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PREFACE TO THE SIXTEENTH EDITION

ONCE more T have subjected this book torevision and this time the
revision has been very thorough. Much new matter has been
inserted, and some of the old has been excised; I regret that it
has been necessary to increase the bulk of the volume by a few
pages. There has been also considerable rearrangement of the
chapters, and many have been entirely rewritten.

I have to thank several kind friends for suggestions and help.
Among these I must specially mention my old master, Sir Edward
Sharpey Schafer, for numerous corrections, and for the idea of
inserting portraits of a few of the celebrated physiologists of the
past. To Prof. Joseph Barcroft I am indebted for much help in
the rewriting of the sections which deal with Respiration, a subject
in which he is our foremost authority. Dr J. H. A. Marshall has
been good enough to revise the chapter on Reproduction, and allowed
me to borrow some of his illustrations; in some chemical matters
I have had the help of Dr J. A. Hewitt. The frontispiece I owe
to the kindness of the late President of the Royal College of
Physicians, and others whose co-operation is acknowledged in the
legend which is printed on p. xix.

I hope the various alterations will be seen to be improvements,
and that the book will in consequence still continue to be useful
to the students to whom it is primarily addressed.

W. D. HALLIBURTON.
Kine’s CoLLEGE, April 1923.

PREFACE TO THE SEVENTEENTH EDITION

I HAVE corrected a number of minor inaccuracies which escaped my
notice last year, have added new paragraphs, of which the most
important are those on the heart’s varying activities (p. 286);
sleeplessness (p. 788); chronaxie and rheobase (p. 170); have taken
advantage of Sir Edward Sharpey Schafer’s new edition of his
Endocrine Organs in revising Chapter XXV., and thanks to much
help from Dr Hewitt recast Chapter XXX. dealing with the
“Chemical Composition of the Body.” Otherwise the book is

unchanged. W. D. HALLIBURTON.

CrurcH COTTAGE, MARYLEBONE,
LonpoN, N.W., June 1924,
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PUBLISHER'S NOTE

I may not be uninteresting briefly to recount something of the history
of this book. The original author was William Senhouse Kirkes, of St
Bartholomew’s Hospital, and the first edition ap eared in 1848 ; it consisted
of 705 pages, and contained 97 illustrations. I‘Ee title-page mentions that
Dr Kirkes was assisted by Mr James Paget, who was then Lecturer on
Physiology at St Bartholomew’s Hospital. Dr Kirkes appears to have
been a student under Mr (afterwards Sir) J. Paget, and to have been
imsressed with the need of making more permanent his spoken lectures,
and in his preface he thanks Mr Paget for allowing him the free use of
his manuscript lecture notes. The book was, for its time, one of great
excellence, reflecting the clear and accurate method of exposition which
always distinguished Sir James Paget’s work, and Aurkes’ Physiology rapidly
became the students’ favourite text-book, and new editions appeared rapidly :
in these the book grew a little in size and in the number of illustrations, but
showed otherwise but little change until the fourth edition came out in 1860,
when Mr Savory’s name appeared as editor upon the title-page. Mr (after-
wards Sir Willlam) Savory was another of St Bartholomew’s worthies, and
at that time was Lecturer on Comparative Anatomy and Physiology at that
Hospital. With the appearance of the sixth edition (1867), Mr Morant
Baker (then Demonstrator of Anatomy) was associate editor, and by this
time the book was different both in matter and arrangement, so that little
of the original “Kirkes” remained. Up to this time the publishers had been
Taylor, Walton, & Maberly, of Gower Street. In 1869, however, the book
became the property of the present publisher (seventh edition), and this
edition and the next (eighth, in 1872) were not much more than reprints
of the sixth edition. The ninth edition (1876), however, was completely
revised, and Dr Klein, then the Lecturer on Physiology, appears to have
been largely responsible for the improvement. From the tenth to the
thirteenth (1892) edition, the editorship was shared between Mr Morant
Baker and Dr Vincent D. Harris, his senior Demonstrator, and as successive
editions appeared, the work of keeping the publication up to date fell more
and more upon the shoulders of the latter.

In 1896, when a new edition was necessary, Mr Baker had died, and
Dr Harris was retiring from active teaching, so Mr John Murray had to
look round for a new editor. Acting upon the advice of his friend, the
late Sir William Gowers, he applied to Prof. Halliburton, and when the
latter accepted the position, the long association between the book and
St Bartholomew’s Hospital was severed. During the fifty-four years of this
association the book saw thirteen editions. , Under Prof. Halliburton’s
guidance the book entered upon a new era of prosperity, and in the
twenty-nine years which have elapsed since then, seventeen editions have
been published, and a total of about one hundred and sixteen thousand
copies printed ; this figure includes the present edition. It soon became
evident that Prof. Halliburton was more than an editor, and the book rapidly
became an entirely new one, so that for many years past the name “Kirkes”
has been dropped, and Halltburton’s Physiology is now its rightful title.

J. M., 1924,
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=28-815 cubic dec., and a gallon =
454 Iitres.

CONVERSION BCALRE.
To convert GRAMMES to OUNCES avoir-

dupo1s, multiply by 20 and divide by 667.
To convert KILOGRAMMES to POUNDS,

multiply by 1000 and divide by 454.

To convert LiTREs to GALLONS, mul-

tiply by 22 and divide by 100.

To convert LITRES to PIN18, multiply

by 88 and divide by 50.

To convert MILLIMETRES to INCHES,

multiply by 10 and divide by 254.

To convert MRTRES to YARDS, multi-

ply by 70 and divide by 64.

SURFACE MEASUREMENT,
1 square metre = about 1560 8q. inches
(01 10,000 8q. centimetres, or 10-75 sq. ft.)
1 8q. inch = about 6°4 8q. centimotres.
1 8q. foot 5

i 2

ENERGY MEASURE.
1 kilogrammetre = about 7-24 ft. pounds.
1 foot pound 1881 kgm.
1 foot ton 810 kgms

= »

To convert de-

1 Hectogrm. = 3} oz. (Avoxr.) HEAT EQUIVALENT
1 Kilogrm. = 21b. 80z. 2dr. (Avorr.)] 1 kilocalorie = 4255 kilogrammetres.
ENGLISH MEASURES.
Apothecaries Weight. Avoirdupois Weight.
7000 grains = 1 Ib. 16 drams = 1 o0z
o 16 oz. = 11b
Ts 28 1bs. = 1 quarter.
4875 graing = 1 oz. 4 quarters = 1 cwt.
20 cwt. = 1 ton.

Measure of 1 decimetre, or 10 centimetres, or 100 milllmetres (about 4 inches)
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HANDBOOK OF PHYSIOLOGY

CHAPTER I
INTRODUGTORY

DBroroey 1s the science that treats of living things, and it is divided
into two main branches, which are called respectively Morphology
and Physiology.  Morphology is the part of the science which deals
with the form or structure of living things, and with the problems
of their origin and distribution. Physiology, on the other hand,
treats of their functions, that is, the manner in which their individual
parts carry out the processes of life. To take an instance: the eye
and the liver are two familiar examples of what are called organs;
the morphologist or anatomist studies the structure of these organs,
their shape, their size, the tissues of which they are composed, their
position in the body, and the variations in their structure met with
m different parts of the animal kingdom. The physiologist studies
their uses, and seeks to explain how the eye fulfils the function of
vision, and how the liver forms Dbile, and ministers to the needs of
the body in other ways.

