiac, skeletal,
and visceral muscles in vertebrates, and apparently also between the
two parts of the oyster adductor. A few invertebrate muscles scem to
contain extraordinarily Jarge amount of phosphagen.

It would be more important, however, to know something about the
rate at which the contractile elements can be supplied with sources of
energy, for this must be one of the main factors which control the kind
of activity a muscle carries out, for instance whether it functions rhyth-
mically, or is specialized for tonic contraction. Unfortunately, nothing
definite is known about such rates (sec discussion in Pringle, 1957).

At least two phosphagens are quantitatively important in muscles
—arginine and creatine phosphates—and others are also known (Thoai
et al., 1953; Rey, 1956). Several extensive comparative investigations
have been carried out on invertebrate muscles to discover what kinds
of phosphagen are present (see, for example, Baldwin and Yudkin,
1949), but as far as is known this has little bearing on the kind of
function a muscle carries out, although it may be of evolutionary
significance.

V. PHYSIOLOGY

A. INTRODUGTION

Most of the comparative physiclogical investigations that have been
carried out on invertebrate muscles have been concerned mainly with

Prate VI. “Paramyosin smooth muscle.”
adductor muscle,
) FK;’. \g. Low-angle X-ray diffraction pattern of a muscle
ength. Paramyosin reflections (orders of 725 A.) are visible on th idi;
lying horizontally), in the direction of the fiber axis, (Taken by G.c If‘n eEr;lx:)at?) (here
ﬁblzlrat;y”. ELccu:onl :m_crograpl.l of \a paramyosin element isolated from a m.usclc

Tagnif
s : X 133,000 (Hanson ef al.
o Fic 18 Electron micrograph of two “erystals,” lying ;ide I(Jy siden :m‘;ci’ ],«92.5:21
lrox;x; 1a solution of w§ler—msolublc tropomyosin. The one with a six’nple bgndin
::01 o r\lke“;}xl l;c:;x‘r.amg osin c\cm:lntc(dFig. 17); the other has a more complicated bang
is, howes t it i i

(HBI’]SO;] o 1,957)~ er, related to the simple pattern. Magnification: x 133,000

The opaque (tonic) part of the oyster

dried at maximal body
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the nervous control of contraction. This aspect of the subject has been
reviewed in a recent monograph (Hoyle, 1957). Here the main object
will be to examine certain mechanical properties of insect flight muscles
and of molluscan smooth muscles, the only types of invertebrate muscle
which have been thoroughly studied from this viewpoint. The reason
why these muscles have attracted more attention than others is because
they are capable of performances no vertebrate skeletal muscle can
match. Thus the flight muscles of certain small midges (e.g. Forcipomyia)
complete one contraction-relaxation cycle within 1 msec. (Sotavalta,
1947), and the smooth adductor of a lamellibranch mollusc like Afytilus
maintains a large tension for several days without any signs of fatigue
(Lowy, 1953). The question arises whether these specializations are
developed from inherent properties common to all contractile systems,
or whether they represent unique features. In recent attempts to
supply an answer, results have been obtained which define more clearly
the similarities and differences between various types of muscle, and so
help toward a better understanding of the phenomenon of contractility.

B. MecuanicaL PROPERTIES OF RESTING MuscLE

1. Iniroduction
The most interesting question concerning resting muscle is whether
the contractile material is elastic or plastic (plastic in the sense that it
will not support tension but has viscosity). In the case of vertebrate
skeletal muscles, it has not yet been possible to obtain unequivocal
information on this point, because there is an appreciable amount of
connective tissue between the muscle fibers, and most of the resistance
developed when the muscle isslowlystretched is believed tobe due tosuch
passive elasticity (Hill, 1952). However, in the flight muscles of insects,
there is relatively little connective tissue, and Buchthal and Weis-Fogh
(1956) have therefore chosen this type of striated muscle in an endeavor
to study the mechanical properties of its resting contractile materjal,
Smooth muscles are altogether more difficult to investigate, for even
after external dencrvation most of them show some tension due to
spontaneous activity, and many of them are known to give an active
response \.vhen stretched. Here the recent discovery of 2 drug {Twarog,
1954) which can :v;electively abolish the capacity for prolonged maintez
nance of tenslon in a *“‘paramyosin smooth muscle (of Afytilus) has
ade it possl.ble to obta’in information, in that particular case, abour
the mechanical properties of the muscle at rest,
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For any consideration of the relation between tension and muscle
length, it is necessary to choosc a certain length for reference purposes.
Here this will be taken as “maximal body length” (m.b.L), which is
defined as the greatest length the muscle can assume in the living
animal. In the case of insect flight muscles, m.b.l, will correspond
closely to “insitu length” (Buchthal and Weis-Fogh, 1956), because these
muscles undergo length changes of only a few percent in the living
animal, For the adductors of lamellibranch molluscs, m.b.l. is taken as
the length of the muscle at the maximal gape of the shells (“reference
length” of Abbott and Lowy, 1956a). In such muscles (and in all
others that have hitherto been examined, see p. 307), it has been found
that maximal active tension is developed at about m.b.l. (Abbott and
Lowy, 1956a), and by analogy, in the case of the retractor muscles of
AMytilus and Helix, the length at which they exert maximal active
tension may be taken to correspond to about m.b.L.

2, Insect Flight Muscle

Buchthal and Weis-Fogh (1956) have investigated the relation be-
tween passive tension and extension in the flight muscles of the locust
Schistocerca. They found that the empty sarcolemma tube breaks at a
load which is only about 33%, of that at which the intact fiber breaks.
The corresponding figure for frog skeletal muscle is about 50%, (Casella,
1951). Since the locust muscle develops a relatively large resting tension
even below m.b.l. (Fig. 20, B} (about 109, of the maximal active ten-
sion compared with 1%, in frog sartorius), Buchthal and Weis-Fogh
suggested that in this muscle, the contractile material in the resting state
has well-developed clastic properties. Although bumblebee (Bombus)
flight muscle has not yet been fully investigated from this viewpoint
the fact that it also develops appreciable resting tension at lengths be:
low m.b.L. (Fig. 20, A) (Boettiger, 1957a), indicates that here too, the
contractile material in a resting state may possess appreciable elasti’city.

Buchthal ez al. (1957) have considered the possible functional sig-

PratE VII

Fic. 19. Strated muscle. Calliphora (blowfly) indi
. ly) indirect flight
xbnltcrograp}}ll of a\longxt}\lxdmzl section showing three fibnls an;g ther;lal:'sgcigs.alg)es?:;
ctween them. Note the very short I bands. The pattern in the
15 due to the fact that the thick filaments in and the plan ot e ﬁ'b o
Magmfication: % 17,300. (From ancinvclsJ::am oy e Plane of the section.

the present authors—sce Husley aud o2 ti(;x; 7b)y Dr. H. E. Huxley and one of
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3. Molluscan Smooth Muscle

The behavior of the anterior byssal retractor of Mytilus (ABRM) and
of the pharynx retractor of Helix has been studicd by Abbott and Lowy
(1958a), (Fig. 20, D, E). In the casc of the Afytilus muscle, there is
good evidence that part of the tension which appears on extension
above m.b.l. is true resting tension, i.c. tension that is not due tospon-
taneous activity. The drug 5-hydroxytryptamine abolishes the ability of
this ‘muscle to maintain tension produced by such activity, without

(@

® - o

Fig, 21. Responses of squid mantle muscle to single shocks. Records read from
left to right. (a) upper trace, transparency change (increase upwards); lower trace,
devel of tension ( upwards). Duration of sweep, 50 msec. (b) upper
trace, muscle action | ial; lower trace, y change (increase upwards)
recorded at lower amplification than in (a). Fifty cycles per second oscillation
imposed on upper trace. (Note that m (b) the trace of the optical change at the
end of the twitch crosses the baseline; this is an artifact due to recording with a
condenser-coupled amphfier.) (Abbott and Lowy, 1956b.)

affectingits capacity to give large phasic responses and tensions (Twarog,
1954; Hoyle and Lowy, 1956). When a treated muscle is passivel;
stretched, itstill develops long-lasting resting tension (Abbott and Lowy,
1958a; Lowy and Millman, unpublished results). ’

C. FEATURES OF AcTIVE MuscLE
1. Optical Changes

_Apart from electrical responses, the events immediately following a
stimulus have beenstudied intensively only in vertebrate skeletal muscle,
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nificance of the large clastic forces within the locust muscle fiber, These
authors observed that when the muscle is allowed to shorten from
various lengths, more external twitch work is done when it starts at the
greater lengths. But these differences largely disappear if it is assumed
that a considerable part of the total work is derived from stored clastic
energy {produced by passive stretch) rather than from the chemical
energy liberated during contraction. In an isotonic twitch starting from

m.b.l (at 11°C.), the passive part of the work can be as much as half
40~

30—
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Length (fraction of maximal body length)

Fic. 20, Tension-length curves for muscles at rest. A, Bumblebee (Bombus) flight
muscle (Boetuger, 1957a). B. Locust (Schustocerca) flight muscle, 11°C, (Weis-Fogh,
1956a). C. Frog sartorius muscle, 0°C. (Wilkie, 1956a). D. My nlus, anterior byssal
retractor muscle, 14°C. {Abbott and Lowy, 1958a). E. Heltx, pharynx retractor mus-
cle, 14°C. {Abbott and Lowy, 1956¢).

the total work, and this stored encrgy can be converted into mechanical
work at a rate which is of the same order of magnitude as the rate of
working of the contractile system itself.

The flight muscles of the locust are known to undergo stretching by
the inertia of the wing at the end of the up- or down-strokes (Jensen,
1956). The purpose of having a contractile material with well-devel-
oped elastic properties now becomes apparent; it could store some of
the kinetic energy available at the end of the wing beat for use on the
return stroke. In this connection, Buchthal ¢f a/. make the interesting
point that a strong parallel elastic system might also be found in
vertebrate skeletal muscles such as those responsible for respiratory
movements in small fish, or for the wing movements of small birds.
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cross-linked in much the same way as in striated muscle), it could
account for the apparent abscnce of latency relaxation in these in-
stances. Nothing can at present be said about the situation in “para-
myosin’ smooth muscles.

On the other hand, it also follows from these considerations that
latency relaxation should be very pronounced in inscct flight muscles,
where clastic propertics of the contractile material seem to be particu-
larly well developed (sce p. 303). Butso far the carly mechanical events
associated with the onset of activity have not been specifically studied
in insect muscles. However, Rocder (1953) has published a record of a
twitch contraction in cockroach leg muscle from which it appears that
latency relaxation may be present in that muscle, and could in fact be
as high as 7 x 107 of twitch tension.

3. The Tension—Length Relation

It has been found that under isometric conditions, the active tension
(total tension minus resting tension) developed by all the muscles that
have been studied is a function of muscle length (Fig. 22). The total
tension developed by glycerol-extracted fibers from rabbit psoas muscle,
and from smooth lamellibranch muscles on treatment with ATP, also
depends on length (Weber, 1956).

Inspection of the curves (Fig. 22) shows that in all the live muscles,
active tension reaches a maximum just slightly above or below m.b.l.,
and decreases in a nearly linear manner on cithersside of that optimum.
However, at about m.b.l. (for definition, see p. 303), the“paramyosin®
type of smooth muscle (like ABRM and lamellibranch adductors)
produces a much higher active tension than the other muscles. The
highest value reported for frog skeletal muscle is about 3 kg. per square
centimeter (Casella, 1951), and the highest figure established for any
vertebrate muscle is 4 kg. per square centimeter (flexor of human elbow.
Wilkie, 1954). In comparison, tensions up to 8 kg. per square centi:
meter have been obtained for the actively contracted ABRM at about
m.b.l. (Abbott and Lowy, 1958b). The very high figures for the smooth
adductors of lamellibranch molluses, such as 35 kg. per square centi-
weter for Penus, which have sometimes been quoted from Marceau
(1999) (Ri_tchie, 1928; Prosser, 1950; Hoyle, 1957), refer not to the
i\::;\:sdt;nf;;x;cfievelopcd but to the force needed to stretch the con-

In this connection, it may be noted that actively contracted ABRM
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However, some relevant information has also been obtained by
observing the optical and mechanical changes associated with the onset
of activity in the remarkably transparent smooth mantle muscles of the
squid (Abbott and Lowy, 1956b). Here an carly small increase in
transparency precedes the first sign of tension development, and coin-
cides with the falling phase of the action potential (Fig. 21). This fist
small optical change is followed by a much larger decrease in trans-
parency which lasts for about the duration of the twitch. The phenom-
ena observed, and their time sequence, correspond to those that are
known to take place in frog skeletal muscle (D. K. Hill, 1949}, and in
both types of muscle, the second optical change appears to be due to
an increasc in the amount of light that is scattercd. But whereas at the
peak of the twitch in the frog muscle, only 2 to 4% more light is
scattered than at rest, the corresponding figure for the squid muscle is
about 30%. The smooth squid muscle is therefore particularly well
suited for studies of optical changes during contraction. As these mani-
festations of activity appear to be similar in both types of muscle, they
may well reflect fundamental features of the contractile process.

2. Latency Relasation

In striated vertebrate muscle stimulated isometrically at lengths
where resting tension is present, a small drop in resting tension (latency
relaxation) occurs at the same time as the smallincreascin transparency
(D. K. Hill, 1949). Latency relaxation has not yct been detected in any
of the smooth muscles that have been studicd, (squid mantle muscle,
Helix pharynx retractor, Mytilus ABRM); ifit exists in the squid muscle,
it must be less than 10°° of the twitch tension (Abbott and Lowy,
1956b). In the frog sartorius muscle, lateney relaxation is about 107
of twitch tension (Abbott and Ritchie, 1951).

A. F. Huxley (1957) has put forward the idea that latency relaxation
in striated muscle is due to a lengthening of the thin (actin) filaments
prior to cross-link formation. This implies that part of the resting
tension may be due to elastic structures connecting the thin filaments
longitudinally (as was suggested by Hanson and Huxley, 1953), or to
these filaments themselves. It follows from arguments of this kind that
the relatively small drop of tension in the thin filaments would be very
difficult to detect when most of the resting tension is born by connective
tissue outside the contractile material. If this were so in muscles like
those of the snail or squid (where there are two kinds of myofilaments



IX. CONTRACTILE APPARATUS IN INVERTEBRATE ANIMALS 309

persists for a considerable time after stimulation has ended (Lowy and
Millman, 1959b).

As regards the other muscles, it is known that the locust flight
muscle already begins to “give” when stretched while stimulated at
about 10% above m.b.l. (Weis-Fogh, 19562). The same might apply to
the even more inextensible Bombus muscle. These muscles (or their
attachments) evidently “give” more readily than frog sartorius.

Considering now the range of lengths over which all the various
types of muscle function in the living animal, i.c., below m.b.L, the
curves in Fig. 22 show that there are large differences. Insome cases,
these differences can be related to the manner in which the muscles
function in the animals. The most striking contrast is between smooth
muscles like the pharynx retractor of Helix (Abbott and Lowy, 1956¢)
or the body wall muscles of Holothuria (Hill, 1926) on the one hand,
and the flight muscle of Bombus on the other. Thus while the Helix
muscle can still produce appreciable active tension down to 35% of
its m.b.1,, the Bombus muscle no longer exerts any active tension below
88% (Fig. 22 A, E). It is well known that the snail muscle undergoes
great changes in length as the animal’s body is withdrawn from an
extended condition right into the shell. In contrast, insect flight muscles
work under nearly isometric conditions, the amount of shortening being
only a few percent during flight (Weis-Fogh, 1956a; Boettiger 1957a).

Structural considerations may help to explain these findings. Thus
at m.b.L, the length of the I bands is extremely small in insect flight
muscles like those of Bombus (see review in Pringle, 1957). In fact, such
a muscle at m.b.L looks rather like a frog sartorius muscle which has
been allowed to shorten to about 70%, of its m.b.1. Below these lengths,
when I bands have disappeared, neither muscle develops much active
tension. Possibly this may have some connection with the fact that as
soon as the I bands have been withdrawn into the A bands, the ends
of the Ehick filaments seem to fold up where they arc pushed against
the Z lines, and form “contraction bands” (Volume I, Chapter VII).
On the other hand, there are no Z lines in the smooth Helix muscle, and
“co.ntltactiorf I“.Jands” are not seen at even very short lengths. In fact,
unlimited sliding of the two sets of filaments relative to one another is
theoretically possible (Hanson and Lowy, 1957).

4. Shortening Speed and Load

In all types of muscle that have been studied, it has been found from
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and frog sartorius muscle behave alike in that the amount of tension
redeveloped following a release decreases with the speed of release, and
the amount of fall of tension after stretch decrcases with speed of
stretch (Abbott and Aubert, 1952; Abbott and Lowy, 1958b). When
both types of muscle are stretched at speeds where “give® occurs (Katz,
1939), maintained tensions greater than the normal isometric value
at the final length arc obtained. But compared with frog sartorius
80—
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1 1 | J
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Fic. 22. Tension-length curves for active muscles. (Note: Tensions cannot
be directly compared, as they are not given per unit cross section of musclc.l A,
Bumblebee ( Bombus) fight muscle (Boettiger, 1957a). B. Locust (Schtstocerca) flight
muscle, 11°C. (Weis-Fogh, 1956a). C. Frog sartorius muscle, 0°C, (Wilkie, 1956a).
E. Helix, pharynx retractor muscle, 14°C. (Abbott and Lowy, 1956¢). D. Mynlus,
anterior byssal retractor muscle, 14°C, (Abbott and Lowy, 1958a),
muscle, the actively contracted ABRM shows a much greater re-
sistance to stretch, and this is still further increased if instead of using
repetitive shocks the muscle is stimulated with either direct current or
acetylcholine; in the latter cases the increased resistance to stretch
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ening, P, the maximal tension the muscle can develop at zero speed,
P the load on the muscle, a is a constant with the dimensions of a force,
and b is a constant with the dimensions of a velocity. Thus the equation
states that the velocity of shortening depends on the difference between
the actual force on the muscle, and the maximal force it can develop.
Hill (1938) cstablished this relation on the basis of results obtained
with frog sartorius muscle. Since then, tortoise, toad, ray, human arm
(Wilkic, 1954), snail pharynx retractor, Mytilus ABRM (Abbott and
Lowy, 1953), rat diaphragm muscle (Ritchie, 1954a}, and mammalian
uterine muscle {Csapo, 1955) have all been shown to obey the equation.
So does locust flight muscle, if allowance is made for the presence of
passive elastic forces by taking the load on the contractile material as
the external load minus the resting load (p. 304) (Buchthal et al., 1957).
This has not yet been done for myogenic insect flight muscles (see p.
321), but the behavior of one such muscle (Bombus) during isotonic
contractions strongly suggests that it, too, obeys the usual force-velocity
relation (Boettiger, 1957b). In this respect, therefore, the only differ-
ence between the various types of muscle is one of time scale. Values
for the maximal speed of shortening are assembled in Table VI, which
shows that there is wide variation in speeds, the maximal shortening
velocity for the more tonic part of the Pinna adductor being only about
11100 that of frog sartorius muscle.

Even glycerol-extracted fibers from rabbit psoas muscle show the
characteristic relation between load and velocity of shortening, during
contraction induced by ATP (Ulbrecht ef al., 1954). It would be very
interesting to know whether the rate of extra energy release (work plus
heat above isometric level) during shortening is directly proportional
to (P —P,) in other muscles, as it is believed to bein the frog sartorius
(Hill, 1938). But in this respect, the relation between thermal and
mechanical events in other muscles has not yet been studied in detail.

Experiments with the smooth retractors of Helix and Aytilus indicate
tl?at as in frog muscle, the heat of shortening is proportional to the
distance shortened, the values for the constant of proportionality (a,
thermal) being of the same order of magnitude as those obtained for
Yertebra}te skeletal muscles (Abbott and Lowy, 1958b). In passing, one
Interesting point may be noted. The values for the ratio a (thermal) /P,
in the smooth muscles are about 0.1, as compared with 0.25 for the

frog sartorius, indicating that these smooth muscles may work more
efficiently.
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experiments under isotonic conditions, that as the load is increased the
shortening velocity decreases. When the isotonic force is plotted against
the initial velocity of shortening, a curve is obtained which shows that
even at zero load, the muscle shortens with a definite limited velocity,
and that the force is maximal under isometric conditions, L.¢. at zero
velocity of shortening (Fig. 23). The question arises how velocity is
controlled. Hill {1938) has shown that in frog sartorius muscle, the
extra heat liberated (above isometric level) for a given distance of
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Fic. 23. Forceveloanty curves. (a). Myhlus anterior byssal retractor muscle
titns estimulation at 14°C. Sk ir d from maximal body lengih {Abbott

¥ 'S

and Lowy, 1958b). (b). Helwx, pharynx retractor muscle; same conditions as for (a).
(Abbott and Lowy, 1958b). (c). Pecien, cross-striated portion of adductor muscle;
same conditions (as for (a). Abbott and Lowy, unpublished results). (d}. Locust
{ Schistocerca). Curve calculated by Buchthal ¢f ol. (1957) from Hill's (1938) equation,
using data obtained i experiments where the muscle was made to perform twitches
at 11°C,, starting from 91% of maximal body length.

shortening is independent of load. Thus a passive internal viscosity
cannot be a decisive factor because it, and therefore the heat liberated,
would increasc at greater speeds. It is in fact believed (Hill, 1938) that
the force on the muscle itself determines the rate of the chemical
reactions, and in that way controls the velocity of shortening.

The force-velocity curve can be described by an equation given by
Hill (1938): v = (Po — P) ¥/(P + a) where v is the velocity of short-
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developed by the contractile material, i.¢., at the peak of an isometric
twitch, or during the plateau of an isometric tetanus, the contractile
material and thes.e.c. will be in equilibrium. Ifnow a release is allowed
at a speed greater than the muscle’s maximal shortening velocity, the
contractile material will nat be capable of shortening quickly enough
to prevent the undamped s.c.c. from shortening as well. Hence tension
will fall, only to redevelop again as the contractile material finds time
to shorten and restretch the s.c.c. From thesc considerations, it follows
that when experimental conditions arc so adjusted that tension just
drops to zero, the extent of the release will be such that the s.e.c. can
shorten completely. Thus a direct method is available for measuring
the maximal amount of stretch of the s.e.c. under full tetanic tension.

There is also an indirect method which will give some estimate of
the compliance (amount of stretch per unit applied force) of the s.e.c.
It involves calculation of the shortening of the contractile material
during the rise of tension in an isometric tetanus, and subtraction of
this shortening from the total muscle shortening (Hill, 1949).

A knowledge of the compliance of the s.e.c. is necessary because it
is one of the factors which determine the rate at which muscle develops
tension. But before this is discussed, the concept of active state has to
be considered.

Hill (1949) has defined the degree of activation (or intensity of active
state) at any instant of time as the tension which the contractile material
can sustain without either shortening or lengthening, and has produced
evidence which indicates that active state reaches its full intensity very
shortly after stimulation. According to Ritchie (1954b), activation in
the frog sartorius muscle (at 0°C.) already begins to decay 35 msec.
after the stimulus, and remains at full intensity for only about 25 msec.
Now the fully activated contractile material has tostretch an undamped
s.e.c. by a definite amount before external tension can be manifested,
and because the shortening velocity of the contractile material will
decrveemc as tension in the s.e.c. increases, the rate of rise of external
tension is comparatively slow (Hill, 1949). Hence, in a twitch, there
may not be time for the (fully activated) contractile material to shorten
f:nough to stretch the s.e.c. to its full extent before relaxation sets
In, and the maximal tension will therefore be less than in a tetanus.

From 5}1ch arguments, it follows that other factors being equal (e.g-
Sho_“e“mg VClo.city, series-elastic compliance, the longer the du-
ration of the active state, the closer will the ratio, tetanic tensionjtwitch
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Tane VI

AVIRAGE VALUES FOR THE MAxiMAL SPEED OF SHORTENING (V) IN DiFFerent
MuscLes Acnivatep at Maximal Booy Lexatit

Muscle Temperature v, Reference
(*C.) {muscle lengths
per second)
Vertcbrates
Rat diaphragm 37 1 !
Frog sartorius 22 10 2
Human cibow flexor 37 6 3
Ray coraco-mandibularis 0 2 3
Toad sartorius 10} 1.3 4
Tortoise iliofibularis 20 0.4 4
Rabbit uterus 37 0.2 5
Invertebrates
Locust flight 30 13 6
Pecten siriated adductor 14 3 7
Octopus funnel reiractor 18 2.4 8
Mytilus pedal retsactor 14 Q.7 8
ADtilus anterior byssal retractor 18 0.3 8
Helix pharynx retractor 14 02 3
Pinna tomic (opaque) adductor 18 0.1 8

References: 1. Ritchic (1954a) 2, Hill (1938) 3. Wilkie (1954) 4. Abbott and
Lowy (1957) 5. Csapo (1935) 6. Wews-Fogh (unpublished resuits) 7. Abbott and
Lowy (unpublished results) 8. Lowy and Miliman (unpublished results) 9. Abbott
and Lowy (1953).

5. The Sertes-Elastic Component and Active State

The presence of a series clasticity in muscle has been inferred from
the following experimental observation: when isometrically activated
muscle is allowed to shorten rapidly by a few percent of its length,
tension falls to zero, and then rises again to the normal isometric level
characteristic of the shorter length (Gasser and Hill, 1924). This quick-
release-recovery effect has been observed in all types of striated and
smooth muscles hitherto studied, as well as in glycerol-extracted fibers
and actomyosin threads {Weber, 1956). For living muscle, it has been
interpreted in terms of a model which contains a virtually undamped
elastic component in series with the contractile material (A, V. Hill,
1949). On that model, during isometric contraction, the contractile
material shortens to some extent and stretches the series-elastic com-
ponent (s.e.c.). The shortening of the contractile material will stop
when the force due to the s.e.c. becomes equal to the maximal tension
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material and the undamped s.c.c. arc in cquilibrium, the tension ex-
erted by the contractile material will represent the degree of activation
remaining. Ritchie (1954c) has developed a method for following the
decay of the active state. He released frog sartorius muscle by a small
amount at various times after the start of an isometric twitch, and
recorded the tension redeveloped at the shorter length, It follows
from what has been said above that the peak of each curve (rede-
velopment of tension followed by decay) lies along the active state
curve (Fig. 24, a). The redevelopment of tension corresponds to the
phenomenon of tension recovery after a quick release {(Gasser and Hill,
1924},

When Ritchie’s experiment was performed with the smooth pedal
retractor muscle of Afjtilus, there was found to be a significant
difference in the extent to which tension outlasts active state (Fig. 24, 5)
(Abbott and Lowy, 1958b). This is even more pronounced in the
ABRM where the decay of tension can be two orders of magnitude
slower than that of active state; and this also applies when active state
is prolonged by stimulating the muscle for several seconds cither with
direct current or with acetylcholine (Lowy and Millman, 1959a, b).
The tension present after active state has decayed to zero may be called
passive tension.

Some information is also available about the decay of active state in
two insect muscles. Ritchie (1954c) found in experiments with frog
sartorius, that the shorter the muscle, the more rapid the decay of
active state. Accordingly, Buchthal et al. (1957) have constructed
curves from twitch maxima at various muscle lengths, which they
consider to indicate the time course of decay of active state in locust
flight muscle (Fig, 24, d). Pringle (1954; 1957) has published records
of twitches and an “active state curve” for the tymbal muscle of a
cicada (Fig. 24, f), obtained by plotting the reciprocal of the time
intervals between “IN” clicks made by that muscle in response to
a single shock (see p. 322).

Inspection of all the curves in Fig. 24, c— fshows that (1) in everyin-
Stance tension outlasts active state, (2) the muscles appear to differ in

the extent to which this happens, and (3) the ratio, tetanus tension/
twitch tension, varies.

For striated muscle, (1) has been explained in terms of a mechanism
based on the sliding filament model, which assumes that the time con-
stant for breaking cross-links is longer than the time constant for their
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tension, approach unity. Hill (1949} believes that the contractile ma-
terial is maximally activated even in the relatively short duration of a
twitch because by extending frog sartorius muscle rapidly by about
10%, of its length, very shortly aficr the stimulus, full tetanic tension
appears, and this Hill assumes to be due entirely to the removal of the
cffect of the s.e.c.

After stimulation has ended, active state decays with time, and on
HilP’s definition, at the peak of an isometric twitch, when the contractile
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(¢) — (f) Isometric twitches and active state curves. Active state curves (inter-
rupted) obtained as described in text. (c). Frog sartorius muscle. 0°C. (Ritchie
and Wilkie, 1955). (d). Locust (Schistocerca) flight muscle, 11°C. (Buchthal ¢ d,
1957). (€). Mpalus, pedal retractor muscle, 14°C. (Abbott and Lowy, 1958b);
(f) Cicada (Plappleura) tymbal muscle, 30°C. (Pringle, 1954; 1957).
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material and the undamped s.c.c. arc in cquilibrium, the tension ex-
erted by the contractile material will represent the degree of activation
remaining. Ritchic (1954c) has developed a method for following the
decay of the active state. He released frog sartorius muscle by a small
amount at various times after the start of an isometric twitch, and
recorded the tension redeveloped at the shorter length. It follows
from what has been said above that the peak of cach curve (rede-
velopment of tension followed by decay) lics along the active state
curve (Fig. 24, a). The redevelopment of tension corresponds to the
phenomenon of tension recovery after a quick release (Gasser and Hill,
1924).

When Ritchie’s experiment was performed with the smooth pedal
retractor muscle of Afytilus, there was found to be a significant
difference in the extent to which tension outlasts active state (Fig. 24, 5)
(Abbott and Lowy, 1958b). This is even more pronounced in the
ABRM where the decay of tension can be two orders of magnitude
slower than that of active state; and this also applies when active state
is prolonged by stimulating the muscle for several seconds either with
direct current or with acetylcholine (Lowy and Millman, 1959a, b).
The tension present after active state has decayed to zero may be called
Ppassive tension.

Some information is also available about the decay of active state in
two insect muscles. Ritchie (1954c) found in experiments with frog
sartorius, that the shorter the muscle, the more rapid the decay of
active state. Accordingly, Buchthal et al. (1957) have constructed
curves from twitch maxima at various muscle lengths, which they
consider to indicate the time course of decay of active state in locust
flight muscle (Fig, 24, d). Pringle (1954; 1957) has published records
o'f twitches and an “active state curve” for the tymbal muscle of a
cicada (Fig, 24, f), obtained by plotting the reciprocal of the time
mt.crvals between “IN” clicks made by that muscle in response to
a single shock (see p. 322).

Inspection of all the curves in Fig. 24, c— fshows that (1) inevery in-
stance tension outlasts active state, (2) the muscles appear to differ in
‘h&? extent to which this happens, and (3) the ratio, tetanus tension/
twitch tension, varies.
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formation (A. F. Huxley, 1957). But the significance of (1) and (2)
probably cannot be assessed in these terms only, because recent ex-
periments with vertebrate skeletal muscles have shown that the greater
the extent of the quick release (sce Ritchic’s method), the more rapid
is the decay of the active state. Evidently, active state is not merely a
function of time (Goodall, 1958).

The variations in the tetanus/twitch ratio should be explicable in
terms of differences between (a) rates of decay of active state, (b)
maximal shortening velocity, and (c) compliance of the s.c.c. Taking
the case of locust flight muscle, Buchthal ¢ /. (1957) have shown that
its tetanus/twitch ratio is 2, compared with 4.6 for frog sartorius (both
muscles stimulated at 25°C.). The maximal shortening velocity of the
two muscles does not differ greatly (sec Table VI). But the compliance
of the s.e.c. may be less in the locust muscle. Using Hill's (1949)
indirect method (sce p. 313), Buchthal et al. (1957) calculate that under
full tetanic tension, the maximal extension of thes.e.c. is 1 to 2% of the
muscle’s length, and quote the corresponding figure of 10%, calculated
by Hill (1949) for the frog muscle. The direct method, however, gives
values of 3 to 49, for the frog muscle (Hill, 1950), and it is thercfore
conceivable that the correct value for the locust muscle will prove to
be rather less than 19,. It may be noted that for the locust muscle,
most of the series elasticity may reside within the fiber, because the
cross-striations extend to within a few microns of its attachment to the
cuticle (Buchthal and Weis-Fogh, 1956).

Recently, an isotonic release technique (Wilkie, 1956b) has given
results which indicate that a 2% shortening will give the series-elastic
effect in frog sartorius muscle (Jewell and Wilkie, 1958). Jewell and
Wilkie estimate that about half the series clasticity resides in tendon
material. It would appear therefore that in both the frog and locust
muscle, the compliance of the series elasticity within the fiberis about
the same.

But the total compliance of the s.e.c. is still different in the two types
of muscle. Nevertheless, this does not necessarily account fully for the
higher twitch tension observed in the locust muscle, because Buchthal
et al. (1957) found that the rate of decay of active state is relatively
faster in the locust than in the frog muscle. On the other hand, a very
short duration of active state may be the critical factor in the case of the
cicada tymbal muscle, (see p. 322), where the tetanus/twitch ratio is
about 10 (see Fig 24, f). In experiments with this muscle, Pringle
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(1954) obtained a figure of 1.5% for the extent of rapid shortening
necessary to produce a very substantial drop of isometric tension. Ap-
parently, the compliance of the s.c.c. docs not differ appreciably from
that of the locust muscle. Although the active state curve for the cicada
muscle was not obtained in the same way as that for the locust muscle,
it does indicate the possibility that in the cicada muscle, maximal
activation may last for a much shorter time.

The outstanding feature as regards Mytilus muscle is the extent to
which tension outlasts active state. In the ABRM the tetanusftwitch
ratio is high (about 8; sec Abbott and Lowy, 1953) whereas the series
compliance is of the same magnitude as in striated muscles, i.c. a 4-6%
shortening will give the series-clastic effect (Abbott and Lowy,
unpublished results). Considering that in this muscle the rate of rise of
tension following a quick rclease is appreciably greater than that of
the initial tension rise it would appear that here maximal activation is
attained by some process of recruitment (Lowy and Millman, 1959a).

