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INTRODUCTION

Much has been written in the past decade concerning the various forms
of exercise, After reviewing the literature on this subject, the only es-
tablished facts are that: 1) performance can be improved by exercisel,
and 2) there presently is no accepted way to exercisez. These articles

have one common finding: There is no correlation between the different
types of exe{pise and what occurs in the skeletal muscle cell, Helander?d
concludes the only way to measure the results of exercise on the muscle
as a whole is to measure the cross-sectional area of the myofilament
rather than the cross—sectional area of the entire muscle or the number
of fibrils present, Recent work by Gorden and his workers® supports the
concept that microscopic and biochemical data are the significant cri-
teria of exercise and proof of the results of exercise rests on the size
of the muscle fiber itself,

This paper has been written with this as the basic premise, The
paper 1is divided into two parts: 1) a review of the literature on the
structure of skeletal muscle, and 2) a review of the literature on the
various forms of exercise, The anatomy of the muscle cell has been
stresged with lesser emphasis being placed on the biochemical and
physiological aspects since this approach seems to offer the most
logical sequence for a discussion of exercise, The scope of the paper

will be limited to skeletal muscle only,



PART I: The Structure of Skeletal Muscle, a Review of the Literature
HISTORY

Hippocrates, Aristotle, and other Greek philosophers thought bones
gave the body carriage and poise, the tendons and nerves gave it the power
to bend the joints, and the flesh (muscle) was the supporting tissue or
packing between skin and bone. Galen seems to have originated the idea
that muscle was contractile, but he maintained the tendons were also a
part of this contractile process, In 1664, Stene showed only the fleshy
body of the muscle participated in contraction, Prior to this, the idea
was that a nerve juice or nerve spirit (pneuma) emanated from a central
source and when it reached the muscles, caused contraction by distending
them, Van Leeuwenhoeck in 1820 observed the transverse striations of
muscle fiber. Fletcher and Hopkins began the era of muscle biochemistry
in 19073,

GENERAL STRUCTURE

Skeletal muscle is congtructed of many cylindrical multinucleated
fibers attached to each other by fine collagen fibrils.6 Connective tis-
sues, which contain nerves, vessels, and fat (also called stroma),7form
both the framework and the means of attachment of the muscle fibes,8
Surrounding the muscle there is a connective tissue sheath (epimysium)
from the deep surface of which septa pass into the muscle at irregular
intervals, These septa (perimysium) invest bundles of muscle fibers,
Delicate extensions of fine connective tissue come from the perimysium
and pass to surround each muscle fiber (endomysium).9 These individual
muscle fibeas have a length of 1 mm, to 5 cm.8 and a diameter of 10 to

100 microns,4»6,8 They are composed of myofilaments aligned and



embedded within the sarcoplasm.7'8 Each fiber is surrounded by a elec~
trically polarized membrane, the inside of which is generally a tenth of
a volt negative with respect to the outside,4 The nuclei lie at the sur-
face of the fiber immediately under the sarcolemma surrounded by a zone
of protoplasm with their long axis parallel to the adjacent sartslerima,b
They have an ovoid shape and are 8-10 microns long.9

One can divide muscle into 5 major compartmentsslO

Compartment Biochemistry constituents Function
1) Sarcoplasm myogen; numerous enzymes glycolysis
A) mitochondria enzymes of oxidation and steady~-state
phesphorylation aerobic activity
or recovery from
Ogdebt
B) sarcoplasmic active concentration of off and on control
reticulum calcium; possible pro- of active state
duction of relaxing
substance
2) Membrane lipoprotein structure with excitation and im-
variable selective permia- pulse conduction

bility for ions
3) Fibrils actin; myosin;tropomyosin contraction

1) Sarcoplasm: A heterogenous substancelq which is one of the least
defined, consisting of the contents of the sarcolemma exclusive of the
contractile material,ll 1t occupies the space between the myofibrils and
can be extracted with water, producing a low viscosity solutionlz, vari-

ous enzymes and the sarcoplasmic protéins: myogen, myoalbumin, globulin x,

and myoglobin,



Sarcoplasmic Proteins Mvyofibril Proteins
Globular Fibrous
Low viscosity High viscosity
Low molecular weight High molecular weight
(~ 80,000) ( ~ 400,000-800,000)
Soluble in Hy0 or low=- Insoluble in Hy0 or
salt solution low=salt solution

The sarcoplasm appears to be the storehouse of muscle cell nu-
trients,7 thus being related to the metabolic activity of the cell,
It does not seem to be involved in the structural organization which
results in contraction,l? It is made up of 5 components: A) mitochondria,
B) sarcoplasmic reticulum, C) sarcoplasmic matrix, D) lipid bodies, and