Each of these two great branches of biological science can be
further subdivided according as to whether it deals with the animal
or the vegetable kingdom; thus we get vegeltable physiology and
animal physiology. Human physiology 1s a large and important
branch of animal physiology, and to the student of medicine is
obviously the portion of the science which should interest him most.
In order to understand morbid or pathological processes it is neces-
sary that the normal or physiological functions should be learnt first.
Physiology is not a study which can be put aside and forgotten when
a certain examination has been passed; it has a most direct and
intimate bearing in its application to the scientific and successful
investigation of disease. It will be my endeavour throughout the
subsequent pages of this bouk to point out from time to time the
practical relationships between physiology and pathology.

A



o

INTRODUCTORY [on. 1.

Human physiology will be our chief theme, but it is not a portion
of the great science that can be studied independently of its other
portions. Thus, many of the experiments upon which our knowledge
of human physiology rests have been performed principally on certain
of the lower animals. In order to obtain a wide view of vital pro-
cesses it will be occasionally necessary to go still further afield, and
call the science of vegetable physiology to our assistance.

The study of physiology must go hand in hand with the study of
its sister science anatomy, and the sciences of chemistry and physics
must also be considered. Indeed, physiology has been sometimes
defined as the application of the laws of chemistry and physics to
life. That is to say, the same laws that regulate the behaviour of
the mineral or inorganic world are also to be found operating in the
region of organic beings. If we wish for an example of this we may
again go to the eye; the branch of physics called optics teaches us,
among other things, the manner in which images of objects are pro-
duced Dby lenses; these same laws regulate the formation of the
images of external objects upon the sensitive layer of the back of the
eye by the series of lenses in the front of that organ. An example
of the application of chemical laws to living processes is seen in
digestion ; the food contains certain chemical substances which are
acted on in a chemical way by the various digestive juices in order to
render them of service to the organism.

The question arises, however, is there anything else? Are there
any other laws than those of physics and chemistry to be reckoned
with? Is there, for instance, such a thing as “vital force”? It
may be frankly admitted that physiologists at present are not able to
explain all vital phenomena by the laws of the physical world; but
as knowledge increases it is more and more abundantly shown that
the supposition of any special or vital force is unnecessary; and it
should be distinctly recognised that when, in future pages, it is
necessary to allude to vital action, it is not because we believe in any
specific vital energy, but merely because the phrase is a convenient
one for expressing something that we do not fully understand, some-
thing that cannot at present be brought into line with the physical
and chemical forces that operate in the inorganic world.

But just as there is no hard-and-fast line between physiology
and its allies pathology, anatomy, physics, and chemistry, so also
there is no absolute separation between its three great divisions;
physical, chemical, and so-called vital processes have to be considered
together.

Physiology is a comparatively young science. Though Harvey (see
Frontispiece) about three hundred years ago laid the foundation of our
gcience by his discovery of the circulation of the blood, it is only during
the last sixty or seventy years that active growth has occurred. The
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reasons for this recent progress come under two headings: those
relating to observation and those relating to experiment.

The method of observation consists in accurately noting things
a8 they occur in nature; in other words, the knowledge of anatomy
must be accurate before correct deductions as to function are possible.
The instrument by which such correct observations can be made is,
par excellence, from the physiologist’s standpoint, the microscope, and
1t is the extended use of the microscope, and the knowledge of minute
anatomy resulting from that use, which has formed one of the greatest
stimuli to the successful progress of physiology during recent times.

But important as observation is, it is not the most important
method; the method of experiment is still more essential. This
consists, not in being content with mere reasonings from structures or
occurrences seen in nature, but in producing artificially changed
relationships between the structures, and thus causing new combina-
tions which if one had waited for Nature herself to produce might have
been waited for indefinitely. Anatomy is important, but mere
anatomy has often led people astray when they have tried to reason
how an organ works from its structure only. Experiment is much
more important; that is, one tests one’s theories by seeing whether
the occurrences actually take place as one supposes; and thus the
deductions are confirmed or corrected. It is the universal use of this
method that has made physiology what it is. Instead of sitting down
and trying to reason out how the living machine works, physiologists
have actually tried the experiment, and so learnt much more than
could possibly have been gained Ly mere cogitation. Many experi-
ments involve the use of living animals, but the discovery of anees-
thetics, which renders such experiments painless, has got rid of any
objection to experiments on the score of pain.

The adult body consists of a great number of different parts; and
each part has its own special work to do. Such parts of the body are
called organs. Each organ does not only its own special work, but
acts in harmony with other organs. This relationship between the
organs enables us to group them together into what are termed
systems. Thus, we have the circulatory system, that is, the group of
organs (heart, arteries, veins, etc.) concerned in the circulation of the
blood ; the respiratory system, that is, the group of organs (air
passages, lungs, etc.) concerned in the act of breathing; the digestive
system, which deals with the digestion of food; the excretory system,
with the getting rid of waste products; the muscular system, with
movement; and the skeletal system, with the support of the softer parts
of the body. Over and above all these is the nervous system (brain,
spinal cord, nerves), the great master system of the body which pre-
sides over, controls, and regulates the functions of the other systems.

If we proceed to make an anatomical analysis, and take any
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organ, we sce that it consists of various textures, or, as thev are
called, elementary tissues. Just as one’s garmients are made up of
textures (cloth, lining, huttons, ete). so cach orcan is composed of
corresponding  tissues.  The clementary  tissues come  under the
following four headings:—

1. Epithelial tissues. 3. Muscular tissues.
2. Connective tissues. 4. Nervous tissues.

Each of these is again divisible into subgroups.

If we continue our anatomical analysis still further, we find
that -the individual tissues are built up of
structures which require the microscope for
their accurate study. Just as the textures

‘ of a garment are made up of threads of
f},’,’,‘f}'{,g""’ various kinds, so also in many of the animal
liqud. tissues we find threads or fibres, as they are
called. But more important than the threads
are little masses of living material. Just as
the wall of a house is made up of bricks
united by cement, so the body walls are built
of extremely minute living bricks, united
together by different amounts of cementing
Cell-wall.  material. Each one of these living units is
called a cell.

Some of the tissues already enumerated
consist of cells with very little cementing
material binding them together; this, for
instance, is seen in the epithelial tissues;
but in other tissues, particularly the connective tissues, which are
not so eminently living as the rest, the amount of cement or inter-
cellular material is much greater, and in this it is that the fibres
are developed that confer the necessary strength upon these hinding
tissues.

If, instead of going to the adult animal, we look at the animal
in its earliest stage of development, the ovum, we find that it con-
sists of a single little mass of living material, a single cell. As
development progresses it becomes an adherent mass of cells. In the
later stages of development various tissues become differentiated
from each other by the cells becoming grouped in different ways, by
alterations in the shape of cells, by deposition of intercellular
matter between the cells, and by chemical changes in the living
matter of the cells themselves. Thus in some situations the cells are
arouped into the various epithelial linings ; in others the cells hecome
elongated and form muscular fibres; and in others, as in the con-
nective tissues, there is a preponderating amount of intercellular

Protoplasm.

Nucleus.