6. The Effect of a Quick Release on Active State
Consideration of the quick-release-recovery phenomenon in terms
of the sliding filament model suggests a possible explanation of the
effect of a quick release on active state. According to A. V. Hill’s (1949)
interpretation (see p. 312), provided the release is more rapid than the
maximal shortening velocity of the contractile material, the observed
momentary loss in tension is due entirely to shortening of the s.e.c.
However, A.F. Huxley (quoted by H. E. Huxley, 1959) hassuggested that
the phenomenon might be accounted for if it is assumed that during the
quick release, the contractile material does in fact shorten very rapidly
by a very small amount, and that a certain time has to pass before it
can again start a new cycle of operation. As H. E. Huxley (1939) points
out, this would account for Hill’s (1953) observation that the heat output
during a quick release ofisometrically contracted frogsartorius muscle is
3At0 4 times greater than the normal heat of shortening over the same
filsmnce. H. E. Huxley explains this as follows. During the plateau of an
isometric contraction, arelatively large number of cross-linksis in action,
Wh_en the muscle has been released, many cross-links will still be at the
beginning ofa cycle ofoperation which they must complete, although th
musclenowshortensagai Sy
1 gainstamuchsmallerload than they would normal-
ly sustain. The extra energy thus dissipated by these cross-inks could
represent the heat produced above the normat level of: shortening heat.
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On the basis of this kind of argument, the cffect of a quick release on
active state could be explained as follows. Whenisometrically contracted
muscle is allowed to shorten to just the extent which reduces tension to
zero, movement of the filaments relative to onc another is so small that
cross-links do not detach. In this case, thesubscquent speed of redevel-
opment of tension would be expected to be more rapid than the specd
of the initial tension development at the beginning of stimulation when
cross-links have to be formed. However, as the extent of the release is
increased, the cross-links would cventually detach, They would then
have to reform, and this could be reflected as a decrease in the speed

e

i
25msec
Fic. 25. Bumble-bee (l}'ambu:} flight muscle. Releasc and stretch of 1sometrically
tetanized muscle by 1 to 29 of its mtial length. L, Jength; T, tension {Boettiger,
1957b).

of redevelopment of tension, so that a quick stretch imposed shortly
after such a release would reveal the presence of relatively less tension.

Perhaps the cffect of a quick release is more dramatic in insect flight
muscle, because as there is very little tendon material at the ends of the
fibers, even a relatively small shortening results in detachment of cross-
links. Thus when the longitudinal flight muscle of Bombus is allowed
to shorten rapidly by I to 29, of its length, only 30 to 509 of the origi-
nal tension is recovered immediately when the musclc is stretched
again to its initial length (Boettiger and Furshpan, 195%a, b).
Pringle (1954) observed a similar phenomenon in the tymbal muscle
of a certain cicada, and suggested that the contractile material is de-
activated by the quick release, and that such an effect might be found
in all striated muscles. The demonstration by Goodall (1958) that
active state in turtle skeletal muscles is affected by a quick release (see
p. 316) supports Pringle’s hypothesis.

At this stage a phenomenon could conveniently be discussed which
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has so far been obscrved in Bembus muscle only. Quick-relcase experi-
ments have shown that the initial drop in tension is followed by an-
other, more gradual fall in tension after the length change is over (Fig.
25) (Boettiger and Furshpan, 1954a, b). On the above explanation,
it can be argued that cross-links may have become detached during the
quick release. If the thin filaments were to lengthen prior to re-forma-
tion of cross-links, tension would drop slightly without an accompany-
ing change in muscle length (clastic elements connecting the thin fila-
ments across the H zone would take up the slack). A similar sequence
of events has been proposed to account for latency relaxation (see p.
306). It has already been pointed out that because the passive elastic
properties of the contractile material in insect flight muscles seem to be
particularly well developed, these muscles should show a proncunced
latency relaxation (p. 307). The explanation for the phenomenon de-
scribed here could be tested by isometrically tetanizing Bombus muscle
at various lengths, allowing the same extent of rapid shortening, and
studying the second phase of the tension decline. It would also be
interesting to know whether such a phenomenon occurs after rapid
shortening in any other muscle and to observe the effects of allowing
active Bombus muscle to shorten rapidly by less than 1% of its length.

D. Tue ProLONGED MAINTENANCE OF TENSION IN
Morruscan Syoors MuscLE

We shall now examine more closely the behavior of two muscles
which differ greatly in structure and function, namely the very rapidly
oscillating flight muscles of insects, and the particularly slow mol-
luscan “paramyosin” smooth muscles. The latter can maintain a high
level of tension for long periods without signs of fatigue, as activation
appears to be necessary only at very infrequent intervals (Lowy, 1953).
Thls. is probably because in such muscles tension (passive tension)
persists long after active state has decayed to zero, (see p. 315). The
explanation put forward here does not accept the ‘catch mechanism’
hypo}hesis which holds that these muscles can maintain tension in-
definitely without any expenditure of energy (Jordan, 1938; Twarog,
1954;. Barnes, 1955). It has been found (Abbott and Lowy, 1958,b)
that in the absence of further activation tension decays to zero, and
lhaf a 'steady level of tension can only be maintained by periodic re-
xcitation of the muscle, i.e. by a tetanic mechanism.

The striking difference between the behavior of these “paramyosin”
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On the basis of this kind of argument, the effect of a quick release on
active state could be explained as follows, Whenisometrically contracted
muscle is allowed to shorten to just the extent which reduces tension to
zero, movement of the filaments relative to onc another is 50 small that
cross-links do not detach. In this case, thesubsequentspeed of redevel-
opment of tension would be expected to be more rapid than the speed
of the initial tension development at the beginning of stimulation when
cross-links have to be formed, However, as the extent of the release is
increased, the cross-inks would eventually detach. They would then
have to reform, and this could be reflected as a decrease in the speed

r

Y- .

—
25msec
Fi. 25, Bumble-bee ( Bombus) flight muscle. Release and stretch of isometncally
tetanized muscle by 1 to 2% of its nitial Jength. L, length; T, tension (Bocttiger,
1957b).

of redevelopment of tension, so that a quick stretch imposed shortly
after such a release would reveal the presence of relatively less tension.

Perhaps the effect of a quick release is more dramatic in insect flight
muscle, because as there is very little tendon material at the ends of the
fibers, even a relatively small shortening results in detachment of cross-
links. Thus when the longitudinal flight muscle of Bombus is allowed
to shorten rapidly by 1 to 29 of its length, only 30 to 50% of the origi-
nal tension is recovered immediately when the muscle is stretched
again to its initial length (Boettiger and Furshpan, 1954a, b).
Pringle (1954) observed a similar phenomenon in the tymbal muscle
of a certain cicada, and suggested that the contractile material is de-
activated by the quick release, and that such an effect might be found
in all striated muscles. The demonstration by Goodall (1958) that
active state in turtle skeletal muscles is affected by a quick release (see
p- 316) supports Pringle’s hypothesis.

At this stage a phenomenon could conveniently be discussed which
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E. Myocenie Ruyrimic CoNtractioN 1N Insecr Frient MuscLe

It has been demonstrated recently that under certain conditions,
maintained auto-oscillation (myogenic rhythmic contraction) can be
induced in glycerol-extracted mammalian skeletal muscle fibers by
treatment with ATP (Goodall, 1958; Lorand and Moos, 1956). The
capacity for myogenic rhythmic contraction is recognized to be par-
ticularly well-developed in rapidly oscillating inscct flight muscles,
where it has been intensively studied during the past few years.

A large inscct like the locust has a comparatively low wing beat
frequency of about 18 beats/sec. {Weis-Fogh, 1956b). In smaller insects
like flies and bees, the frequency ranges from 100 to 300 beats per
second, and in some midges a frequency of 1000 beats per second has
been reported (Sotavalta, 1947). It has been found that in the flight
muscles of the larger insects, there exists, as in frog sartorius, a 1:1
relation between electrical and mechanical responses (Roeder, 1951),
whereas in insects with a wing beat frequency greater than about 100
beats per second, the flight muscles possess a rhythmic myogenic sys-
tem, and the electrical responses in the muscle are not related to wing
movements (Pringle, 1949). Thus in the blowfly Calliphora, the muscle
action potentials (recorded with external electrodes) were found to
occur at a frequency of about 3 per second, for a wing beat frequency
of 120 beats per second (Pringle, 1949). This discovery was later fully
confirmed in experiments with intracellular electrodes (Boettiger and
McCann, 1953).

Another unusual feature of rapidly oscillating insect flight muscles
has been known since it was first described by de Geer in 1776, namely
that complete or partial removal of the wing results in an increase of
the oscillation frequency of the flight muscles, Working with Calliphora,
Pringle ( 1949) was able to show that this is not a reflex due to sense
organs, in muscle or wing, but that it is a direct influence of loading on
the frequency of the myogenic rhythm.

The myogenic flight muscles (Fig. 19) are distinguished by having much larger
and many more sarcosomes than ordinary muscles (Watanabe and Williams, 1951).
Because of this, the fibrils are well separated from each other, and can easily be
ssolated from the fibers. The fibnls are also larger than those found in the 1:1 type
of ﬂxghtv muscle. For these reasons, a histological distinction has been made, the
myogenie muscles being referred to as “fibnllar,” and the 1:1 type as “non-ﬁbr:llar”
}(,Scc review by Pringle, 1957). To avoid misunderstanding, it must be pointed out,

ouerer, that both types of muscle really possess fibrils, i. e. special groups of myoj
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muscles and that of frog sartorius is illustrated in Fig. 26, which shows
that while peak twitch tension is reached in about 200 msec. both in
the “paramyosin” adductor of Piana (at 15°C.} and in the frog muscle
(at 0°C.), tension in the smooth muscle decays to half-value within
1.5 sec., compared with about 180 msec, in the frog muscle.
Another important feature of “paramyosin’ smooth muscles may be
their relatively low maintenance heat rate. Thus about 20 sec. after
the beginning of repetitive stimulation, the maintenance heat rate for
the ABRM of V3 ilus under isometric conditions at 14°C. is only about
0.1 mcal./g.fsec. (Abbott and Lowy, 1955), while the corresponding
figure for frog sartorius at 0°C. is 1.5 (Abbott, 1951). It appears that
during octivation, the ratc ofenergy expenditure in the ABR M is much
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Fic. 26. Isometric twatches at maximal body length. Shock at origin of trace.
Time marks, 20 msec. (a). Frog sartorius muscle, 0°C. (Ritchie and Wilkie, 1933).
(b). Punna, less tonic (translucent) portion of posterior adductor muscle, 15°C.
Tension followed for 1/, sweeps (Abott and Lowy, 1956a).
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smaller. Now supposing that as in frog muscle {Maréchal and Aubert,
1958), there occurred in the smooth muscle a progressive decrease in
the maintenance heat rate, then it is conceivable that after a certain
time, the activation required to maintain a given level of tension would
be associated with a comparatively minute energy expenditure.
There is a third factor which might help to explain the performance
of the lamellibranch muscles. By recording muscle action potentials in
the smooth adductor of an intact amimal (.Mytlus) over a period of
several days, it has been found that the same high level of tension can
be maintained at a progressively decreasing frequency of electrical
activity, thus indicating that the amount of reactivation required to
maintain the tension seems to dimunish with time (Lowy, 1953).



IX. CONTRACTILE APPARATUS IN INVERTEBRATE ANIMALS 323

of a 1:1 type of muscle, like the dorsal flight muscle of the Jocust
Schistocerca, there is a skeletal click mechanism which could “assist”
relaxation (Weis-Fogh, quoted by Pringle, 1957).

In view of these findings, the operation of a quick-release (and maybe
of a quick-stretch) mechanism, modulating the degree of activation in
rapidly ascillating insect flight muscles, scemed a reasonable possibility.
It was then discovered that (as in glycerol-cxtracted mammalian skele-
tal muscle fibers) spontancous and nearly sinusoidal oscillations could
be obtained in the longitudinal flight muscles of Bombus, working under
an inertial load, in the complete absence of a click mechanism (Boet-
tiger, 1957a).

401~
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Fig, 247‘ Behavior of bumblebee (Bombus) flight muscle during isotomc tetanic
stimulation with a weight (Boettiger, 1957b). For explanation, see text.

The Bomébus preparation was mounted so that one electro-mechanical
transducer recorded changes in length, and another changes in tension,
on ?he vertical and horizontal plates respectively of a cathode ray tubei
Thls. made possible the direct tracing of relations between length and
teml?n. As has already been pointed out (see p. 303 and p. 307), these
relations are not essentially different from those observed in other
muscle.s. The special properties of the insect muscle are only revealed
when it is stimulated under isotonic conditions with a load. When
loaded to tension 77, it shortens to the length indicated at q in Fig. 27
and then begins to oscillate spontaneously with increasing amplitl;dc,
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filaments, separated from each other by nen-fibrillar sarcoplasm. There i3 another
point which could conveniently be clarificd here. Ticgs (1955) reached the conclusion
that in “fibrillar” muscles, the fibnis (“sarcostyles™) are composite. But electron
micrographs of transsersc sections through such fibrils (Hodge ¢ of., 1954; Hodge,
1955) show that normally they are not subdivided. Under abnormal conditions, the
submicroscopic filaments probably become separated from each other into small
groups, visible in the light microscope.

Pringle (1954) has clucidated the cycle of mechanical events in the
rapidly oscillating sound producing “tymbal” muscles of the cicadas
Platypleura capitata and P. octoguttata. On excitation, this type of muscle
contracts almost isometrically (like insect flight muscle, sce p. 309)
against the clastic resistance of the tymbal cuticle, until at a certain
critical tension, controlled by a tonic tensor muscle, the tymbal buckles
like the lid of 2 tin and emits a pulse of sound. Pringle was able to
demonstrate in experiments with a nerve-muscle preparation that at
30°C., a single motor nerve impulse evokes 4 sound pulses, and that
stimulation at 50 shocks per sccond scts up a myogenic rhythm at about
320 oscillations per second. He suggested that the very high frequency
of the contraction-relaxation cycle is duc to the sudden release of ten-
sion at the “IN?” click which “assists” relaxation by deactivating the
mauscle (see p. 318), so that it can be pulled out again by the clasticity
of the tymbal cuticle. As long as the requisite number of nerve impulses
reach the muscle fiber, when the tymbal clicks to the “OUT™ position,
tension in the muscle will rise again until the tymbal once more clicks
“IN.” Thus when the muscle is attached to the tymbal, 4 clicks can
occur during 40 msec., which appears to be the duration of “activity”
set up by one motor nerve impulse, Pringle describes this system as one
in which work is done through a cycle of activation and deactivation,
and not as in frog sartorius by excitation and recovery. In his hypo-
thesis, Pringle did not exclude the possibility of a dircct effect of
stretching on the active state of the contractile material, a condition
which Boettiger {1957b) considers to be essentjal for the maintenance
of the cycle.

Studies on the articulation of the dipteran wing and experiments
with partially anesthetised animals (Boettiger and Furshpan, 1952)
showed that in this case, too, the relaxation of the rapidly-oscillating
flight muscles is “assisted” by a click action, the energy being produced
by the natural elasticity of the thorax itself. The part played by the
well-developed passive elastic properties of the contractile material has
already been noted (see p. 304). It now appears that even in the case
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(3). The velocity with which the contractile material in muscle {or
glycerol-cxtracted fibers) shortens, decreases with increasing load ina
hyperbolic manner. This relation can be described by Hill's (1938)
characteristic equation.

In frog sartorius muscle, it has been shown that the contractile ma-
terial can release varying amounts of total energy for a constant change
of muscle length, and it would appear that the tension the muscle is
generating controls the rates of the encrgy producing reactions. It is
not yet known if this applics to other types of muscle.

(4). The rates of the cnergy producing reactions, and hence the
degree of activation (here defined as the active tension which the
contractile material can exert at any instant), are affected by rapid
shortening (quick-release) and possibly by rapid stretching as well.

(5). When isometrically contracting active muscle is allowed to
shorten rapidly by a few percent of its length, tension falls to zero and
then rises again to the value characteristic of the shorter length (quick-
release-recovery phenomenon). This phenomenon can be interpreted
as being due to series-elasticity. The compliance of this elasticity, the
rate of decay of active state, and the intrinsic shortening velocity of the
contractile material will determine the rate at which external tension
develops at the beginning of stimulation.

{6). The contractile material which possesses the properties so far
enumerated is constructed from large protein molecules. According
to X-ray diffraction data, many of these molecules are fibrous and
lie with their polypeptide chains parallel to the direction of shortening,
These chains have an «-helical configuration.

It seems that in all types of muscle, the protein molecules which
constitute the contractile apparatus are grouped into filaments which
are thick enough to be seen in electron micrographs.

(7). One of the most important general questions, to which there is
':lt present no definite answer, is whether or not the individual filaments
In the contractile apparatus are themselves ever contractile. There is
1o convincing evidence that they are. On the contrary, in striated
"fUSCICS contraction appears to be brought about by movements of two
kinds of filaments relative to one another. Such a “sliding filament”
;:‘;:haﬂ_ism probably also operates in certain smooth muscles which,

striated ones, are constructed from two kinds of cross-linked
filaments,

The basis of the contractile mechanism in vertebrate striated muscles
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until a steady state *bb’ is reached, {Unfortunately, no figures are given
by Boeettiger (1957a, b) for the maximal frequency of these oscillations,
In the animal, the muscle can perform up to 100 oscillations persecond.)
From the counterclockwise direction of movement of the spot on the
cathode ray tube, it was possible to deduce that during these osail-
lations, the muscle is doing work, which in the animal would be rep-
resented by the movements of the wings through the air.

Bocttiger (1957b) has considered the requirements for the mainte.
nance of sinusoidal oscillatory movements in a sclf-exciting system. On
his model, motion is due to an internal force component, which changes
its sign and magnitude throughout the cycle, in such a manner that it
“assists™ both shortening and lengthening, This component is supposed
to arise as the result of a shift in the phase relations between tension
and length. Boettiger states that such a sbift can actually be observed
when an excited Bombus muscle is made to shorten and lengthen at
various frequencies by an external mcchanical system.

Finally, there is another observation which has to be taken into
account when considering how these muscles function. Hanson (19562,
b) found that myofibrils isolated from the myogenic flight muscles of
Calliphora could be made to clongate and shorten, alternately, under
the microscope. It was shown that elongation was “active” in the sense
that it was cffected by the sarcomeres and was not caused by a pult
exerted by other contracting sarcomercs.

Vi, CONCLUSIONS

A. FEaTURES OF THE CONTRACTILE APPARATUS WHICH ARE
ProBasLy Cosston 1O ArL TypPes oF MUsCLE

(1). The tension exerted by active muscle (or by glycerol-extracted
fibers) is a function of length. Normally (sce 2), maximal active ten-
sion is attained at about the greatest length the muscle can assume in
the living animal, and decrcases in a nearly linear manner on either
side of this maximum. Different types of muscle (or glycerol-extracted
fibers) develop maximal tensions in the range from 1 to 10 kg. per
square centimeter of muscle cross section.

(2). When active muscle is stretched at speeds where “give” occurs
it becomes capable of maintaining a tension which is higher than
which it would normally exert at the longer length. Thus tensions
greater than the normal maximum can be attained.
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of 1000 cycles per sccond. Structurally, they arc notable for their
numerous large sarcosomes, which enable rhythmic activity to be main-
tained for long periods without incurring an oxygen debt. An ability
to oscillate scems to be inherent in the muscles. In the intact animal,
a skeletal “click” mechanism may control the rhythm, Flight muscles
are remarkably responsive to rapid length changes, possibly because
there is very little tendon material at the ends of the fibers. Thus a
quick release of isometrically contracted muscle results in considerable
deactivation, so that rapid re-extension of the muscle (due to the
elasticity of the skeleton) is facilitated.

Passive clastic properties of the contractile material are much
better developed than in other striated muscles and play animportant
part in the dynamics of flight.

C. THe SieNiFicaNce oF HELICALLY ARRANGED SMOOTH
MyoFIBRILS

Smooth muscles in which the myofibrils are helically arranged very
often contract and relax more rapidly than other types of smooth
muscle. This apparent correlation is probably misleading, for such
muscles are also notable for their well-differentiated fibrils with closely
and often regularly packed filaments, and for their highly organized
farcoplasmic reticulum. These features may be of critical importance
in determining the maximal speed at which the fiber can contract and
can be brought into action.

The helical arrangement of the fibrils may serve a different purpose.
1t could extend the range of muscle lengths over which tension is ex-
erted, for as Marceau (1909) pointed out, a given shortening of helical
fibrils (as compared with strictly longitudinal ones) will result in a
greater shortening of the muscle fiber. This may indeed be the function
of “helical smooth muscles” in some animals. On the other hand, it is
well known that certain “classic smooth muscles,” such as the body
wall retractors of holothurians and the pharynx retractor of the snail

lH!h'xilscan develop tension over an exceptionally wide range of muscle
engths.

D. Tue MEANING OF STRIATION

Filaments of two kinds, lying alongside each other and cross-linked
together, are present in many muscles. In some, the two kinds of fila-
Ments are segregated into regular transverse arrays which alternate
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is that those filaments which contain actin move relative to those that
contain myosin, There is reason to believe that these movements are
in some way mediated by ATP. In vilro, the interactions of actin,
myosin, and ATP reflect their probable behavior in vivo, Hence it may
be significant that muscles of every type contain actomyosin, and that
the actomyosins prepared from different muscles all react with ATP
in the same manner.

(8). No differences have been established between the ATPase ac-
tivities, in wifro, of the actomyosins prepared from different types of
muscle.

(9). The contractile system contains tropomyosin, as well as acto-
myosin. OFf the two kinds of tropomyosin which are at present recog-
nized, one is common to all types of muscle, where it is found in rather
small amounts. Its function is unknown.

These then are the known properties of muscle whick will have lo be accounted
Sor in any general theory of contractility. Suck a theory cannot yet be attempied.

B. EXAMPLES OF SPECIALIZATIONS 1IN INVERTEBRATE MuscLEs

1. Molluscan *Paramyosin Smooth Muscle”

These muscles have a remarkable structure (see also Appendix),
their filaments apparently being constructed from ribbon-shaped
paramyosin elements which contain very large amounts of water-
insoluble tropomyosin. The quantity of actomyosin in the fiber is much
smaller than in other kinds of muscle. Sarcosomes are few and small.

‘There are two features which may be connected with the well-devel-
oped tonic properties of these muscles, (2) tension persists long after
active state has decayed to zero, and (b) during acetylcholine or
direct current stimulation, resistance to stretch is very high and
diminishes only gradually after stimulation has ended. These obser-
vations suggest the presence of two systems, one concerned with the
active development of tension, the other with (passive) maintenance of
that tension (Lowy and Millman, 1959b). A tetanic mechanism must
be postulated for the maintenance of a steady level of tension, for in the
absence of further activation passive tension decays to zero.

2. Insect Flight Muscle
The outstanding feature of the flight muscles in many insects is the
speed and efficiency with which they oscillate, in some cases at a rate
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linkages break at a very slow rate and are responsible for the pk of passive
tension. Further eaperiments (Lowy and Millman, unpublished results) now indicate
that the linkages responsible for passive tension are of the same type as those
formed during active state. Accordingly it appears that the kind of responsc (tonic
or phasic) given by the ABRM depends on the rate at which linkages - all of one
type - break, and this will be determined by the amount of 5-hydroxytryptamine-
ke substance present (see p. 305).

The structure of the ABRM has been investigated further by electron microscopy.
‘The filaments are of two kinds, thin and thick, the latter showing paramyosin
structure (sce p. 297) (Hanson and Lowy, 1959 a, b; Philpott et al., 1959). The two
kinds of filaments are cross-linked by bridges (Hanson and Lowy, 1959 a, b) which
resemble those found in striated muscles (Volume I, Chapter VII) and in the smooth
muscles of Lolige and Helix (scc p. 287) mn their app and ar The
thin filaments are about 50 A in diameter; their length is not yet known. Using the
ABRM, a comparison of transversc sections of catended and shortened muscles has
shown that neither the diamecters of the thick (paramyosin) filaments nor their
lateral separation from ecach other changes on shortening (Hanson and Lowy,
1959 a, b). ‘These results strongly suggest that the paramyosin filaments are dis-
contmuous along the fiber, that they do not contract, and that they change their
positions when the muscle shortens, i.c. they shde.

All these new structural results, together with cvidence already discussed (see
p. 284-5) indicate that *“paramyosin smooth muscles” probably contract by a shiding
filament mechamsm. By analogy with striated muscles (Volume I, Chapter VII) it
has been suggested (Hanson and Lowy, 1959 a, b) that in these smooth muscles too,
the tension developed during active state is due to the formation of cross-linkages
between thick and thin filaments. There 1s as yet no evidence that these linkages
are actin myosin linkages, although actomyosin can be prepared from “paramyosin
smooth muscles.”

The problem of the function of filaments with paramyosin structure has been
approached in a different way by Jobnson et al. (1959) who studied glycerol-
extracted preparations of the ABRM. When these were treated with ATP it was
found that under certain condutions (pH 6.0, low iomc strength), 1sotonic shortening
could be reversibly inhubited, whlst the capacity for “isometric tension develop-
ment” remained unimpaired The conditions were the same as those which brought
about preciptation (“crystallization”) of paramyosin (water-insoluble tropomyosin)
 zitro, Under conditions where paramyosin remained 1n solution 1 o2tro (pH 6.7),
glycerol-extracted preparations of the ABRM not only showed normal “isometric
tension development” but also shortened readily. Johnson ef al. mterpreted these
resl‘xlts as indicating that prolonged mamtenance of tension 1 the ABRM 1s due to

a ‘ catch hani diated by the crystallization of paramy m vwo, Ths
:‘K’P‘J&l;ms was also s}xp}?or!ed by the ﬁqding (Johnson and Philpott, 1959) that

e A, axial periodicity characteristic of paramyosin was absent in electron
micrographs of muscles which were fixed while relaxed However, Hanson and
Lowy (1959 b) report that this fine structure 15 equally visible 1n the ABRM fixed
either wh?n relaxed or during a tomic response.

Lastly, it has been reported {Ruegg, 1958) that artificial fibers of water-insoluble
tropomyosin prepared from the smooth adductor of Pecten can be plasticized by

ATP, and that glycerol-extracted preparations (of the same muscle) 1n which
has been d d by ethanol are similarly plasticized.
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with each other along the length of the contractile element; where the
arrays overlap, the two kinds of filaments are cross-linked. As a result
of this construction, the structure is transversely banded, i.c. striated.
Striation of this kind appears to be associated with an ability to
contract and relax rapidly—but it is not clear why. Perhaps such a
construction allows the contractile element to be brought into action
more quickly than would be possible if the filaments were more
randomly arranged with respect to the intracellular stimulus con-
duction system. In other words, the presence of striation could be more
significant for the mechanism by which the contractile element is
stimulated than for a particular manner of contraction. Thus in some
animals, striated muscles can be used for rather slow movements,
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APPENDIX
The tonic smooth muscles of lamelltbranch molluses

Since this chapter was written new information has been obtained about “para-
myosin smooth muscles.” To relate what is now known of their behavior and struc-
ture it will be useful first 10 mention again some of the observations (already referred
to n the text) made 1n phystologrcal experiments with the anterior byssal retractor
muscle of M tilus (ABRM) by Lowy and Millman (1959 a, b). . )

A speciahized tomic muscle such as the ABRM can, by suitable periodic stimulation,
be made to hold a high level of tension for several hours without fatigue. If stimu-
lation 1s stopped, tension decays to zero, and the mechanism would therefore appear
t0 be of a tetanic nature. However, the frequency at which the muscle has to be
re-excited is very low compared with that required to maintain tension 1n a non-
tonic smooth muscle hike the mantje of squid {Prosser, 1930). This could be explamed
by the finding that in the ABRM, the decay of tension in a twitch can be two orders
of magnitude slower than that of active state, and this also applies when acuve statc
is prolonged by sumulating the muscle for several seconds erther with direct current
or with acetylcholine. The tension which persists after active state has decayed to
zero has been called passive tension.

Lowy and Miliman (1959 b) put forward a hypothesis to account for these
special properties of “paramyosin smooth muscles.” They postulate that the tension
developed during active state 1s due to the formaton of inkages mn a sliding filament
actomyosin system, that Iinkages are also made which nvolve a second system
(characterized by the presence of paramyosn structure), and that these latter
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I. INTRODUCTION

Over a long period during which silver impregnations were almost
exclusively used in investigations on the fine structure of motor end-
plates, the preparations, at times impressive, obtained either with
“reduced silver nitrate methods,” or with “ammoniacalsilver methods”
have often resulted only in fruitless arguments.

While the silver impregnations have been, and continue to be, of
great value for an over-all survey of muscular innervation, as well as
.for a general view of nerve terminal arborization, they have proved
fnadequate for a cytological study of the end-plate. Although they have
in skilled hands produced striking pictures, there are serious drawbacks
tfs many of these methods. For example, a mediocre, and even some-
times really bad, fixation often has to be used; or they may stain deeply
filamentous structures other than the neurofibrils, This lack of specific-
1ty, which has not always been sufficiently considered, may give rise
1o certain misinterpretations.

Another serious shortcoming of the silver methods used in studying
motor end-plates is their inability to show clearly the cytoplasmic
boundaries. No reliable information can be obtained concerning the
nature of the connection joining the motor nerve fiber and muscle fiber
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when using techniques which Ieave the surface membranes practically
unstained.

Rapid progress in our knowledge of the structure of motor end-plates
has been made with methods other than silver impregnations; these
methods allow staining of surface membranes or at least one of their
components. By means of postvital stainings it has been possible to
delimit the sarcoplasm at the neuromuscular junction. Localization
with histochemical techniques of cholinesterase activity, located at the
level of the sarcoplasm surface membrane, has facilitated observation
of this membrane, and confirmed conclusions drawn from the results of
postvital stainings. In addition, the use of the electron microscope has
filled up numcrous gaps which previously existed. This new technique,
allowing the best fixations now available to cytologists, enables obser-
vations to be made with a resolution about one hundred times higher
than before, and offers motor end-plate images on which plasma
membranes arc clearly seen.

Ahhough the application of these methods is of recent date, they
have already scttled some long-standing debates raised by thestudy of
the vertebrate motor end-plates.

It has been demonstrated that the plasma membranes, which limit
respectively the nerve fiber and the striated muscle fiber, are present
at their junction, as well as at all other points of their surface, and that
they offer everywhere the same general structural patterns. Thus, the
existence of a structural discontinuity between the nerve and muscle
fibers is firmly established, confirming an important point of the
neuron theory.

The electron micrographs have, on the other hand, shown that at
the motor end-plate the surface membranes of the axoplasm and
sarcoplasm are in immediate contact. Neither a collagenous membrane
nor an endothelial membrane of the type forming the lamellar sheath
of the nerve is found between the nerve ending and the sarcoplasat,
and even the teloglia associated with each of the nerve ending branches
leave the synaptic side of the branch exposed. In grown animals, the
motor end-plates are the only points of the muscle at which the axo-
plasm of the motor nerve fiber and the sarcoplasm are in such proximity
to cach other. At all other points, a more or less thick layer of collage-
nous fibrils and sheaths surrounding the axon are interposed between
the axoplasm and the sarcoplasm.

If the motor neuromuscular junction consisted only in the apposition
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of two plasma membranes, its morphological study would be reduced
tospecifying thesite of the junction, and the form and dimensions of the
apposition surface of the pre- and postsynaptic membrancs.

In fact, the motor nerve fiber and the muscle fiber each show, in the
immediate vicinity of their junction, several distinguishing character-
istics which they exhibit nowhere clse, and which confer upon the motor
Jjunctional region a structural originality in its pre- and postsynaptic
components,

Following the development of the striated muscle, one may observe
the motor nerve ending and junctional sarcoplasm progressively ac-
quiring their distinguishing characteristics, some of which probably
result from local interactions between the axoplasm and sarcoplasm,
interpretable as late inductions of the organogencesis. In regard to the
sarcoplasm, the morphological features of the subneural area, and the
appearance at its level of a high acetylcholinesterase activity are typical
signs of this local, and obviously epigenetic, differentiation. Further
study of motor end-plates, more particularly by new cytochemical tech-
fliques, will doubtless soon reveal other signs of specialization of the
Jjunctional sarcoplasm.

In this paper, the structure of the motor end-plate will be considered
from a very general point of view, without discussing in detail the
particularities which it exhibits in each type of striated muscle and in
the different zaological divisions. Information concerning the com-

parative morphology of motor end-plates may be found in several
Teviews (Hines, 1927; Hinsey, 1934; Tiegs, 1953) for all classes of verte-
brates, and in a very recent monograph in which Hoyle (1957) deals
with “nervous control of the muscular contraction” in both vertebrates
and invertebrates.

Regarding the pathological changes which may affect the structure

of the motor end-plates, a paper by Coérs (1955) sets forth the principal
known data,

1l. EARLY OBSERVATIONS

Before the year 1840, histologists agreed with Valentin (1836) and
Emmert (1836) that nerves possessed bow-shaped endings in striated
muscles, the ultimate nerve branches joining up and continuing in one
another. This opinion denied, in effect, the ecxistence of true nerve

endings with direct 1
connexions between the motor nerve and
muscle fiber. cach
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From Doyére (1840), we have our first notion of a nerve ending
which ensures the close union of nerve and muscle fiber, But his con-
clusion dealt with the motor cndings of an invertcbrate, Milnesium
tardigradum, endowed as all tardigrades with smooth muscle fibers only;
the importance of this finding, confirmed by Quatrefages (1843) on the
muscles of a gasteropode molluse, Eolidina paradoxa, was not immedi-
ately appreciated by those histologists studying striated muscles in
vertebrates.

It was not until 1847 that Wagner's observations on the striated
muscles of the frog shed doubt for the first time on the existence of the
terminal bows in striated muscles of vertcbrates, described by Valentin
and Emmert.

Wagner was the first to reveal two fundamental features of the neuro-
muscular junction of vertebrates; he concluded from his studies of the
hyoidean muscles of the frog that the motor nerve fiber, after branch-
ing, loscs its myelin sheath and closcly connects with the muscle fiber.

