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Foreword

The tenth book in this series examines a major aspect of communication
between cells; namely, how nerve impulses bring about co-ordination and
control of muscular movements. In this respect, it forms a unit with Book
11 which, in its turn, deals with communication by hormones.

In both books, we have of necessity had to be very selective with the
examples chosen in these extremely complex and yet rapidly expanding
fields of biological research. Neveriheless, by exploring a few aspects in
some depth, we have endeavoured to provide a sound conceptual basis for
an understanding of the main anatomical structures and physiological pro-
cesses going on within living organisms, with particular emphasis on ver-
tebrate systems. To achieve this understanding we have concentrated on the
presentation of ideas by a questioning approach, so that you, the student,
have the opportunity to make observations on structures, to perceive the
problems, and analyse some of the experimental data, that have challenged
scientists over the last two centuries. .

. Brighton, Sussex, 1976 M.A. Tribe

M.R. Eraut

~

vi



Acknowledgements

This book was developed under the auspices of the Inter University Biology
Teaching Project and is the responsibility of the Sussex University Project
team. However, it owes a great deal to the students who studied and criti-
cized our earlier versions and to many colleagues, both at Sussex and else-
~here, who made constructive suggestions for its improvement.

In particular we would like to thank:

Dr W. Winlow, Dr G. Pettigrew, Dr P. Benjamin and Dr F. Miles (Sussex
University) and Mrs B. Smythe (University of Sydney, Australia) for
advice and constructive criticisms of the manuscript.

the Nuffield Foundation for financially supporting the project from 1969—
-1972;

Cambridge University Press for their continued interest and support in pub-
lishing the materials;

Mrs S.A. Collier, project secretary, for typing and manuscript and Mr Colin
Atherton for photographic assistance.

We are deeply grateful for the co-operation and help given by the follow-
ing people in providing light and electron micrographs for use in this book
and its accompanying film strip:

Dr Gillian Bullock and Dr J. Baker, Research Unit, Ciba Foundation, Horsham

(micrographs of vertebrate muscle; slides 6, 24, 25 and 26)

Mr J. Fulthorpe, Muscular Dystrophy Research Unit, Newcastle General

Hospital (Part 1, fig. 27(a))

Dr A.R. Lieberman, Dept of Anatomy and Embryology, University College, -

London (Part I, figs. 18(a), 19 and 54;slides 1 and 12)

Dr S. Page, Dept of Biophysics, University College, London (micrographs of
frog muscle)
Dr M. Stacey and Professor D. Barker, Zoology Dept, University of Durham

(slides 27 and 28)

Mrs S. Webb, School of Biological Sciences, University of Sussex (Part II,

fig. 22)

vii



Contents

Foreword page Vi
Acknowledgements - vii
Introduction 1
Preknowledge requirements 1
Objectives |
Instructions on working through programmed text 2
Part I Nerves 3
Introduction : _ 3
The basic structure and organization of the mammalian
nervous system 5
_The structure of neurons and the reflex arc 11
‘Summary ' _ 37
The mechanism of nervous conduction: the experiment
" of Galvani and of Helmholtz : 40
The cathode ray oscilloscope : 46
Resting membrane potentials and action potentials 47
Chemical gradients and electrical gradients 54
The ionic basis of resting membrane potentials 58
The ionic basis of action potentials 68
Synapses and neuromuscular junctions 78
Receptors and the Hering—Breuer reflex 93
Summary A 100
Part II Muscle
Introduction 101
General properties of muscle 101
The control of muscle action 109
Summary 129
The fine structure of muscle 131
Metabolic aspects of muscle contraction 134
Biophysical and biochemical aspects of muscle contraction 142
- The sliding filament hypotheses ' 143
Properties of actin and myosin 147 .
Contraction and relaxation in glycerinated and fresh muscle 152
Intermission ' 157
- Sarcoplasmic reticulum and action potential 158
Calcium binding and the tegulatory proteins of the
contractile machinery 162
Summary ' 167
Questions relating to the objectives of the book 169
Glossary ' 180
Recommended reading : 189



Introduction

.Preknowledge requirements

This book assumes a knowledge of cell and membrane structure; diffusion;
osmosis; and active transport as outlined in Books 2.and 5 of ithis series
(Electron Microscopy and.Cell Structure and Cell Membranes). It also
assumes-a basic unilerstantlirg-of Ohm’s Law, such as would tbe mequired for
the Ordinary Level Generdl/Certificate of Education .in [Rhysics.