Fi16. 1.—Vegetable cells.
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material which may become permeated with fibres, or be the seat of
the deposition of calcareous salts, as in bone. Instances of chemical
changes in the cells themselves are seen on the surface of the body,
where the superficial layers of the epidermis hecome horny; in the
mucous glands, where they become filled with mucin, and in adipose
tissue, where they become charged with fat.

The term cell was first used by botanists; in the popular sense
of the word a cell is a space surrounded by a wall, as the cell of a
prison, or the cell of a honeycomb. In the vegetable cell (fig. 1) there
18 a wall made of the starch-like material called cellulose ; within this
is the living matter, and a number of large spaces or vacuoles filled
with a watery fluid. The use of the term cell by botanists was
therefore completely justified.

But the animal cell is different; as a rule, it has no obvious cell-
wall, and vacuoles are not conspicuous. It is just a little naked
lump of living material. This living material is jelly-like in con-
sistency, and possesses the power of movement; the name proto-
plasm has heen bestowed on it.

Somewhere in the protoplasm of all cells, generally near the middle
in animal cells, is a roundish structure of more solid consistency than
the rest of the protoplasm, called the nucleus.

An animal cell may therefore be defined as a mass of protoplasm
contarning a nucleus.

The simplest animals, such as amceebee, consist of one cell only;
the simplest plants, such as bacteria, torulw, etc., consist of one
cell only.

Fia. 2. —Amaebie; unicelluwlar aniinals. Fia. 3.—Cells of the ycast
plant, in process of bud-
ding; unicellular plants.

These organisms are called unicellular. In the progress of their
life history the cell divides into two; and the two new cells separate
and become independent organisms, to repeat the process later on.

The higher animals and plants are always unicellular to start
with, but on dividing and subdividing the resulting cells stick
together and subsequently become differentiated and altered in the
manner already indicated. In spite of these changes, the variety
of which produces the great complexity of the adult organism,



6 INTRODUCTORY [cm. 1.

there are certain cells which still retain their primitive structure;
notable among these are the white corpuscles of the blood.

F1a. 4.—Human colouless blood-corpuscle, showing its successive changes of outline within
ten minutes when kept moist on a warm stage.  (Schohield.)

It would appear at first sight an easy problem to distincuish
between a living thing, and one which is not living. The priucipal
signs of life are the following:—

1. Trritability ; that is the property of responding hy some change
under the influence of an external agent or stimulus. The most obvious
of these changes is movement (amoeweboid movement, ciliary movement,
muscular movement, ete.).

2. Power of assimilation, that is, ability to convert into protoplasin
the nutrient material or food which is ingested.

3. Power of growth; this is a natural consequence of the power
of assimilation.

4. Power of reproduction ; this is a variety of growth.

5. Power to excrete; to give out waste materials, the products of
other activities.

It should, however, be recognised that certain of these five char-
acteristics may be absent or latent, and yet the ohject may be living.
For instance, power of movement is absent in many vegetable struc-
tures; certain seeds and spores can be dried and kept for many years
in an apparently dead condition, and yet will sprout and grow when
placed in appropriate surroundings.

Of all the signs of life, those numbered 2 and 5 in the foregoing
list are the most essential. Iiving material is in a continual state
of unstable chemical equilibrium, building itself up on the one hand,
breaking down on the other; the term used for the sum total of these
intra-molecular rearrangements is metabolism. The chemical sub-
stances in the protoplasm which are the most important from this
point of view are the complex nitrogenous compounds called Lroteins.
So far as is at present known, protein material is never absent from
living substance, and is never present in any thing else but that
which is alive or has been formed by the agency of living cells. It
may therefore be stated that Protein Metabolism is the most cssential
characteristic of vitality.



CHAPTER II
THE ANIMAL CELL

AN animal cell is usually of microscopic dimensions, in the human
body varying from s 10 54%o of an inch in diameter.

It consists of —

1. Protoplasm. This makes up the main substance of the cell.

2. Nucleus: a vesicular body within the protoplasin, generally
situated near the centre of the cell.

3. Centriole and attraction spherc: these are contained within
the protoplasm, near the nucleus.

These three portions demand separate study.

Protoplasm,

Protoplasm is a soft jelly-like material; it usually contains
minute particles or granules floating in it which are more solid in
consistency, or globules (vacuoles) containing a watery fluid mnay
be present. There is considerable difference
of opinion between histologists as to whether,
apart from this, protoplasm exhibits any
structure or is a homogeneous jelly. With
high powers of the microscope it can, how-
ever, be demonstrated that in many cells the
protoplasm can be differentiated into two parts,
a fine network of fibrillee in which the more
fluid and apparently structureless portion of
the protoplasm is contained. This view of
the structure of protoplasm is shown diagram-
matically in the accompanying figure (fig. b).

This theory of protoplasnic structure was
advanced by Leydig, and has in more recent

years been adopted by Sir E. Sharpey Schafer, F‘”'cﬁlf'cB:fﬁ’ﬁ‘,ﬂ}g"f,f"},’{};}‘ﬁ‘;{{‘ﬁ}
who speaks of the network or spongework as profoplusin, - contatung

the reticulum or spongioplasm, and the more

fluid portion in its meshes as the enchylema or hyaloplasm.

Biitschli, on the other hand, regards the spongioplasm as the optical

effect of a honeycomb or froth-like structure, whereas other observers
7
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regard all such appearances as artifacts, that is, as produced artificially
by methods of fixing and staining, Hardy, in particular, has shown
that a film of any colloidal substance such as gelatin will, when it
“gets,” present the appearance of a network, and he regards it as
probable that the network seen in cells may be due to a similar
setting or coagulation of the protoplasm which occurs either when
the cell dies or is fixed by hardening reagents. Schafer, however,
has been successful in obtaining instantaneous photographs of white
blood - corpuscles in the living condition entirely untreated by
any reagents, and these distinctly show the presence of a fine
fibrillar network in the greater extent of their protoplasm. The
spongioplasm-hyaloplasm theory is therefore now in a safer position
than it occupied previously, and the adoption of this view renders
more intelligible, as we shall see later, the phenomena of proto-
plasmic movement.

If we adopt this hypothesis, the granules seen in protoplasm may
be in part thickened portions of the spongioplasm, but there is no
doubt that the majority of them are freely floating in the protoplasm.
Some of these are fatty in nature (staining black with osmic acid),
some are composed of the substance called glycogen or animal starch
(staining reddish-brown with iodine), and sometimes in a few uni-
cellular animals they consist of inorganic (calcareous) matter. DBut
by far the most constant and abundant of the granules are, like the
main substance of the protoplasm, protein or albuminous in com-
position ; by some observers these protein granules are regarded as
essential constituents of the protoplasm. A reticulated “structure
known as the internal apparatus of Golgi can be shown by certain
methods. Its function is unknown. Many cells (in kidney, pancreas,
ete.) present, in part of their protoplasm, a well-defined rodded
appearance. These fibrils are termed mitochondria, and some believe
they are largely composed of lipoids. Substances stored within the
protoplasm, such as pigment granules, fat globules, fluid in vacuoles,
and glycogen, are spoken of as cell-contents or par aplaem

The chemical structure of protoplasm can only be investigated
after the protoplasm has been killed. The substances it yields are
(1) Water; at least three-quarters of the weight, often more, consist
of water. (2) Proteins. These are the most constant and abundant
of the solids. A protein or albuminous substance consists of carbon,
hydrogen, nitrogen, oxygen, with sulphur and phosphorus in small
quantities only. In nuclein, a complex material found in the nuclei
of cells, phosphorus is more abundant. The protein obtained in
greatest abundance in the cell protoplasm is called a nucleo-protein ;
that is to say, it is a compound containing varying amounts of this
material nuclein with protein. White of egg is a familiar instance
of an albuminous substance or protein, and the fact (which is also
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familiar) that this sets into a solid on boiling will serve as a reminder
that the greater number of the proteins found in nature have a
similar tendency to coagulate under the influence of heat and other
agencies. (3) Lipoids. These are so called because they resemble
fats in their solubilities; they are present usually only in small
quantities, and those which most constantly occur are phosphorised
fats (such as lecithin) and cholesterol, a monohydric alcohol. (4) In-
organic salts, especially phosphates and chlorides of caleium, sodium,
and potassium.
The Nucleus.