Two other important characteristics, although less constant

throughout the various types of ncuromuscular junctions found in
striated muscles, were subscqucntly discovered. Thc {irst was dcﬁcnbcd
by Kuhne (1862), w .
ing the sarcolemma, ' .
a terminal arborization; the sccond was dcscrlbcd by Rougct (1862),
who reported the presence, in the muscles of reptiles, birds, and mam-
mals, of a flattened heap of granular nucleated substance at the level
of the ncuromuscular junction, which he interpreted as the spreading
of the axis cylinder substance at the surface of the myofibrils and which
he called the “cnd-plate” (“plaque terminale™).

At the time of his discovery of the cnd-plate, Rouget did not perceive
the nerve ending itself. It was Krause (1863) who, the following year,
described the terminal branching at the level of the end-plate on the
retractor muscle of a cat’s eye, which he called “motor end-plate”
(“motorische Endplatte”). This term is often applied today, conven-
iently but improperly, to all neuromuscular junctions, whether or not
they present a plate of granular nucleated protoplasm.

The first really detailed observations on the structure of the motor
end-plate were made by Ranvier (1878) and Kuhne (1883, 1887,
1892). All the later morphological research is based on the work of
these two authors, especially on the very impressive paper by Kuhne,
which appeared in 1887,
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IIl. GENERAL VIEW OF THE MOTOR END-PLATE

For a general description of the vertebrate motor end-plate, we shall
refer mainly to end-plates of reptiles and mammals.

The accunulation of nuclei and granular cytoplasm of the junctional
area forms a rounded heap at the surface of the myofibrillar bundle. It
is this plate-like heap of protoplasm lying against the myofibrillar
bundle and at the level of the ramification of the nerve ending (Fig. 1)
that Kuhne cailed the sole.

» weene —

Fig. 1. Drawing of two motor end-plates of guinea pig (m. gastrocnemius internus).
Silver preparation.

Some of the various nuclei observed in the vicinity of the nerve ending
are clf)sely connected with the terminal nerve branches. These are the
nuclei described by Ranvier (1878) as “arborization nuclei.” Then
there are the “fundamental nuclei” of Ranvier (Kuhne’s “sole nuclei”,
1864), which are larger and much less stainable than the former,
and w]tich contain much larger nucleoli. In addition to these two
categories of nuclei, there are the endothelial nuclei of the blood capil-
luancs., sometimes very closely attached to the end-plate, and lastly, the

Vag}“al nuclei” of Ranvier, which are not always present, and which
are linked to the endothelial and collagenous coating prolonging Henle’s
sheath of the nerve fiber over the end-plate.
onOf t}}:fsc four kinds of nuclei, observable at junction level, the only

es which arc frequently casy to identify are the fundamental nuclei;
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these are generally distinguished by their size and especially theirstruc-
turc. But this is not the case for the arborization nuclei, the endothelial
nuclei of the blood capillaries, and the vaginal nuclei, at least in adult
muscles. This doubtless explains the long, inconclusive debate between
Kuhne and Ranvier on the end-plate nuclei, and the numerous contro-
versies on this subject which have arisen constantly since the end of the
last century.

Data obtained from a study of the development of the end-plate and
from an analysis of its structure in the adult, both with light and
electron microscopes, enable us to give a cohcrent interpretation of the
highly complex neuromuscular junction, summarized by the schema
of Fig. 2.

Fi16. 2. Schematic draning of a motor end-plate scen in a longitudinal section of
the muscle fiber. ax., asoplasm with its mitochondria; my., myelin sheath; tel,
tzloglha; sarc., sarcoplasm with its mitochondria; m.n., smuscle nuclei (fundamental
nucler, The termmal nerve branches lie in “synaptic gutters” or “troughs.”
Immediately under the interface axoplasm-sarcoplasm, the ribbon-shaped subneural
lamellae, cut transsersely, may be scen as rodlets, The bell-mouth by which the
Henlc’s sheath ends above the motor end-plate has not been represented.

After the loss of its myelin sheath, the motor axon branches and
connects with the sarcoplasm. The nerve branches are accompanied by
teloglia (terminal Schwann cells), to which the arborization nuclei
belong; the branches occupy hollows of widely varying depth, shape,
and size according to the animal species considered. These “synaptic
gutters” or “synaptic troughs” are hollowed out into the sole, 2
flattened-out heap of sarcoplasm rich in nuclei and mitochondria.

In spite of its close connections with each terminal nerve twig, telo-
glia does not penetrate the interior of the synaptic gutters, and does not
come between the axoplasm and sarcoplasm.

By means of selective stainings, it is possible with a light microscope
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to distinguish the “interface,” at the level of which axoplasm and sarco-
plasm are joincd. On a scction cut through a motor end-plate, this
interface appears as a thin line, to which are attached by one of their
cdges on the sarcoplasm side the elongated ribbon-shaped lamellac of
thesubncural apparatus. When they are cut transversally and observed
with a light microscope, these subneural lamellac appear as rodlets
measuring generally about one micron in length. They arc always per-
pendicular to the axoplasm and sarcoplasm apposition surface. The
juxtaposition of these rodlets, situated on the deeper face of the nerve
terminals, results in a picture resembling that ofa palisade or picketfence.

On a front view of a motor end-plate, the lameliae, which run under
the nerve terminals, appear as a fingerprint. Their orientation differs
widely according to their position in the subneural apparatus; they
are of unequal lengths and generally more close-set near the edges of
gutters.

After this brief description of the main morphological features of the
motor-end plate, we shall proceed to a more detailed analysis of its
diverse components.

IV. TERMINAL AXOPLASM

As a result of extensive work, Kuhne (1887), using a gold method,
Dogiel (1890), and Retzius (1892), with methylene blue, had already
described the general form of motor nerve endings in each class of
vTrtebrates. Their description was supported by numerous and excellent
plates.

Subsequemly, many other investigators using the same methods, as
well as silver impregnations, confirmed and completed previous ob-
Ser\ialions; but, although these methods permit a general survey of
v.anous types of motor nerve endings, they unfortunately provide very
little reliable information concerning therr fine structure. They are in-
deed quite often used, either in fresh tissues, or after poor fixations, and
m f)oth cases it is difficult to know which artifacts are included in the
Stained structures.

These staining methods leave, morcover, the border line separating
the terminal axoplasm from the teloglia practically unstained.

In addition, because of their small size, most of the axoplasm com-
Ponents cannot be clearly seen, if at all, with the light microscope.
d_;‘hc nerve enqing, as described by Kuhne, is made up of two parts,

tierentially stained by his gold method. The first part, stained deep
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violet, is axial; this is the “axialbaum.” The sccond part, the “stroma,”
stained red, encloses the first.

When the structure described by Kuhne as the stroma is Jocated at
the level of the still myelinated part of the axon preceding the branching,
it must be admitted that this structure, found inside the myelin sheath,
is part of the axoplasm.

The nature of what he designated under the name of stroma at the
level of the nerve ending itsclf is much more uncertain. As we shall see
in connection with the teloglia, it scems that Kuhne’s stroma brings
together quite different structures,

Kuhne obscrved that the stroma is not quite a homogencous struc-
ture, being more granular in its peripheral part. Contrary to a rather
widely held opinion, he never referred to the stroma as a striated layer.
There is an obvious confusion here with a superficial fringe (“Borsten-
saum”), also described by Kuhne (1883), the significance of which will
be discussed later. According to Kuhne, this fringe belongs to the
membrane coating the end-plate. In his paper of 1887 (p. 21), and, in
particular, in the legends accompanying the drawings of the fringe, he
invariably and carefully distinguished it from the stroma.

Most of the investigators who have stained the nerve arborization of
motor end-plates with methylene blue, by intravascular injection of the
staining solution, or who have placed the excised muscle tissue in direct
contact with the staining solution, have often observed much more
deeply stained filament in the axis of the arborization branches
(Dogiel, 1890; Feist, 1890; Kulchitsky, 1924; Tiegs, 1932; Tello, 1944;
Couteaux, 1947).

It may happen that the axial filament is the only stained part of the
nerve ending, but this picture is rarely obtained; in general, the axial
filament stands out from the rest of the arborization which is pale blue
by its deep blue color. A quite similar picture may sometimes be ob-
served at the level of the axon myelinated part; a deep blue filament,
occupying the axis of the nerve fiber, is separated from the myelin
sheath by a poorly stained or unstained space.

Of all the methods used to selectively stain the motor nerve ending,
those using silver gave the most clear-cut pictures, especially in the
hands of Cajal (1904, 1925), Tello (1905, 1944), Bocke (1909, 1911,

1927), Lawrentjew (1928)

Silver impregnation discloses a neurofibnilar framework in the nerve
arborization, prolonging the neurofibrillar bundle of the nerve fiber at



X. MOTOR END-PLATE STRUCTURE 345

the level of the branchies of this ending (Figs. 1 and 3; Plate I, a~c, e-g).

Many investigators who have studied the neurcfibrillar framework
of nerve arborization have pointed out that the neurofibrillar bundles
of the terminal branches often end in an olive-shaped enlargement, a
small racket-like net, in loops, or in rings.

Fic. 3 Drawing of frog terminal arborizatio
paration. The three median muscle fibers hav:

ns (abdo'minal muscle). Silver pre-
€ been displaced in relation to the

other fibers in order to show entirely their motor innervation. Magnification: % 190,
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The neurofibrillar bundle, often very slender, which is found inside
cach of the nerve terminal branches, is surrounded by a clear space
similar to the one obscrved, following staining by the methylene blue
method, around a deeply stained axial filament.

It is quite probable that this clear space is, to a certain degree at
least, the result of a fixation artifact, resulting from cither a shrinkage
of the entire axoplasm or the condensation of a fibrillar component.

It is also likely that the tcloglia, whose relationship with the nerve
branches will be described later, is part of the perifibrillar layer.

The assumption put forward by several authors, principaily Cajal
(1925), to the effect that a peripheral layer of axoplasm lacking the
fibrillar component always exists at the level of the terminal nerve
branches cannot be entirely rcjected today; the presence of such a layer
would also explain the presence of a clear space surrounding the
neurofibrillar bundle.

The only inclusions of the terminal axoplasm observable with the
light microscope are very small granules, which can be stained either
by Regaud’s technique or by Altmann’s aniline fuchsin with fixation
by osmic mixtures. From their special stainability, it may be concluded
that, in all probability, these granules are mitochondria. They appear
more numerous at the level of the nerve ending than in the other
regions of the motor axon.

When examined with the electron microscope (Fig. 4), these tiny
granules, observable with thelight microscopeinside the nerve branches,
exhibit the typicalinternalstructure of mitochondria (Robertson, 1956).

Electron microscopy has further shown that, in addition to the

Plf\'fs 1. Neuromuscular junctions of animal species belonging to different zoologi-
cal divistons. (a) and (b): Motor nerve endings at the surface of an msect muscle fiber
(Musca domestica, thoracic muscle). Silver method. Magmfication: {a) x 520; (b)
X 1,600 (original photomicrographs from Auber), (c) Motor end-plate of a Selachian
muscle fiber (Rayya clavata, pelvic fin muscle). Silver method. Magmification: x 800
f:)ngmal photomicrograph from Barets). (d): Motor nerve endings at the surface of

slow” muscle fibers of the frog (m. rectus abd ) Methylenebl hod. Magni-
ﬁfatmn: X 300 (original photomicrograph from Barets). (e)* Motor nerve ending
(“twatch system”) of the frog (m. rectus abdominis). The neur junction
:hr d here, more d than usually is the case 1n the frog muscle, effects
u ¢ transition between the end-bush (see Fig. 3) and the true end-plate. Magni-
cation: % 480 (from Couteaux, 1947). {f): Motor end-plate of the guinea pig (m.
‘g)?s;omcxlmus internus). lev.cr method. Magmification- x 750. (g) : Motor end-plate
micr:“ (;f()_'nx muscle). Silver method. Magnification. X 750 (ongwmal photo-
oo, i‘ap rom Barets). As frequently seen i human muscles, the nerve terminal
niches are connected with the muscle fibers only by button-shaped extremities.
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mitochondria, the terminal axoplasm contains some inclusions which
are much more numerous and much smaller {300-500 A.). These
“vesicles” have been described in the motor nerve endings of the
striated muscle by Palade and Palay (1954) and by Rebertson (1956);
they appear to be homologous to the presynaptic *vesicles” described
for some interneuronal synapses.

In spite of these recent findings, there still exist some important gaps

ax. M. yes, c.f.

Fic. 4. Schematic drawing of a “synaptic gutter” or “trough,” seen in cross
section. ax., axoplasm; m., mutochondnia; ves., vesicles; sare., sarcophsm', ifs
Jjunctional folds; c.f., collagen fibnls (after Robertson, 1956, slightly modified).

in our knowledge of the fine structure of the terminal axoplasm. Studies
made with the electron microscope have not yet allowed a satisfactory
interpretation of the different pictures obtained with gold, silver, and
methylene blue methods. In particular, neurofibrils of a nerve ending
stained in the usual manner continue to pose a difficult problem. It
seems probable today that the neurofibrils are a result of the artificial
agglutination of submicroscopic filaments, called “neurofilaments”;
observations made on nerve fibers of the leech (Couteaux, 19572)
suggest that this agglutination depends above all on the manner the
fixation is used. Up to now, however, the presence of “neurofilaments”



X. MOTOR END-PLATE STRUCTURE 349

in the motor cndings of striated muscles has not been clearly deter-
mined, and it might be asked if these filaments arc not completely absent
from the terminal nerve branches. This conclusion appears, nevertheless,
quite unlikely, since preparations in which the neurofibrils are stained
clearly show the existence of terminal neurofibrils extending the motor
axon neurofibrils beyond the preterminal constriction. The presence at
the same time of two kinds of submicroscopic neurofilaments of different
size and nature (Palay, 1958) in the axoplasm of the nerve fibers may
explain this apparent discrepancy between the data furnished by light
and clectron microscopy. On the onc hand itis possible that the neuro-
filaments of larger caliber arc not prolonged in the terminal axoplasm
and, on theother hand, that the neurofibrilsstained by the silver methods
inside the terminal nerve branches are the result of the agglutination of
the other submicroscopic neurofilaments, whose existence in the nerve
fibers is not always casy to demonstrate with the present methods of
electron microscopy.

V. TELOGLIA

The cells accompanying the terminal branches of the motor axon,
and which collectively form the teloglia, are visible with a light micro-
scope only at the level of their nuclei (arborization nuclei), each of
which is generally surrounded by a small heap of cytoplasm.

A. ARBORIZATION NUCLEI

Ranvier (1878, 1888) was the first author to distinguish clearly the
arborization nuclei from, firstly, those nuclei belonging to the endothelial
sheath which continues the Henle’s sheath above the motor end-plate,
and, secondly, from the fundamental nuclei (sole nuclei of Kuhne).

Kuhne (1886, 1887, 1892) always disagreed with this distinction,
and would admit only the presence of sole nuclei, and of nuclei attached
to the telolemma, i.e., to the membrane coating the motor end-plate.

Kuhne was not the only one who denied the existence of a special
category of nuclei bound to the terminal nerve branches. Cajal (1899,
1909), Tello (1907, 1917), Iwanaga (1925), Stohr (1928), Cuajunco
(1942), and many others, although generally admitting that the re-
1atlon'ship of certain nuclei with the nerve end-ramifications is particu-
larly intimate, do not consider them as quite different from the other
sole nuclei. As for the origin of arborization nucle, it was long debated.

It seems that Ranvier himself, uncertain as to the nature of the
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fundamental nuclei, did not wish to commit himself fully concerning
the nature of the arborization nuclei.

Rio-Hortega (1925), while he notes that the significance of these
nuclei is “not very clear,” regards their muscular origin as probable.

As we shall sce further, the existence of the arborization nuclei, and
their homology with the Schwann cell nuclei, may be very clearly
established by studying the development of the motor end-plate (Cou-
teaux, 1938a, b, 1941). The teloglia is most casily distinguished from
the rest of the end-plate when it forms, together with the nerve
branches, a rounded corpuscle which depresses the neighboring nuclei.

The embryonic muscle preparations, however, are conclusive in this
respect only if the end-plates are seen as a whole, and have been stained
by a method which brings out the differences in the structure of the
end-plate nuclei, especially those concerning their nucleoli.

A study of motor end-plate development led Bocke also (1942, 194,
1949) to distinguish nuclei of lemmoblastic origin, which become ar-
borization nuclei, from those of muscular origin found at the level of
the neuromuscular junction. But, although the silver methods he used
show the ncurofibrils very clearly, and stain the nuclei chromatin quite
deeply, they do not always stain the nucleoli of the muscle nuclei with
sufficient strength to enable them to be distinguished from other nuclei.

According to Bocke, the cells to which the arborization nuclei belong
are homologous to the “interstitial cells” described at the level of the
terminal plexus of the autonomous nervous system; the cytoplasm of
these cells and the neighboring sarcoplasm would “merge” into the sole
protoplasm.

Further research on motor end-plates by Tello (19+44), using grown
animals, showed that a nucleated sheath, probably prolonging the
Schwann sheath at the level of the end-plate, accompanies the terminal
nerve branches along their entire length.

In spite of important differences in the general interpretation of the
motor end-plate, two points are agreed upon by the three above-
mentioned authors: one, cells having the same origin as Schwann cells
are found in the end-plate, and, two, their nuclei are those described
by Ranvier as arborization nuclei.

B. RerationssIp BETWEEN TELOGLIA AND TERMINAL AXOPLASM

Referring to the structure of the terminal axoplasm, it has already
been pointed out that complex problems are raised by the interpreta-
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tion of pictures resulting from methods which use impregnation by gold,
silver, or postvital stainings. The same difficultics arise when these
procedures are used to define the relationship between teloglia and
nerve terminal branches.

Tello (1944) concluded that each branch of the end arborization is
completely enclosed in a nucleated sheath. The axoplasm would be, as
a consequence, entirely separated from the junctional sarcoplasm by
this sheath, even inside the synaptic gutters.

Through comparison of aspects of the nerve ending obtained by
postvital staining with methylene blue or Janus green B, and by silver
methods, Couteaux (1945c, 1947) described two distinct parts in the
end-bush of a frog: one, axial, extending the axon, and the other,
surrounding the first, which he regarded as belonging to the teloglia.
This peripheral part forms a continuous sheath around each nerve
branch. Couteaux compared it to the “stroma” described by Kuhne
(1887) by means of gold methods, but which the latter had considered
as a component of the nerve end arborization.

This view of Kuhne's stroma as a sheath made of nonnervous proto-
plasm was not new. Tiegs (1932) showed on reptilian muscles that the
stroma (which he called “perilemma” in order to emphasize its in-
dependence from the axon) survives degeneration of the nerve after
section, and remains in direct continuity with the cord of Bungner, i.e.
Schwann cells of the degenerated nerve. This observation appeared to
give an interesting evidence in favor of the glial nature of the Kuhne’s
stroma (Tiegs, 1953).

Examination of sections made through the motor end-plate after
fixation by means of good osmic fixatives (Bensley, osmiochromic fluid
of Laguesse), and staining by mitochondrial methods, shows that there
is no room in the synaptic gutters for a periaxoplasmic layer as thick
as Kuhne’s stroma.

The conclusions drawn from electron microscope observations have
been in this respect much more categorical, since all the researchers
who have hitherto studied the structure of the end-plates with the
electron microscope (Palade and Palay, 1954; Reger, 1954, 1955, 1957;
Robertso.n, 1954, 1956) deny that any teloglial cytoplasmic layer, even
of the thinnest dimensions, is present between the axoplasm and the
sarcoplasm.

Due 1o its high resolution and the thinness of its sections, electron

microscopy is much more suitable than light microscopy for solving
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such a problem, and, consequently, it may be considered as established
that there is no interposition at all of teloglia between the axoplasm and
sarcoplasm at the level of the motor end-plate. Although the teloglia is
closcly tied to the nerve ending, beginning with the first stage of the
formation of the motor end-plate (Couteaux, 1938a, b, 1941), it does
not completely enclose the nerve ending and does not penetrate to the
interior of the synaptic gutters (Fig. +4). It is possible, particularly in
the frog, that slender teloglial processes sometimes form a loop around
the terminal nerve branches; it scems, however, that such an inter-
position between the pre- and postsynaptic membranes would be
practically negligible as far as the functional relationships of these
two membranes are concerned.

A similar problem has been posed by interncuronal synapses. Hither-
to, in every case where an examination with the electron microscope
has been made, the conclusion was the same, i.c., there is no neuroglial
interposition between the pre- and postsynaptic membranes.

Concerning the gencral arrangement of the teloglia, it scems, how-
ever, to have been previously demonstrated with the light microscope
that the teloglia follows cach of the branches of the nerve ending along
its entire length,

Several electron micrographs by Reger (1955) show the intimate
connections of the teloglia with the nerve terminals,

Robertson (1956) established, in a chameleon lizard, that above
the nerve twig a thin layer of cytoplasm exists which differs decidedly
in appearance from the underlying axoplasm, from which it isseparated
by a double membrane. Though the nature of this superficial layer of
cytoplasm has not been established beyond doubt, it scems highly prob-
able that it may be considered as an cxpansion of the teloglial cell.
According to this hypothesis, the teloglia closes the synaptic gutterasa
lid or an operculum and does not, therefore, lic between the axoplasm
and the sarcoplasm, but between the axoplasm and the extracellular
medum, .

Further research will show whether this firm closing of the synaptic
gutter by the teloglia is the rule, and a constant feature of the end-plate
organization,

Now that it has been demonstrated that the axon terminal branches
have no teloglia lining inside the synaptic gutters, the stroma described
by Kuhne as completely enclosing each branch of the “axialbaum”
and as being more granular in its peripheral part can no longer be
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considered as formed uniquely by the teloglia. It also includes, without
any doubt, an axoplasmic part, since Kahne describes it as existing not
only around the nerve terminal branches, but also at the Jevel of the
last myclinated segment of the motor axon, inside the myelin sheath
(1887, Fig. 47).

On the other hand, the structures described as stroma on the end-
plates, seen in front view and on cross scctions, arc doubtless not the
same. Several of the cross scctions of the motor end-plates drawn by
Kuhne show beyond doubt that, at the level of the space located be-
tween the fibrillar axis decply stained by a gold method and the sarco-
plasm, the stroma is formed, at least in its peripheral part, by the
subneural apparatus.

It scems probable, thercfore, that the stroma described with a gold
method includes some very different structures belonging to the three
tissues which enter into the make-up of the motor end-plate.

As the most recent data show that the teloglia accompanies the termi-
nal nérve branches, although not interposed between the axoplasm and
the sarcoplasm, the only part of the stroma which can be regarded as
teloglial at the level of the junction is the one which is found above the
nerve branches, outside the synaptic gutters.

VL. JUNCTIONAL SARCOPLASM

In mammals, the junctional sarcoplasm, together with the funda-
mental nuclei and its granules, generally form only a slight protuber-
ance on the surface of the muscle fiber when the latter is not contracted.
As Kuhne (1887) had already noted, however, this mass of sarcoplasm
may become quite prominent if the muscle fiber is contracted.

. In the frog, whose nerve branches are nearly always quite long, the
Junctional sarcoplasm does not form a protuberance which can be seen,
even when the muscle fiber is tightly contracted. This difference be-
tween the neuromuscular junction of batrachians and those of higher
vert‘ebratcs was emphasized by Rouget (1864) n a paper on motor
indmg.s, in which he pointed out also that the prominence of the
terminal cone or eminence” in the Tardigrada, described by Doyére
(1840), depends above all on the “mechanical tension” of the motor
g;fvs, and varies widely as a result with the movements of the muscle
ers.
ththcf 2 protuberance of sarcoplasm exsts or not at the neuro-
muscular junction, the terminal branches of the motor nerve ending
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are invariably found in the surface depressions of the junctional sarco-
plasm. In vertebrates, these depressions often take the form of gutters,
modeled on the nerve branches.

This surface position of the motor nerve ending was observed by
Gutmann and Young (19144), using silver impregnation, in lateral views
of the motor end-plate of the rabbit, and by Couteaux (1944, 1943a),
while studying the subncural apparatus, stained with Janus green B,
in cross sections of muscle fibers of the mouse.

The nervous and muscular substances enter directly into contact at
the bottom of these “synaptic gutters.”

In those vertebrates whose motor cnd-plates have been studied in
detail, it has been remarked that the sarcoplasm presents at the level
of the synaptic gutters structural or cytochemical particularities which
it exhibits nowhere clse. On account of these particularitics, the layer
of sarcoplasm located immediately below the terminal nerve branches
appears as a differentiated zone of the muscle fiber described as the
subneural apparatus,

A. SUBNEURAL APPARATUS

In the layer of subneural sarcoplasm, selective stainings show a col-
lection of clongated ribben-shaped lamellac attached by one edge along
their entire length to the sarcoplasm membrane. These lamellae are
attachcd along fairly cquidistant lines, giving a periodic structure to
the subneural apparatus.

The subneural Jamellac may be stained by several methods. The first

Prate 11 Subneural apparatus. Acetylthiocholine method after fiaation by
formaldehyde. (a)~(¢). Hedgehog mosor end-plate (intercostal muscles). Magmifi-
cation: (a) x 2,700, front stew of the end-plate with the focus on the decper part
of the subneural apparatus. Magnification. (b) x 2,700, “synaptic gutter” seen 11
cross section, without counterstaimng (contrast of the unstaned structures skightly
increased by diaph a ), the sub 1 lamellae (folds of the electron
mucrographs) appear as rodlets if they are cut perpendicular to their axis; on the
nght, a fundamental nucleus, unstained, 1s hardly sisible. Magnification: (C)A x
4,000; (d) x 3,300, (e) ~ 3,700, cross secuons through end-plates, with staining
of the nucler by hematoxylin, above the subneural apparatus, teloglial nuclei, and
below 11, fundamental nucler (from Couteaux, 1955). (f)-(i): End-bushes of the
frog (gastrocnemuus); front view of the s . .
end-bushes. Magnification. (f1 x 3,85 '
segment betonging to the same end-bush . "
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In reptiles and mammals, the orientation often varies considerably,
depending on whether we are dealing with the decp part of the gutter
or the arcas adjacent to the edges.

In the decp part of the gutter, the folds may be orientated in different
patterns, often longitudinally. In the latter case, the folds may be as
long as the gutter itself; and the appearance of the synaptic gutter, seen
on a scction cut perpendicular to its axis, resembles part of a cog wheel
(Plate IT, b-¢), the cogs corresponding to the folds seen in cross section.

Bordering the edges of cach gutter, the subneural folds have, on the

Fic. 5. Schematic drawing of two junctional folds, showing how the sarcoplasm
surface b JOInS with lhc pl surface t and forms the synapl
d b ; ves., vesicles; sarc., sarcoplasm; j.f, junctional
fold (aflcr Robertson, 1956 shghtly modlﬁcd)

contrary, a fixed orientation, perpendicular to each edge. The arrange-
ment of folds in these areas explains why the scctions cut transversally
to the gutter axis have no cogs near the edges, except at the gutter
extremity.

It is possible that the unstained zone existing in the deepest part of
each infolding corresponds to the section of a canaliculus. Observations
with the light microscope, moreover, invariably show, on the sides of
the synaptic gutter, outcroppings of the subneural lamellae at the sur-
face of the sole. If, therefore, the unstained zone visible inside the folds is
really a “frec” space, it is probable that the canaliculi of the subneural
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folds open at the end-plate surface by means of slot-shaped openings
placed on cither side of cach nerve branche (Couteaux, 1957b).

In the animal species where numecrous anastomoses unite the sub-
neural folds, the canaliculi would form a kind of network below each
terminal nerve branch.

It is obvious that such a system of canaliculi may play an important
partin the normal functioning of the normal motor end-plate, and may
allow, moreover, the pharmacodynamic agents to reach more casily
both the synapse and the junctional sarcoplasm.

Fio. 6. Sct 1c three-d 1p; ion of the sub: 1app at the
extremity of a “synaptic gutter.” This interpretation 1s based upon data hitherto
obtamed with both the hight and the electron microscope (cf. Fig. 4).

I_tmaybeassumed thatthecanaliculibringintorelationship thediverse
regions of the postsynaptic membrane, including even those regions
located in the deepest part of the gutters, and the extra-cellular medium.

The folds are often prolonged at the surface of the end-plate by
Oth.er canaliculi which correspond to the superficial threads sometimes
quite long, observed with the light microscope.
ha’:helstl_ldy of the subm_ic.mscopic structure of the subneural apparatus
b only just Fmgun, butitis already certain that this layer ofsarcoplasm,

aving a thickness of about one micron, and limiting the synaptic
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gutters, presents morphological features of a highly specialized zone.

Let us now consider to what degree the sarcoplasmic membrane in
the region of the subneural infoldings differs from that of the remaining
muscle fiber.

Postvital methods allow the sclective staining, on the surface of the
striated muscle fiber, ofa component of the sarcolemma which appears,
with the light microscope, as a continuous and homogencous mem-
brane (Couteaux, 1947). This membranc extends under the terminal
nerve branches at the motor end-plate, and is prolonged by the folded
membrane of the subneural apparatus.

Tt is probable that the membrane stained by the periodic acid-Schiff
method (PAS reaction) at the level of the sarcolemma by MacManus
(1948) is identical with the one stained by postvital methods. These
staining methods reveal no important difference between the mem-
brane coating the sarcoplasm within the synaptic area and the onc
enveloping the rest of the muscle fiber.

Differences arc apparent between the two zones of the sarcoplasm
surface membrance when other methods are used, such as Heidenhain’s
Azan method which stains the collagen fibrils of the endomysium, or
Laidlaw’s silver technique, which stains the argyrophil fibrillar net-
work very deeply at the surface of the muscle fiber. None of these
procedures bring to light the existence of any fibrillar structure at the
surface of the subneural sarcoplasm. Nor has it been possible to detect
collagen fibrils at this level with the electron microscope.

Further data have resulted from observations made with the electron
microscope after osmic fixation.

There is a continuity between, on the one hand, the three layers of
the subncural sarcoplasmic membrane (made up of a very dense inner
layer, an outer layer less dense and thicker than the former, and, be-
tween these two layers, a light layer), and, on the other hand, the three
corresponding layers of the sarcolemma (Figs. 4 and 5). Robertson
(1956), however, remarked that the total thickness of these three layers
is slightly less at the level of the synaptic gutters, duc mainly to the
thinning out of the light middle Jayer. An interpretation of this fact
would at present be premature.

Histochemical methods which reveal cholinesterase activity have
proved, up to the present moment, to be the most effective ones for clearly
defining the differences between the sarcoplasm membrane located
within the synaptic area and the remamder of this membrane, These
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procedures disclose at the motor end-plate an important concentration
of cholinesterase, mainly located at the postsynaptic membrane.

The location of cholinesterase at this point is quite typical of the
subneural apparatus, In vertcbrates, this cytochemical characteristic
scems to be a more constant attribute of thesubneural differentiation of
the sarcoplasm than the presence of folds, which appear to be wanting
at some neuromuscular junctions, for example on frog’s slow muscle
fibers and teleost’s muscle fibers. The question of enzymatic location
will be discussed later in more detail,

Further investigation will be necessary not only to complete the
study of the sarcoplasmic membrane at the level of the synaptic gutters,
but also to examine the particularitics of the thin sarcoplasm layers
located between the folds.

Since it appears probable that the deep part of the subneural
apparatus rather far distant from the axoplasmic membrane does not
play exactly the same role as the properly synaptic part of this appara-
tus in the transmission of the excitation from the motor nerve to the
muscle, a more thorough morphological and cytochemical investigation
will perhaps reveal significant differences between the two parts.

B. RELATIONSHIP BETWEEN AXOPLASMIC AND
SarcopLAsMIC MEMBRANES

Due to the existence of the subneural infoldings, thesarcoplasmsurface
membrane presents at the end-plate two parts having very different
relationship with the axoplasm surface membrane. Oneis closely joined
to the axoplasm surface membrane, whereas the other corresponds
to the infoldings at the level of which the membrane limiting the
Junctional sarcoplasm leaves the one limiting the terminal axoplasm.

Between the infoldings, the surface membranes of the nerve fiber and
musc!e fiber arc closely united to each other, and their connections are,
mn this respect, comparable with those existing between the pre- and
Postsynaptic membranes of a central synapse (Palade and Palay, 1954;
Palay, 1956), and of a ganglionic synapse (De Robertis and Bennett
1954, 1955; Taxi, 1957, 1958), where there is also an apposition of th;,
two membranes. Besides, however, the junctional folds—nothing com-
parable to them has hitherto been noted at interneuronal synapses—
the Ppre- and postsynaptic membranes present at the end-plate a some-
what different structure from that of the membranes forming the
synaptolemma of interneuronal synapses. ¢
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At the point where the two membranes are apposed and form a
synaptic compound membrane (Fig, 4), it is difficult to determine
exactly what belongs to cach of the two membranes. The junctional
fold, however, formed solely by the sarcoplasm surface membrane,
offers particularly favorable conditions for the analysis of the latter, In
the chamelcon lizard, Robertson (1956) describes three layers: a very
dense inner layer less than 100 A. thick; an outer layer about 200 A.
thick, which is also densc, but less dense than the former; and between
these two layers a light layer about 100 to 200 A. thick.

As one proceeds from the junctional folds, their three layers may be
seen extending into the synaptic compound membrane which results
from the apposition of the axoplasmic and sarcoplasmic surface mem-
brancs.

The surface membrane of the axoplasm, like that of the sarcoplasm,
contains a very densc inner layer, less than 100 A. thick. It seems
probable that the axoplasm surface membrane also includes a light
layer and a densc outer layer. .

The synaptic membrane complex, about 500 to 700 A. thick, re-
sulting from apposition, comprised five layers (Fig. 5). The two very
dense inner membranes, limiting the axoplasm and sarcoplasm respec-
tively, are separated from each other by three other layers: a dense
middle layer and two light layers. One of the light layers obviously
corresponds to the light layer of the sarcoplasm surface membrane, and
the dense middle layer probably results from a fusion of the two dense
outer layers of the axoplasm and sarcoplasm membranes'.