Objectives

At the end of this book you shoultl'be able to:

(1) Briefly describe the structure of motor and sensory neurons and their
organization within the spinal cord.

(2) Describe the nerve pathway involved in a simple reflex action.

(3) Give a general-description of the organization of the vertebrate
nervous system with:respect to. -

(@) functions invdlving voluntary and involuntary responses;

() structure and position in the body. 4

(4) Show evidence of understanding how chemical and electrical gradients
across cell membranes can lead to the establishment of a potential
difference across the membrane.

(5) Analyse and correctly interpret oscilloscope recordings showmg
generator potentials, action potentials, excitatory and inhibitory post-
synaptic potentials (EPSPs and IPSPs) and end plate potentlals in
.nerves and muscle.

(6) Present evidence to show that a nerve action potential is an all-or-none
event.

(7) Present evidence to show how the resting membrane potential is
restored after an action potential. '

(8) . Explain how, as a result of (6) and (7) above, the nerve message is
coded to produce varying responses in effector organs.

(9) Present evidence which favours a diffusion process and chemical '
excitation at synapses and motor end plates.

(10) Describe the structure of muscle, especially vertebrate skeletal muscle.
(11) Present evidence to support the sliding filament hypothesis of muscle.
contraction. ‘

(12) Present evidence to show how the contractile mechanism is put into

. action as a result of an action potential in the muscle cell membrane.

(13) Predict and correctly interpret the effects of Ca**, Mg?* and A’PB’
both glycerinated muscle fibres and fresh muscle.

(14) Correctly interpret data concerned with 1sometr1c or isotonic contrac-

~ tion of muscle. '

(15) Explain how the mechanism of transmission of a nerve impulse and
activation of muscle fibres is brought about by:

(a) a series of long-term, slow reactions which prepare the pathway
of conduction and the region of contractien by using energy
from cellular respiration to lower the entropy of these regions,
thus producing a store of potential ehergy ready to be used in
nerve and muscle activity;
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(b) the triggering, by a stimulus, of a series of short-term events
which proceed in sequence along this pathway, deriving their
energy from a small part of the store built up by the long-term
processes and resulting in response of the effector organ.

Instructions on working throuéh the book

The first section of the book is an illustrated descriptive account of the
organization of the mammalian nervous system. You are merely required to
read this section and refer back to it when necessary.

The remainder of the book is programmed, with questions and answers
arranged sequentially down the page. You are provided with a masking card
and a student response booklet. Cover each page in turn, and move the
masking card down to reveal two thin lines -

This marks the end of the first question on that page. Record your answer to
the question in your response booklet. Then check your answer with the
answer given. If your answer is essentially correct, move the masking card
down to the next double line and so on. If any of your answers are incorrect
retrace your steps and try to find out why you answered incorrectly. If you
are still unable to understand the point of the question, make a note of it
and consult your tutor. The single thick line

is a demarcation between one frame and the next. Occasionally you will find
some frames without a question. Some of these will be ‘Intermissions’ or
‘Summaries’; they are convenient stopping and starting points in the pro-
gramme, since it is unlikely that you will have time to read through the
whole book in one session. Always read the appropriate Intermission or
Summary before going on to a new section. Additional stopping points are
marked by thick double lines.