In form the nucleus is generally round or oval, but it may have
in some cases an irregular shape, and in other cases there may be
more than one nucleus in a cell. )

The nucleus exercises a controlling influence over the nutrition
and subdivision of the cell; any portion of a cell cut off from the
nucleus undergoes degenerative changes.

A nucleus consists of four parts—

1. The nuclear membrane, which encloses it.

2. A network of fibres in appearance like the spongioplasm of the
protoplasm, but on a larger scale; that is to say, the threads
of which it is composed are much coarser and much more
readily seen. The name chromoplasm has been given to
this network.

3. The nuclear sap or matric, a semi-fluid and homogeneous
substance which occupies the interstices of the spongework
of chromoplasm.

4. Nucleoli; these are of two principal varieties; some are knots
or thickened portions of the network (pseudo-nucleoli), and
others, the true nucleoli, lie in the nuclear sap.

These four parts of the nucleus are represented in the next
diagram.

Node of network =======-- ’ .
N
-==*= Nuclear membrane.

--~-=-Nucleolus.

Node of network------F-=->\~f--- e N . Nuclear matrix.

Fi16. 6.—The nucleus—diagrammatic. (Waldeyer.)

In the investigation of microscopic objects, a histologist is nearly
always obliged to use staining agents; the extremely thin objects he
A2
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examines are so transparent that, without such stains, much of the
structure would be invisible. If sueh dyes as hwmatoxylin or
safranin are employed, it s the nuceleus which becomes most deeply
staned, and thus stands out on the lighter background of the
protoplasm.

But the whole nucleus does not stain equally deeply; it is the
chromoplasmie filaments and the nucleoli which have most affinity for
the stain, while the nuclear sap is comparatively unaffected. Hence
the terms chromatin and achromatin originally introduced by Fleming.
The membrane, the network, and the nucleoli are composed of chro-
matic substance or chromatin; it is so called not because it has any
colour in the natural state, but because it has an affinity for colours
aruhcmlly added to it. For a correspon('linw reason, achromatin or
achromatic substance is the name given to the
substances which make up the nuclear sap.

Balbiani showed that the chromoplasmic filaments are
apparently transversely marked into alternate,dark and light
bands ; this is due to the existence of minute highly refracting
particles imbedded in regular series in a clear homogeneous
and unstainable matrix (see fig. 7). The term chromatin should
properly be restricted to these partldes These particles have

special affinity for basic dyes, such as methylene blue and
safranin.

Coming next to the chemical composition of the
nucleus, it is found to consist principally of protein
I"'(”h,Z,,:ﬂ{ft:},m,"f“,a‘f and protein-like substances. The nuclei .of cells
pents reatly magii- ay be obtained by subjecting the cells to the
action of artificial gastric juice; the protoplasm is
nearly entirely dissolved, but the nuclei resist the solvent action of
the juice. No doubt the nuclei contain several chemical compounds,
hut the only one of which we have any accurate knowledge has
been termed nuclein, and this is identical with the substance called
chromatin by histologists. 1t is soluble in alkalis, but precipitated
by acids; it is different from a simple protein, as it contains in
addition to carbon, nitrogen, oxygen, lLydrogen, and sulphur, a
large quantity (7 to 8 per cent. or even more) of phosphorus in
its molecule.  In many cases nucleins contain iron also.

The Attraction Sphere.

In addition to the nucleus and protoplasm, all living cells
contain another structure, namely, a minute particle called a
“centriole,” which has an attractive influence on protoplasmic
fibrils and granules in its neighbourhood, the whole appear-
ance produced heing called an attraction sphere (fig. 8).

It is most prominent in cells which are dividing or about to
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divide.  The centriole, and then the attraction sphere, become
double (fig. 9). Tn all probability the centriole gives the primary

F1a. 9.—~Ovum of the worm Ascaris,
showinga twin attraction sphere.

Fia. 8.—A cell (semi-diagrammatic) The nucleus with its contorted
showing its attraction sphere. tilament of chromoplasm is repre-
In this, as in most cases, the sented, but the protoplasm of
attraction sphere lies near the the cell is not tilled in. (v.
nucleus. (Schafer.) Beneden.)

impulse to cell-division. Some cells, for instance, the giant cells of
red marrow, contain numerous centrioles.

Protoplasmic Movement.

A cell possesses the power of breathing, that is, taking in oxygen ;
of nutrition, of building itself up from food materials; and of eere-
tion, or the getting rid of waste material. But the most obvious
characteristic of most cells is their power of movement.

When an ameeba is observed with a high power of the micro-
scope, it is found to consist of an irregular mass of protoplasm con-
taining one or more nuclei, the pwto- ; :
plasm itself being more or less granular
and vacuolated. If watched for a minute
or two, an irregular projection is seen to
be gradually thrust out from the main
body and retracted; a second mass is
then protruded in another direction, and
gradually the whole protoplasmic sub-
stance is, as it were, drawn into it. The
ameeba thus comes to occupy a new position, and when this is
repeated several times we have locomotion in a definite direction,
together with a continual change of form. These movements, when
observed in other cells, such as the colourless blood-corpuscles of
higher animals (fig. 11), in the branched cells of the cornea and
elsewhere, are hence termed amaeboid. The projections which are
alternately protruded and retracted are called pseudopodia.

F16. 10.—Amosbee.
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A streaming movement is not infrequently seen in certain of
the protozoa. in which the mass of protoplasin extends long and
fine processes, themselves very little movable, but upon the surface

Fi1a. 11.—Human colourless blood-corpuscle, showing its suceessive changes of outline within ten
minutes when kept moist ou a warm stage.  (Schotield.)

of which freely-moving or streaming granules are seen. A gliding
movement has also been noticed in certain animal cells; the motile
part of the cell is composed of protoplasm bounding a central mass;
by means of the free movement of this layer, the cell may be
observed to ‘move along.

‘m.\ oo ]
B
Fia. 12.—(A) Young vegetable cells, showing cell-cavity entirely filled with granular protoplasm
enclosing a large oval nucleus, with one or more nucleoli.
(8) Older cells from same plant, showing distinet cellulose-wall and vacuolation of proto-
plasm.