Although the axoplasmic and sarcoplasmic membranes arc only
apposed, it is quite difficult to scparate them from cach other. If a
strong traction is applied, after fixation, on the motor axon segment
immediately adjacent to the end-plate, it is possible to detach the entire
nerve ending from the muscle fiber, but, at the same time, the sub-
neural apparatus is carried with it (Couteaux, 1952, Plate II, B.).
Consequently, the sarcolemma breaks off around the end-plate, with-

! This description given by Robertson of the synaptic membrane complex was
based for the most part upon OsO,fixed, phosphotungsuc acid-stained prepara-
tions. Later investigations led Robertson (1957, 1958) to consider as plasma mem-
branes only the very dense layers next to axoplasm and sarcoplasm, Each of these
plasma membranes would be made up of two dense layers 25 A. thick separated by a
light layer of about the same width The rest of the synaptic membrane complex
would be extracellular, perhaps comparable to a basement membrane, and would
probably represent a highly hydrated gel
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out the axoplasmic membrane separating from the sarcoplasmic mem-
brane. This phenomenon can doubtless be explained, in large part, by
the ties, in particular fibrillar, uniting the coating of the motor end-
plate to that of the motor axon; in all likclihood, it is also a result of the
strong adherence, at least after fixation, of the axoplasmic and sarco-
plasmic membranes at their junction.

C. FunpaMENTAL NUCLLI AND INCLUSIONS OF THE
JuxcrioNAL SarcorLasym

As the study of the development of motor end-plates and the delimi-
tation of the sarcoplasm in adult end-plates (Plate II, c—e) have
established, the sole nuclei or fundamental nuclei belong to the muscle
fiber, For quite a long time, they have been described as large, clear,
rounded nuclei, containing one or two rather bulky nucleoli.

The shape of the fundamental nuclei often contrasts with that of
ordinary muscle nuclei, the latter often being clongated, with their
axes disposed parallel to the direction of the myofibrils. This difference
serves as one of the premises of those authors who do not consider
the fundamental nuclei and the surrounding granular cytoplasm as
muscular, attributing to them the same origin as the Schwann cells
(Twanaga, 1925; Noel, 1927, 1950).

.In fact, only the “sarcoplasm-poor fibers” nuclei exhibit a marked
difference; these fibers make up the greater part of the “white mus-
cles,” where the ordinary muscle nuclei are surrounded only by a very
anall quantity of sarcoplasm. The difference in shape of nuclei occa-
stonally disappears completely when itis a question of “sarcoplasm-rich
ffbers” having an accumulation on their surface of an important quan-
tity of peripheral sarcoplasm distributed mainly around their nuclei.

It appears that the muscle nuclei—the ordinary muscle nuclei as
well as the fundamental nucler—invariably present a rounded form
when they are located inside a considerable mass of sarcoplasm, as if
they were no longer subject to the direct mechanical action of the
myofibrils, with the resulting deformations. As a consequence, the form

of the fundamental nuclei would depend above all on the quantity of
S;r‘{oplaﬁm' surrounding them, and would not be an intrinsic feature
t}l‘su;lgumhmg t.hem from ordinary muscle nuclei. Moreover, because

ﬁ: 0_‘}':1 and size of the nucleoli are quite variable, one cannot dis-

Y guish the fundamental nuclei from the other muscle nuclei on the
asis of the structural differences of the nucleoli.
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membrane of a type similar (o those of the Schwann cells and of the
muscle fiber.

For a long time, it has been known that collagen fibrils are found
adherent to the endothelium and strengthening it. Many collagen
fibrils are also present in the space between this sheath and the surface
of the end-plate,

The relationship between the sarcolemma and the nerve terminal
branches has been the subject of lively controversy since the first in-
vestigations on the motor end-plate. The final conclusion was that the
nerve terminal arborization is located below the sarcolemma, i.e.
hypolemmal.

The above description of the synaptic gutters, where the axoplasm
of the terminal nerve branches is scparated from the sarcoplasm not
only by the axoplasmic membrane, but also by a membrane prolonging
the sarcolemma, showed that at present it is not possible to consider the
nerve ending as hypolemmal in the usual sense of the word, i.c. as
located below the sarcolemma. Whether or not the nerve branches are
found decply inside the sarcoplasm, the sarcoplasm surface membrane
always passes below them, and presents the same gencral structural
pattern at this level as at all other points of the sarcoplasm surface. One
might conclude from this fact that the nerve ending is located above
the sarcolemma, and that therefore it is cpilemmal, but this term is not
exactly appropriate. The sarcoplasm surface membrane seen below the
nerve terminal twigs does not, in fact, scem to possess a fibrillar lining,
and may not, therefore, be considered as quite the same as ordinary
sarcolemma.

The discarding of the terms, used hitherto, of “hypolemmal” and
“cpilemmal,” has already been proposed (Couteaux, 1947). These
terms are today even morc out-of-date, since they refer chiefly to a
morphological distinction between motor and sensory endings, a dis-
tinctton not confirmed by electron microscopy investigations.

Vill. LOCALIZATION OF THE JUNCTIONAL CHOLINESTERASE

A study of the distribution of cholinesterase activity at the neuro-
muscular junction has been undertaken subsequent to the work of Dale
and Feldberg (1934); Dale et al. (1936); Brown et al. (1936), who had
shown that the transmisston of excitation from motor nerve to striated
muscle is accompanted by a release of acetylcholine. Its main object
was to determine whether the cholmesterase, which exists in a weak
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concentration in ncarly all animal tissucs, has at the cnd-plate a
concentration which is high cnough to cnsure that the acetylcholine
released at each nerve impulse is destroyed during the refractory
periods, i.e. in a few milliseconds,

The first rescarch on the distribution of activity in the striated muscle
was carried out on the sartorius of the frog (Marnay and Nachman-
sohn, 1937) and toad (Feng and Ting, 1938). Manometrically, this
research established that hydrolysis is more rapid in that region of the
muscle where motor nerve endings are located than in other regions
of the muscle, and more rapid than at the level of the motor nerve
itself.

Concerning mammalian muscles, a few manometric determinations
on the gastrocnemius of the dog corroborated results obtained with
batrachians, but the first really significant data were obtained only
later, on the m. gastrocnemius internus of the guinea pig (Couteaux
and Nachmansohn, 1940, 1942).

As the motor end-plates represent only an extremely small fraction
of the total volume of the muscle, it was inferred from the differences
in enzymatic activity observed between muscle regions rich in, or de-
prived of motor end-plates, that enzymatic concentration is probably
extremely high at the level of the motor end-plate itself. This conclusion
was subsequently verified histochemically for the first time by Koelle
and Friedenwald (1949) and Koelle (1950) with the thiocholine method
on the muscles of the rat.

Once it was established that the cholinesterase is more highly con-
centrated at the level of the neuromuscular junctions than at the level
of the motor nerve and the “aneural” part of the muscle, it still had to
be determined in exactly what part of the junctional area this large
amount of enzyme was located.

One opinion already put forward was that the junctional cholin-
cste'rasc was probably located in the nerve endings. A study of the
van.alions in the cholinesterase content of the striated muscle after
section oi: the motor nerve and the consequent disappearance of the
oplmic component of e nd it s on e contary, o
degeneration of t]?c axon andj t}x:er“;'na i 10 IHCStCI'ase'long survives
of the nerve endings, but ’outside th::lrE:Clts)u(:::Ltlid nztl\xln e interior
1938, 1940, 1942). and Nachmansohn,

Histochemical methods later confirmed this interpretation. The re-
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maining problem was to find out which of the various motcr end-plate
components is the site of this cholinesterase activity located outside of
the nerve endings. By comparing several experimental and cytochemi-
cal data, the assumption was made that the junctional cholinesterase
is mainly located at the level of the subneural apparatus (Couteaux,
1917).

The histochemical pictures obtained by most authors (Couteaux and
Taxi, 1951, 1952; Couteaux, 1951; Holt and Withers, 1952; Coers,
1953a, b, 1955; Gerebtzoff, 1953; Denz, 1933; Gerebtzoff et al., 19534;
Harris, 195¢%; Holt, 1951; Woolf and Till, 1953; Kovac et al,, 1935;
Crevier and Belanger, 1955) showed that the structures selectively
stained are those which have been described as the subneural apparatus
(Plate II).

With thiocholine methods, using acetylthiocholine and butynyl-
thiocholine as substrates, and when the pH and buffers have been
appropriately chosen, the subneural apparatus appears as the main
site of the cholinesterase activity of the end-plate,

The appearance at pH values of important diffusion artifacts, en-
tailing the staining of other structures, challenges the validity of this
localization. It has been proved that enzyme diffusion may be practi-
cally disregarded, and that only the thiocholine diffusion should be
taken into account.

By mechanical separation of the subncural apparatus from the other
juxtasynaptic components hefore incubation (Couteaux, 1958), and by
a histochemical study of the cholinesterase activity of the denervated
end-plates, it has been possible to establish that selective staining of the
subncural apparatus is not the result of a thiocholine diffusion from a
neighboring structure.

Histochemical observations have already been made repeatedly on
the cholinesterase activity of denervated end-plates. Sawyer and asso-
ciates (1950), 1n a preliminary report, and Kupfer (1951) indicate for
the rat, the guinea pig, and the rabbit, persistence of cholinesterase
concentration at the level of motor end-plates after section of motor
nerve and degencration of nerve endings. Subsequently, after a more
thorough histochemical study, Coers (1953c), Snell and MacIntyre

(1955, 1956), and Savay and Csillik (1956) arrive at the same result.
These authors have shown that the cholinesterase activity which persists
in the denervated end-plate of the rat and the guinca pig is in this cas¢
also located at the level of the subneural apparatus. The whole appear-
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ance of this apparatus generally altered 2 weeks after the section of" the
motor nerve, but at this stage, the lamellac may still be scen and stained
by histochemical methods.

' Appreciable differences are shown between figures hitherto l?u'b-
lished regarding the time limit for persistence of cholinesterase activity
in the denervated end-plates of the rat and the guinea pig. Three
months after the section of a motor nerve, Coérs still found, in the
gastrocnemius of the rat, some end-plates which showed a deformed,
faintly stained, but easily recognizable subneural apparatus. In the
same species, and on the same muscle, Savay and Csillik noted a
residual activity after ¢ months, and even after 6 months; while with
the guinea pig, Snell and Maclntyre found no activity after 45 days.

It would seem probable that these differences are mainly due to
minor differences in the technique used. With Koelle’s technique, and
checking for the absence of nerve regeneration, Carric (unpublished
results) observed, on certain greatly altered motor end-plates of the m.
gastrocnemius internus of the rat and guinea pig, the persistence of
subneural lamellae faintly stained but still visible 6 weeks after section
of the motor nerve.

In any case, conclusions reached today from histochemical research
on the cholinesterase activity of the denervated end-plates prove that
the staining of the subneural apparatus by means of the thiocholine
method is not the result of a diffusion from the terminal nerve branches.

Histochemical methods for localizing cholinesterases using substrates
other than acetylthiocholine and butyrylthiocholine, such as the long-
chain fatty acid esters, for example myristoylcholine (Denz, 1953), and
«-naphthyl acetate (Denz, 1953), indoxyl derivatives (Holt, 1954), and
thiolacetic acid (Crevier and Belanger, 1955) also selectively stain the
subneural apparatus.

After the investigations made by Denz (1953, 1954) and Holmstedt
(1857a, b}, with the aid of several substrates and a number of selective
inhibitors of cholinesterases, it seems that the end-plate contains two
cholinesterases, an acetylcholinesterase and an unspecific cholinesterase
;.he second of these being present in a much smaller quantity than the

1rst.

Before eliecmm microscopy enabled us to conceive of the subneural
i!:ipcarr:‘x\mass ;:cv.;ltmstruct\{ml terms, the possibility that a thin teloglial

rporated in the subneural lamellae, and survived de-

generation of the nerve endings after section of the motor nerve, could
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not be excluded. Neither, therefore, did it scem possible to exclude
completely the possibility that a cholinesterase attached to the sub-
ncural apparatus might be located in teloglia.

As a result of clectron microscope examination, the subneural appa-
ratus may now be considercd as formed exclusively by the sarcoplasm
surface membrane. We must therefore conclude that the cholinesterase
activity obscrved at the level of the subneural apparatus, after dener-
vation of the end-plate, is exclusively Jocated at the level of the sarco-
plasm surface membrane.

As, at normal ¢nd-plates, the terminal axoplasm membrane, i.e. the
presynaptic membrane, is intimately apposed to the postsynaptic mem-
brane, it is impossible to distinguish one from the other by the use of
the light microscope alone, when localizing the cholinesterase. Further
histochemical rescarch with the clectron microscope will therefore be
necessary before deciding whether or not a cholinesterase site exists at
the level of the presynaptic membrane. In any case, results obtained
from the above-mentioned biochemical investigations on denervated
muscle show that the cholinesterase activity at a possible presynaptic
site is incomparably smaller than the activity located in the subneural
part of the postsynaptic membrane.

Based upon biochemical data, it may already be admitted that out-
side the subneural lamellac there exists a certain amount of cholin-
esterase, as the “ancural” part includes a noticeable part of the total
quantity of enzyme contained by the muscle. The failure to find the
site of this moicty of the enzyme by the acetylthiocholine method is not
surprising, since this method is not very sensitive.

Lastly, Zacks and Welsh (1951) showed that unspecific and specific
cholinesterases are present in rat liver mitochondria. We have conse-
quently to admit as possible a similar location at the level of the muscle
mitochondria, and particularly of the numerous mitochondria of end-
plates.

IX. MORPHOGENETIC SIGNIFICANCE OF THE MOTOR END-PLATE

Insofar as the terminal axoplasm and the teloglia are concerned, the
preceding description of the different components of the motor end-
plate does not bring to light any characteristics essentially different
from those observed at the level of the central and ganglionic synapses.

Such is not the case for the structure of the junctional sarcoplasm,
i.e. the postsynaptic component of the motor end-plate, and its relation-
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ship with the terminal axoplasm. In general,atan intcrncuronalsynaps?,
the postsynaptic membrane is simply apposed to lhc. presynaptic
membrane, forming 2 double membrane; the postsynaptic axoplasm,
at least up to now, seems not to present any really significant particu-
larity in the justaterminal arca. The existence of the subneural
apparatus at the motor end-plate clearly shows, on the contrary, the
existence of a quite special organization of the postsynaptic sarcoplasm
at the neuromuscular junction.

The study of the motor end-plate development allows the obser-
vation of the genesis of this differentiation, and suggests assumptions
regarding its mechanism. Two main phases may be distinguished in
the evolution of neuromuscular relations during embryonic develop-
ment in mammals.

In the first phase, the muscle fibers are still in “myotube” form, with
axial nuclei and peripheral myofibrils. The motor nerve fibers, still few
in number, proceed through the muscle, thus clearing the first motor
intramuscular pathways. These are the “exploring” nerve fibers, whose
extremities have as yet developed no lasting connections with the
muscle fibers. Even when they are closely apposed to the myotubes, no
significant reaction thus far discernible from the sarcoplasm and muscle
nuclei is provoked by these “free” motor endings situated at their level.

It is in the second phase that the final junction of the motor nerve
fibers and muscle fibers is established, when the muscle nuclei, origi-
nally axial, have completed their migration to the surface of the myo-
fibrillar bundle. Once the margination of the muscle nuclei is finished,
the nerve fibers send out either terminal or lateral sprouts, generally
accompanied by Schwann cell nuclei, and each of these sprouts enters
into close relations with a muscle fiber at the level of one of its nuclei,
now peripheral,

At the contact of the nerve sprout, the muscle nucleus divides repeat-
edly, while at this level the sarcoplasm becomes more abundant (Fig. 7).

T}_xese divisions of muscle nucleiare generally preceded by nucleolar bi-
partition,and appearinall respects comparable to the amitoses described

by Naville (1922), i'n the course of muscular development of frogs.

On the preparations of muscles stained by means of the Bielschowsky-
91:05 met}'md, the nucleoli of the muscle nuclei appear very clearly, and
itis not difficult to find, in the vicinity of the nerve sprouts, the charac-
teristic aspects of nucleolar bipartition. What is most frequently found
in the muscle nuclei during the process of division are enlarged nucleoli,
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Not only does the study of the setting up of neuromuscular connec-
tions enable the main components of the motor end-plate to be defined,
but it also brings to light some of the interactions which occur when a
Jjunction is being formed.

From an analysis of the first stages of the process leading to the for-
mation of the motor end-plate, onc fact stands out clearly: to effect the
junction of a muscle fiber and nerve fiber from which a motor end-plate
will result, it is not sufficient that these fibers should come into direct
contact with cach other; it is also necessary for one, or perhaps both of
these fibers, to have reached a certain stage of their development. It is,
indeed, at a relatively late period of the muscle development, when the
nerve fibers have already been in contact with the embryo muscle fibers
for some time, that the first outline of the final connections appears.

These conncctions are established only after the margination of the
muscle nuclei, and always at their level, at least in mammals (London
and Pesker, 1906; Tello, 1917; Couteaux, 1941). It seems probable
that the muscle nuclei, or the sarcoplasm nucleated zones, intervene
directly in the junctional process by exerting an attraction on the
neighboring neurites.

At the moment of this attraction, the axon which crosses a muscle
fiber is never very far from one of the nuclei which protrude at the
myofibrillar bundle surface; thus the attraction always comes into play
at a short distance. It determines the formation of a short nerve sprout,
and the ncarer the axon from which it originates to a muscle nucleus,
the shorter the nerve sprout.

The mechanism of this attraction exerted by muscle fiber nucleated
zones on the motor axons is still not well understood.

Its intervention marks the beginning of a new phase in neuromus-
cular relations and ends the “frec” growth phase of the motor nerve
fibers, during which the growth orientation appears to be governed by
the “contact guidance,” as defined by Weiss (1941).

The study of the motor end-plate development shows that the ac-
cumulation of muscle nuclei and sarcoplasm observed at the end-plate
is not, as believed in the past by several authors, antecedent to the
junction, but results from this junction.

The multiplication of the muscle nuclei at the point of contact of the
motor nerve sprout and the muscle fiber differs, in at least one respect,
from the nuclear multiplication observed over the whole length of the

muscle fiber during 1ts growth; as a rule, during muscle development,
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muscle nuclei resulting from a nuclear division tend to draw away from
oue another as if by a mutual repulsion; in the case of divisions which
take place at junction level, they remain juxtaposcd. Thus there is
formed at each junction a cluster of muscle nuclei, and, corrclatively,
an accumulation of sarcoplasm which can be regarded as due to local
effects caused by contact of the motor nerve sprout with the muscle
fiber.

The formation of the subneural apparatus also appears to be a local
effect due to the influence of the embryonic motor nerve ending on the
muscle fiber.

When the striated muscle fibers of a guinea pig, removed little before
its birth (e.g. ffom an 80 mm. embryo) are postvitally stained with
Janus green B, the sarcoplasmic membrane, at the level of the embry-
onic motor end-plate, is depressed by the nerve ending, the latter being
surmounted by one or two teloglial nuclei.

The thiocholine method shows that a cholinesterase activity is present .
at the level of this subneural membrane, which, observed with the
light microscope, appears thicker than the sarcoplasmic membrane of
other regions of the muscle fiber (Plate III, b, d, ).

This thickening is easily explained by the formation of subneural
lamellae, which observations with the electron microscope on adult
mammals reveal as infoldings of the sarcoplasmic membrane.

On the muscles of a newborn guinea pig, these subneural lamellae
—very closeset and not yet penetrating deeply into the sarcoplasm—
are clearly perceptible with the light microscope, after staining either
with Janus green B or by the thiocholine method.

The configuration of the subneural apparatus at each stage of the
developing motor end-plate depends directly on the form of the nerve
ending at this same stage. Immediately following the junction of the
motor nerve fiber and the muscle fiber, it takes the form, in the guinea
pig, o.f a shallow cupule, whose edges are level with the surface of the
Jjunctional protube.ram:e; the concavity, however, of this primary sub-

neural apparatus is sometimes extremely slight.

The subneural cupule subsequently widens, correlatively with the
development of the nerve ending, which extends to the surface of the
muscle fiber and branches out.

) Unficr the pressure of the terminal nerve branches, whose dimen-
sions increase, the subneural apparatus which heretofore was of simple
form and presented an almost regular curve, gradually acquires a lobed.
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outline and complicated relief. Gutters appear under the nerve ending
branches, constituting the first outlines of adult synaptic gutters. From
this moment, the subneural lamellae reach the surface of the junctional
protuberance on both sides of each nerve branch,

During the course of postnatal growth, these gutters, which are
molded on the nerve branches, widen and lengthen at the same time
as the branches. In the guinea pig, they become much deeper, but, as
has already been mentioned in connection with the description of the
subneural apparatus, the final depth of the synaptic gutters is quite
variable, depending on the animal species. Many otherspecific morpho-
logical differences accompany these variations in depth.

The formation of the subneural apparatus, characterized by special
folds and acetylcholinesterase activity, clearly results from an inductive
action exerted directly by the nerve ending on the subneural sarco-
plasm.

If one compares the local influences at work on the sarcoplasm
exerted by the motor nerve endings and the sensory nerve endings,
respectively, during the formation of the motor ¢nd-plates and the
neuromuscular spindles, it will be scen that they both entail the for-
mation of a mass of muscle nuclei in their immediate vicinity. However,
one may observe two important differences between them: the sensory
nerve endings of the neuromuscular spindles do not determine, as do
the motor nerve endings, the formation of a subneural apparatus at the
level of the junctional sarcoplasm; further, they generally exercise on

Prate IIL Neuromuscular junctions of 80-85 mm. guinea pig embryos (m.
latissimus dorsi). (a): Silver preparation. Three nuclei may be observed at the Jevel
of this embryonic neuromuscular junction: one teloglial nucleus, accompanying the
nerve endmg, and two muscle nuclei. Magnification: x 1,550 (from Couteaux,
1941). (b): Acetylthiocholine method after fixation by formaldehyde, with staminé
of the nuclei by hematoxylin. Lateral view of two neuromuscular junctions, At this
stage of the d e elog the sub 1 ay assumes the form of a shallow
cupule, in which lie the nerve ending and the telogha, Magnification: X 1,620.
(5:). Silver preparations. The muscle nuclei, already numerous, form an arc,ofa.
circle around the nerve ending and the teloglia. Magnification: x 1,070 (from
l(lo‘\incaui,h 19;}1.)._ (d) afm}l {e): a;:ctylthiocholmc method after fixation b); formalde-

hyde, with staining of ] i H if i

rryom ih s n:fmmusgu;;uc ei by hematoxyln. (d): Magnification: x 1,680:
section, appears as a curved

muscle nu’;lcx cluster. (e): M.

Juncuon. Three kinds of 1 vis 1 atus, sev
e e sinds o :“flz‘:] :rc visible: below the subneural apparatus, several

glial nuclei, surmount i
to the endothelial coating of the junction. i o By one nucleus belonging




378 R. COUTEAUX

the myofibrillogencsis a local inhibitory action which the motor nerve
endings never seem to exercise at the neuromuscular junctions.

Since the presynaptic nerve endings of the ganglionic and central
synapses are in several respects homologous to the terminals of the
motor axons innervating the striated muscle, one may ask if at the level
of these synapses the nerve endings do not exert on the “subsynaptic”
zones of the nerve cell a morphogenetic influence comparable in some
degree to that which determines the formation of the subneural appa-
ratus at the level of the junctional sarcoplasm of the muscle fiber. The
morphological and cytochemical mcthods have nat up to the present
moment provided data which allow one to consider the subsynaptic
zones of the nerve cell as specialized arcas; however, in the present
state of these methods, the negative results which they furnish cannot
be held as conclusive.
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1. INTRODUCTION

The presence of sensory nerve endings in striated muscle is wide-
spread throughout the animal kingdom, though the endings may be
easier to identify in some species than in others. The most widely
studied of these endings is the muscle spindle, whose history goes back
just about one hundred years. Little groups of small diameter muscle
fibers were seen in vertebrate muscles about 1850; Kolliker (1862),
wsing the frog, and Kuhne (1863), using the mammal, showed that
these groups were supplied by at least one large nerve fiber, often larger
than the fibers to the motor end-plates. These groups of muscle fibers
formed small entities, being partly encapsulated. Some people thought
them to be pathological or developing muscle fibers, but their wide-
spread occurrence suggested that they were normal structures. The
possibility that the large nerve fibers supplied sensory endings in
muscle was also discussed. As techniques for staining nerves were
developed, similar large nerve fibers ending in spindle shaped organs
were found in the muscles of reptiles and birds. Golgi (1880) described
other encapsulated nerve endings at the musculotendinous junctions.
There is also mention at this time of occasional Pacinian corpuscles
and other smaller encapsulated endings near the tendons of some
muscles.
th S aceoons of e it sy e il sindle but

pply were first given by Cajal
(1888, 1897) for the frog and by Ruffini (1892b, 1893, 1898} for the
mammal (cat). The sensory nature of the spindles and tendon organs
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not then be confined tosingle groups of muscles, forimportant Boints may
thereby be missed. There is much also to be learnt from histologicai
and electrical studies of the muscles of the lower animals whose
receptors are often simpler than those of mammals, though. with simi-
tar wnderlying principles. The muscle fibers of mammalian muscle
spindles also have features in common with the ordinary cxtrafusal
muscle fibers of some of the cranial muscles of mammals and with the
muscle fibers of the lower animals.

11I. HISTOLOGY OF MUSCLE RECEPTORS

A. MammariaN MuscLE RECEPTORS

1. Muscle spindles

A vertebrate muscle spindle consists essentially of one or several
muscle fibers of small diameter with some or all of their length en-
closed in a connective tissue capsule. Inside the capsule are found the
endings of one or more sensory nerves on these so-called intrafusal
muscle fibers. Motor endings are also found on these muscle fibers both
inside and outside the capsule. The sensory endings are usually sup-
plied by large and the motor endings by smaller myelinated nerve
fibers.

In true longitudinal sections of a mammalian muscle that has been
kept straight during fixation, muscle spindles can be recognized as
elegant spindle shaped structures often several millimeters long but
onlyafew tenths ofa millimeter broad at their widest part. The ““spindle”
gets its name from the long connective tissue laminated capsule; this
contains the group of slender muscle fibers which receive a complicated
nerve supply. In describing these organs I shall sometimes draw on
personal observations to amplify the accounts of earlier workers,

The average number of intrafusal muscle fibers is fairly typical for
each mammal, though the variation from the mean may be consider-
able. The number is said to be 4 in the rabbit, 6 in the cat, and about
10 in man and in the primates. In the latter group, the number may
vary from 2 to 16. The details of the spindles containing many muscle
ﬁber.s are hard to make out, especially if the ergans have shortened in
ﬁxaflon. 1t was formerly stated that the little intrafusal fibers were
red in nature; P, Kruger (1952) maintains that the intra- and extrafusal
fibers have thc' same structure, i.e. that they would both be red in a red
muscle or white in a white muscle. Since many muscles are mixed,
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was reported rather briefly by Onanoff'in 1890 and independently and
very fuily by Sherrington in [894. Both authors cut dorsal spinaf roots
in mammals and found that the large nerve fibers in the muscle nerves
and their endings degenerated completely. Sherrington at the same
time gave a very clear description of the general structure of a muscle
spindle.

Littie new work on these organs was done for about 40 ycars. Sher-
rington frequently wrote about their sensory function, and was con-
vinced that they played an important part in muscle tone and in the
myotatic reflexes that he studied so profitably. The issue in 1920-30
was somewhat obscured by the general trend to associate tone with a
possible sympathetic supply to muscle fibers, New advances came
through efectrophysiological methods, more especialfy from the tech-
nique, introduced by Adrian (1926; Adrian and Zotterman 1926) and
developed by Matthews, of recording from single nervous units, Later
realization of the importance of the motor supply to the muscle fibers
of muscle spindles has brought a fuller understanding of tone and
normal movement and is beginning to throw light on some of the
neuromuscular diseases.

Many useful reviews on the sensory endings in muscle and their
function have appeared, notably by Regaud and Favre (1904),
Hinsey (1934), Tiegs (1953), and Granit (1955). A very full account of
the structure of the mammalian muscle spindle (rabbit) is given by
Barker (1948). These works make it possible to be brief about many
important investigations and an attempt will be made here to bring
together a number of perhaps less well known or new facts that may
have some bearing on the whole story.

In studying muscle receptors, especially muscle spindles, it should
not be overlooked that the muscles themselves may vary both in struc-
ture and in function. Some muscles are described as “quick”, phasicy
and white and are concerned with rapid movements; others are
“slow”, tonic, and red in nature and are much concerned with pos-
ture; often these characteristics are mixed in one muscle. Most verte-
brate striated muscles bring about movements of the bony skeleton, but
many of the cranial muscles and a few body muscles may be partially
or wholly independent of bone. Such differences are dealt with else~
where (see Volume I, Chapter II}, but I wish to emphasize here that
there may be differences in the structure and distribution of the receptors
in these various kinds of muscie; histological or physiological work should
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drawing information from as many methods as possible. Intravital
methylene bluc, gold chloride, and the silver techniques are used for
the nerves and their cndings. Myelin stains show the nerve sheaths
only. The cholinesterase methods arc now being used to give infor-
mation about motor cndings and new knowledge is being obtained by
the use of the electron microscope. The methylene bluc and the gold
chloride methods have the merit that whole spindles may be investi-
gated, though it docs not follow that whole spindlesarc uniformlystained.
For silver work, scctions are used; if a whole spindle is to be studied,
then serial sections are nceded, from which the final picture must be
built up. In longitudinal scctions, this means the study of many fields
of view (Barker, 1948); with transverse scctions, the study of hun-
dreds of sections may be necessary (Cooper and Danicl (1956) and in
preparation). The intricate mixture of sensory and motor ¢ndings on
the spindle musclc fibers can only be unravelled by cutting the motoror
sensory roots; this is being undertaken by Boyd (1959).

It is clear, from a study of the nerves to spindles, that there are at
least three types of muscle spindle, which Ruffini (1898) classified as
simple, intermediate, and complex, depending on the number of
sensory endings in each type. All the spindles have a primary ending
at the equator, known also as the annulo-spiral or nuclear bag ending.
In the simple spindles, this is the only sensory ending. In the inter-
mediate spindles, there is one other recognized sensory ending, and in
the complex spindles two or perhaps more of these other endings, which
are known assecondary, flower-spray, or myotube endings. All the spind-
les have small, typical, motor end-plates on their larger muscle fibers
and there are also more diffuse motor endings in the intermediate and
'Conllp.lex spindles. The distribution of these three types of spindle in
individual muscles will be discussed later. Very fine nerve fibers are
found '{n the capsules and on the blood vessels of spindles.

 a. Simple Spindles. Simple mammalian spindles (Fig. 1a) are compara-
}wcly short, they usually contain less than the average number of
ln}rafus.al muscle fibers, which all have well marked nuclear bags at their
E;dregxon; these fibers often- pass out of the capsule at the poles. A
ge nerve fiber (12 to 18 p in the cat) enters the capsule close to the
equator, its internodal lengths shorten, and the fiber thickens before
%‘;’g‘dtl}lli urﬁ t:lisemi1 a b;ax'ml} to the region of e’ach nuclear bag; at the
Bk oF )l'hisn sheath is o.st and the ending proper starts. Each
primary ending takes the form of a regular spiral



.
384 SYBIL COOPER

there is thus the possibility that some of their spindles may contain
both types of muscle fiber; a point to which I shall refer later. The
intrafusal muscle fibers run from one pole of the capsule to the other,
but on closer examination or in scrial transverse sections it is seen that
the larger fibers pass beyond the capsule at one or both poles and
end as fine threads on the perimysium of extrafusal muscle fibers
(Fig. 4). No branching of intrafusal muscle fibers is seen, but the
decrease in the number of these fibers when some leave the capsule at
the poles may have suggested branching. The capsule itself is either
attached to the perimysium, or to fascial scptae, or fine connective
tissue threads pass on in the intramuscular spaces to join a slip of
tendon. The capsule is unbroken, it wraps closely round the issuing
muscle fibers at the poles and round entering blood vessels; it is con-
tinuous with the sheaths of Henle of the incoming nerve fibers. Most
of the little muscle fibers thus fie in an intracapsular or periaxial space;
this is filled with fluid that may be connccted with the lymphatic
system (Sherrington, 1894). At the equator of the spindle, the intrafusal
muscle fibers are modified. The larger may contain a collection of
clear nuclei (Fig. 5) forming a nuclear bag which causes a swelling in
the muscle fiber and thinning, though not abolition, of the overlying
striated tissue (Cooper and Daniel, 1956). At cach end of the bag,
there may be a few single central nuclej with a thicker layer of striated
tissue round them. Smaller intrafusal muscle fibers may not show
these marked nuclear bags at the equator but instead they have a
myotube region consisting of a row of elongated muscle nuclei lying
along the center of the fiber; the striations in the muscle tissue over-
lying these nuclei are unmistakable, but when these myotubes run be-
tween the nuclear bags of adjacent muscle fibers, their diameter in
this region may be small in fixed sections. It is these smaller fibers
that end at the poles (Boyd, 1956). Some or perhaps all the intrafusal
fibers with nuclear bags are the ones that pass out of the capsules. All
muscle spindles have a good blood supply inside the capsule.