Part I Nerves

Introduction

It is an advantage for any organism to be able to monitor and act upon
changes both in the external environment and in its own internal environ-
ment. In both cases receptors are necessary to detect the changes and since
these changes will be of different kinds they will require different receptors.
Secondly, if action is to be taken, an effector organ, such as a muscle or
hormonal gland, will need to be stimulated into activity. Co-ordination of all
these activities is best achieved through a centralized control system which
can monitor all the activities going on and make decisions about the actions
necessary. The situation in mammals is summarized below:

Sensory pathway ; ) Sensory pathway
(Information) (Information)
- CENTRAL NERVOUS
Autonomic SYSTEM Somatic
INTERNAL : . .} EXTERNAL )
. nervous (Brain and spinal cord) nervous ENT
ENVIRONMENT system system ENVIRONMEN

Motor pathway Motor pathway
(Action) - (Action)
PITUITARY
GLAND
L Hormones in bloodstream Hormones in bloodstream

Nerve cells or NEURONS of different types are the major means by which
rapid communication is effected and indeed by which information is inter-
preted, sorted and stored (memory). Communication is also possible by
hormones (chemical messengers transported in the bloodstream). Hormone
action is, however, slower, producing a more generalized and longer-lasting
effect; and this aspect of communication and control is dealt with in Book
11 (Hormones). :

The main purpose of this book is to examine the structure of some
neurons, especially those involved in sensory and motor pathways which lead

" to and from the central nervous system. The book gives special attention to
the mechanisms by which neurons conduct rapid signals, but since we are
concerned primarily with principles rather than detail, we have not
attempted to delve deeply into the different functions of the somatic and
autonomic nervous systems. Instead we have concentrated on pathways in
the somatic peripheral and central nervous systems to illustrate our theme.
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NERVES

The basic structure and organization of the mammalian nervous system

Before moving on to the programmed sections of the book, we need to spend
just a little time examining the gross organization of the nervous system in
otder to provide an overall perspectwe on our theme of communication
between cells.

For convenience of description only, we can subdivide the nervous system
as follows:

The central nervous system
- Brain
Spinal cord

The peripheral nervous system
Cranial nerves
Spinal nerves
Receptors

The autonomic nervous system
Sympathetic trunk
- Visceral nerves
Peripheral ganglia
Receptors -
(Remember however, that these systems function as an integrated whole.)

The components of the CENTRAL NERVOUS SYSTEM (CNS) are
housed in the head and spine, where they are protected by the bony skull
and the spinal vertebrae respectively. Additional protection is afforded by

_the MENINGES (protective coverings), lying internal to the bony parts but
external to the delicate nervous tissue. Between the nervous tissue and the
meninges is to be found a cushioning fluid, the cerebrospinal fluid. Figs. 1
and 2 show respectively a medial cross-section of the head to emphasize the
relation between the brain and the skull; and a cross-section of the spinal
cord revealing the meningeal coverings and the manner of exit of the spinal
nerves between the vertebrae. The brain and the spinal cord both have
extensive blood supplies, as can be seen from fig. 3 overpage.

Fig. 4(a), (b), (¢) and (d) are diagrammatic representations of the

- human brain. (a) is from below (ventral view), (b) from above (dorsal view),

(¢) is a median cross-sectional view and (d) is a section view at right-angles

to (c) in the region of the hypothalamus. For the moment don’t be unduly
worried about the detailed labels and names. The diagrams should be-used
like a map, familiarity with names and places coming with use!

Closer examination of fig. 4 reveals that the brain consists of three major
sections: (i) the forebrain, which includes among its important parts the
cerebral hemisphere and olfactory bulbs; (ii) the midbrain, of which the
pituitary, optic tract and thalami (particularly the hypothalamus) are con-
spicuous; and (iii) the hindbrain which includes the pons, cerebellum and.
medulla oblongata, the medulla oblongata eventually becoming continuous
with the spinal cord. '

Nerve trunks (comprising parts of many nerve cells, as we shall see later)
emerge between the vertebrae, and run from the spinal cord through the two
major cavities of the body — the thoracic (chest) and abdominal (gut)
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Fig. 3. Arterial supply of the spinal cord. To the left of the central figure is shown an
anterior (ventral) view of the low thoracic segments of the spinal cord, and to the
right a posterior (dorsal) view, each with arteries injected. The contributing vessels
passing to the anterior spinal artery (A) and to the posterior spinal artery (P) along
the spinal nerve roots vary markedly in size. In the middle figure the separate
branches of the anterior median fissure to the spinal grey matter are shown.