In vegetable cells the protoplasmic movement can be well seen
in the hairs of the stinging-nettle and Tradescantia and the cells of
Vallisneria and Chara ; it is marked
by the movement of the granules
nearly always imbedded in it. For
example, if part of a hair of Trade-
scantia (fig. 13) is viewed under a
high magnifying power, streams of
protoplasm containing crowds of
granules hurrying along, like the
foot-passengers in a busy street,
Fia. 18.—Cell of Tradescantia drawn at sue- areé seen flowing steadily in definite

cessive intervals of two minutes.—The cell- - (Jjyaetions, some coursing round the

contents consist ofa central mass connected . ) N ) N

by many irregular processes ton peripheral — filin which lines the interior of

tilm, the whole forming a vacuolated mass ) .

ofprotoplasm,which is continuallychanging  the cell-wall, and others flowing

its shape. - (Schofield.) towards or away from the irregular
mass in the centre of the cell-cavity. Many of these streams of
protoplasm run -together into larger ones and are lost in the
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central mass, and thus ceaseless variations of form are produced.
The movement of the protoplasmic granules to or from the peri-
phery is called circulation, whereas the movement of the protoplasm
round the interior of the cell is called rotation.

The first account of the movement of protoplasm was given by
Rosel in 1755, as occurring in a small
Proteus, probably a large freshwater
ameeba. His description was followed
twenty years later by Corti’s demonstra-
tion of the rotation of the cell sap in
Characei, and in the earlier part of last
century by Meyer in Vallisneria, 1827,
and by Robert Brown, 18351, in “Staminal
Hairs of Tradescantia.” Then came Du-
jardin’s description of the granular stream-
ing in the pseudopodia of Rhizopods;
movements in other animal cells were
described somewhat later (Planarian eggs,
v. Siebold, 1841; colourless blood-cor-
puscles, Wharton Jones, 1846).

There is no doubt that protoplasmic
movement is essentially the same thing
in both animal and vegetable cells. But

i rots - 108 Fi1¢. 14.—Cells from the staminal
in vegetable cells the cell-wall obliges bt o e, staminal

the movement to occur in the interior, in water; Ji the sanie ol atier
while in the naked animal cells the move- ED pesion ot spamaiation;

mt 1 1 - e g ¢, d, clumps and kunobs of con-
ment results in an external change of Eracied probon s e of oot

form.

Although the movements of amceeboid cells may be loosely de-
seribed as spontaneous, yet they are produced and increased under
the action of external agencies which excite them, and which are
therefore called stimuli, and if the movement has ceased for the time,
as is the case if the temperature is lowered beyond a certain point,
movement may be set up by raising the temperature. Again, contact
with foreign bodies, gentle pressure, certain salts, and electricity,
produce or increase the movement in the cell protoplasm (sometimnes
called cytoplasm). The protoplasm is, therefore, sensitive or irritable
to stimuli, and shows its irritability by movement or contraction.
The effects of some of these stimuli may be thus further detailed :—

a. Changes of temperaturc.—Moderate heat acts as a stimulant:
the movement stops when the temperature is lowered near the
freezing-point or raised above 45° C. (113° F.); Dbetween these two
points the movements increase in activity ; the optimum temperature
is about 37° to 38°C.  Though cold stops the movement of proto-
plasm, exposure to a temperature even below 0° C. does not prevent
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its reappearance if the temperature is raised; on the other hand,
prolonged exposure to a temperature of 42°-45° C. altogether kills the
protoplasm and causes it to enter into a condition of Zeat rigor.
This is due to the coagulation of the proteins present.

b. Chemical stimuli.—Distilled water first stimulates then stops
ameeboid movement, for by imbibition it causes great swelling and
finally bursting of the cells. In some cases, however (myxomycetes),
protoplasm can be almost entirely dried up, but remains capable of
renewing its movement when again moistened. Dilute salt solution
and very dilute alkalis stimulate the movements temporarily. Acids
or strong alkalis permanently stop the movements: ether, chloroform,
veratrine and quinine also stop it for a time.

Movement is suspended in an atmosphere of hydrogen or carbonie
acid, and reswned on the admission of air or oxygen; complete with-
drawal of oxygen will after a time kill protoplasim.

¢. Electrical —Weak currents stimulate the
movement, while strong currents cause the
cells to assume a spherical form and to become
motionless.

The ameeboid movements of the colourless
corpuscles of the blood may be readily seen
Fro. 15.—An ameeboid cor. When @ drop of blood from the finger is mixed

uscleofthe newt killed  with salt solution, and examined on a warm

oxtion of steam. show. stage with the microscope. If a pseudopodium
e b ey of such a corpuscle is observed under a high
?grl:;,fqr), “Quain’s Ana-  power, it will be seen to consist of hyaloplasn,
) which has flowed out of its spongy home, the
reticulum. Later, however, a portion of the reticular part of the
protoplasm ay enter the pseudopodium. The cells may be fixed
by a jet of steam allowed to play for a moment on the surface
of the cover glass. Fig. 15 illustrates one fixed in this way.

If, therefore, we adopt Schafer’s views on the structure of
protoplasm we see that the essential act in the protrusion of a
pseudopodium is the flowing of the hyaloplasm out of the spongio-
plasm; the retraction of the pseudopodiumn is a return of the
hyaloplasm to the spongioplasm. The spongioplasm has an irregular
arrangement with openings in all directions, so that the contractility
of undifferentiated cells may exhibit itself towards any point of the

compass.

The relation of cells to various forms of stimulus has been very extensively
studied. Various forms of unicellular organisms have been used in these experi-
ments, and the stimuli employed have been chemical, thermal, light, electric
currents, and so forth. If the cell moves towards the source of attraction, the
term positive taxis is employed; if it is repelled, megative taxis. The words,
chemo-taxis, thermo-taxis, photo-taxis, galvano-taxis, etc., indicate the kind of
stimulus investigated. .
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Cell Division.

A cell multiplies by dividing into two; each remains awhile
in the non-dividing condition, but later it grows and subdivides, and
the process may be repeated indefinitely.

The supreme imnportance of the cell, the growth of the body from
cells, and the fact that cells are the living units of the organism,
were first established in the vegetable world by Schleiden, and
extended to the animal kingdom by Theodor Schwann. The ideas
of physiologists depending on this idea are grouped together as
cellular physiology, which under the guidance of Virchow was ex-
tended to pathology also: Virchow expressed the doctrine now so
fawniliar as to be almost a truism in the terse phrase omnis cellula ¢
rellula (every cell from a cell).

The division of a cell is preceded by division of its nucleus.
Nuclear division may be either (1) simple or direct, which cousists in
the simple exact division of the nucleus into two equal parts by con-
striction in the centre, which may have been preceded by division of
the nucleolus ; or (2) endirect, which consists in a series of changes
which goes on in the arrangement of the nuclear reticulum, resulting
in the exact division of the chromatic fibres into two parts, which
form the chromoplasm of the daughter nuclei.

The changes in the nucleus during indirect division constitute
karyokinesis (kapvov, a kernel), or matosis (uiTos, a thread), and
direct division is called amaitotic or akinetic (kivyois, movement). It
18 now believed that the mitotic nuclear division is all but, though
not quite, universal. Somewhat different accounts of the stages of
the nuclear division have been given by different authorities, accord-
ing to the kind of cell in which the nuclear changes have been
studied ; but, speaking generally, the process may be divided into the
following stages :—

1. The non-dividing nucleus (fig. 16).

Node of Network - coee-en/s;- i el
--=»- Nuclear membrate.

$2¢73--m--. Nucleolus.

...... Nuclear matrix.

oo - Nuclear netwotk.