This description of a muscle spindle is based upon histological
material, in single or serial sections, in which the nerve fibers are not
stained. It is incomplete, and may give erroneous information when
used on clinical material. It does, however, form the background upon
which to apply the results of all the more difficult nerve staining tech-
niques. These latter methods each give their individual picture and
our final assessment of the spindles must be a composite picture,
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or of several rings attached to a central stem; itis closely applicd to
the surface of the attenuated striated substance of the muscle fiber
lying over the clear nuclci of the “bag”. Finally it breaks up into
delicate sprays on the muscle. The whole ending may extend for 150
10 300 ¢ along the muscle fibers in a cat's muscle spindle (Fig. [ and
3a). Merrillees (1957}, from clectron microscope studics, reports that
the ending deeply indents the sarcolemma and ithe underlying thin
layer of poorly striated myofibrils. The primary ending lies in the
widest part of the spindle, and the capsule and its fluid content
may thus form an insulating cushion protecting the ending from cx-
traneous activity in the muscle. In addition to this primary sensory
ending, these simple spindles have small motor end-plates on the
muscle fibers; there are one or more plates on either halfof cach spindle
muscle fiber. They are innervated by 3 to 8 u nerve fibers, some of
which can often be seen to divide to supply several endings.

b. Intermediate Spindles. In the intermediate spindles (Fig. 15), not only
is there an extra sensory ending in addition to the primary ending, but
between this ending and the pole there may be diffuse fine endings
which are supplied by small myelinated nerve fibers and which are
probably motor in function. $mall motor end-plates are found on the
intrafusal muscle fibers at both poles. The primary ending follows the
same pattern as in the simple spindle and it always receives the largest
nerve fiber to enter the spindle. It is flanked on one side by a somewhat
similar though usually less regular ending. The single nerve fiber to
this secondary ending is a litide smaller (8-12 y) than that to the
primary ending. The final branches may each consist of an unmyelin-

Fic, 1. Drawings of cat’s muscle spindles in teased gold chlonde pre
Structures pn?jectcd and outlined, further details filled ?n from microspcoc;: :?t:ldo:i
a. Extensor digitorum longus. Simple spindle with pnimary ending, Pri; and motor
end-plates, Mot, 4. Tibjalis anticus. Intermedsate spindle with prin;ary endin;
Pr1, and one secondary ending, Sec. Both poles have motor end-plates, Mot; bffi
between the .cnd-platcs of the lower pole and the secondary ending (herc, isa d;ﬂ'usc
mass of endings, D, supplied by small nerve fibers. ¢. Soleus, Complex spindle with

11 t . - b
nerve fibers. The scale applies to 4, 5 and ¢. Note the i length & ¢
; 3 3 greater length of the
rn}‘xlzxcll :hff; isa sc?ond;ry cr:ldmg. All the spindles have some 5[ their imt:a};;l;tl‘
TS running i
ey apers suon hic‘e}un the capsules, Cap. and they sometimes have smail
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In carlicr degencration cxperiments, after cutting spinal roots, the
only distinction made in the spindle nerve supply was between sensory
endings ncar the equator and motor endings at thic poles; more cvidence
is forthcoming (Boyd, 1959) that should distinguish between the scc-
ondary endings and diffuse supposcdly motor endings which may lic
near them, The primary and secondary endings fic close together (in
the equatorial region of the spindle), while the motor endings may
extend from the small motor end-plates outside the capsule to thediffuse
endings near or among the sensory cendings. This would explain the
great extent of motor endings scen by Coérs (1954) and Coérs and
Durand (1956} in their cholinesterase studies of human spindles, which
led them to suggest that the secondary endings were really motor
endings. A scrutiny of the endings in a well stained cholinesterase
longitudinal section of muscle oftent shows small discrete motor end-
plates at the poles and a blurred pattern nearer the equator. The latter
may well be due to diffusc motor endings intermingled with parts
of the secondary endings. Physiologists postulate numerous motor
endings on a single intrafusal muscle fiber which could set up local
nonpropagated contractions. The diffuse endings might fulfil this
function. There are only small motor end-plates at each end of
the larger muscle fiber and this arrangement is much more suggestive
of a twitch mechanism. The larger size of some of these polar motor
nerve fibers may place them in the alpha category.

2. Tendon Organs and Other Endings

Tendon organs are found at the musculotendinous junctions, both
at the ends of a muscle and at the tendinous aponeuroses found in so
many muscles well away from the tendons of origin and insertion.
Each organ is supplied by a single large myclinated nerve fiber
(12—18 ) which can often be traced for a long distance. This fiber
divides many times as it reaches the ending, each branch terminating
as a spray of fine endings that lie between the strands of tendon close
to th.e ends of a group of muscle fibers, or actually at the musculo-
tendinous junctions (Fig. 2 and 7). The whole organ usually has a thin
capsule and any extension of the tendon brought about by passive
stretch or active contraction of the muscle must cause pressure on the
terminal sprays of the nerve ending. The large nerve fiber is often
accompanied by a small one going to vessels. Pacinian and other
smaller corpuscles enclosing nerve endings are sometimes found
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ated stem with short twigs that clasp the muscle fiber and end assmall
sprays {Fig, 3z and b); in some animals, the final branches take a spiral
form (Barker, 1948, rabbit). ‘These endings, as well as the primary
endings, start with a Schwann sheath; the final branches may finis
as naked axons rich in mitochondria. The muscle fiber bencath this
secondary ending is always striated and it contains a row of cen-
trally placed clongated single nuclei, In these intermediate spindles,
not all the muscle fibers have nuclear bags, for some have only myo-
tubes at the equator (Cooper and Danicl, 1956, man; Boyd, 1938a, cat).
The branches of the secondary ending are thickest on those muscle
fibers that have no nuclear bags but is is possible that both primary
and secondary cndings do lic to some extent on all the intrafusal
muscle fibers (Boyd, 1958a). The medium sized nerve fiber to this
sccondary ending is often accompanicd by other smail myelinated
nerve fibers which spread over some of the intrafusal muscle fibers to
end as diffuse grapelike clusters or as clongated atypical end plates
(Fig. 35 and ¢). These endings often appear to lic close to orevenamong
the branches of the sccondary ending on the muscle fibers with
no nuclear bags; they are always inside the capsule and differ from
the small typical motor end-platcs, which arc again scen on the larger
intrafusal muscle fibers at both poles, both inside and outside the cap-
sule. Ruffini gave drawings of some of these varied endings in 1898.
The diffuse endings get their nerve supply from the spindle nerve
trunk, while the small motor end-plates may get theirs from trunks
which supply the motor end-plates of the neighboring extrafusal
muscle fibers. When there are two types of muscle fiber in these
spindles, then the ones with the nuclear bags and small motor end-
plates are probably phasic while those with myotubes and diffuse
endings may be tonic in function.

Complex Spindles. The third or complex type of spindle (Fig. 1c) always
has at least two secondary sensory endings. These may lic on either
side of the primary ending or they may both be on one side of it. Their
medium sized nerve fibers come from the same trunk as the fiber to
the primary ending and can often be followed individually for some
distance. There are always several fine nerve fibers which enter the
spindle with the fibers to the secondary endings and run to elaborate
fine endings of the diffuse grape type. Again, there are small motor
end-plates on the larger mtrafusal muscle fibers at both poles. These
complex spindles are always the longest to be found in a muscle.
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In carlier degencration experiments, afier cutting spinal roots, the
only distinction made in the spindle nerve supply was between sensory
endings near the cquator and motor endings at thie poles; more evidence
is forthcoming (Boyd, 1959) that should distinguish between the scc-
ondary cndings and diffuse supposcdly motor cndings which may lic
near them. The primary and sccondary endings lic close together (in
the cquatorial region of the spindic), while the motor cndings may
extend from the small motor end-plates outside the capsule to thediffuse
endings near or among the sensory cndings. This would explain the
great extent of motor endings scen by Coers (1954) and Cotrs and
Durand (1956) in their cholinesterase studies of human spindles, which
led them to suggest that the secondary endings were rcally motor
endings. A scrutiny of the endings in a well stained cholinesterase
longitudinal section of muscle often shows small discrete motor end-
plates at the poles and a blurred pattern nearer the equator. The latter
may well be due to diffuse motor endings intermingled with parts
of the secondary endings. Physiologists postulate numerous motor
endings on a single intrafusal muscle fiber which could set up local
nonpropagated contractions, The diffuse endings might fulfil this
function. There are only small motor end-plates at each end of
the larger muscle fiber and this arrangement is much more suggestive
of a twitch mechanism. The larger size of some of these polar motor
nerve fibers may place them in the alpha category.

2. Tendon Organs and Other Endings

Tendon organs are found at the musculotendinous junctions, both
at the ends of 2 muscle and at the tendinouns aponeuroses found in so
many muscles well away from the tendons of origin and insertion.
Each organ is supplied by a single large myelinated nerve fiber
(12—18y) which can often be traced for a long distance. This fiber
divides many times as it reaches the ending, each branch terminating
as a spray of fine endings that lie between the strands of tendon close
to the ends of a group of muscle fibers, or actually at the muscuio-
tendinous junctions (Fig. 2 and 7). The whole organ usually has a thin
capsule and any extension of the tendon brought about by passive
stretch or active contraction of the muscle must cause pressure on the
terminal sprays of the nerve ending. The large nerve fiber is often
accompanied by a small one going to vessels. Pacinian ang other
smaller corpuscles enclosing nerve endings are sometimes found
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ated stem with short twigs that clasp the muscle fiber and end as small
sprays (Fig. 32 and 4); in some aninials, the final branches take a spiral
form {Barker 1948, rabbit). These endings, as well as the primary
cndings, start with a Schwann sheath; the final branches may finis
as naked axons rich in mitochondria. The muscle fiber beneath this
secondary ending is always striated and it contains a row of cen-
trally placed clongated single nuclei. In these intermediate spindles,
not all the muscle fibers have nuclear bags, for some have only myo-
tubes at the equator (Cooper and Danicl, 1956, man; Boyd, 19583, cat}.
The branches of the sccondary ending are thickest on thosec muscle
fibers that have no nuclear bags but is is possible that both primary
and sccondary endings do lic o some extent on all the intrafusal
muscle fibers (Boyd, 1958a). The medium sized nerve fiber to this
secondary cnding is often accompanied by other small myclinated
nerve fibers which spread over some of the intrafusal muscle fibers to
end as diffuse grapelike clusters or as clongated atypical end plates
(Fig. 3b and ¢). Thesc endings often appear to lic close to oreven among
the branches of the sccondary ending on the muscle fibers with
no nuclear bags; they are always inside the capsule and differ from
the small typical motor end-plates, which are again seen on the larger
intrafusal muscle fibers at both poles, both inside and outsidc the cap-
sule. Ruffini gave drawings of some of these varied endings in 1898.
The diffuse endings get their nerve supply from the spindle nerve
trunk, while the small motor end-plates may get theirs from trunks
which supply the motor end-plates of the ncighboring extrafusal
muscle fibers. When there are two types of muscle fiber in these
spindles, then the ones with the nuclear bags and small motor end-
plates arc probably phasic while those with myotubes and diffuse
endings may be tonic in function.

Complex Spindles. The third or complex type of spindle (Fig. 1¢) always
has at least two secondary sensory endings. These may lie on cither
side of the primary ending or they may both be on one side of it. Their
medium sized nerve fibers come from the same trunk as the fiber to
the primary ending and can often be followed individually for some
distance. There are always several fine nerve fibers which enter the
spindle with the fibers to the secondary endings and run to elaborate
fine endings of the diffuse grape type. Again, there are small motor
end-plates on the larger intrafusal muscle fibers at both poles. These
complex spindles are always the longest to be found in a muscle.
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near the tendons of muscles; they arc particularly numerous in some
of the small muscles of the hand and foot. These small sensory corpuscles
usually lie alongside ‘tendon organs (Fig. 2), but with a separate
fair-sized nerve fiber (Ruffini, 1892a). They may be in little groups
sharing a common nerve fiber (Fig. 8). Recently, Stilwell (1957a, b, c)
has described the innervation of tendons in mammals. He finds that

‘ Imm '

¥16. 2. Drawing of a small picce of the distal tendon of the cat’s sartons from 3
teased gold chloride preparation, There arc five encapsulated tendon organs; two of
these are double and the two parts share a nenc fiber, othenwise they cach have a
separate large nerve fiber. Half a simple muscle spindle is seen on the right; s
muscle fibers pass beyond the capsule and finally end as tendinous threads attached
to one side of a tendon organ; the nerves to the primary ending of the spindle and to
this tendon organ are quite separate Close to the lowest tendon organ 1s seen a small
sensory corpuscle, again with a distinct nerve fiber

Fic. 3. Untouched photomicrographs of four adjacent portions of an intermediate
muscle spindle from the cat’s soleus. Teased gold chloride preparation. In a is scen

which divides and runs to the right edge of 5. Three small nerve fibers are seen in the
lower part of @ and b and on the left edge of ¢. In ¢, one of these small fibers turns up
and probably supplies some of the diffuse endings which stretch from the middie (?fb

LU SUpIPIY wiesvs Sesmes aavnon e e Sy e e e st o
the motor end-plates belonging to the other pole of the spindle can be seen.
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In most muscles, the spindles are distributed throughout the belly
of the muscle with their greatest concentration near the region of nerve
catey. In studying serial transverse scetions of parallel fibered muscles,
the impression is reccived that if the whole muscle were projected on to
one scetion, a part of that section would be very richly supplicd with
spindles. In other words, there is a core of muscle with numerous
spindies and often successive spindles lie between the same muscle
bundles in different transverse levels of the muscle (Fig. 4). Such
spindles may be separaic or often they overlap slightly and the ends of
the intrafusal muscle fibers are dovetailed together. An extreme casc
of this is found in the tenuissimus of the cat where the 10 or more
spindles are found in one long chain through a large part of the muscle
(Boyd, 1956), the spindles again being dovetailed or slightly separated.
Itis not uncommon in various muscles for the distal member of such a
spindle sequence to have its distal pole attached to the side of a tendon
organ. There may be several other tendon organs near and sometimes
one or two small sensory corpuscles; they all have discrete nerve
fibers, which often run together in the same nerve trunk (Fig. 2).
Some of these spindles in a spindle sequence appear to have a close
relation with some of the neighboring extrafusal muscle fibers, for the
latter receive their motor endings from the spindle nerve trunk and are
partly enclosed in a lateral extension of the spindle capsule (Fig. 5).
The musculotendinous junctions of these extrafusal fibers may be
the site of one of the tendon endings. The group suggests a highly
specialized unit that may be of physiological importance (personal
observation).

4. Cranial Muscles

The somatic hmb muscles and most of the trunk muscles have been
developed 1n all mammals to move portions of the skeleton in relation
to the joints, or to keep those joints fixed. They all contain sensory
Teceptors which vary in number and structure, depending on the
delicacy of the movements involved or on the part played by the muscles
in mantaining posture. In addition, each of these muscles has a nerve
whose fibers have known pathways to and from the spinal cord through

the dorsa.l and ventral roots, the cells of origin of the receptors bcii
;\tuated. in the dorsa! root ganglia. The cranial muscles are developcg

or spcmf?c purposes in different mammals. The movement of the bon
skeleton is less frequently the object of contraction and the pathway(; 0)1"
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muscles shows that soleus has many long spindles, tibialis has numerous
short spindles, while gastrocnemius has spindles ofintermediate length.
My own observations suggest that the long complex spindles are
particularly numerous in the tonic muscles and the short simple
spindles are more often found in the flexors which tend to be phasic
in function. Voss (1937) reported many short spindles in the human
lumbricals. Freimann (1954) stated that there were many big spindles
in the deeper part of the human masseter; that part of the muscle,
together with the spindle-rich medial pterygoid (Table I}, may have
2 marked tonic function in maintaining the posture of the lower jaw.
Temporalis had many small spindles; these may bear some relation
to its function, The question of tonic and phasic fibers in a muscle
is far from simple since many muscles arc mixed (cf. Gordon and
Phillips, 1953) and there arc big variations in the same muscles of
different species, The figures given by Danzinger (1936) for the relative
numbers of muscle fibers of two differing structures in numerous mam-
malian muscles is of interest in this respect.

Other cat muscles baving high spindle counts for the size of the
muscle are the intercostals, 60 to 100 in cach spacec (Huber, 1902); the
fifth interosseous, 19 (Hines and Tower, 1928); and tenuissimus, 10 to
14 (Boyd, 1956). A study of specimen slides taken at 4 mm. intervals
throughout the length of different muscles points to a high relative
number of spindles in the muscles at the base of the cat’s tail and also in
the small muscles of the neck in man, especially in the superior oblique
capitis (personal observation). These muscles are undoubtedly im-
portant both 1n initiating fine movement or in maintaining posture
and many spindles might be expected in them (cf. Voss, 1958).

It would be of great interest to have some exact knowledge of the
number and distribution of tendon organs in different muscles, but up
to the present any available information is based on counts of large
sensory nerve fibers to a muscle and on the assumption that the pri-
mary ending of each spindle is connected to one of these fibers; any
large fibers in excess of the total spindle number are assumed to come
from tendon organs (Hunt, 1954). This may give a useful guide, but it
is indirect and may be erroneous; more figures are necessary for both
nerve counts and spindle counts to explain certain discrepancies. Some
muscles have small nerve trunks running apart from the main muscle
nerve; these may get overlooked in nerve counts, though they often
contain a high proportion of sensory fibers.
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the sensory nerve fibers are still in some cases a matter for speculation,
It is better then to consider these muscles separatcly from the limb
muscles, though many of the lessons to be learned from a study of their
receptors can be applicd dircctly to the limb muscle reeeptors.

a. Jaw Muscles. The muscles which most closcly resemble the mb
muscles in function are the jaw muscles developed in all mammals to
move the lower jaw and to maintain its posture. These muscles also
resemble the limb muscles in the structure of their extrafusal muscle
fibers and their muscle spindles. Table I gives Freimann’s figures for
the spindle numbers in the jaw muscles in man; it is puzzling that the
external pterygoid is without spindles. I found that this was also the
case in the goat and cat, yet all these muscles arc supplicd by the fifth
cranial nerve. Among other muscles supplied by the fifth nerve, Voss
(1956¢) found a few spindles in the anterior belly of the digastric. The
cells of origin of the sensory nerves from the muscle spindles in the jaw
muscles lie in the mesencephalic nucleus of the fifth nerve (Corbin and
Harrison, 1940; Cooper et al., 1953), i.c. they lie inside the brainstem
and, as far as we know, both motor and sensory pathways to the brain
are in the motor root of the fifth nerve. The jaw jerk functions through
amonosynaptic reflex arc (Szentdgothai, 1948).

Fi6. 4. Human lumbrical from the hand. Transverse section, 15u, Holmes’ silver
method. In the intramuscular space, the lower arrow points to three tiny muscle
ﬁbf‘rs hnown, from a study of serial sections, to be the ends of spindle muscle fibers
which have left the capsule and are about to fimish on the perimysium of extrafusal

Fia. 5, Human lumbrical from the hand. Transverse section, 7u, Holmes’ silver
method. The equator of a muscle spindle is seen; there are three large nuclear bags
whose cleaf nucler are surrounded by thin muscle tissue and parts of the poorly
stained primary ending. The ending on the night hand “bag” has a Schwann
?}l‘xclgus on its upper edge. There are six small intrafusal muscle fibers to the right of

© bags, some have central nucler, The capsule of this spindle extends to form a cuff
round a group of neighboring extrafusal muscle fibers.

Fic. 6. Hum?n extrinsic eye muscle, Transverse section, 151, hematoxyln and

Fic 8. Three sc’nso
Teased gold chloride
puscles are supplied by

Ty corpuscles from the edge of a baboon’s thenar m:scle.
preparations, untouched photomucrograph. The three cor-
asingle large nerve fiber.
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the muscle spindles in the artiodactyls travel to the brainstem in nerves
which usually leave the muscles separately from the motor nerves and
run to join the ophthalmic branch of the fifth nerve (Winckler, 1937;
Whitteridge, 1955). The cells of origin arc in the mesencephalic nu-
cleus of the fifth nerve (Cooper ¢t al., 1953). Small modificd tendon
organs arc numerous in eyc muscles.

¢. Facial Muscles. The facial muscles supplied by the seventh cranial
nerve were said to contain no scnsory rcceptors, but Bowden and
Mahran (1956), working on the quadratus labii superioris of the
rabbit, and Kadanoff' (1956), working on human mimetic muscles,
found in both cases a few unmistakable muscle spindles, as well as
other endings that differed considerably from the known types of
motor ending and arc presumably sensory. Voss (1956¢) reported 6
spindles in the human stylohyoid (Table I); he found no spindles in
the posterior belly of the digastric.

d. Inirinsic Muscles of the Larynx. Theinstrinsic muscles of the larynx are
another group of cranial muscles about which there has been specula-
tion concerning their sensory supply. Sherrington (1897) reported
that he was unable to find spindles here, but right up to the end of his
life he was convinced that if a further search were made or electro-
physiological investigations carried out, there would be evidence of
the propricceptors that he held must be present for the proper func-
tioning of these delicate muscles. Goerttler (1950) shows a spindle in 2
human laryngeal muscle, and a few spindles have recently been
reported in all the intrinsic laryngeal muscles of man by Lucas Keene
(1957) and Paulsen (1958). Many of the extrafusal muscle fibers in
these muscles are small in cross section, they have a rich nerve supply,
and probably a search would reveal other atypical sensory endings on
them. Andrew (1955) was unable to record sensory discharges in the
exlerr_lal laryngeal nerve of the rat in response to stretching the crico-
thyrmd muscle, but the sensory fibers from the muscle may not lie in
this nerve.

e .Intn'n:if Muscles of the Tongue. The intrinsic muscles of the tongue
receive their motor nerve supply through the twelfth cranial nerve.
Num'emus muscle spindles have been found in these muscles in man
and in the monkey (Cooper, 1953), but there are no spindles in th
cat’s intrinsic tongue muscles; nevertheless, low th; T & ¢
from stretch receptors have b;cn recorded ; T}:, ﬁlr)eShOId fcharges
nerve close to the tongue in these animal Coumer. Toons e t.welfth

s (Cooper, 1954). Again, the
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b. Extrinsic Eye Muscles. In discussing the extrinsic cye muscles, their
various uses must be remembered; they are primarily used to give the
animal a stable ficld of view. The oblique muscles can usually rotate
the eyes, but in some animals the recti move the cyes very little and it
is movements of the neck that are closely linked with the position of
the retinal images. In other animals and certainly in man, the eyes are
very mobile and are constantly moved voluntarily as well as reflexly.
Eye muscles in different animals show varied traits: they remind one
of embryological muscle and also of limb intrafusal muscle fibers, their
thin and thick muscle fibers recall the double muscle fiber system of
some frog muscles (Kufiler, 1953), their nerve endings are more varied
than those in the mammalian limb muscles and sometimes rescmble
endings found in the muscles of lower vertebrates, So far, muscle
spindles have only been found in the eye muscles of man, of the higher
primates, and of the artiodactyl branch of the ungulates (Cooper and
Daniel, 1949), but stretch receptors are probably present in all eye
muscles (Cooper and Fillenz, 1953). In the sheep, Cilimbaris (1910)
reported up to 280 spindles in a single cye muscle, while we found
about 120 in the inferior oblique of the goat (Cooper et al., 1951). In
man, there are about 50 spindles in the inferior rectus (Cooper and
Daniel, 1949), a number that compares well with that for the first
Iumbrical, which is of similar weight. These spindles in the human eye
muscles are best seen in cross section (Fig. 6), they have thin capsules
and are found in certain parts of the muscle only, notably at the origin
end and near the layer of thin muscle fibers at the circumference. They
are more difficult to see in longitudinal section, probably because the
capsules are short and confined to the region of the sensory endings,
so that the greater part of the spindle muscle fibers lies outside the
capsule, as in the spindles of the frog and other lower vertebrates. In
man, the spindle muscle fibers have some central nuclei, but nuclear
bags have not been seen. In the goat and sheep, there are well marked
nuclear bags with primary nerve endings (Cilimbaris, 1910, sheep;
Cooper et al., 1955, man and goat). In human eye muscles, some of the
myelinated nerve fibers take several turns round a muscle fiber be-
fore reaching a small ending on that fiber (Daniel, 1946). Similar
myelinated nerve fiber spirals are sometimes seen on the intrafusal
muscle fibers of human limb muscle spindles at some distance from the
equator (Cooper and Daniel, 1956; Coers and Durand, 1956). The
function of this type of ending is still in question. The impulses from
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and vertebrates. He docs not deal with the motor supply to muscle
spindles, but the motor inncrvation of muscle in the lower animals
and of the intrafusal muscle fibers in mammals do scem to me to have
points in common.

1. Invertebrates

Receptors have been found in the muscles of arthropods, and accounts
are available of crustacean receptors (Alexandrowicz, 1951, lobster;
Kuffler, 1954, lobster and crayfish; Florcy and Florey, 1955, erayfish)
and inscct receptors (Finlayson and Locwenstein, 19585 Slifer and Fin-
layson, 1956). The crustacean receptors consist of two types of special-
ized muscle fiber, cach with its own sensory and motor supply. One
fiber has coarse cross-striations, the other has finer cross-striations and
more marked longitudinal striations. Both fibers have the muscular
tissue modified under the dendrites of the large adjacent sensory nerve
cells; Alexandrowicz states that in the lobster the striations are lost
completely, but Florey and Florey are emphatic that there is definite
muscle tissue in this region in the “slow”” coarsely striated fiber of the
crayfish and they assume that the region is just as contractile as the
rest of the muscle fiber (cf. the muscle under the secondary ending of
the mammalian muscle spindle). In the “fast” finely striated fiber, the
central region is enlarged by an accumulation of connective tissue.
The “slow” fibers have denscly distributed motor endings from thin
nerve fibers. The “fast” fibers have a large motor fiber which divides
to supply both ends of the receptor.

2. Vertebrates

There is an interesting observation by Allen (1917) that eight or
more muscle spindles are present in the cordis caudalis muscle of the
agnathous vertebrate (Polistotrema Bdellostoma), a hagfish. He describes
a laminated capsule and 3 intrafusal muscle fibers associated with a
large nerve fiber and a spiral or annular nerve placque.

a. Fish. Fish have always presented a problem as regards muscle
Teceptors. Giacomini (1898) and others were unable to find spindles in
their muscles, though fine pencil shaped endings were reported (Polou-
morc:lwmoﬁ‘, 1899). In 1937, Fessard and Sand, using clectrical re-
cord‘mg.reported slowly adapting stretch receptors in the muscle of the
cartilaginous ray and dogfish. Kirsche (1948) found endings in teleost
muscle which he said had a structure related to the muscle spindle
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stretch receptors are found in 2 typical form in some animals and
are present in an atypical form in others. The impulses may finally
rcach the spinal cord by the ansa hypoglossus and the second cervical
dorsal root,

Thus whenever a cranial muscle has been investigated by the special
histological techniques for nerve endings or by electrical techniques,
evidence of stretch receptors has usually been found. Interesting species
differences and knowledge of the sensory pathways have also come to
light, Little work has been done on the cranial muscles of lower
vertebrates.

5. Other Non-Joint-Moving Muscles.

A few other non-joint-moving muscles in the body may be mentioned
here. Typical spindles have been found in the striated esophageal
muscles by Slawik (1942), in the cremaster muscle by Schinkele (1949),
and in the diaphragm by Dogicl (1902) and by Winckler and Delaloye
(1957), all in man. Andrew has clectrical evidence of stretch re-
ceptors in the rat’s csophageal muscle, while responses in the
phrenic nerve to stretch of the diaphragm were recorded by Cardin
(1944) in the rabbit. The sphincter muscles have not been fully in-
vestigated. Gerebtzoff and Gricten (1956) state that the anal sphincter
of the rabbit and the urethral sphincter of the guinea pig are richly
supplied with intrafusal fibers. Their criterion of such fibers is the
presenice of a series of motor endings on a single muscle fiber, not
the presence of sensory endings or a capsule. These muscle fibers may
indeed belong to spindles, or more probably they may be similar to
the “small” muscle fibers of the lower vertebrates. Garry and Garven
(1957) investigated the urethra of the cat and found spindles in the
associated striated muscle. .

B. SuBmammaLIAN MusCLE RECEPTORS

The structure of the muscle receptors in the lower animals is often
simpler than that of the complicated mammalian muscle spindles.
There may be two separate spindle-like organs, each of which has some
features of the mammalian organ. The motor endings of the receptor’s
muscle fibers, need to be studied in conjunction with the ending,
to the ordinary muscle fibers, since both sets are often supplied by
common nerve fibers. Hoyle (1957), in his recent book, gives a com-
parative account of motor innervation of muscle in both invertebrates
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fibers. The spindle muscle fibers in the frog arc often of great lcxfgth
and they may have a serics of short encapsulated scnsory regions
(Cipollone, 1897; Vihvelin, 1932). Gray (1957) found onc or some-
times two of these compound spindles in the extensor digitorum longus
IV, each with up to five sensory regions and intervening regions
receiving mator endings. In the toad pectoral muscle, which is some-
times called on for prolonged postural activity, Vihvelin reports 175
spindles per gram of muscle. Pezard and May (1937) counted the
sensory endings in the sartorius of the frog and found 19, mainly at the
tibial end of the muscle and along the internal border.

The electron microscape has recently made possible a more detailed
study of a sensory ending in a frog’s spindle [Robertson (1957) and
see Gray (1959) Fig. 3b]. In serial transverse sections of an intrafusal
fiber which has myofibrils in the attenuated sarcoplasm surrounding a
central nucleus, the muscle surface is in ridges and grooves; on the
former lie the unmyelinated strands of the nerve ending, some with
Schwann cells, contacting the muscle fiber. The terminal portion of the
ending contains many mitochondria and the Schwann sheath is lost.

d. Reptiles. The muscle spindles of snakes and lizards are mainly
unifascicular, but they are of two types. One has a short capsule; there
is a large sensory nerve fber ending in a spiral round 2 modified
part of the muscle fiber which is swollen, rich in nuclei, and poor in
striations. Little motor end-plates are found at both ends of the muscle
fiber outside the capsule; many of these small motor endings are ultra-
terminal endings from the motor end-plates of the ordinary muscle
fibers. The other type of spindle has a long capsule, the sensory ending
is much more spread out over muscle which retains its striations but
has a row of central nuclei. This ending has been described by Cipol-
lone (1897) as being similar to the flower spray or secondary endings of
mammalian spindles. These reptile spindles receive several motor
endings, but there is some confusion as to whether they are all of the
motor end-plate type or whether some are the more diffuse grape
endingf. Tortoises have similar spindles, but they are multifascicular.

¢, Birds. Th_e sensory endings in bird muscles resemble much more
closely thOsz In mammalian muscles; there are complicated muscle
spindles which are encapsulated, multifascicular, and richl:
with nerve fibers. Bags of nuclei are very prominent, pri
endings are present, and
in some of the spindles (

y supplied
mary spiral
probably there are secondary endings as well
personal observation). Further work on bird
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endings of the higher vertebrates, Barets (1952, and again in 1956)
reported myoscptal pencil shaped cndings in the dogfish which he
believed to be the sensory endings investigated by Fessard.

b, Tailed Amphibians, In the muscles of the newt, Triturus forosus,
Mather and Hines (1934) found three kinds of sensory ending. Onc
was on musculotendinous junctions and was a basket-like structure.
The others were clasplike endings found in the bellies of muscles, some
on a single muscle fiber, others on groups of three small fibers. These
muscle fibers were without capsules, but sometimes small motor
cndings were scen on them, This fact was confirmed by degenera-
tion experiments. The pectoralis muscle contained both the single and
the grouped muscle fibers with sensory endings, while many other
muscles had one or other type only of these primitive muscle spindles.

¢. Tailless Amphibians. The frog and toad have had their muscles
subjected to many histological and physiological investigations, Cajal
(1888, 1897), using the sternocutancous muscle, shows a plurifascic-
ular spindle with a short capsule. A single large nerve fiber enters the
capsule and divides to end in long strands on the medified midregion
of the muscle fibers; other nerve fibers go to typical frog brush motor
endings on the spindle muscle fibers outside the capsule. Franqué (1891)
gives a drawing of the midregion of a frog spindle; the capsule is short
and there are two muscle fibers, each containing many lightly stained
nuclei resembling those in the nuclear bags found under the primary
endings of mammalian spindles; he states that the muscle striations
are absent here. Recently, E. G. Gray (1957) made a detailed study of
1be extensor digitorum longus 1V musele of the frog. Fe describes the
large sensory nerve fiber approaching the midregion of the spindle,
usually from the side; it divides more than once, coils round the muscle
fibers inside the short capsule, and ends in a “flower spray” ending.
Under the endings, the nuclei, in one of Gray’s photomicrographs, look
like rows of myotube nuclei, rather than a collection of clear nuclei.
The spindle muscle fibers have both typical frog motor end brushes and
small grape endings, probably on separate fibers. Gray’s account is
based on the spindles of one small muscle; there are statements in the
literature that there are two kinds of spindle in the frog (cf. Vihvelin,
1932) and this point has struck me on looking at spindles in various
frog muscles stained with gold chloride. It would probably be worth
examining spindles in a muscle with many “‘slow”’ fibers, such as the
ijleofibularis bundle, and in another hke the sartorius, with no “slow”
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cither side of the bag. The myotube must also be stretched during
passive stretch of the whole spindle, but the muscle there over the
central nuclei is thicker and would presumably contract during motor
activity in that part of the intrafusal fibers, The sensory endings in
spindles and also in the tendon organs and Pacinian corpuscles re-
spond to their adequate stimulus by initiating impulses which travel to
the central nervous system. Histologically, we nced more investigations
at very high magnifications and also histochemical work to understand
the mechanism that fires off a sensory ending. Katz (1950, a, b,) studicd
the sensory ending in a frog’s muscle spindle elcctrically, by placing a
small electrode close to the ending. J. A. B. Gray and his collaborators
(1959) have done much work on the Pacinian corpuscles of the cat’s
mesentery, where they could place a microclectrode close to the nerve
fiber as it entered the isolated corpuscle, A suitable stimulus to a
sensory organ probably causes a deformation of the actual ending,
leading to a depolarization of its lining membrane. If the membrane
activity is great cnough, then an impulse is initiated, possibly at the
first node of Ranvier, and is propagated along the nerve. The end of
the stimulus may result in a period of depression or hyperpolarization
at the ending. The membrane surfaces of the sensory nerve endings in
the spindle and in the tendon organ are relatively very large and
they are capable of bringing about prolonged rhythmical activity in
the sensory nerve fibers, of the order of about 5 to 100 impulses per
second; the sensitive primary endings may discharge up to 500 impulses
per secolnd in response to a rapid stretch. With a small steady stretch,
the endings may discharge for hours with very little change in rate.
We know very little about the chemical changes that must take place
at t%xe spindle sensory endings; acetylcholine (Hunt, 1952) and
i::;:};l}lcholinc (Gr'anit el al., 195.3) (see Volume II1, Chapter I) in-
the spin ;lseeﬂmsggrdls::.arge but ;}us. may be due to mc_reascd activity (.)f
reduced by n-tuboecur::-gS (Tn t! chmfrafusal fibers, since the effect is
ending (Coere, 195%) 1 ine; no.c'olmcstcrasc can be detcct.ed at the
5 - In the Pacinian corpuscle, Hebb and Hill (1955)

found pseuv}ocho]inesterasc close to the nerve ending. This may also
be the case in other sensory endings.