(After S.W. Ranson & S.L. Clark. Anatomy of the Nervous System, 10th edn. © W.B.
Saunders & Co., Philadelphia.) :

cavities to: (i) organs lying within these cavities; (ii) the muscles_ controlling
skeletal movements of the body: and (iii) glands at the skin surface.

Some of these aspects are depicted diagrammatically in fig. 5. The diagram
also indicates those localities that are served by various segments of the
spinal cord with respect to the voluntary actions of the body, such as move-
ment, balance and posture. That part of the nervous system responsible for
these activities is called the SOMATIC nervous system.

The origins of the other major component of the peripheral nervous
system, the CRANIAL nerves, can be seen if you look back again at fig. 4(a).
There are 12 pairs of cranial nerves (numbered by roman numerals): some
wre highly specialized nerve tracts, such as the optic nerves (11), the olfactory

racts (I) and the auditory or acoustic nerves (VIII); others, like the vagus
X) have many branches and innervate a variety of organs.

Continuous with, and inextricable from, these two major subdivisions of
the nervous system, is the autonomic nervous system, responsible for innervat-
ing and controlling certain muscles, organs and glands on an ‘involuntary’
basis. There are two components, the PARASYMPATHETIC component and
the SYMPATHETIC component, the sympathetic component being ‘sand- '
wiched’ between the two ‘slices’ of the parasympathetic component. The
situation is depicted diagrammatically in fig. 6, where in general terms you
can see that the sympathetic nerves prepare the body for ‘emergency’ situ-
ations, partjcularly by increasing heart-beat, ventilation of the lungs and
secretion of adrenalin; whereas the parasympathetic nervous supply (having
its origins in the cranial and sacral ends of the CNS) reverses the effects of
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Fig. 5. Diagram showing the level of the various segments of the spinal cord with
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the several ventral roots (i.e. the spinal nerve roots corresponding to the vatious
vertebra of the spine). C, cervical; T, thoracic; L, tumbar; S, sacral; CO, coccygeal.
(After S.W. Ranson & S.L. Clark. Anatomy of the Nervous System, 10th edn. © W.B.
Saunders & Co., Philadelphia.)
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sympathetic stimulation. Pre-ganglionic nerve pathways (i.e. those passing
from the CNS and synapsing in ganglia outside it) are shown as dashed lines,
post-ganglionic pathways (i.e. those innervating specific organs from ganglia
lying outside the CNS) are solid lines.

To avoid cluttering the diagram, some facets of autonomic control are not
shown here — you might note, however, that organs like blood vessels, sweat
glands and hair follicles in the skin, external genitalia, etc. also have an auto-
nomic nerve supply.

Finally, we should emphasize again that the various subdivisions go func-
tion as an integrated unit; and whereas we can delineate the autonomic
nervous system, for example, from the peripheral system on the grounds of
special ganglia (nerve ‘exchange and relay’ centres) outside as well as inside
the CNS, we find ultimately that most nerves which enter (sensory input)
and leave (motor output) the CNS are ‘mixed’ nerves, i.e. they contain path-
ways associated with both peripheral and autonmmc nerve cells. This feature
is shown in fig. 7. ,

We are now in a position to examine mor; about the details of the nerve
. cells or neurons that comprise the system. Refer back to this section, when-
-ever you need to, since it has been designed to help your understanding of
the organization of the nervous system, but we do not expect you to have
grasped all the details at this stage.

This section is programmed so you will require your masking card. You
will also need a slide projector and colour slides 1—-12. .

11