F16. 16.—The non-dividing nucleus. (Waldeyer.)

2. The spirem or skein stage: the nucleoli dissolve, and the
nuclear filaments form loops which run from one pole of the nucleus
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to the other (fig. 17). In some cells there is at first one long,
much twisted thread, which subsequently breaks up into segments.

The loops are called chromosomes.

3. Each loop becomes less convo-
luted and splits longitudinally into two
sister threads, and the achromatic
spindle appears (fig. 18, A and B).

4. The equatorial stage; monaster.
The nucleus has now two poles, those
of the spindle; and at each pole
there is a polar corpuscle or centriole.

Fio. 17.—Barly condition of the skein o (divigion of the centriole of the

stage viewed at the polar end. l.c.f.,

Looped chromatic tilament ; i.1.,irre-  grjginal cell, and then of the attraction

gular tilament. (Rabl.)

sphere into two, usually precedes the

commencement of changes in the nucleus ; the two attraction spheres
become prominent in cell division, and the connecting achromatic

A

Achromatic spindle  ---o-7--_.

B

¢

Fi1G. 18.—Later condition of the skein stage in karyokinesis. 4, The chromosomes become less con

voluted and the achromatic spindle appears.

B, The chromosomes split into two and the achro-
matic spindle becomes longitudinal. (Waldeyer.)

spindle is probably also formed from them or from the achromatic

material of the nucleus.

At this stage the nuclear
membrane is lost, and thus cell
protoplasm and nuclear sap
become continuous; the proto-
plasmic granules are arranged
radially from the polar corpuscles
(fig. 19). The star-like arrange-
ment of these granules is much
better marked in embryonic cells,
indeed the lines present very
much the appearance of fibrils
(see fig. 20).

The V-shaped chromosomes

...... Pole of spindle,

R - .- Outer granular
7010

S

F16. 19.—Monaster stage of karyokinoesis.
(Waldeyer.)

sink to the equator of the spindle, and arrange themselves so

" as to project horizontally from it.
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In cells which are the result of the sexual process, the number
of chromosomes is always even, an equal number being contributed
by each sex.

The number of chromosomes varies with the species from four to
twenty-four or more; in man Polar oircla
the number is twenty-four.

5. The stage of metakinesis. Medullary
The sister threads separate,
one set going towards one
pole, and the other to the
other pole of the spindle Emwatoriar
(fig. 21): these form the two Spindie
daughter nuclei. The chromo-
somes are probably pulled into Attraction
their new position by the con-
traction of the spindle fibres wic. 20.—Ovum of the worm Ascaris in process of divi-

Cortical
zone

Equatorial

= plate of the

Chromatic
figure

Antipodal zone

. N sion. The attraction spheres are at opposite ends
"'Ltad w(‘l to them. of the ovum% at tlﬁo equator of the spin'g}‘e whi:h
ae . N unites them, four chromosomes are seen. e proto-

6. hd'(’h (nghter n ucleus plasm of the ovum, except in the equatorial zone of
goes backwards through the the cell,is arranged in lines radiating from the centre

. centrosome) of the attraction sphere. (Waldeyer.
same series of changes; the ) phore. (Waldoyer.)

diaster or double star is followed by the dispirem or double skein,
until at last two resting nuclei are obtained (fig. 22).

A new membrane forms around each daughter nucleus, the spindle
atrophies, and the attraction sphere becomes less prominent. The

|— Fine uniting
filaments.

Fia. 21.—Metakinesis. A, Early stage. B, Later stage. c, Latest stage—formation of diaster. a and
1 show how the sister threads disentangle themselves from one another. (Waldeyer.)

division of the protoplasm into two parts around the nuclei begins
in the diaster stage, and is complete in the stage represented in
fig. 22.

# The karyokinetic process has been watched in all its stages by
more than one observer. The time occupied varies from half an hour
to three hours; the details, however, must be studied in hardened
and appropriately stained specimens. They are most readily seen
in cells with large nuclei, such as occur in the epidermis of
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amphibians, in the egg cells of certain worms, or in the growing tips
of plants.

X \\ c--==-=== Remains of spindle.

«.._ Lighter substance of the

Line of separation of the *  nucleus.

two cells. %&\\
Antipole of daughter \\!"/;\‘\g\}» _____ ~ Cell protoplasm. .

nucleus. ’ i ‘&/ |
\\&\\\ f/-j/l ------- Hilus.

Fic. 22.—Final stages of karyokinesis. In the lower daughter nucleus the changes are more
advanced than in the upper. (Waldeyer.)

N

N

N

The phases may be summarised in a tabular way as follows :—

Nerwork or Rericunum . . . L Rc;.iqting condition of mother nucleus
(fig. 16).

2. Clgse skein of fine convoluted filaments
(fig. 17).

SkEv on Semew . : ) * 13. Open skein of thicker filaments. Spindle

appears (fig. 18 a).

CLEAVAGE . . . . . . 4. Movement of V-shaped chromosomes
to middle of nucleus, and each splits
into two sister threads (fig. 18 B).

Star or MoNASTER . . . . 5. Stellate arrangement of V filaments at
equator of spindle (fig. 19).

DivercENCE OR METAKINESIS . . 6. Separation of cleft filaments and move-
ment along fibres of spindle (fig. 21 a
and =).

DousLE Star or Diasrer . . 7. Conveyance of V filaments towards poles

of spindle (fig. 21 c).
8. Open skein in daughter nuclei.
: {9. Close skein in daughter nuclei (fig. 22).
10. Resting condition of daughter nuclei
(fig. 22).

DouBLE SKEIN OrR DispirEMm
Nerwork or Rercurum . . .

The Ovum.

The ovary (see a later Chapter) is an organ which produces ova.
An ovum is a simple animal cell ; its parts are seen in the next diagram.

It is enclosed in a membrane called the zona pellucida. The body
of the cell is composed of protoplasm loaded with granules of food
material, called the yolk or vitellus. The nucleus and nucleolus are
sometimes still called by their old names, germinal wesicle and
germinal spot respectively. The attraction sphere is not shown in the
diagram.

The ovum first discharges from its interior a portion of its
nucleus, which forms two little globules upon it called the polar
globules.
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Fertilisation then occurs; that is to say, the head or nucleus of
a male cell called a spermatozoon penetrates into the ovum, and
becomes fused with the remains of the female nucleus.

_.Space left by retraction of
protoplasm.

Protoplasm containing yolk
spherules.

......... Zona pellucida.

Fra. 238,—Representation of a human ovum. (Cadiat.)

Cell division or segmentation then begins, and the early stages
arc represented in the next figure.

[2

F1G. 24.—Diagram of an ovum (a) undergoing segmentation. In () it has divided into two, in (¢) into
{g‘t;‘x; y" )and in (d) the process has resulted in the production of the so-called ‘‘ mulberry-mass.”
Fluid discharged from the cells accumulates within the interior
of the mulberry mass seen in fig. 24 d, and later, if a section is cut
through it, the cells will be found arranged in three layers.

The outermost layer is called the ectoderm. The middle layer is
called the mesoderm. The innermost layer is called the endoderm.

From these three layers the growth of the rest of the body occurs,
nutritive material being derived from the mother in mammals by
means of an organ called the placenta.

The ectoderm (or epiblast) forms the epidermis, the outermost
layer of the adult. It also forms the nervous system.