B. DIsCHARGES FROM SENSORY RECEPTORS

Most of our knowledge of the hehavior of the muscle receptors comes

from si i
m single receptor or single nerve fiber techniques. Matthews
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muscles would probably be rewarding, for many birds bave markedly
phasic and tonic muscles which might show interesting differences in
their spindles. Typical tendon endings are present and many Herbst
corpuscles, rather similar to Pacinian corpuscles, lie close to the long
tendons in the legs.

11l. THE PHYSIOLOGY OF MUSCLE RECEPTORS

In discussing the physiological work on muscle receptors, there are
certain points arising out of the histological work that are of particular
interest. The end-plates on the spindle muscle fibers are undoubtedly
motor and may cause twitches just as the motor endings do with
ordinary muscle fibers. In many lower vertebrates, a second type of
motor ending is scen in the main muscle, associated with slowly con-
tracting muscle fibers. In some animals, these more diffuse grape
endings are also seen on some of the spindle muscle fibers. There are
now proofs that the mammalian muscle spindles have a diffuse
second motor supply, which may be the mammalian counterpart of
the “slow” system of the lower vertebrates (Boyd, 1958a, b). In some
lower animals, two types of stretch receptor are scen, each with a
different kind of muscle fiber and sensory ending and perhaps with
different types of motor ending, In the frog, it appears that there may be
two kinds of motor ending on separate spindle muscle fibers that share
a sensory ending. In the mammal, there is asimple type of spindle with
a primary sensory ending and motor end-plates, but there are also many
spindles with two different sensory endings and two types of motor
ending on the intrafusal muscle fibers; the exact relationship of these
four types of ending needs further investigation, for it may have con-
siderable bearing on the behavior of the muscle fibers and the sensory
endings in the spindle. Since these complicated spindles also have two
types of muscle fiber, we might expect to find such spindles in muscles
with two types of ordinary muscle fiber; a particular bias towards
numerous “slow” intrafusal muscle fibers, secondary endings, and
diffuse motor endings would then be expected in the slower postural
muscles, where indeed many complex spindles do occur.

A. THE INITIATION OF SENSORY IMPULSES

The histological evidence suggests that the thin layer of striated
muscle lying over the nuclear bags may be stretched cither by stretch
of the whole spindle or by contraction of the intrafusal muscle fiber on
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of his experiments, he was unable to measure conduction rates s0 as to
have confirmatory cvidence for the primary and sccondary endings.

When the muscle nerve or the motor roots are cut, it is known, from
a study of the motor fibers in the nerve histogram of a deaflerented
muscle (Eccles and Sherrington, 1930), that a big group of small
motor nerve fibers has been cut as well as the large motor nerve fibers.
Langley suggested in 1922 that such small fibers, scen by him in the
anterior roots of cats, “may perhaps form the small nerve endings in
muscle spindles.”

The proof of this was not obtained until Leksell (1945) blocked the
larger (8-15p) nerve fibers to a muscle in the cat; then, on stimulating
the small nerve fibers (3-8y) or gamma efferents, as he named them,
he was able to increase the discharges from the spindle endings with
no observed increase of tension in the muscle. Kuffler and Hunt (1952)
then carried out a scries of experiments in which they stimulated a
small fiber in a motor root and led from a sensory root fiber coming
from the spindle supplied by the motor fiber. They showed that one
motor fiber could affect several sensory endings, presumably in
different spindles, and one spindle sensory ending could be affected by
several small motor fibers. They suggested that the fusion frequency of
the intrafusal muscle fibers was high, thus a rapid rate of stimulation to
the small motor fibers might cause discrete contractile increments in
the spindle muscle fibers, comparable with those found by Cooper and
Eccles (1930) in the eye muscles. But they had also written of the small
nerves causing local nonpropagated contractions similar to those found
in the “slow” muscle fibers of frogs (Hunt and Kuffler, 1951 a). The
first statement suggests a twitch mechanism and the second a slow
tonic behavior; there is probably a place for both mechanisms.

The effects of small nerve stimulation are greatly modified by the
tension on the muscle. In life, the small nerves may adjust the stretch
on the spindle afferent endings during the varied activities of the
u.m\ct muscle. The muscle thus has, in the spindle receptors, a means of
signaling its own activity. Furthermore, these receptors are also con-
trolled by a special motor supply to the small muscle fibers in the
spindle. The tendon organs are unaffected by this gamma motor
System,

ﬁb'frl:eosfcc;ng'ary en.dmgs of‘ muscle s.pindlcs are supplied by nerve
edium diameter; conduction studies by Merton (1953)
confirmed that some discharges from stretch afferents in muscle reach
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developed these techniques for muscles, using first a single spindle in a
frog’s muscle (1931a, b) and later cutting down the nerves from cat
muscles till he was able to lead from a single afferent fiber (Matthews,
1933). In this mammalian material, he obtained responses from three
types of ending, which he called A, A,, and B, together with smaller
slower impulses from so-called C endings, which he took to be fine
pain endings in the fascia. The first three types of ending responded
to stretch of the muscle.

The A, endings, which he ascribed to the secondary endings of
spindles, had a low threshold. Their discharge, which sometimes
reached some hundred impulses a second, varied with the rate and
amplitude of stretch. They adapted slowly, but often stopped discharg-
ing for a brief period when the stretch was taken off. They never
responded during active contraction of the muscle, but often started
again during the period of relaxation. Their time relations were slower
than those of the other two endings, suggesting that the discharges
were travelling in smalfer nerve fibers. The endings represented about
50%, of those recorded from the hindlimb ankle extensors and flexors.

The A, endings, ascribed to the primary endings of the spindles,
had a slightly higher threshold. They responded to stretch in the same
way as the A, endings. They were silent during a submaximal or
maximal twitch, but if the stimulus was made supramaximal and
there was an adequate resting tension, giving a good resting discharge,
then there was a discharge during the rising phase of the contraction.
This was clearly seen in tetanus at a slow rate, for as the tension rose,
the gaps between the stimulus artifacts filled up and there was a brisk
sensory discharge during the plateau of the tetanus. The fast time
relations of these sensory impulses suggested that they travelled in large
nerve fibers.

The B endings, prabably tendon endings, had a high threshold for
stretch. They responded well to the degree of stretch, but less well to
the rate of change of stretch. They always responded during active con-
traction and they had fast time relations. They amounted to 25% of
all the endings responding to stretch.

Matthews suggested that during supramaximal stimulation of the
muscle, the small fibers to the motor endings of the spindle muscle
fibers were stimulated, causing contraction of the more heavily
striated parts of these fibers and thus stretching the primary endings
and reducing the stretch on the secondary endings. But, by the nature
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the dorsal roots later than the discharges travelling in the large sensory
fibers. Hunt (1954), making a systematic study of the conduction rates
of the fibers from stretch receptors in the cat’s soleus and gastro-
cnemius, found ample evidence for discharges travelling in medium
sized sensory fibers at about 50 m. per sccond compared with dis-
charges travelling at 100 m. per second in the large fibers. He confirmed
the high threshold of the tendon organs to stretch, but states that the
spindle primary endings have a lower threshold than the secondary
endings. This is the reversc of Matthew’s findings.

Hunt and Kufller (1951b) thought that the majority of the A group
of rcceptors were primary endings. But Matthew's group A, may in
fact have been a mixture of primary and sccondary endings.

The responses of secondary endings to motor nerve stimulation
must depend on how the intrafusal muscle fibers respond. In many
muscle spindles, recent histological evidence now shows that there are
motor fibers of different sizes supplying at least two kinds of motor
ending; there are also Jarge and small intrafusal muscle fibers. Mat-
thews probably stimulated the larger motor fibers with his supra-
maximal shocks, but may not have affected the small motor fibers.
Hunt and Kuffler selectively stimulated single small fibers in the
ventral roots with much stronger shocks. These two kinds of stimulation
might have different cffects in the spindle, depending on which
intrafusal muscle fibers contracted; also on whether one or both ends

Fio. 9 Responses to stretching the superior oblique muscle of the goat’s orbit,
showng the discharges of a muscle spindle ending recorded in an afferent branch
passing from the muscle to the fifth cranial nerve. The fourth cranial nerve was
antact, so that the discharge is somewhat irregular and has a high resting rate. The
stretches were applied at successively higher rates m records a to ¢, the same degree of
stretch was reached 1n each case. In d are seen responses of the unit to a maximal
shock to the fourth nerve, there ss silence duning the nising phase (10 msec.) of the
twitch. Trme 50 c./s.; stretch signal in a, b and c. Sprkes retouched.

responses of the unit to a maximal shock to thé fousth nerve; there 1s a burst of
impulses during the nising phase of the twitch Time 50 ¢./s.; stretch signal in a.
Spikes retouched.
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muscle fiber contracted in response to several stimuli to the muscle
nerve; again the sensory ending discharged. In 1958 Eyzaguirre was
able to combine these fast and slow effects. Thus we have clectrical
evidence of two types of motor ending, onc of the twitch and the other
of the tonic type, on different spindle muscle fibers but affecting the
same sensory ending. This links up well with E. G. Gray’s histological
evidence (1957).

Wicrsma et al. (1953) recorded responses to stretch from the two
muscle receptors in an invertebrate (crayfish). Kuffler (1954) showed
in the crayfish and lobster that the receptor with the large finely
striated muscle fiber gives large impulses and that this discharge
is most affected by a changing rate of stretch. The fiber gives a twitch-
like contraction if the motor nerve is stimulated and a high rate of
stimulation is needed to produce a fused tetanus. The receptor of the
small coarsely striated muscle fiber has a low threshold to stretch
when the stretch organ is isolated; it is particularly responsive to the
degree of stretch. On stimulation of the motor nerve, contractions can
be seen but cannot be recarded in the muscle fiber and tetanus at
low rates always gave a smooth contraction. The sensory discharges
of both receptors were very sensitive to the effects of motor stimuli.
Here is a primitive double stretch receptor, its two parts calling
to mind the two types of spindle found in the muscle of many of
the lower vertebrates, and it may be possible that the complex spin-
dles of mammals behave in essentially the same way. The adjacent
sensory cells of these crayfish receptors lend themselves to intracel-
lular recording, Useful findings on the properties of Sensory neurons
h_avc resulted, including knowledge of their behavior when inhibited,
since the sensory cells have inhibitory fibers ending on them (Eyza-
guirre and Kuffler, 1955; Kuffler and Eyzaguirre, 1955; Burgen and
Kuffler, 1957).

The motor actwity in a spindle greatly affects the discharge of the
sensory endings which in turn influence the reflex behaviour of the
muscle, Indeed P. B. C. Matthews and Rushworth (1957) have shown
that by applying procaine to a muscle nerve in a decerebrate cat, and
t?lus narcotizing the small nerve fibers before the large ones, it is pos-
sible to reduce the stretch reflex in the muscle even though the large
alpha fibers usually associated with the reflex are still conducting. An
Increase of muscle tension is then required before the stretch reflex can
be obtained again (Matthews, 1958).
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of the fiber contracted, since all the fibers have a motor innervation at
cither pole, The physiological and histological work being carried out
at the present time may give us a better understanding of how the
discharges of the primary and sccondary endings are modified and
controlled by the activitics of the different motor endings.

Results obtained from the physiological study of cranial muscles and
their stretch receptors may throw further light on the activities of
mammalian limb muscle spindles. Some of the cranial muscles may also
prove to be the link between limb intrafusal muscle fibers in the
mammal and the ordinary muscle fibers of some of the lower verte-
brates. The work of Brown and Harvey (1938a, b} on neuromuscular
conduction and on the effects of drugs on bird muscle makes interest-
ing reading when compared with work on the mammalian extrinsic
eye muscles and on the intrafusal fibers in limb muscles. The responses
to stretch of eyc muscle receptors (Figs. 9 and 10), recorded from single
sensory nerve fibers, are similar to those recorded from the limb muscle
receptors (Cooper ef al., 1951, 1953, 1935; Cooper and Fillenz, 1955).
There arc many muscle spindles in the artiodactyl eye muscles and the
separate motor and sensory nerves to these muscles make them very
useful for physiological work (Whitteridge, 1955). The primary endings
were found to be very sensitive to any change in the rate of stretch when
the spindle motor supply was intact (Cooper and Daniel, 1957). Whit-
teridge (1959) has very clear evidence of the effects of gamma fiber
stimulation, in the goat’s fourth cranial nerve, on the afferent dis-
charges of spindle endings in the superior oblique muscle recorded
in a branch of the fifth nerve.

Among the lower vertebrates most work has been done on the muscle
spindles of the frog and toad. In 1949 Katz suggested from his work on
the frog that there might be a double motor supply to the spindles, one
rapid and the other slow, both supplies being closely related to the
nerve supplies to the “fast” and “slow” muscle fibers in many frog
muscles (Kuffler, 1953). Recently, microelectrodes have been inserted
into some of the spindle muscle fibers in amphibians. Eyzaguirre (1957)
using the extensor digitorum longus IV muscle of the toad, was able
to record twitches in these fibers, and a sensory discharge was re-
corded simultaneously in the afferent fibers from the spindle. He got
evidence also of slow muscle fibers belonging to the spindle but could
not get an electrode into them. These slow fibers received motor endings
from several small nerves. In lightly curarized muscle, the spindle
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gamma activity. The main alpha activity is being dealt with in Volume
11, Chapter IL and I must confine myself here to the part played by the
muscle receptors and their motor nerves.

There is good cvidence for two sizes of motor nerve fiber to muscle
spindles (Barker, 1918; Cooper and Daniel, 1956). It is the smaller
fibers supplying the diffuse endings on the intrafusal fibers that
probably form part of the gamma system. The larger nerve fibers
can sometimes be seen dividing up to supply the little motor end-plates;
we do not know whether their cclls of origin fall within the alpha or the
gamma category. Nor do we know how the motor supply of the simple
spindles, with primary sensory endings only, links up with the gamma
system. The recent work on phasic and tonic alpha motor nerves to a
muscle (Granit ef al., 1957) and Pascoc’s work on small alpha nerves
(1958) may have bearings on the motor innervation of muscle spindles.

D. Fuxcrioxs or MuscLE RECEPTORS

When the discharges from the muscle receptors reach the central
nervous system, their main function is to modify the activity of the
alpha motoneurons, The most direct cffect is brought about by the
m(.lnosynaplic connection between the large nerve fibers from the
Primary endings of the spindles with the alpha motoncurons to the
extrafusal muscle fibers in the same muscle, particularly to the fibers in
that part of the muscle lying near those sensory endings. Under suitable
conditions, the discharges from the primary endings can cause a
Stretch reflex in the muscle. A sharp stretch may bring about a reflex
Jerk; this happens in a few mseconds in either extensors (Jolly, 1911) or
flexors (Asayama, 1916). A more gradual stretch may cause prolonged
stretch reflexes in the extensors if the initial tone in the muscle is high.
In the frog, stretch of the flexors gives this effect (Sassa, 1921). These
Sllgrelches were extensively studied by Liddell and Sherrington (1924,
M25). The monosynapt.ic relations were worked out by Lloyd (1952).
Ecoll‘t: recenl%y, by placing an electrode tip inside a motor horn cell,
£mc eshand his school have studied the impact of the sensory discharge
en;'n e muscle on that cell (Eccles, 1957). The fibers from the primary
disc‘}?gs also -have many polysynaptic connections whereby the
an ?;rges acnvafe synergic muscles or inhibit the antagonists, as well
€iping to bring about adjustments in the whole posture of the

ani . .
Mimal so that the original group of muscles can work to the best
advant;\ga
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C. Tue CentraL Conrror oF Tie Moror SureLy 1o MuscLe
SPINDLES

As far as we know, the small motor fibers come from Ijtte cells lying
near the large motor horn cells supplying the muscle. In a long series of
experiments carried out by Granit and his coworkers {Granit, 1935),
it has been shown that the activity of these gamma cells can be influ-
enced in many ways. They are excited by impulses coming from the skin
over the muscles and from neighboring structures (Eldred and Hag-
barth, 1954); and by impulses from certain areas in the brain, particu-
larly from a diffuse area in the midbrain, from the anterior lobe of the
cerebellum, from the hypothalamus, and sometimes from the cortex
(Granit and Kaada, 1953; Eldred ef al., 1953). The gamma cells have
a low threshold to these stimuli and may be activated before the alpha
cells, thus the spindles are alerted quickly and the increased impulses
from the primary endings play on the alpha cells to lower their thres-
hold and to potentiate them for subsequent activity. An example of
this in man is the excitatory cffect on the knee jerk of handling the
%imb beforchand and of telling the patient to clench his hands. The
main brainstem activating region lies in the midbrain. Graham Brown
noticed the potency of this region on postural tonus in decerebrate
monkeys as long ago as 1914 (p. 162). Another center in the bulbar
region depresses gamma activity in the decerebrate animal. This gives
a partial explanation of some of Magoun’s results (1950), in which he
modified reflex activity by stimulating the midbrain and bulbar
reticular formations.

The more usual type of decerchrate rigidity is dependent on intact
dorsal roots and on the activation of the gamma motor system. But
there are very potent alpha system pathways which are independent of
muscle receptors; their activity can be revealed by tying the basilar
and carotid arteries in the cat. The anterior lobe of the cerebelium and
part of the pons are thereby made anemic; the gamma activity is
inhibited but there is intense rigidity even if the dorsal roots are cut
(Granit ef al., 1955). It should not be lost sight of that animals in these
states of rigidity are “working tools”; the decerebrate animal with
high gamma activity enables wark to be carried out on stretch reflexes
and many other aspects of reflex activity. In normal life, no such
exaggerated stretch reflexes exist, posture and smooth movement
probably depend on a nicely adjusted balance between alpha and
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muscles, such as the Pacinian corpuscles and the pain endings, is
shetchy. Their discharges arc probably quickly adapting and they may
travel partly in nerves extrinsic to the muscles to signal deep pressure
and pain in the higher centers.

1IV. PATHOLOGY OF MUSCLE SPINDLES

It is not proposed to describe the muscle spindles in various neuro-
muscular discascs, but only to make some general remarks on the
examination of such spindlcs. It is a long standing observation that the
spindles persist, apparently unchanged, in many muscular diseascs;
they were even looked on as pathological structures since they might
stand out in pathological muscle and be missed altogether in normal
muscle, Even today, such mistakes arc occasionally made by patholo-
gists whose expericnce docs not cover much muscle histology.

Undoubtedly, the gross structure of a muscle spindle does persist for
along time after nerve injury; it not only persists but often the capsule
thickens and therefore stands out more sharply in sections (Byrnes,
1926). Long after some of the extrafusal muscle fibers have ceased to
function and arc in a state of degeneration, the intrafusal fibers may
appear intact; these muscle fibers have nerve endings belonging to
both the sensory and the motor systems, and if one ending remains
intact it may have the property of greatly prolonging the existence of
t!le muscle fiber, Thus in sections of muscle stained by the standard
tissue stains, there may be very little to suggest abnormality of the
spindle, If, however, the specific stains for nerves and their endings are
used, a very different picture may result. Tower (1932) did a series of
experiments in which she cut the motor or sensory roots to muscles in
the cat and, after appropriate time for degeneration, examined the
muscles using the Bielschowsky technique. If the dorsal root ganglia
were removed, then only the equatorial regions of the spindles were
affected, the nuclei of the nuclear bags were reduced in number and
volume, the cross striations of the intrafusal fibers were more clearly
seen over the central regions, the capsules invested the muscle fibers
more closely (but were not thickened), and the large nerve fibers
degenerated, If the ventral roots were cut, then the intrafusal muscle
?}?:zsaandl thci}- nerves in the polar regions of the spin_dles i\trophied,
the SP;J::;I:S thickened, but t}w equatorial regions remained intact and
cut, the e rsl weic very conspicuous. ‘When the who.le muscle nerve was

y changes in the spindles were less obvious than in the rest
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The discharges from the secondary endings in muscle spindles have
been much neglected in the past, for they are not easy to identify.
Hunt (1953) has stated that they arc concerned with the flexion reflex
and Eccles e/ al. (1957) make a similar suggestion. Further information
on thesc endings may come from a knowledge of their presence
or absence in the spindles of certain muscles, for they may be numerous
in the spindles of the postural muscles and less frequent in some of
the spindles in the flexors; but this is not an casy point to prove con-
clusively. The discharges of the secondary cndings may be reduced
when the motor activity 1o the intrafusal muscle fibers is high and the
muscle tissue lying under the secondary ending is contracted. The
discharge would then be greatest when the motor activity was reduced
or when excessive stretch to the whole muscle overcame this contrac-
tion of the spindle muscle fibers. The function of these secondary
endings might then be to give warning of overactivity and to start
protective reflexes.

The tendon organs can be identified by their behavior during con-
traction of the whole muscle. Once their discharge starts, it travels
rapidly at about 100 m. per second in large nerve fibers and then by
di- or polysynaptic pathways to cause inhibition of the muscle itself
and its synergists, while the motoneurons of the antagonists are ac-
tivated. Eccles ef al. (1957) say that the inhibitory actions are most
commonly detected in the extensor motoneurons.

The discharges from thesc muscle receptors probably have effects on
the gamma motoncurons; activity of the primary endings of the spin-
dles tends to reduce the discharge in the gamma fibers, while in active
contraction of the muscle, the gamma discharge is reflexly enhanced
(Hunt, 1951). These effects may be duc to spinal cord mechanisms, or
they may be the result of the muscle receptor discharge passing to the
brainstem, thalamus, and cerebellum (Mountcastle et al., 1952; Laporte
¢t al., 1956), and there initiating further discharges that influence the
centers concerned with gamma motor activity. The muscle receptor
discharges do not go to the cerebral cortex (L. Kruger, 1956; Mount-
castle, 1957), though the impulses from the joints, periosteum, skin,
hairs, etc. send information from a limb to the highest centers. The
muscle activity is probably largely a subconscious one, allowing of
widespread reflex activity and keeping the alphba motoneurons ready
for the cortical discharges which cause voluntary movement.

Qur information about the functions of the other receptors near or in
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muscles, such as the Pacinian corpuscles and the pain cendings, is
sketchy. Their discharges are probably quickly adapting and they may
travel partly in nerves extrinsic to the muscles to signal deep pressure
and pain in the higher centers,

IV. PATHOLOGY OF MUSCLE SPINDLES

It is not proposed to describe the muscle spindles in various neuro-
muscular discascs, but only to make some general remarks on the
examination of such spindles. It is a long standing observation that the
spindles persist, apparently unchanged, in many muscular discascs;
they were even looked on as pathological structures since they might
stand out in pathological muscle and be missed altogether in normal
muscle. Even today, such mistakes are occasionally made by patholo-
gists whosc eaperience does not cover much muscle histology.

Undoubtedly, the gross structure of a muscle spindle does persist for
along time after nerve injury; it not only persists but often the capsule
thickens and therefore stands out more sharply in sections (Byrnes,
1926). Long afier some of the extrafusal muscle fibers have ceased to
function and are in a state of degencration, the intrafusal fibers may
appear intact; these muscle fibers have nerve endings belonging to
%)oth the sensory and the motor systems, and if one ending remains
Intact it may have the property of greatly prolonging the existence of
l?e muscle fiber. Thus in sections of muscle stained by the standard
Ussue stains, there may be very little to suggest abnormality of the
spindle, If, however, the specific stains for nerves and their endings are
used, A very different picture may result. Tower (1932) did a series of
Xperiments in which she cut the motor or sensory roots to muscles in
the cat and, after appropriate time for degeneration, examined the
muscles using the Bielschowsky technique. If the dorsal root ganglia
“ere removed, then only the cquatorial regions of the spindles were
3$e‘ft€d, the nuclei o'f t?le nuclear bags were reduced in number and
Stenn;?e (ht}:l €ross sm:mo.ns of the intrafusa} fibers were more clearly
more d;ell e clt:ntral regions, tl_le capsules invested the muscle fibers
degenenmdy I(fx;lt were not thickened), and the lzirge nerve fibers

., ar;d ﬂ; If the vcn.tral roots were cut, then the {ntrafusal mu_scle
the capsules :!}:r 11;lel'ves in the polar regions o_f the spm_dlcs fxtrophxcd,
the spindlos o ickened, but t!le equatorial regions remained intact and

1t the exsy ere very .conspxml.ous. When the who'le muscle Pewe was
y changes in the spindles were less obvious than in the rest
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of the muscle; later the intrafusal fibers became smaller, their nuclei
swelled and degenerated, the cross striations faded, the longitudinal
striations became more obvious, and the fibrous connective tissue
increased,

I have examined muscles from human cases of motor neuron disease
and dorsal root ganglia disease and many of the muscle spindles do
show the changes described by Tower. It must be remembered that
many ncuromuscular diseases develop slowly so that changes may be
striking in one part of a muscle while another part is still normal.

In other discases of the locomotor system, the muscles do not change
histologically, There may be abnormalitics or failure of the upper
motor neurons. But if disturbances of posturc take place, the trouble
may lie in the central pathways playing on the gamma motoneurons
which supply the intrafusal fibers of the muscle spindles.

Y. CONCLUDING REMARKS

The receptors of a muscle are vitally important for the integration by
the nervous system necessary to bring about coordinated movement.
There is a fund of knowledge about the structure of these receptors and
we have also learned much about their function. The three main
receptors of mammalian muscles are the primary and sccondary
endings of the muscle spindles and the tendon endings. It is becoming
increasingly certain that the first of these takes part in the stretch
reflexes which are so important in posture; its discharges act directly
on the motoneurons of the muscle, the discharges themselves are
greatly modified by activity in the motor nerves to the intrafusal
muscle fibers. Another receptor causes inhibition of the muscle when
1t is stimulated; this is probably the ending of the tendon organ. The
third receptor has slower time relations and is therefore associated
with the secondary ending of the muscle spindle and its medium sized
nerve fiber. The function of this ending is not yet clear.

If we look again at the structure of the muscle spindles, there are
still many problems to be solved Why are there spindles with two, one,
or no secondary endings? In the spindles with no secondary endings,
the muscle fibers have small motor end-plates at either pole, which
bring about phasic twitch activity. In the spindles with secondary
endings, there 15 a diffuse innervation along the shorter intrafusal
muscle fibers and partly mingled with the secondary ending, as well
as the motor endings at the poles. These diffuse endings may be part
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ofa mechanism to hold the muscle fibers in tonic contraction. Thercare
thus both phasic and tonic intrafusal muscle fibers which may reccive
their motor innervation from different sources. Evidence from
lower vertebrates suggests that there arc both twitch and tonic
contractions in intrafusal fibers, probably in scparate muscle fibers,
But the arrangement seen in some crustacean claw muscles where
“quick” endings can start or cnd a contraction and “slow” endings
can hold it for long periods may have some counterpart in the mamma-
lian muscle spindle. We hnow that both the primary and sccondary
ending record degree of stretch or is the sccondary ending more
sensitive when the motor supply to the spindle is Iess active?

In whatever way the spindle works, we know that adequate stimulus
to the very sensitive sensory endings causes depolarization of their
membranes. Slowly adapting discharges are sent to the central nervous
system; herc their influence is such that by dircct or indirect pathways
the final common paths for muscle action are kept adjusted. We also
know that the primary ending of a spindle is much more sensitive
when the motor supply to the intrafusal fibers is intact, and the small
8amma motor horn cells supplying the spindles are being influenced
by discharges from widespread regions of the body. The motor
end-plates on the intrafusal muscle fibers may have some as yet un-
explored Jink with the motor supply of the extrafusal muscle fibers,
while the diffuse endings may link up with Granit’s gamma system.
Tht‘-’je diffuse endings, associated with the secondary endings, are
Particularly numerous in the muscles concerned with posture, and it is
1}1658 muscles that seem to have many complex spindles per g. of
tssue. It is probable that the explanation of muscle tone lies in the
understanding of the adjustment of muscle spindles and hence of their
sensory messages. The messages from many muscles combine both
te.mpc')rally and spatially to achieve the widespread muscular coor-
dination which is the basis of normal movement. But there are still

many problems to be investigated before we fully understand the
muscle receptors,
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1. INTRODUCTION

In light microscopy, the intercalated discs of heart muscle tissue have
been the subject of much controversy as to an evaluation of their
existence in the living tissue, their morphology, and the interpretation
of their significance from a morphological as well as a functional point
?f view. An extensive review of the literature up to 1945 was published
in Aurell’s monograph (1945). The intercalated discs were observed
in 1863 by Aeby and were first described in detail by Eberth (1866),
whointerpreted them as consisting of a homogeneous cementing material
at celt boundaries. He therefore called them “Kittstreifen”.

In t.he earfier papers on this component, the most frequent inter-
pretat:lon was more or less in line with that of Eberth (Durand, 1879;
Ranvier, 1889; Renaut and Landouzy, 1877; Browicz, 1889, 1890,
1893; Schiefferdecker and Kossel, 1891; Przewoski, 1893; Dunin,
1894?. Wagener (1872), however, did not consider the cardiac muscle
as divided into cell territories either in embryos or in adults, With
lht( work of von Ebner (1900, 1902a, b, 1914, 1918, 1920) and of
Heidenhain (1901, 1911, 1914, 1919, 1932), the syncytial continuity
f)f the heart muscle tissue was generally accepted, and a variety of
Interpretations were offered regarding the significance of the inter-
calat-ed dxscs They were now proposed to be accidental structural
;nodlﬁcatx?ns, for instance due to local contractions, aging, or unde-

ned physical factors (Aschoff, 1906, 1909; Cohn, 1909; Jordan, 1911,
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1912; Jordan and Steele, 1912; Jordan and Banks, 1917; von Ebner,
1918, 1920), or pcrmanent components ofimportance for the arrange-
ment of the cross-striations in connection with the branching of
the heart muscle network (Heidenhain, 1901, 1911; Korner, 1933,
1935a, b, 1937; Witte, 1919), or of importance for the arrangement
of the myofibrils (Marccau, 1902a, b, 1903, 1904), intramuscular
tendons (Stamer, 1907; Benda, 1909; Ogata, 1914), post mortem
modifications (Hoffmann, 1909; Boerner-Patzelt, 1929), or thickened
parts of the ends of the myofibrils (Przewoski, 1893; Hoche, 1897;
Dietrich, 1906, 1909, 1910; Bruno, 1928). The interpretation that the
intercalated discs represented cell boundaries was, however, repeatedly
proposed (Tawara, 1906; Szymonowicz, 1901; Zimmermann, 1910;
von Palczewska, 1910; Werner, 1910; Schafer, 1910).

Il LIGHT MICROSCOPY

In an extensive study of the light microscopy of the intercalated
discs, Aurell (1945) showed by mcans of threc-dimensional recon-
structions that all projections of the discs located at various levels
within a limited region along a muscle fiber cover the whole cross
section of the fiber. The most obvious consequence of this observation,
namely that the intercalated discs had to do with transversally oriented
cell boundaries, was not discussed presumably because the idea of a
syncytial arrangement of the heart muscle tissue was dogmatically
accepted.

The intercalated discs appear in the light microscope as transversally
oricnted bands which can be differentially stained. They are located
at points where the muscle fibers branch, and cach disc extends across
only part of the cross section of the branch. Several discs are arranged
in a characteristic steplike fashion. The thickness of the discs varies in
different species from less than. the length of a sarcomere to values
exceeding that of the sarcomere length. The position of the discs was
described as corresponding to that of the Z line (Jordan and Steele,
1912), or of the Z line and the I band (von Ebner, 1900, 1902a, b).
They are interposed between two sarcomeres with a Z membrane
covering their two broad surfaces (Heidenhain, 1901, 1911).

The detailed structure of the intercalated discs was interpreted by
light microscopists as representing longitudinally oriented short rods
(Wagener, 1880; Browicz, 1889, 1893; Hoche, 1897; Heidenhain,
1901, 1911) or a porous disc (Aurell, 1945).
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The idea of a syncytial arrangement of the heart muscle tissue has
been accepted by physiologists as explaining, for instance, the clectro-
physiological characteristics of the cardiac muscle and the all-or-none
behavior of the hicart muscle.

111, ELECTRON MICROSCOPY

The eclectron microscopic study of thin scctions through heart
muscle tissue has clearly demonstrated that the intercalated discs
represent a special differentiation of the sarcoplasm in connection with
transversally oriented cell boundaries (Sjéstrand and Andersson, 1954).
There is no doubt that the heart muscle is subdivided into cell terri-
tories and does not represent a syncytium. The dimensions of the
intercalated discs obviously show that some other components are
involved in addition to the plasma membranes of the adjacent heart
muscle cells. In fact, a region of the sarcoplasm located at the plasma
membrane appears particularly dense and is heavily stained by
means of osmium tetroxide. It is this zone of dense sarcoplasm that
makes it possible to observe the intercalated discs by means of light
microscopy.

The definite demonstration of cell boundaries running across the
branches of the heart muscle tissue depended on a clear cut demon-
stration of the behavior of the plasma membrane itself at the inter-
calated discs. This demonstration is technically rendered difficult due
to the high opacity of the sarcoplasm in these regions,

In a low resolution study by van Breeman (1953), it was concluded
“that the intercalated discs are structures produced by collagenous
invasion at cell wall junctions.” The reason for this conclusion was that
he interpreted the opaque zone of the sarcoplasm at the cell boundary
as representing extracellularly located material (“the disc is not intra-
cellutar”) derived inter alia from the collagenous components which
were assumed to be associated with the sarcolemma. From this, it is
obvious that van Breeman had not been able technically to surpass in
any crucial way the contributions of light microscopy (compare for
1nstaxfce the papers mentioned above in which the intercalated discs
were interpreted as intramuscular tendons).