E) Golgi apparatus.l1

14, mitochondria (also called sarcosomes): The sarcosomes are an
organelle of vital importance as bearers of metabolic enzymes.13 The
structure and functional characteristics appear similar to those of
other cells.® 1l 7Thaeir distribution is fairly specific: clusters be~-
neath the sartdlemma at the periphery of the fiber; in abundance near
the poles of the nuclei; and at the motor end-plate regions.6'14 They
always lie outside the contractile fibrils.ll Various shapes have been
identified in human muscle: spheroids and rodlets peripherally; short,
small paired rodlets at the Z band; and long rods between the myofibrils.l4
Their number in the cell determines the capacity to perform the steady
state generation of metabolic energy at a high rate.10113 That is, mus-
cles with constant contractile activity may have them as numerous as the

fibrils, In muscles with only occasional burst of intense activity, which



are not dependent on constant regpiratory metabolism, they may be almost
absent.lo'la

1B, sarcoplasmic reticulum (also called sarcotdbular system):
It i1s a submicroscopic plexiform system of membrane-bounded tubules that
occupy the interfibrilar spaces throughout the muscle fiber.ls Grossly
it appears as two alternating lace-like sets of anastomosing tubule-like
channels, resembling bracelets, which surround the myofilaments.l1 With
the election microscope, it appears as two systems of tubules between
fibrils: one, called the intermediate (central or T) element, is located
near the A-I band junction in human musc1e16 and is oriented transgversly;
(Porter thought the middle element was a row of vesicles, but it now ap=-

pears as a continuous tubule.)16.21.22.23; the other is oriented longi-

tudenally and is called the terminal cisternae (or latesial elements) 17
A pair of these terminal cisternae flanking an intermediate element is
called a triad. This is located near the A-I band junction, and thus
there are two tr¢ads per sarcomere,16'17 (it is located near the Z disc
in other types of musclel8,) The two outer tranverse channels are each
confluent with separate longi -tudinal systems of anastomosing tubules,
Thus a sarcotubular lacework is formed around the myofibril and links
up with neighboring myofilaments to form a continuous metwork within the

muscle fiber,17 The association between these two suggests a connection.s’ls'l9

Walkerl? feels this comnection is non-tubular, Many feel the function of
the sarcoplasmic reticulum is the inward transfer of excitation from the

cell membrane to the fibrils,10s20 1t has been proposed that the action

potential causes some influence to spread inward, probably along the mid-
dle element of the triad, which in turn causes some other component of

the reticulum to diffuse a distance of 1 micron or so to reach myosin.16



In addition, Muscatellol® claims the sarcoplasmic reticulum is at least
partially responsible for protein synthesis in the muscle cell,

Relaxing Factor: It was described by Marsh24 as a substance in

skeletal muscle that inhibits contraction, It resides at least in part
in a particulate fashion, and may be associated with the sarcoplasmic

reticulum,10 Besides a granular form, a co-factor seems to be needed, 2

The released substance appears to require magnesium, is inhibited by cal-
cium, and functions in the presence of ATPase, It s exact mechanism is

unknown, Weber23 suggests it causes dissociation of the sctomvosin sys-
tem, primarily by inhibiting the ATPase system, Others feel it works by

it s ability to lower calcium concentration through an active transport

system,10526  Norr1s24 claims 1t is premature to attribute an active re-
laxation process to muscle,

1¢, sarcoplasmic matriz: a continuous aqueous phase surrounded by
the sarcolemma, It seems to contain many small granules.ll
2) Cell Membrane (sarcolemma): It was first described as a thin, struc-
tureless membrane investing the muscle fiber.11 Using the electron mi=-
croscope, it appears as a transparent, tubular casing with two components:

a) plasma membrane: it appears as a thin dark line about 100 )|
thick.6'11 It seems to have a trilaminate structure, having two peaks
of density, each 25 A wide,11 Thus, this closely resembles the plasma

has vesicles

membrane, It is not perfectly smooth but,usually 600 A in diameter which
may be the peripheral compenents of the sarcoplasmic reticulum® and thus
has. a function of transfer in and out of the cell,ll

b) basement membrane: it appears as a uniform, moderately dense,
6,11,14

structureless lam:1la, 300-500 A wide, gradually decreasing in

density as it extends further away from the cel1l,11,14 It appears to



be resistant to trauma and remains as the sarcolemmal tube that guides

regenerating fibers.6

3) Myofilaments: An individual muscle fiber is made up of a number of

elements called myofilament327, which are composed of pretein and lie para-
1llel to its long axis and are arranged in a series of overlapping arrays.28
This overlap gives rise to a characteristic pattern of light and dark bands
which lie in phase with gsimilar bands of other mypfilaments to give the

striated pattern seen with the light microscope.6 There are two types of

protein filament: thick and thin, It has been well established that the
thick f£i{lament is composed of myosin.29 It is also well established that
the thin filament is compesed primarily of actinzg, but many claim tro-
pomyosin B makes up some of its structure.6 This thin filament composes
the light (I, isotro?ic) band, The interdigitation of the thick and thin
filaments forms the dark (A, anisotropic) band,6520:27,28 The I band is
bisected by the Z line, a narrow dense structure 0,05 microns wide,30
The distance between two Z lines is called the sarcomere and is about