The endoderm (or hypoblast), the innermost layer of the embryo,
forms the lining epithelium of the alimentary (except that of the
mouth and anus, which are involutions from the ectoderm) and
respiratory tracts, that is, the innermost layer of the adult. It also
forms the cellular elements in the large digestive glands, such as the
liver and pancreas, which are originally, like the lungs, outgrowths
from the primitive digestive tube.

The mesoderm (or mesoblast) forms the remainder, that is, the
great bulk of the body, including the muscular, osseous, and other
connective tissues; the circulatory and urino-genital systems.



CHAPTER III
EPITHELIUM

WE have seen in the introductory chapter that the elementary
tissues of which the organs of the body are huilt up may be arranged
into four groups: opltholml connective, muscular, and nervous. The
first of these, the epithelial tissues, follows naturally on a study of
the animal cell as an cpithelium may be defined as a tissue com-

F1a. 25.—From a section of Llu Tung of a cat, stained with silver nitrate. N, Alveoli or air-cells,
lined with large flat, nucleated cells, with' some smaller polyhedral nucleated cells. (Klein and
Noble Smith.)

posed entirely of cells united by a minimal amount of cementing
material. As a rule, an epithelium is spread out as a membrane,
covering a surface or lining the cavity of a hollow organ.

Epltheha may he grouped into two great classes, each of which
may be again subdivided according to the shape and arrangement of
the cells of which it is composed.

20
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Crass L.—Sumple epitheliwm ; that is, an epithelium consisting
of only one layer of cells. Its subgroups are:—

a. Pavement epithelium. This consists of a layer of thin cells
arranged in the form of an accurately fitting mosaic; this is typically
seen in the epithelium that lines the air-sacs of the lungs (fig. 25).
The endotheliun found in the interior of
the blood and lymph vessels and serous
sacs 18 very similar in structure, but
differs from other epithelia in being the
only one of mesodermic origin (fig. 26).

b. Cubical and columnar epitheliun.
Here the cells, as their names imply, are
thicker. Cubical epithelium is found in
the alveoli of the thyroid, in the tubules
of the testis, and in the ducts of many
glands. Columnar epithelium lines the
alimentary canal from the stomach to
the anus.

The four figures (figs. 27-30) repre-
sent the very typical columnar -cells,
each with a bright striated border, which
are found lining the intestine. Fig. 28
shows how they are arranged on the
surface of a villus, one of the numerous
little projections found in the small in-
testine. The gaps seen there are due to
the formation of what are called goblet
cells. In some of the columnar cells a o 26.—Surfaceview ofanartery from

the mesentery of a frog, ensheathed

formation of granules occurs; these con- ina petnascular lymphatic yessel.
. f . iy . 11 1 . . h a, The attery, with its cireular
sist of a substance callec mucigen ; these muscular coat {media)indieat ed by
- 1 o broaw! transvevse marvkimgs, with
run together 'and are (‘hSCha_'] ged from th(} u}nwiu':munui the adventitin out-
cell as a brightly refracting globule of ;su:'-”f;ql;.\-mlpllmtt;u]\‘;-m-l:':lt?l:ﬂél
. . . - 8 s e enaothells rempr .
mucin, leaving the cell with open mouth (Klein and Noble Smith.)

like a goblet, the nucleus being sur-
rounded by the remains of the protoplasm in the narrow stem
(fig. 30). This transformation is a normal process continually going
on throughout life, the discharged mucin being the chief constituent
of phlegm or mucus. The cells themnselves may recover their original
shape after discharge and repeat the process later on.

¢. Ciliated epithelium ; this form of epithelium presents so many
points of physiological interest, that a separate scction will be
devoted to it later in this chapter.

Crass 2.—Compound epithelvwm ; that is, an epithelium con-
sisting of more than one layer of cells. Itcontains two subgroups.

a. Transitional epithelium found lining the bladder and ureters.
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It consists of three or four layers of large cells, the most typical of
which are pear-shaped (fig. 51).

Fia. 27. - Columnarepithelium cells of the rabbit's
intestine. The cells have been isolated after
maceration in very weak chromic acid. The
cells are much vacuolated, and one of them
has a fat globule near its attached end. The
striated border (str.) is well seen, and the

F1a. 28.—Vertical section of an intestinal villus
of a cat. a, The striated border of the epi-

bright disc separating it from the cell proto-
plasm. =, Nucleus with intra-nuclear net-
work; @, a thinned-out winglike projection
of the cell which probably fitted bitween two

thelium; b, columnar epithelium; ¢, goblet
cells; d, central lymph-vessel; e, unstriped
muscular fibres; f, adenoid stroma of the
villus in which are contained lymph-cor-

adjacent cells. (Schafer.) puscles. (Klein.)

Fia. 29.—A row of columnar cells from the
rabbit’s intestine. Smaller cells are seen
between the epithelium cells ; these are
lymph-corpuscles. (Schafer.)

Fia. 80.—Goblet, cells.  (Klein.)

Fia. 81.—Epithelium of the bladder. «, One of the cells of
the first row 5 b, & cell of the second row 5 e, cells in silw,
of first, second, and deepest Iayers.  (Obersteiner.)

b. Stratified epithelium. Here the cells are arranged in more
numerous layers. It is found composing the epidermis, and the
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linings of the various oritices of the body. It lines the upper end
of the alimentary canal from the mouth to the point where the
cesophagus or gullet enters the stomach. The decpest layers are
columuar or cubical in shape, and the surface layers are composed

0&0 p— - s — .
DL9LO /0L @ NS WO oo O 2 o@oaa
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Fra. 82.—Vertical section of the siratified epithelinm of the rabbit’s cornea. @, Anterior epithelum,
showing the ditlerent shapes of the cells at various depths from the freo surfuce b, a portion of the
substance of cornea.  (Klem.)

of tlattened scales, their protoplasm being replaced by horny material
or keratin. Covering the front of the cornea of the eye is a typical
form of stratified epithelimmn (fig. 32), but the number of its layers
is not so great as it is in the majority of such epithelia.

Ciliated BEpithelium.

The cells of ciliated epithelium are generally of columnar shape
(fig. 33), but they may occasionally be spheroidal (fig. 34).

Fic. 83.—C(liliated epithelium from the human F16. 84.—Spheroidal ciliated
trachea o, Large fully-formed cell; b, cells from the mouth of
shotter coll; e, developing cells with more the frog. X 800 diame-
than one nucleus. (Cadiat.) ters. (Sharpey.)

Each cell is surmounted by a bunch of fine tapering filaments.
They were originally called ci/ia beeause of their resemblance in shape
to eyelashes. They differ from eyelashes in being extremely small,
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and in not being stiff; they are in fact composed of protoplasm.
During life these move to and fro, and so produce a current of
fluid over the surface they cover. Between them other elongated
cells are present which secrete mucin, being con-
verted into goblet cells.

In the larger ciliated cells, it will be seen that
the border on which the cilia are set is bright,
and composed of little knobs, to each of which
a cilium is attached; in some cases the knobs
are prolonged into the cell protoplasm as fila-
ments or rootlets (fig. 35). The bunch of cilia is
homologous with the striated border of columnar
cells.