.The definite direct proof that the intercalated discs are associated
with cell. bormdarics and that the heart muscle consists of well defined
s b B g i e

, . It was then possible to visualize the
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opaque osmiophilic layer of the plasma membrane at the intercalated
discs and thus to observe that the plasma membrane, which covered
the lateral surface of the branches of muscle tissue, changed its orien-
tation at the intcrcalated disc to roughly transversal. In the sections,
it was possible to follow its more or less wavy course across the muscle
tissue branch. This orientation could be changed into a longitudinal
course to resume the transversal orientation after some distance in
accordance with the steplike appearance of the intercalated discs
observed in light microscopy.

The obscrvations made by Sjostrand and Andersson were confirmed
by Poche and Lindner (1955), Price ef al. (1955), Lindner (1957),
Moore and Ruska (1957), and by Sjostrand et al. (1958).

A, THE SARCOLEMMA

The sarcolemma appears in the clectron microscope as consisting of
two opaque layers scparated by a more or less well defined, less opague
interspace. The one of these opaque layers, which is most adjacent to
the sarcoplasm of the hcart muscle cells, is sharply outlined and of a
uniform thickness in cach species but varics somewhat with the species
of animal. Its dimension corresponds to that of the opaque layer of
the plasma membrane of other types of cells.

The other opaque layer shows diffuse outlines, especially when
examined in very thin sections which allow the most detailed study.
The opacity of this layer then appears less pronounced than that ofth'c
other layer. It shows all the morphological characteristics of what is
generally described as basement membrane in electron microscopic
studies and is morphologically identical to the basement membrane
of skeletal muscle cells.

This basement membrane delimits the connective tissue spaces
extending through the meshes of the heart muscle network in a similar
way as the basement membrane of epithelia forms a boundary between
epithelium and connective tissue, The basement membrane will here
be considered as a part of the sarcolemma which, in addition to this
membrane, consists of the plasma membrane of the cardiac cell. The
opaque layer will here be considered to represent one component of
the plasma membrane which is osmiophilic. It will be referred to as
the o-layer of the plasma membrane. It seems reasonable not to exclude
the possibility that the plasma membrane includes an additional, less
osmiophilic, light layer.
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B. Tue Various Recions oF THE INTERCALATED Discs

The detailed structural organization of the intercalated discs shows
considerable differences in various species (Figs. 1, 4, and 6). In general,
several zones or regions can be distinguished along the intercalated
discs showing considerable structural differences. We can in most
cases differentiate the regions where the myofibrils reach near the
plasma membrane at the intercalated disc from those regions where the
plasma membranc of intercalated disc covers larger sarcoplasmic
spaces. In the latter region, the myofibrils are separated by rows of
mitochondria. Within this latter region, the cell boundary can
be organized according to two different alternatives. Where the
cell boundary is oriented parallel to the myofibrils and extends be-
tween two steps of the intercalated disc, still another pattern can be
observed. These different regions will be referred to as the inter-
fibrillar region, the intersarcoplasmic region, and the longitudinal
connecting surfaces of the intercalated disc (Fig. I).

The cell boundary at the intercalated disc follows a wavy course
when observed in sections oriented parallel to the myofibrils. The
amplitude of the waves varies considerably with the species. It is
greater in mouse and guinea pig than in frog and toad cardiac muscle.
The waves are especially irregular and show narrow peaks within the
interfibrillar regions. In the mouse and guinea pig, the orientation of
most of the cell boundary will therefore be at a rather acute angle to
the orientation of the myofibrils.

It is these waves that have appeared in the light microscope as rods
or pores. However, they frequently appear as a zig-zag line in, for

instance, the cow cardiac muscle, even in the light microscope (Aurell,
1945),

C. TuE PLasMA MEMBRANES AT THE INTERCALATED Discs

. The plasma membranes at the intercalated discs (Figs. 2, 5-7) con-
sist of an opaque osmiophilic layer, the o-layer, which is continuous
with that covering the lateral surfaces of the muscle cell branches
(Fig. 2). The two o-layers of the two joining cells are separated by a
less opaque interspace, frequently of a rather constant width within
a certain region along the surface of contact. The width of this
mter_space, which here will be called the 1 space, differs in various
species and in different regions along the intercalated disc. The
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Fic. 1. Section through an intercalated disc of mouse cardiac muscle. IF, inter-
fibnillar region; IL, longitudinal connection between two steps; IS, intersarco-
plasmuic region; M, mitochondrion; S, S-region; S, sarcol Phospho-
tungstic staining after osmium fixation, Magnification: x 57,000.
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Fic. 2, Section through an S region and the lateral edge of an intercalated disc
{mouse) where the plasma membrane changes orientation from covering the lateral
surface of a cardiac muscle cell to pass into the intercalated disc area. DN, disc
network; L, 1 space, M, mitochondrion; O, o-layer; S, S region; SA, sarcolemmaj;
X, 1 space oriented obliquely to the plane of the section. Phosphotungstic staining
after osmium fixation. Magmfication: x 95,000.
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Tasre 1
Tue WipTH IN ANGSTROM UNiTs oF Tiie | SPAcE AT THE INTERCALATED Disc

Inter- Inter- s lized Longitudinal
Species fibnllar sarcoplasmic peciaize connecting
region region region surfaces
Mouse 130 130 95 90
Guinea pig 70 130 50
Frog 120 120 - —

dimensions are¢ presented in Table I which shows that 120-130 A.
is a common figure for the width.

Other figures that have been reported are 150-200 A, for the dog
cardiac muscle {Poche and Lindner, 1955); 130-150 A. for the dog,
rat, and mousc cardiac muscle (Moore and Ruska, 1957); and 80-
200 A. for the frog cardiac muscle {Lindner, 1957).

In the mouse cardiac muscle, the o-layer of the plasma membrane
appears as a triple-layered structure at the intercalated disc (Fig. 2).
This triple-layercd structure has been observed within limited regions
of the plasma membrane. The plasma membrane is covering such an
irregular surface at the intercalated disc that its orientation with
respect to a longitudinal section through the disc will vary considerably.
The triple-layered appearance can only become visible in such places
where the o-layer is oriented cxactly perpendicularly to the plane of
the section. Therefore, it cannot be excluded that the o-layer along
the whole intercalated disc is in fact triple-layered. Indications of a
riple-layered appearance of the o-layer of the sarcolemma have also
been observed on phosphotungstic acid stained material. The sublayers
consist in this case of two strongly osmiophilic layers and an interposed,
less osmiophilic layer. The thickness of cach layer is about 25 A., and
the total thickness of the triple-layered structure is 75 A.

In the guinea pig, a similar subdivision into three layers is
abserved within certain areas in the intersarcoplasmic regions (Fig. 5).
The most peripheral opaque sublayer is sharply outlined. The other
opaque sublayer appears diffusely outlined towards the cytoplasm,
presumably when not orjented exactly perpendicularly to the plane
of the section, due to the fact that the cytoplasm is particularly
opaque inside this sublayer. The total thickness of the triple-layered
opaque part of the plasma membrane is 80 A. and the thickness of
the sublayers is 20 A. for the opaque layers and 40 A. for the inter-
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posed light layer, A similar subdivision into threc layers has been
observed in the toad.

In the guinea pig, the plasma membrane at interfibrillar regions
appears as a singlc opaque layer measuring 40 A,

The crucial proof that the intercalated discs are located at trans-
versally oriented cell boundaries was presented by demonstrating that
the o-layers of the plasma membranc of two cell territories arc sepa-
rated. This was done by showing that the o-layer of the intercalated
disc is continuous with the o-layer of the plasma membrane covering
the lateral surfaces of the muscle fibers (Sjostrand and Andersson,
1954).

A detailed analysis of the relations at the edges of the intercalated
discs clearly shows that the o-layers of the plasma membranes at the
two cell territories are distinctly confined to cach territory and do not
fuse (Fig. 2). At the edge of the disc, no longitudinally oriented
connection between the opaque layers of the two cell territories could
thus be observed. This excludes the possibility that the opaque
membrane components at the intercalated discs are intracellularly
located membranes.

In the electron micrographs, the cell boundaries can be observed
traversing the branches of the muscle tissue completely. The complete
separation of the cell territories has not been established three-
dimensionally in any electron microscopic study so far. This would
involve an analysis of a great number of serial sections. However, if
the intercalated discs were only incomplete septa, this would show up
in two dimensions as well by the appearance of incomplete transversal
boundaries. This has not been the case. In this connection, the careful
th}”ec-dimensional reconstruction made by Aurell (1945) from light
microscopic pictures is of importance. Since they showed that the
various areas of intercalated discs cover the whole cross section of a
muscle fiber, the reasonable conclusion is that the heart muscle
branches are completely divided by the intercalated discs. With our

Present knowledge regarding the morphology of the intercalated discs,
we are justified in concluding that the cardiac muscle is completely
divided into cell territories.

:At the edge of the intercalated disc, the basement membrane
bridges the gap between the opaque layers of the plasma membranes

without showing any deviation from its course, as was pointed
1 s ut
Lindner (1957). ? oy
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D. CyrorLasmic DIFFERENTIATIONS AT THE INTERCALATED Discs

The different regions of the intercalated disc are characterized by
the specialized organization of the cytoplasm within a narrow zone at
the plasma membrane. Along most of the intercalated disc, this zone
of cytoplasm is particularly dense and intensely stained with, for
instance, osmium. The density varics with the specices. In the frog, the
density is much less pronounced than in the mouse and guinea pig.
This might be the explanation for the fact that intercalated discs have
been reported as missing in frog cardiac muscle. With decreasing
thickness of the scctions, the density becomes less apparent, because
we are approaching the conditions of a two-dimensional object. This
has to be considered when studying the pictures illustrating this
chapter.

The structural organization of the cytoplasm is strikingly different
in the interfibrillar as compared to the intersarcoplasmic regions.

In the interfibrillar regions of the intercalated discs, a network is
formed by very fine filaments, which make contact with the o-layer of
the plasma membrane, and extend in the mouse cardiac muscle about
0.1 12 towards the interior of the cell body (Fig. 3). The filaments, which
form this dense network by an irregular crisscrossing, do not appear
very well defined as to the dimension of their diameter. This is pre-
sumably due to their small dimensions and irregular arrangement.

The I band part of the myofilaments makes contact with this net-
work and seems to be continuous with the filaments of the network.
It has so far not been possible to differentiate between the myofilaments
and other filamentous components of the network.

No filaments bridge the 1 space separating the o-layers of the plasma
membrane. Therefore, there is no indication of a continuity between
myofibrils of adjacent heart muscle cells.

The intercalated discs are always located at the end of a sarcomere
and it is therefore the I band part of the myofilaments that mixes with
the disc network.

In the intersarcoplasmic regions of the intercalated discs, we find
more or less distinctly outlined stretches along the cell boundary where
q‘e cytoplasm is very dense and osmiophilic. These specially differen-
m‘cfi regions will here be referred to as the S regions. There are definite
species differences as to the details of these structural organizations,

In the mouse, the S regions are very sharply outlined and appear
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i:‘ufrt-:;cd osmium solution Magnification: x 40.000.
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Fic 4 Survey picture of section through intercalated disc of guinea pig cardiac
muscle. IS, intersarcoplasmuc region, M, mitochondrion; S, S region. Arrows point
to the edges of the intercalated disc, IF, interfibrillar region. Fixation in isotomic
buffered osmium solution Magnification: x 40.000.
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Tth. 6. Survey picture of section through mtercalated disc of frog cardiac muscle,
- e Sarallcl course of the o-layer of the two plasma membranes of the cell junction
ann ¢ followed over long distances. The edge of the intercalated disc (indicated by
plcta\::‘t)\gc;? b}ti observed at the mtercellular space (IC) 1 the upper part of the
- the cell bound te it
Magmficancs’ 9 33)000?““ ary 1s oriented obliquely to the plane of the section.
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frequently in scctions cut perpendicularly to the cell boundary as
opaque regions with rectangular outlines (Fig. 2). The opacity varies
periodically in a direction normal to the cell surface, so that the
opaque zone appears as multilayered with two approximately 100 A,
broad, diffusely outlined, opaque layers. The most peripheral layer is
continuous with the o-layer of the plasma membrane, more exactly
defined, with its most adjacent, 25 A. thick, opaque sublayer. The
two opaque layers of the cytoplasm arc separated by a slightly less
opaque and roughly equally thick zone. The opaque layers appear to
consist of densely packed osmiophilic filaments.

The less opaque interspace, which separates the o-layers of the
plasma membranes at the ccll boundary, measures 95 A. in width in
these regions and is distinctly more opaque than along the rest of the
boundary. Very thin opaque lines extend across this space, connecting
the most adjacent, 25 A. thick, osmiophilic layers of the two plasma
membranes. Within those parts of the intersarcoplasmic regions which
are lacking this specialized structure, the cell boundary appears as
similar to any regular boundary between densely packed cells. The
1 space interposed between the cell territories measures here 130 A.

In the guinea pig (Figs. 4 and 5), the corresponding regions appear
somewhat simpler. They correspond to those regions where the o-layer
of the plasma membrane is divided into three sublayers, Only one zone
of opaque cytoplasm, which gradually fades towards the interior of the
cell, has been observed so far. No difference in opacity of the 1 spaces
of the two plasma membranes could be observed. It is characteristic
that, at the S regions, the cell boundary shows a rather straight or only
slightly curved course in contrast to the irregularly wavy course in the
interfibrillar regions. They frequently appear along longitudinally
oriented surfaces of the cell boundary and seem sometimes to extend
into the interfibrillar regions. Whether or not this is only due to
tangential sectioning through the boundary between fibrils and
sarcoplasmic regions 1s not clear.

At the longitudinal connecting surfaces of the cell boundary, which
extends between, for instance, two adjacent sarcomeres, the two plasma
membranescanbeinclosecontact (Figs.6and 7). When theseparationbe-
tween thestepsis larger, aninterstitial space frequently separates the two
plasma membranes. When in contact, the two plasma membranes form,
in mouse cardiac muscle, a layered structure with five layers, three
opaque, osmiophilic layers and two less opaque, interposed layers. The
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middle opaque layer is thinner than the two others which measurc 40 A,
in thickness. It divides the 90 A. wide interspace between the other two
opaque layers into two cqual halves. There is no opaque cytoplasm
associated with this type of junction between the heart muscle cells.

di;xq. 8. Sghema(i}: drawing of three stages in the development of the intercalated
Mui:—n( 11357 )1: cardiac muscle: A, embryo; B, new born; C, adult. Redrawing from

E. THe EMBrYONIC DEVELOPMENT OF THE INTERCALATED Discs

According to light microscopic studies, the intercalated discs do not
appear d.urmg the embryonic or early fetal life (Witte, 1919). They
increase in numbers and complexity with age after birth (Jordan and
"Steele, 191?). These facts have been used as an argument against th
interpretation that they represent cell boundaries, °



436 F. S. SJOSTRAND AND E. ANDERSSON-CEDERGREN

Fic. 7. Intercalated disc of frog cardiac muscle showing the o-layers of the plasma
membrane separated by the 1 space. Notice the rather obvious parallel course of the
two o-layers. Magnuficaton: < 60,000
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IV, INTERPRETATION OF THE STRUCTURAL PATTERNS

There is no doubt that the intercalated discs are located at cell
boundaries which separate cell territories in a more or less transversal
direction in relation to the course of the myofilaments, Figure 9 gives

il
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l-space
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Fic. 9. Schematic drawing of intercalated disc of mouse cardiac muscle.
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In an clectron microscopic study of the embryonic heart muscle
tissue of the rabbit, Muir (1957) has clearly demonstrated that the
cardiac tissue is divided into distinct cell territorics bounded by
complete plasma membranes. In embryos, the heart muscle cells were
spindle-shaped and mononucleated. Bundles of myofilaments divided
into sarcomcres by Z membranes reached the plasma membrane at
the end of a sarcomere. At the plasma membrane, the myofilaments
were surrounded by an opaque material. In embryos from 18 days
after coitus to birth, the myofibrils of two adjacent cells reached the
plasma membranc at corresponding sites of the cell surfaces. The ends
of the myofilaments were embedded in a material of a similar opacity
as that in the intercalated discs of adult animals. The cell surface
could be oriented obliquely to the axis of the myofilaments, After
birth, the oricntation was always perpendicular. Later on, the adult
type with its characteristic wavy course of the cell boundary within
the intercalated disc is developed. These stages arc schematically
shown in Fig. 8.

The embryonic heart muscle cells are mainly mononucleated, but
the cells can contain two nuclei, according to Muir’s observations
made by means of phase contrast microscopy.

The buman adult cardiac muscle cells have been reported to con-
tain onc to two nuclei (von Palczewska, 1910). This seems to be the
most common case in a variety of animal species as reported by
Werner (1910). The observations that the cells in some cases could
contain 4-32 nuclei (Werner, 1910) might well be explained by
incomplete staining of the cell boundarics.

The failure of light microscopists to observe the intercalated discs
in embryonic heart tissuc s casily explained by the minute dimensions
of the embryonic discs. In early embryonic life, the discs are confined to
the scattered myofibrils reaching the cell surface. With further devel-
opment of the myofibrils, the discs become larger but still very thin.
After birth, when the wrinkling of the cell surface at the discs is
developed, the disc zone becomes easy to observe.

As the multinucleated adult cardiac muscle cell is much larger than
the mononucleated cell of the embryonic muscle, the myofibrils must
grow in length by adding new sarcomeres. Muir draws the attention
to the fact that Heidenhain’s (1901) suggestion that the intercalated
discs were the site of growth of the myofibril is not incompatible with
our present knowledge.
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triple-layered component would represent basic membranc com-
ponent consisting of the lipids as well as of the proteins of the plasma
membrane.

When trying to visualize the three-dimensional appearance of the
cell boundary at the intercalated disc, it scems justifiable to assume that
the wavy course of the boundary as observed in sections corresponds to

F“;- 10. Three-dimensional presentation of intercalated disc of mouse cardiac
t‘;usc e, Free reconstruction based on observations made an sections, model has not
€n reconstructed from senal sections,

mt.crdigim\ing processes as proposed by Poche and Lindner (1955)
(Fig. 1(?). In all sections through the intercalated discs, a similar wavy
course is observed, a fact that excludes the possibility that the waves
¢ cruss sections through ridges of any appreciable length. In tangen-
tial sections, the transversally cut parts of the plasma membranes
form a network, This pattern is easily explained by assuming that the
cell surface at the intercalated disc has the form of tightly arranged
processes which correspond to impressions of identical form in the cell
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a schematic presentation of the observations made on mouse cardiac
muscle. As the myofilaments are interrrupted at the cell boundaries,
there is a mechanical problem involved in connection with the
devclopment of tension in the muscle tissue. A sufficient mechanical
strength has to be secured at the junction between the myofibrils and
the plasma membrane on the one hand and at the contact surfaces of
the two plasma membrancs on the other.

The dense network that has been observed in the intercalated disc
cytoplasm, the disc network, appears to sccure a broad anchoring of
the myofilaments to the plasma membrane. Through this network,
the insert of cach myofilament is broadened and the tension exerted
on the plasma membrane is evenly distributed over the part of its
surface that is located at the ends of the myofibrils,

The mechanical requirements at the cell boundary make it justi-
fiable to assume that the 1 space scparating the o-layers of the two
plasma membranes is filled with some connecting material, presumably
oriented lipid molecules. This assumption is supported by the fact that
the width of this interspace is fairly constant along the cell boundary
and is of the correct dimension to accommeodate for one to two double
layers of lipid molecules. It seems rather unlikely that this interspace
would correspond to a water phase containing salt jons,

That the junction between the heart muscle cells is very firm is
indicated by the drastic treatment that is needed for separating the
cells. The old light microscopists used 35-40% KOH for this purpose.
The effect of alkali could be interpreted as supporting the assumption
that lipids are involved in cementing the two cell surfaces at the
intercalated discs.

‘The width of the 1 space is of the same order of magnitude as that
found in cell boundaries of a variety of cell types. It is proposed that
the 1 space be considered as part of the two joining plasma membranes,
and that it constitutes the lipid component of the plasma membranes.

The subdivision of the o-layer of the plasma membrane into two
approximately 25-A. thick, osmiophilic layers and one interposed,
less osmiophilic layer can be explained in various ways. One explana-
tion could be that the electron stain reacts mainly with the side chains
located at the two surfaces of a protein layer. A similar subdivision
has been observed by Zetterqvist (1956) in the intestinal epithelium
and by Robertson (1957) in the Schwann cell plasma membrane.
Robertson has proposed an interpretation according to which the
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of the plasma membranc in these regions correspond closcly to the
scheme proposed by Danielli and Davson (193+4) and Daniclli (1936)
according to which the plasma membrane consists of a layer of lipid
molecules sandwiched between two protein layers,

The S regions located at the intersarcoplasmic regions are mor-
phologically very well defined. Their functional significance is obscure.

V. THE PROPAGATION OF EXCITATION AT THE INTERCALATED DISCS

The assumption that the heart represented a syncytium has hitherto
helped in understanding the functional properties of heart muscle
tissue. Physiological analyses have revealed that the propagation of the
stimulus through the heart muscle tissue takes place without any
appreciable synaptic delay. How is such a property compatible with
a division of the heart tissuc into numerous cell territories?

A possibility is that conduction from cell to cell would be based on
the action of local currents. The cell structures at the surface of con-
tact, being of a structure of similar appearance as the rest of the cell
surface, would most likely form a high electrical resistance in the
current path, thereby limiting the current spread and causing a low
safety factor for conduction across the cell boundaries. An additional
attenuation of the local excitatory currents would be brought about
if the 1 space would consist of a water phase containing salt ions.
A somewhat remote speculation is that the S regions would have a
lower resistance, thereby forming paths with an increased safety
factor for conduction across the cell boundaries.

The intercalated discs represent an example where the inter-
pretation that the well defined, less opaque interspaces, which are so
freql{cmly observed in connection with various membranes, represent
the lipid components of the membranes (Sjostrand, 1953), is of good
help in understanding the functional implications.

The high concentration of certain enzymes at the intercalated discs
made Bourne (1953) propose that they might act as boosters of the

contraction wave spreading through the cardiac muscle tissue at the
heart beat,
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surface with which it is in contact. Through the irregular form of the
cell boundaries, the surface area of contact is increased. It scems
Jjustifiable to assume that, with incrcasing area, the mechanical stabil-
ity of the junction is improved.

The surface area, on which the pull of each myofilament is trans-
ferred, is increased both by the network of the cytoplasm at the inter-
fibrillar regions and by the increase of the plasma membrane surface
by its wrinkled arrangement. The waviness of the plasma membrane
also means that the direction of the pull will be more or less oblique
relative to the planc of the plasma membrane.

The wrinkling of the plasma membranc at the intercalated disc
certainly means that an adjustment to the variations of the diameter
of the muscle cell branches at different states of activity.

The great similarity of the appearance of the intercalated discs to
that of certain other specialized regions of intercellular contact was
pointed out by Sjostrand and Andersson (1954). The epidermal cells
of the frog skin (Ottoson ¢t al., 1953), the terminal bars of] for instance,
the exocrine pancreas cells (Sjostrand and Hanzon, 1954), and the
so-called external limiting membrane of the retina of, for instance, the
guinea pig eye (Sjostrand, 1953) were the examples that were men-
tioned. It can be added that the connections between smooth muscle
cells are rather similar (Bergman, unpublished). Recently, Horstmann
and Knoop (1958) have demonstrated a structural organization of the
Bizzozero’s nodules in the rat pad skin which appears rather similar to
the S region of the intercalated discs. For the external limiting mem-
brane of the retina (Sjostrand, 1953}, it was proposed that the dense
region of the cytoplasm represented a kind of intracellular skeleton at
the site of specially firm connections with the surrounding cells. It
secms justifiable to assume for the cardiac muscle, as was done for the
external limiting membrane, that the dense cytoplasm plays more
than a purely mechanical role. The high enzyme concentration in this
region (Bourne, 1953) thus indicates a high metabolic rate.

In the mouse cardiac muscle, the cell boundary at longitudinal
connecting surfaces consisted of an intermediate opaque layer located
between the mam opaque layers of the plasma membranes. This
arrangement is simlar to the identity period of the nerve myelin
sheath. It might be that the intermediate layer corresponds to an
interposed protein layer as has been proposed for the opaque layers
of the plasma membrane. Such an assumption would make the picture
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myosin filaments and, 209, 213, 217,
219-224

rabbit myofibnls and, 207, 209, 210,
211

rabbit sarcomere and, 214, 215
spontaneous rhythmic,
cardiac muscle and, 127
skeletal musele and, 126-127
structural changes and, 207-213
tension and, 221-222
Coupling,
excitation-contraction, smooth
muscle and, 258-260
Cramal muscles, muscle receptors and,
395-400
Crayfish, actomyosmn in, 291, 292
Creatine phosphate, see Phosphagen
Cremaster muscle, receptors and, 400
Criléoids, helical smooth muscles of;
269
Ctenophora, striated muscles of, 269
Curare, muscle fibers and, 127
Cuspidaria,
septal muscles 1, 285
striated muscle in, 275
Cutsslamella, see Dermatome
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Anterior tibial muscle, posture and, 10
Anthopleura, actomyosin in, 291
Arenicola,
muscles in, 277
tropomyosin in, 295
Arginine phosphate, sez Phosphagen
Arrectores pilorum, smooth muscle
and, 46
Arthropoda, striated muscles and, 269,
272,278
Ascaris, muscle fiber size and, 279
Ascidians,
smooth muscles in, 278
striated muscles in, 278
Astacus furiatlis, claw muscle fiber of,
157

Asterias, actomyosin in, 291
ATP, see Adenosine triphosphate
Atrio-ventricular bundle, vertebrate
heart conducting system and, 58
Atrio-ventricular node, vertcbrate
heart conducting system and, 58
Atropine, muscle fibers and, 127
Axoplasm,
terminal, motor end-plate and, 338,
339, 342, 343-349, 350-353

B

Balanoglossus,

phosphagen in, 300

smooth muscles i, 278
Barnacles, smooth muscles in, 278
B b 1

SUBJECT INDEX

Bircfringence,
Phascolosoma retractor muscles and,
285

Thyone retractor muscies and, 285
Blood vessels,
cardiac, acid phosphatase in,
100-101, 108
Bombus,
flight muscle of, 303, 304, 318-319
I bands and, 309
myogenic rhythmic contraction and,
323-324
tension-muscle Iength cunve and,
308, 309
Brachiopoda, striated muscles of, 269
Brown atrophy, cardiac muscle and, 53
Bryozoa, striated muscles of, 269
Buseyon, tropomyosin in, 294, 296
Byssus,
anterior retractor, 3 yttlus and, 279,
284, 306, 307, 308, 309, 310, 311,
312, 315, 317, 320, 328, 329

[

Caffeine, muscle fibers and, 128, 129
Calcium-deficiency, smooth muscle

excitability and, 251-254
Calfnuscles,ligamentous action of, 16-17
Calliphora, 222

A bands in, 189, 194, 195

1 bands in, 189

indirect flight muscles of, 285, 302, 303

ic thythmic c ion and,

and,
143-144
Bee, see also Bombus actomyosin 1n, 291,

Biceps,
action of 10, 11
dual action of, 16
succwnic dehydrogenase in, 90
Biceps femors, msufficient action of; 7
Biceps femoris muscle fibers, drameter
of, 27
Bioelectricity,
cardiac muscles, tissue culture and,
130
skeletal muscles, tissue culture and,
130-132

muscle, fiber attach

Bi

i,

3,4
Birds, muscle receptors 1, 403-404

yog!
321, 324
Capillaries, voluntary muscle and, 39
Carcinus maenas,
bands in, 159
leg muscle fiber of; 157
sarcoplasmatic reticulum of, 159, 160
Cardiac muscle, see Muscles, cardiac
Cardium, muscles of, 274-275
Cat, muscle spindles in, 386, 387,
393.394, 395
Caveolae intracellulares, sarcolemma
and, 141, 142, 143, 170, 172
Cavia cobaya, sarcoplasmatic reticulum
of,
Cephalopoda,
hehical smooth muscles of, 269, 270,
271
mitochondria of, 281



SUBJECT

External oblique muscle fibers,
length of, 29
shape of, '25.26

Extrinsic cye muscles, receptors and,
398-399

F

Facial muscles, receptors and, 399
Fasciculi, 46
definition of] 21
voluntary muscles and, 22-24
Fat cells, connective tissue and, 24
Fat granules, cardiac muscle and, 53
striped muscle fibers and, 38
Fatigue, muscular, 18-19
Feullet ap ique, sce D

INDEX 461

rectus abdominis muscle, motor
nerve endings and, 346, 347
sarcoplasmatic rclu:ulum in, 152
sartorius muscle of, 222, 229, 243,
244, 245, 246, 251, 253-254, 261
262, 308, 312, 314, 320
Frog tongue, muscle fibers in, 25

G

Gastrocnemius muscle,
human and, 41
insufficient action of, 7
succinic dehydrogenase in, 90
Gastrophilus equi,
musclc fiber of 155

sar

Fiber, see also individual muscles
voluntary muscle,
diameter of, 26-29
inclusions in, 37-38
length of, 29-30
myofibrils of, 33-37
nuclei of, 31-32
organelles of, 37-38
sarcolemma of, 30-31
sarcoplasma of, 32-33
shape of, 25-26
Fiber size, sex influence on, 28-29
Fiber structure, tissue culture and,
117-122
Fibroblasts, connechvc tissue and, 24
Fish, muscle receptors in, 401-402
Flexor carpi radialis, 4
Flexor digitorum profundus, 2
Flexor pollicus longus, 4
Flight muscles,
fowl, mitochondra and, 37
insects, mitochondria and, 38
Forcipomya, contraction-relaxion cycle
in, 301
Frog,
abdomunal muscle, terminal
arborizations and, 345
cardiac muscle, intercalated disc and,
435, 436
gastrocnemius muscle, motor
end-plate and, 354, 355
hyoidean musclcs, motor end-plates
and, 340
muscle receptors in, 402-403
phosphagen in, 300

ic reticulum of, 159, 160
Gaslromchs, striated muscles of, 269
Gluteus maximus muscle, 2, 5,
myotubes in, 80, 81, 82
Gluteus maximus muscle fibers,
diameter of, 28
Glycogen, skeletal muscle and, 133-134
Glycogen granules,
cardiac muscle and, 53
sarcoplasmatic matrix and, 147-148,
170, 171, 172, 173
striped muscle fibers and, 38
Gnats, muscle speed in, 12
Goat, superior oblique muscle and,
408, 409
Golgi apparatus, striped muscle fibers
and,
Golgi membranes, sarcoplasm and, 176
Gracilis muscle,
mouse, mitochondria and, 37
Gryphaea, paramyosin smooth muscle of)
274

Guinea pig,
cardrac muscle, intercalated discs
and, 428-429, 432, 433, 434
gastrocnemius internus, motor
end-plate and, 341, 346, 347
tenia col of, 229

H

Hamstring muscles,
insufficient action of, 7
Ligamentous action of, 16

Hautmuskelplatte, see Myotome

H bands, myofibnl and, 36
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Cyphonautes, striated muscles of, 269
Cyprina,
adductor muscle of, 282, 283
muscles of, 274-275
G prinus carpio,
red lateral ine muscle fiber of, 155
sarcoplasmatic reticulum of, 161

D

Deltoid muscle, 4, 12
actwvity of, 7-8, 9
Dendrostomum,
paramyosin smooth muscles of, 274
retractor muscles,
x-ray diffraction :mcl 284

SUBJECT INDEX

cytoplasmic differentiations and,
431-437
embryonic development and,
437438
plasma membranes and, 424,
425-429, 431, 434, 435, 436, H0,
44 442, 143
regions and, 425
sarcolemma and, 424, 426, 427
muscle contraction and, 211-213
sarcolemma,
configuration and, 141-143
experimental changes and, 144145
extracellular features and, 143-14
fine structure and, 139-141
gcn:ml {calurcs and, 138-139
i d, 143-146

Y ¥
:md 69,70
Dcrmom)olomc, see Myotome
Development,
embryonic, intercalated discs and,
437-438
Diaphram muscles, receptors and, 400
Differentiauion,
cytoplasmic, intercalated discs and,
431437
Distribution, invertebrate muscle
fibers and, 266.-279
Dobie’s line, see Z bands
Dog, pens retractor of, 284-285
Doliolum,
helical smooth muscles of, 269
striated muscles of, 269, 278
Drainage,
lymphatic, cardiac muscle and, 56
Drosophtla,
indirect flight muscles, contraction
and, 210, 211
Dugesia, smooth muscles of, 287

E

E bands,
myofibni! and, 36
Echnoids, striated muscles of, 269
Echinus, phosphagen in, 300
Elastic fibers, connective tissue and, 24
Elasuaty,
series, imvertebrate muscles and,
312-317
Electron mucroscopy,
intercalated discs, 423-424

sarcoplaxmauc reticulum and, 160-166
Embryo,
guinea pig, neuromuscular junctions,
in, 373, 376, 377
‘mouse, neuromuscular junctions 1,
371, 372
End disc, sez Z bands
Endomysium, 3, 39, 40
definition of, 21
voluntary muscle and, 21, 22, 23
Encrgetics,
muscle contraction and, 218-22%
smooth muscle and, 240-24%
Folidina paradoxa, motor endings in, 340
Epimysium, 3, 38
definition of, 21
lymphatic vessels in, 40
voluntary muscle and, 21, 23, 24
Erythrine, muscle fibers and, 127
Esophagus,
muscle receptors and, 400
smoolh musclc of, 241
see Indi d
Es!rogcn,
actomyosin and, 254
uterine contractle proteins and,
237-240, 251
Euplocamis, striated muscles of, 269
Excitability, smooth muscle and,
248-254
Excitation, intercalated discs and, 443
Extension, structural changes and,
207-213
Extensor digitorum longus, cat muscle
spindle and, 386, 387
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Involuntary muscle, see Muscle, smooth
Tsotropic bands, see I bands