2-3 microns long.603° This distance is such that one-half the length of
a thin filament and two-thirds the length of an adjacent thick filament
overlap.27 The thin filaments terminate at the edge of the Hzone, a re=~
glon of low density in the center of the A band,27 0,3 microns wide.31

In the center of the H zone lies a region of even lower density, the
pseudo H zone, which maintains its width no matter how the length of
muscle changes, This light zone surrounds a thin dark strip (M line)
which is thought to be caused by a slight bulge in the center of each
thick filament.27 The gap between ends of the thin filaments appears to

be bridged by fine filaments, thought to be the S filaments, running from






the end of each thin filament through the H zone to the end of the cor-
responding thin filament at the other end of the sarcomere.3l

On cross-section, the thick filaments lie in a hexagonal array
about 450 & apart, Where the thick and thin filaments interdigitate, the
thin filaments lie in the trigonal positions within the hexagonal array,
Thus, each thick filament is encircled by 6 thin ones, and each thin one
is shared by 3 thick ones.28 Each thin filament is connected to each of
its neighboring thick filaments bv a cross=bridge every 400 A along the
length of the region of overlap, giving about 54 bridges at resting
1enggh.16‘l7 The thick filaments have a diameter of about 100 3, and
the thin fi{laments about 50 A.30 In both resting and excited muscle, the
fibril lengths remain the same; thick = 1,6 microns; thin - 2,05 microns
at all sarcomere lengths above 2,1 microns and all deviations from these

values can be accounted for by preparation nrocedures.30'32‘33 Of the

total dry masg of the sarcomere: 54% = A substance, 36% = 1 substance,
and 6% = Z line; or mvosin = 54% of the total protein of the sarcomere,
actin = 20-257 and tropomvosin = 112.28

Recently, at short sarcomere lengths, a dense zone has apneared in
the center of the A band, which increases in width as the muscle shortens,
This probablv corresponds to a region where the thin f{laments from each
end of the sarcomere overlap.27

A regular feature of the thick filament is a region 0,15-0,20 mi-
crons wide midway along its length, where the cross-bridges appear to be

27,30

absent, This is responsible for the pseudo H zone, This zone main-

tains its uniform size because it is a structural feature of the filaments

and 1is not created bv their nattern of overlap.27



The Ultrastructure of the Individual Mvofilaments;mvosin, actin,

and tropomyosin B comnrise almost all of the fraction of soluble, fi-

brous, contractile proteins isolated from muscle, Certain proteins are

present only in small amounts: Delta protein,3a metamvosin,35 and

7,36

extraprotein (EP), but there is no evidence that they plav a sig-

nificant role in contraction.29

Mvosin
The myvosin filament is about 110 A in diameter and 1,6 microns
1ong.21 It appears to have small lateral pnrotrusions (cross-bridges)

that project out at short intervals (six every 400 A along the myosin

filamentae). It is the onlv fibrous protein with the properties of an

39

enzyme, There are probably about 400 mvosin molecules per filament.zs’ho

The myosin molecule appears as an elongated structure that looks

d.29

like a rod with a bump on its en It has a large effective volume

2.5 m1/gm, 2% a length of 1500-1700 A,2 *22+%0 widen of 20-40 4,272

2
and a molecular weight of 450,00041-500:000-29'4 It is split by

Trypsin into two well-defined fragments: heavy meromvosin (HMM) and
light meromvosin (LMM),

Heavy meromvosin consists of a large globular head with an alpha-

helical rodlike ta11.39 The sites responsible for mvosin's enzymatic

27,39

activity and affinity for actin are located in the head, The head

represents 55-60% of the HMM mass,39 is 40 A in diameter, and accounts

27

for one-sixth of the length of the HMM, Its tail accounts for the

rest and is 20 A in diameter, The globular portion probably also serves

27,40,43

as the cross~bridge , HMM's length is about one-half and its

mass about two-thirds of the whole molecule.39 Its molecular weight is

about 320,000,28+41,42
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