J

] discs, see I bands
Jaw muscles, receptors and, 397

K

Kinorhyncha, striated muscles of, 269
“Kattstreifen,” see Intercalated discs

L

Laerta, sarcoplasmatic reticulum in, 153
Lacerta muralis, sarcopl ic

463

Mammals,
muscle spindles,
complex and, 386, 387, 388.389
intermediate and, 386, 387-388
simple and, 385, 386, 387
Man,
larynx muscle, motor end-plate and,
346, 347
muscle spindlcs in, 392, 393, 397
Mapharsen, muscle fibers and, 128, 129
AMarthasterias, phosphagen in, 300
Mechanics, smooth muscle and,
244-246
Medial rectus musplc, dual action of,
6

Median membrane, see M bands
Memb

reticulum of; 161

Latisumus dorsi muscle, 19
dual action of, 16
Josiven. d

axoplasmic, sarcoplasmic membrane
and, 361-363
plasma,

69
Light bands, s¢e I bands
Light microscopy,

intercalated discs and, 422-423

muscle contraction and, 207-211
Limb musculature, origin of, 65-66
Lumulus,

actomyosin in, 291

myosin and, 202
Lizards, muscle receptors in, 403
Lobster,

actomyosin in, 291

tropomyosimn in, 295
Locust, actomyosin in, 291, 292
Loligo, tropomyosin in, 294, 296
Lumbricus,

actomyosin in, 291

adenosine diphosphate in, 300

adenosine triphosphate in, 300

muscles 1n, 277

paramyosin smooth muscle 1n, 278

phosphagen in, 300

tropomyosin tn, 295

M

M bands,

myofibril and, 36

sarcoplasmic reticulum and, 33
Magellama, striated muscles of, 269
Magnus, 2

lated disc and, 424, 425-429,
431, 434, 435, 436, 440, 441, 442,
443

motor end-plates and, 337-339
Meromyosin, 230, 290
myosin and, 204-205,
Mesoderm,
branchial arch and, 64
intermediate, striated muscle
development and, 63
lateral plate, striated muscle
development and, 63-64
paraxial, striated muscle
development and, 63
somatopleuric, striated muscle
development and, 63
splanchnopleuric, 65, striated muscle
development and, 54
striated muscle development and,
63-64
visceral arch and, 6%
Mesophragma, see M bands
Mesotendons, voluntary muscle and, 43
Metabolism, tissue culture and, 133-134
Microdissection,
sarcolesnma and, 117, 119
sarcoplasm and, 117, 119
Mulnesium tardigradum, motor endings
m, 340
Mitochondria,
cardiac muscle and, 53
cephalopoda and, 281
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“Headache" muscle, physiology and,
231-232

SUBJECT INDEX

Colliphora and, 189

cardiac muscle fibers and, 53

contraction and, 207, 209, 210, 211,
212, 213

localized contraction in, 152, 153,
154, 155, 156
itochondrial distribution and, 149

Heat,
shortening, muscle contraction and,
219, 220-221
Hedgchog,
intercostal muscles, motor end-plat
and, 354, 355
Helix,

adenosine triphosphate in, 300
penis retractor muscle of, 280, 283
pharynx, retractor muscle of] 279,
283, 287, 289, 305, 306, 308, 309,
310, 311, 312, 327
smooth muscles of, 271, 272
tenston-muscle length curve and,
308, 309
tropomyosin in, 294
Helix pomatia, muscles of, 275
Hemichordata, smooth muscles in, 278
Hensen’s dise, sez H bands
Hilum,
neuravascular, voluntary muscle and,
Hippocampus brevirostris, dorsal fin
muscle fiber of, 155
Histamine,
actomyosin and, 254
uterine smooth muscle and, 254, 256
Histiocytes, connective tissue and, 24
Histology, muscle receptorsand, 383.404
Housefly, sec also Musca domestica
actomyosin in, 292
Hyaline substance, sec I bands
Hydra, smooth muscles of, 273, 287
Hydroptulus piceus,
limb muscle of, 157
sarcoplasmatic reticulum of, 159
Hypertrophy,
cardiac muscle and, 56
smooth muscle and, 51-52
voluntary muscle and, 38
H zone,
contraction and, 209,210,211,212,213
myofibrils and, 187, 189, 194, 195,
200, 201

I
1AA, see Indole acetic acid

I bands,
Bombus and, 309

myofibril and, 35, 36, 37, 38,
187-190, 191, 193, 200, 201, 202,
230

striated muscle and, 266-267
Indole acetic acid, smooth muscle and,
241, 242, 243
Intercalated discs, 89, 99, 102, 107
cardiac muscle and, 53, 54, 55-56,
146

cytoplasmic differentiations and,
431437

embryonic development and,
437-138

enzymes and, 443

excitation propagation at, H3

frog cardiac muscle and, 435, 436

gumea pig cardiac muscle and,
428-429, 432, 433, 434

mlcrprclauon of, 421422

mtcrspacc mdlhs of, 428

Iight microscopy and, 422-123

mouse cardiac muscle and, 426, 427,
430, 439-H3

plasma membranes and, 424,
425429

rabbit cardiac muscle and, 437, 438

regions of, 425

sarcolemma and, 424

Intermedrate disc, see M bands
Intrinsic larynx muscles, receptors and,
399

Intrinsic tongue muscles, receptors and,
399-400

Invertebrates,
actomyosins in, 289, 290-293
muscle biochemustry in, 289- 299
muscle fibers, distribution and,

266-279

muscle fiber nuclex in, 279
muscle fiber size mn, 279
muscle phystology in, 299-324
muscle receptors in, 401
muscle structure in, 279-289
sarcolemma and, 279-280
sarcoplasmic reticulum and, 280
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frog cardiac, intercalated disc and,
435, 436
group action of, 15-16
guinea pig candiac, intercalated
discs and, 428429, 432, 433, 434
hyoidean, frog and, 340
infrahyoid and, 64
inscct, sarcolemma and, 279-280
insect flight, 326-327
mitochondria and, 280-281
physiology of, 303-305
insufficient actjon of, 7
widial, myo-epithehum and, 48
ligamentous action of, 16-17
molluscan smaooth,
physiology of, 305
tension and, 319-320
mouse cardiac,
intercalated disc and, 426, 427,
430, 439-443
movement speed and, 12-13
neuromotor uuit and, 5
neurovascular hilum and, 5
nomenclature of, 2
paramyosin smooth, 282, 283
mvertebrates and, 287-288,
328-329
molluscan and, 326, 328-329
Ppenis retractor,
dog and, 284-285
Helix and, 280, 283
turtle and, 229, 245, 257, 259
pharynx retractor, Helix and, 279,
283, 287, 289, 305, 306, 308, 309,
310, 311, 312, 327
physiology, invertebrates and,
299-324
postural and, 8-12
power of, 12
prime mover, action of, 8, 9, 11, 13,
14, 15
rabbit cardiac, intercalated disc and,
437, 438
range of, 12
resting, mechanical properties of,
301, 303
sartorius,
frog and, 222, 229, 243, 244, 245,
246, 251, 253-254, 261, 262, 308,
312, 314, 320
skeletal,
acid phosphatase in, 103, 105

alkaline phosphatase in, 99-100,
108

amino groups in, 107
5-nucleotidase and, 106-107, 108
succinic dehydrogenase in, 88, 89,
90, 92, 107
sulihydral groups in, 107
tissue culture of, 111-13¢
smooth,
connective tissue and, 50-51
contractile proteins and, 235-240
distribution of, 4546
energetics and, 240-244
excitability and, 248-254
tati traction pli
and, 258-260
“headache muscle” and, 231-232
hypertrophy of, 51-52
intact muscle, models and,
260-262
mechanical properties and,
244-246
musele fibers of, 46-50
pharmacological stimulation and,
254-256
potassium-depolarized uterus and,
256-258
structure of, 232-235
types of, 267
striated,
electron microscopy of, 137-178
hustogenesis of, 72-82
invertebrates and, 266-267
mesoderm source and, 63-64
myoblast and, 71-72
myofibrils of, 184-185
nucle1 of, 177-178
onigin of, 64-67
voluntary movement in, 13
structure, 1-6
invertebrates and, 279-289
synergists, action of, 14, 15
tendon, developmental relationship
of, 83-8¢
tendon arrangement in, 3-5
voluntary,
architecture of, 21-24
blood supply of, 38-40
connective tissue component of,
23, 24-25 '
hypertrophy of, 38
muscle fibers of, 25-38
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distribution in muscle and, 149-150

fowl flight muscles and, 37

frog sartorius muscle and, 38

insect flight muscles and, 38, 280-281

mouse gracilis muscle and, 37

pigeon breast muscle and, 38

Phormia and, 280

sarcoplasm and, 148-150, 170, 171,
172,173

sarcoplasmic reticulum and, 33

smooth muscle and, 233

striped muscle fibers and, 37

Mitochondrial cristae, dchydrog
activity and, 150
M line,

contraction and, 209
protein filaments and, 188, 190,
191, 194, 195

Modulation,

skeletal muscle, tissue culture and, 122
Mollusea,

muscles of, 274-275, 277

paramyosin smooth muscles of, 271,

smooth muscle tension and, 312, 319

striated muscles and, 267, 268, 269,

27
Motor cnd-plate,
arborization nuclei and, 341, 342,
349-350
cholinesterase and, 366-370
coating of, 365-366
early observauions on, 339-340
endothehial nuclei and, 341, 342, 349
fundamental nucler and, 341, 342,
349, 363-365
general view of, 341-343
Jjunctional sarcoplasm and, 338, 339,
342, 353-365
morphogenetic significance of,
370-378
plasma membranes and, 337-339
sarcolemma of, 145-146
“synaptic gutter” of, 342, 348, 359, 366
telogha and, 342, 349-353
terminal axoplasm and, 338, 339,
342, 343-349, 350-353
vaginal nucler and, 341, 342
Mouse,
cardiac muscle, intercalated disc
and, 426, 427, 430, 439-443
Movement, voluntary and, 13

SUBJECT INDEX

Multipennate muscle, fiber attachment
in, 3, 4
Murex, actomyosin in, 291
Musca domestica,
thoracic muscle, neuromuscular
Jjunctions and, 346, 347
Muscles, see also individual muscles
action of, 7-19
active,
latency relaxation and, 306-307
load shortening and, 309-312
optical changes and, 305-306
quick release and, 317-319
series-elastic component and,
312-317
speed shortening and, 309-312
tension-length relationship and,
307-309
adductor, Venus and, 307
antagonist, action of, 8, 9, 11, 13, 14,
15

anterior byssal retractor, Myhlus
and, 279, 284, 306, 307, 308, 309,
310, 311, 312, 315, 317, 320, 328,
329
articular, action of, 8, 9, 15
biochemistry, invertebrates and,
289-299
cardiac,
acid phosphatase i, 100-102, 108
alkaline phosphatase in, 98-99, 108
blood supply of, 56
conducting system of, 56-39
hypertrophy of, 56
intercalated discs of, 53-56,
421-443
lymphatic drainage in, 56
myofibrillae and, 34
5-nucleotidase in, 105-106, 108
sarcoplasmic reticulum and,
162-164, 165, 166
structure of, 52-53
sucamce dehydrogenase 1n, 89-90,
91, 92, 107
“concentric™ action of, 7-8, 9
contractile components of, 184
cooperative action of, 17
design of, 3
dual action of, 16
“excentric” action of, 7-8, 9
fiber arrangement in, 3-5
fixation, action of, 8, 9, 15
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frog cardiac, intcrcalated disc and,
435, 436
group action of, 15-16
guinea pig cardiac, intercalated
discs and, $28-429, 432, 433, 13+
hyoidean, frog and, 340
infrahyoid and, 61
insect, sarcolemma and, 279-280
insect flight, 326-327
mutochondria and, 280-281
physiology of, 303-305
insufficient action of, 7
iridial, myo-epithelium and, 48
ligamentous action of, 16-17
molluscan smooth,
physiology of, 305
tension and, 319-320
mouse cardiac,
intercalated disc and, 426, 427,
430, 439-443
movement speed and, 12-13
neuromotor unit and, 5
neurovascular ilum and, 5
nomenclature of; 2
paramyosin smooth, 282, 283
imvertebrates and, 287-288,
328-329
molluscan and, 326, 328-329
pemss retractor,
dog and, 284-285
Helix and, 280, 283
turtle and, 229, 245, 257, 259
pharynx retractor, Helix and, 279,
283, 287, 289, 305, 306, 308, 309,
310, 311, 312, 327
physiology, nvertebrates and,
299-324
postural and, 8-12
power of, 12
prime mover, action of, 8, 9, 11, 13,
14, 15
rabbit cardiac, intercalated disc and,
437, 438
range of, 12
resting, mechanical properties of,
301, 303
sartorius,
frog and, 222, 229, 243, 244, 245,
246, 251, 253-254, 261, 262, 308,
312, 314, 320
skeletal,
acid phosphatase in, 103, 105

alkaline phosphatase in, 93-100,
108

amino groups in, 107
5-nucleotidase and, 106-107, 108
succinic dehydrogenase in, 88, 89,
90, 92, 107
sulthydral groups in, 107
tissue culture of, 111-134
smooth,
connective tissue and, 50-51
contractile proteins and, 235-240
distribution of, 45-46
encrgetics and, 240-244
excitability and, 248-25¢
excitation-contraction
and, 258-260
“headache muscle” and, 231-232
hypertrophy of, 51-52
intact muscle, models and,
260-262
mechanical properties and,
244-246
muscle fibers of, 46-50
pharmacological stimulation and,
254-256
potassium-depolarized uterus and,
256-258
structure of, 232-235
types of, 267
striated,
electron microscopy of, 137-178
lustogenesis of, 72-82
invertebrates and, 266-267
mesoderm source and, 63-64
myoblast and, 71-72
myofibrils of, 184-185
nucler of, 177-178
origin of, 64-67
voluntary movement 1, 13
structure, 1-6
nvertebrates and, 279-289
synergists, action of, 14, 15
tendon, developmental relationship
of, 83-84
tendon arrangement in, 3-5
voluntary,
architecture of, 21-24
blood supply of, 38-40
connective tissue component of,
23, 24-25 .
hypertrophy of, 38
muscle fibers of, 25-38

..
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muscle-tendon junction in, 43-45
red and whitc muscle of, 40-41
regeneration of, 25
tendons and, 41-43
tendon sheaths and, 41-43
voluntary movement and, 13
Muscle fibers,
contraction of, 7
embryology of, 71-72
fat granules in, 38
glycogen granulm and, 38

SUBJECT INDEX

mammalian,
complex and, 386, 387, 388-389
intermediate and, 386, 387-388
simple and, 385, 386, 387

man and, 392, 393, 397

motor supply, central control and,
412-413

muscle tone and, 382

number of, 392, 393.395

pathology of, 415-416

rabbit and, 382

helical or; invertel Muscle-tendan i ion. choli ase
and, 288-289 in, 97, 108
length of, 3 Mouscle tone, 7

numerical increase of, 82-83

smooth,
myo-cpithelium of, 48
myofibrils of, 18-49
nucler of, 49-50
shape of, 46-48
size of, 46-48

sinped,
Golgi apparatus and, 37
mitochondria and, 37

voluntary, diagram of, 3}

Muscle receptors,

histology,
amplubians and, 102-403
buds and, 403-404
cat urcthra and, 400
cremaster muscle and, 400
cranial muscles and, 395-400
diaphram muscles and, 400
esophageal muscle and, 400
fish and, 401-402
nvertebrates and, 401
mammals and, 383-400
reptiles and, 403
spindle arrangement and, 393-395
spindle number and, 393.395
spindles and 383-389
tendon organs and, 389-393

physiology,
functions and, 413415
motor supply, central control and,

412-413
sensory 1mpulses and, 404-405
sensory receptor discharges and,
405-411
Muscle spindle,
arrangement of, 393-395
cat and, 303-394, 395

muscle spindles and, 382
neuromotor unit and, 5
Mus decumanus, sarcoplasmatic
reticulum of, 168
Mus ratius, sarcoplasmatic
reticulum of, 161
Mya,
actomyosin in, 282
tropomyosin in, 294
Myoblasts,
somite muscle and, 80, 81
striated muscle and, 71-72
tissue culture and, 113-114
Mpyocardsum, see Muscles, cardiac
Myocyte, muscle fiber embryology and,
1

Myo-epithehum, smooth muscle fibers
and, 48
Myofibrils,
A bands and, 35, 36, 37, 38, 230
cardiac muscle and, 52, 53
E bands and, 36
H bands and, 36
helical, sigmificance of, 327
1 bands and, 230
M bands and, 36
myofilaments and, 34
myosin and, 197-202
N bands and, 36
ongm of, 76-77
protem filaments of, 185-206
sarcomere and, 35-36
smooth muscle fibers and, 48-49
striated muscle and, 34, 184-185
striations in, 35-37
structure of, 185-187
tropomyosin and, 197, 199, 202, 203,
205-206
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voluntary muscle and, 23
voluntary muscle fiber and, 33-37
Z bands and, 35, 36, 37-38
Z-membrancs of, 78
Myosin, 230, 231, 235, 236, 237
contraction and, 215, 216-218
Limulus and, 202
meromyosin and, 204-205
molecular weight of, 204
myofibrils and, 197-202
Pecten and, 289
protein filaments and, 197, 199-202
smooth muscle and, 236-237
ultracentrifuge pattern of, 236
Myosin filaments,
contraction and, 209, 213, 217,
219-224
molecular structure of, 203-205
striated mUSclc and, 203-205
M dinal junction, ) of,
146
Myotome,
amniotes and, 70
anamniotes and, 70
developmental history of, 67-71
Myotube,
gluteus maximus muscle and, 80,
81, 82
muscle fiber embryology and, 71-72,
78, 81, 82
Ppectoralis major muscle and, 80, 81,
82

sternomastoid muscle and, 80, 81, 82
Mytilus,
adductor muscle, tension in, 301
antenor byssal retractor muscle of,
279, 284, 306, 307, 308, 309, 310,
311, 312, 315, 317, 320, 328, 329
pa;a,]myosm smooth muscle of, 274,
5

pedal retractor of, 312, 314, 315

phosphagen m, 300

tension-muscle length curve and,
308

tropomyosin 1n, 294

Myxicola, helical smooth muscle of,
268, 269, 277

N

N bands, myofibnl and, 36
Ncmaloda, muscles of, 273
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Nematomorpha, helical smooth
muscles of, 271
Nephthys, striated muscles in, 277
Nerve fibers, cholinesterase in, 95
Neurovascular hilum, muscles and, 5
Nitrogen mustard, sarcoblasts and, 115
“Nonius™ unconformitics, sarcomeres
and, 152, 156
Nuclei,
arborization, motor end-plate and,
341, 342, 349-350
cardiac muscle and, 53
endothelial, motor end-plate and,
314, 342, 349
fundamental, motor end-plate and,
341, 342, 349, 363-365
smooth muscle fibers and, 49-50
striated muscle fibers and, 31-32,
177-178
vaginal, motor end-plateand, 341, 342
5-Nucleotidase,
adult human cardiac muscle and, 104,
105, 106
cardiac muscle and, 105-106, 108
goat fetus and, 96, 97, 104, 105-106,
107

human fetal cardiac muscle and, 106
skeletal muscle and, 106-107, 108
Nutrition, tissue culture and, 132-134

o

Oclopus,

funnel retractor of, 312

muscles in, 277

tropomyosin 1, 294, 296
Omohyoid muscle,

human adult, structure of, 22, 23
Onchorhynchos kasutch, i lar fat

Onychophora, muscles in, 278
Ophiuroids, helical smooth muscles of,
269

Orbicularis oculi muscles, stapedius
muscles,
cooperative action of, 17

Ostrea,
actin and, 289
adductor muscle of, 282, 283, 286,

287, 289, 299

paramyosin smooth muscle of, 274
tropomyosin 1, 294, 296
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Oxytocin,
actomyosin and, 254
“calcium-carricr” and, 252-253
uterine smooth muscle and, 254,
255-296

P

Paramyosin,
smooth muscles, 267, 272
invertebrates and, 287-288,
328.329
Pathology,
muscle spindles and, $15-416
skeletal muscle tissue culture and,
125-126
Pecten,
actomyosin in, 291, 292, 293
myosin and, 289
paramyosin smooth muscles of, 271,
272

phasic adductor muscle of, 285
stnated adductor and, 312
striated muscle of, 270, 271, 274
tropomyosin in, 294
Pectoralis major, muscle,
arm adductive action of, 17-18
myotubes in, 80, 81, 82
Pectoral muscles,
activity of, 7-8, 9
ligamentous action of, 16
Penaeus, tropomyosin in, 295
Penis,
retractor muscle,
dog and, 284-285
Helix and, 283, 287
turtle and, 229, 245, 257, 259
Perimysium, 3, 38
defimtion of, 21
lymphauc vessels 1n, 40
voluntary muscle and, 21, 23
Peripatus, muscles in, 278
Pharyngeal muscles, origtn of, 65
Pharynx,
retractor muscle, Helix and, 279, 283,
287, 289, 305, 306, 308, 309, 310,
311, 312, 327
Phascolosoma,
muscles of, 273-274
phosphagen in, 300
retractor muscle of, 282, 283, 284, 285
smooth muscles of, 271, 272

SUBJECT INDEX

Phormia, mitochondria of, 280

Phosphagen,
imvertebrate muscles and, 297, 299
smooth muscle and, 241, 242

Phosph , see Individual enzy

Physiology, muscle receptors and,
404415

Physostigmine, muscle fibers and, 127

Pig, actomyosin in, 292

Pigeon breast muscle, mitochondria
and, 38

Pinna,
paramyosin smooth muscle of, 274
tonic (opaque) adductor of, 312
tonic {translucent) adductor of, 320
tropomyosin n, 294, 296

Plain muscle, see Muscle, smooth

Play pleura,

SAC
322

rhythmic ¢ and,

tymbal muscle of, 314
Polar cone,
eardiac muscle, brown atrophy and, 53
Polistotrema Bdellostoma, muscle spindles
in, 40!
Porgmya, striated muscle in, 275
Priapulus, striated muscles of, 263
Procaine, muscle fibers and, 128, 129
Progesterone,
actomyosin and, 254
smooth muscle and, 251
Protein filaments,
striated muscle,
actin and, 202-203
actn filaments and, 205-206
arrangement of, 186, 187-190, 191,
192, 193
bridges between, 191, 193, 194,
195, 200, 201
myosin and, 197, 199-202
myosin filaments and, 203-205
Z and M lines of, 188, 190, 191,
194, 195
Protochordata, striated muscles of,
272, 278
Psoas muscle, rabbit and, 195, 198,
199, 200, 201, 207, 209, 210, 211,
22

Purkinje fibers,
acaid phosphatase in, 90, 91, 101
succinic dehydrogenase in, 89-90,
91, 107
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vertebrate heart conducting system
and, 58-59

Q
Q bands, sce A bands
R

Rabbt,

actomysin in, 292, 293

cardiac muscle, intercalated disc and,
37, 438

muscle spindle of, 382

myofibrils, contraction and, 207, 209,
210, 211

phosphagen in, 300

psoas, 229
contraction in, 207, 209, 210, 211
substances in, 195, 198, 199, 200,

201

sarcomere, contraction and, 214, 215
uterus, 229, 245, 246, depolarization
and, 250
Raja clavata,
pelvic fin muscle, motor end-plate
and, 346, 347
Rat,
sarcoplasmatic reticulum, cardiac
muscle and, 162-164, 165, 166
Rectus abdominis muscles, 2, fixation
role of, 15
Rectus femons muscle, 4, succinic
dehydrogenase in, 90
Red ruscles,
myoglobin and, 40
rabbit, capillaries and, 39
rabbit semitendinosus muscle and, 40
Regeneration,
skeletal muscle, tissue culture and,
123-125
voluntary muscle and, 25
Relaxation,
latency, invertebrate muscle and
306-307
Release,
quick, invertebrate muscle and,
317-319
Reptilia, muscle receptors in, 403
Resting wandering cells, see Histiocytes
Reticular fibers, connective tissue and,
2%

Reticulum,
rayoplasmic, striated muscles and,
232

sarcoplasmatic,

Amblystoma punctatum and, 161-162,
164, 172, 173

Carcinus maenas and, 159, 160

Catia cobaya and, 161

Cyprinus carpio and, 162

clectron microscopy of, 160-166

fine structure of, 169-175

Gastrophilus equi and, 159, 160

history of, 150-151

Hydrophilus piceus and, 159, 160

Lacerta muralis and, 161

light-electron microscopy
compared and, 166-169

mitochondria and, 33

Mus decumanus and, 168

Mous rattus and, 162

pattern variations in, 156-158

physiology and, 151154

rat cardiac muscle and, 162-164,
165, 166

rat sartorius muscle and, 161, 163,
168, 172, 173

structure-function correlation in,
154-156

Retractor capitis collique, turtle and,
245

Retractor muscle,
Phascolosoma and, 282, 283, 284, 285
Retractor penis muscle,
dog and, 284-285
Helix and, 280, 283
turtle and, 245, 257, 259
Rotifers,
muscle size and, 279
striated muscles of, 269
Ryanodme, muscle fibers and, 128, 129

s

Sacrospinalis muscles, activity of, 6
Sacrostyles, see Myofibrils
Sagutta, striated muscles and, 269, 272
Sarcoblasts, nitrogen mustard and, 115
tissue culture and, 114-117
Sarcolemma,
cardiac muscle and, 52
demonstration of, 30
electron microscopy,



conlfiguration and, 141-143
experimental changes and, 144-145
extracellular featurcs and, 143-144
fine structure and, 139-141
gencral features and, 138-139
regional specializations and,
insect muscles and, 279-280
intercalated discs and, 424, 426, 427
microdissection and, 117, 119
motor end-plate and, 145-146
muscle fibers and, 30-31
myotendinal junction and, 146
sarcolemmous envelope and, 31
Sarcomeres,
length of, 185
myofibril and, 35-36
“Nonius’* unconformitics and, 152,
156
rabbit psoas, substances in, 195, 198,
199, 200, 201
structure and, 230-231
, see also R
sarcoplasmatic
cardiac muscle and, 52-53
electron microscopy,
general features and, 146
Golgi membranes and, 176
mitochondria and, 148-150, 170,
171, 172, 173
sarcoplasmanic lipid inclusions and,
176-177
sarcoplasmatic matrix and,
147-148
sarcoplasmatic reticulum and,
150-175
tracheoles and, 177
Junctional, motor end-plate and,
338, 339, 342, 353-365
lipid inclustons in, 176-177
microdissection and, 117, 119
striated muscle fibers and, 32-33
tracheoles and, 177

hond,

Sar
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sarcoplasmatic reticulum of, 161,
163, 168, 172, 173
Sartorius muscle fibers, length of, 29,
30

Saxostrea,
actomyosin in, 292
adenosine diphasphate 1n, 300
adenosine triphosphate i, 300
phosphagen in, 300
Schistocerca,
flight muscles of, 303, 304, 314
myogenic rhythmic contraction and,
322-333
tension-muscle length cunve and, 308
Sclerotome, myotome development
and,
Seplla, tropomyosin in, 295
Sca anemone, muscle speed in, 12
Scn;imcmbrannsus, insufficient action
o,
Semimembranosus muscle fibers,
diameter of, 27
frog, shape of, 26
length of, 29
Sensory impulses, muscle receptor
physiology and, 404405
Sensory receptors, discharges from,
405411
Sepia,
striated muscles of, 275
tropomyosin in, 294, 296
Serotonin, uterine smooth muscle and,
254, 256
Shortening,
isotonic, smooth muscle and, 247-248
load, wnvertebrate muscles and,
309-312
speed, invertebrate muscles and,
9-312
Sinu-atrial node, vertebrate heart
conducting system and, 57
Sipunculoidea, muscles of, 273-274
smooth muscles of, 271, 272
D

Sarcosomes, see M ia
Sarcotubules, see Reticulum
Sartorius muscle, 12
cat tendon organs and, 390
frog and, 222, 229, 243, 244, 245,
246, 251, 253-254, 261, 262, 308,
312, 314, 320
increased muscle fibers i, 82
length of, 3

“muscles of, 273

phosphagen in, 300
Skeletal muscle, sez Muscle, voluntary
Snakes, muscle receptors in, 403
Soleus muscle,

cat muscle spindle and, 386, 387,

390, 391, 396, 397
human and, 41
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Somatic muscle, see Muscle, voluntary
Somite muscle, myoblasts and, 80, 81
Somites,
cervical and, 64+
occipital and, 64
pre-otic and, 64
Sphincter colli, amniotes and, 6+-65
Squd,
actomyesin in, 291, 292
funnel retractor muscle of, 287
helical smooth muscle of, 268, 269,
272, 276, 277
mantle muscles of, 287
tropomyosin in, 294
Stapedius muscles,
orbicularis oculi muscles, cooperative
action of, 17
Sternocostal muscle, 17, 18
Sternomastoid muscle, 2, 17
action of, 10
myotubes in, 80, 81, 82
origin of, 64
Stimulation,
pharmacological, smooth muscle
and, 254256
Striated muscle fiber, nuclei of, 31-32
Striation, meaning of, 327-328
Strophanthin, sarcolemma and,
144-145
Strychnine, muscle fibers and, 127
Subneural apparatus,
Jjunctional sarcoplasm, motor
end-plate and, 354-361
Sucanic dehydrogenase,
hiceps muscle and, 90
cardiac muscle and, 89-90, 91, 92, 107
gastrocnemius muscle and, 90
Purkinje fibers and, 89-90, 91, 107
rectus femoris muscle and, 90
skcllg;al muscle and, 88, 89, 90, 92,

tibialis anterior muscle and, 90
Succinylcholine, 405

Suiig?rdryl groups, skeletal muscle and,

Supenor rectus muscle,
elastic tissue in, 24
human adult, general structure of,

slruc‘!urc of, 21-23

Superior rectus muscle fibers, diameter
of, 28
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Syllids, striated muscles in, 277

“Synaptic gutter”, motor end-plate
and, 342, 348, 359, 366

Synergy, muscular and, 14, 13

T

Tardigrada, muscles in, 278
Teloglia, motor end-plate and, 342,
349-353
Telophragma, see Z bands
Tendons, 3-5
collagen fibers and, 41-42
muscle developmental relationship
of, 83-84
voluntary muscle and, 41-43
Tendon organs, muscle receptors and,
389-393
Tendon sheaths, voluntary muscle and,
42,43
Tenia coli, guinea pig and, 229
Tension,
isometric, smooth muscle and,
247-248
molluscan smooth muscle and,
319-320
muscle contraction and, 221-222
muscle length, invertebrates and,
307-309
Tensor tympani muscle fibers, length
of, 29
Thigh muscle,
rat, structure of, 22, 23

yone,
phosphagen in, 300
retractor muscles,
birefringence and, 285
x-ray diffraction and, 284
Tibialis anterior muscle, succinic
dehydrogenase in, 90
Tibialis anticus, cat muscle spindle
and, 386, 387
‘Tissue culture,
fiber structure and, 117-122
myoblasts and, 113-114
sarcoblasts and, 114-117
skeletal muscle,
bioelectric phenomena and,
130-132
cytodifferentiation and, 112-114
drug action and, 127-129
fiber structure and, 117-122
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fibrogenesis and, 114-115, 117
induction and, 112-114
metabolism and, 132-134
modulation range and, 122
nuclear division and, 114-115, 117
nutntion and, 132-134
pathology and, 125-126
spontancous rhythmic contraction
and, 126-127
Tongue muscle,
cat, structure of, 22, 23
Trachceoles, sarcoplasm and, 177
‘Trapezius muscles, 2, 19
activity of, 6
origin of, 61
Triceps, 2, action of, 10, 11,
Triturus foresus, muscle receptors in, 402
Tropomyosin, 230, 235, 267, 288, see
also Actotropomyosin
Annelida and, 277-278
invertebrate muscle and, 289, 290,
293.297
molccular weight of, 205
myofibnls and, 197, 199, 202, 203,
Tubocurarine, musclefibersand, 128,129
Turtle,
retractor capitis collique of, 245
retractor penis of, 229, 245, 257, 259

u

Umipennate muscle, fiber attachment
iy 3,
Unstriated muscle, ser Muscle, smooth
Unstriped muscle, see Muscle, smooth
Urechts, actomyosin tn, 291, 292
Urethral muscles, receptors and, 400
Urochordata,
smooth muscles i, 278
striated muscles of, 269, 278
Uterus,
potassium-depolarized, excitability
of, 256-258
rabhut, 229, smooth muscle structure
and, 232-234

v

Venus,
adductor muscle, 301, x-ray
diffraction and, 285
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paramyosin smooth muscle of, 274
tropomyosin in, 294
Veratrine, musclefibersand, 127,128,129
Vertebrate heart,
conducting system,
atrio-ventricular bundle and, 58
atrio-ventricular node and, 58
Purkinje fibers and, 58-59
sinu-atrial node and, 57
Vertebrates, see also Mammals
muscles in 278-278
muscle receptors in, 401404
Visceral muscle, see Muscle, smooth
Veciparus,
paramyosin smooth muscles of, 275
tropomyosin in, 294

w

‘Walking, muscle action in, 12
Wasp, actomyosin in, 292
White muscles,
rabbit, capillarics and, 39
rabbitadd

d,40

X

Xenopus daaiis, hind-limb bud of, 66
X-ray diffraction,

hyone rctm;t;;"r;msdes and, 281
Venus adductor muscle and, 285

z

Z bands, 309
cardiac muscle fibers and, 53
contraction and, 204, 210, 211, 212,
213
localized contraction in, 152, 153,
154, 155, 156
mitochondrial distribution and, 149
muscle-tendon junction and, 44-45
myofibrit and, 35, 36, 37-38, 187,
188, 190, 191, 195, 200, 201
protein filaments and, 188, 190, 191,
194, 195
sarcoplasmic reticulum and, 33
Z-membranes, myofibrils and, 78
Z lines, see Z bands