The principal situations in which ciliated
epithelium occurs in the human body are:—
(1) lining the air passages, but not in the
alveoli of the lungs; these are lined by pavement
epithelium; (2) in the Fallopian tubes and upper
part of the uterus; (3) in the ducts of the testis
known as the ductuli efferenties; here the cilia
are the longest found in the body; (4) in the
ventricles of the brain and central canal of the
spinal cord; (5) the tail of a spermatozoon may
also be regarded as a long cilium.

In other animals cilia are found in other
parts; for instance, in the frog the mouth and
gullet are lined by ciliated cells; in the tadpole,
the whole surface of the body and especially the
gills are covered with cilia. Among the inverte-
brates one finds many protozoa completely covered
with cilia; in many embryos the cilia are arranged
F1o. 85.—Cilated cellrom 111 definite bands round the body; in the rotifers

e many OT wheel animalcules, a ring of cilia round the

“  mouth gives the name to this particular group.
The gills of many animals are covered with cilia; and the cells
of portions of the kidney tubules in some animals are ciliated.

Ciliary Motion.

Ciliary motion reminds one of amoeboid movement, but it is much
more rapid, and more orderly. It consists of a rhythmical movement
of the cilia, a bending over, followed by a lessening of the curvature,
repeated with great frequency. :

When living ciliated epithelium, e.g., from the gill of a mussel, or
from the mouth of the frog, is examined under the microscope in a
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drop of 0-9 per cent. solution of common salt (normal saline solution),
the cilia are seen to be in constant rapid motion, each cilium being
fixed al one end, and swinging or lashing to and fro. The general
impression given to the eye of the observer is very similar to that
produced by waves in a field of corn, or swiftly running and rippling
water, and the result of their movement is to produce a continuous
current in a definite direction, and this direction is the same on the
same surface, being usually in the case of a cavity towards the
external orifice.

There is not only rhythmnicality in the movement of a single
cilian, but each acts in harmony with its fellows in the same cell,
and on neighbouring cells.

The uses of cilia can from the above be almost guessed; in the
respiratory passages they create a current of mucus with entangled
dust towards the throat; in the oviduct they assist the ovum on its
way to the uterus; in the gullet of the frog they act downwards and
assist swallowing ; in the ciliated protozoa they are locomotive organs.
Over the gills of marine animals they keep up a fresh supply of water,
and in the case of the rotifers, which are fixed animals, the current
of water brings food to the mouth.

Ciliary motion is independent of the will, and of the influence
of the nervous system. It may continue for many hours after
death or removal from the body, provided the portion of tissue under
examination is kept moist. Its independence of the nervous system
is shown also in its occurrence in the lowest invertebrate animals,
which are unprovided with anything analogous to a nervous system.
The vapour of ether or chloroform and carbon dioxide arrest the
motion, but it is renewed on the discontinuance of the application.
The movement ceases when the cilia are deprived of oxygen, although
it may continue for a time in the absence of fre¢ oxygen, but is
revived on the admission of this gas. The contact of various sub-
stances, c¢.g., bile, strong acids, and alkalis, will stop the motion
altogether; but this depends on destruction of the delicate substance
of which the cilia are composed. Temperatures above 45° C. and near
0°C. stop the movement, whereas moderate heat and dilute alkalis
are favourable to the action, and revive the movement after temporary
cessation. The exact explanation of ciliary movement is not known;
whatever may be the precise cause, the movement must depend upon
some changes going on in the cell to which the cilia are attached, as
when the latter are cut off from the cell the movement ceases, and
when severed so that portions of the cilia are left attached to the
cell, the attached and not the severed portions continue the move-
ment. It has been suggested by Engelmann that the contractile part
of the protoplasm is only on the concave side of a curved cilium, and
that when this contracts the cilium is brought downwards; when
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relaxation occurs, the cilium rebounds by the elastic recoil of the
convex border. }

Schafer has suggested that the flow of hyaloplasm backwards and
forwards will explain ciliary as it will amceboid movement. In an
ameeboid cell, the spongioplasm is irregular in arrangement, hence an
outflow of hyaloplasm from it can occur in any direction. But in
the curved projection called a cilium, the hyaloplasm can obviously
flow in only one direction into the cilium and back again. The flow
of hyaloplasm into the cilium will raise the pressure there and cause
it to straighten; a movement in the reverse direction will cause the
cilium to curve.

The action of dilute alkalis and acids on cilia is interesting.
Dilute acids stop ciliary motion; and cilia, if allowed to act in salt
solution for a time, get more and more languid, and finally cease
acting ; in popular language they become fatigued. Now we shall
find in muscle that fatigue is largely due to the accwunulation of the
acid products of muscular activity ; remove the sarco-lactic acid and
fatigue passes off. It is probable that the same occurs in other
contractile tissues; the cilia gradually stop, due to acid products of
their activity collecting around them;
when these are neutralised with dilute
alkali the cilia resume activity.

A AL FII//,%
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Nutrition of Epithelium.

Epitheliuin has no blood-vessels;
it 18 nourished by lymph. When the
blood is circulating through the thin-

e walled small blood - vessels in the
F1o. 86.—Colls from the middle layers of tissues beneath the epithelium, some

stratified epithelium, from a vertical ) . . .

soction of the gum of a mew-born. Of its fluid constituents escape. This

s e e e e fluid is called lymph ; it penetrates to

or intercellular bridges of protoplasm. g]] parts of the cellular elements of

(Klein.)

tissues and mnourishes them. In the
thicker varieties of eplthehum the presence of the irregular minute
channels between the cells (fig. 36) enables the lymph to soak more
readily between the cells than it would otherwise be able to do.
Epithelium is also destitute of nerves as a rule. But in stratified
epithelium, particularly that covering the cornea at the front of the
eye and in the deeper layers of the epidermis, a plexus of nerve-

fibrils is found.
Chemistry of Epithelium.

There is not much to add to what has been already stated con-
cerning cells; protoplasm and nucleus have the same composition as
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has been mentioned in Chapter II. Two new substances have,
however, been mentioned in the foregoing chapter—namely, mucin
and keratin.

Mucin.—This is a widely distributed substance occurring in
epithelial cells or shed out by them (see goblet cells, fig. 30). It also
forms the chief constituent of the cementing substance between
epithelial cells. We shall again meet with it in the intercellular
substance of the connective tissues. The mucins obtained from
different sources vary somewhat in composition and reactions, but
they all agree in the following points:—

(a) Physical character: viscid and tenacious.

(b) Precipitability from solutions by acetic acid. They all dis-

solve in dilute alkalis, such as lime-water.

(c) They are all compounds of protein, with a carbohydrate
derivative; by treatment with mineral acid (hydrolysis), a
reducing but non-fermentable sugar-like substance glucos-
amine is liberated.

The substance mucin, when it is formed within cells (goblet cells,
cells of mucous glands), is preceded in the cells by granules of a
substance which is not mucin, but is readily changed into mucin.
This precursor, or mother-substance of mucin, is called mucigen or
MUCTNOGen.

Keratin, or horny material, is the substance found in the surface
layers of the epidermis, in hairs, nails, hoofs, and horns. It is very
insoluble, and chiefly differs from other proteins in its high per-
centage of sulphur.

The silver nitrate reaction of cementing substance. The principal
chemical reaction which is employed by histologists for demonstrat-
ing the cement or intercellular substance which binds epithelial cells
together was formerly supposed to consist in the formation of a
silver-protein compound which was reduced by sunlight. Macallum
has conclusively shown that this is not the case, but that it is an
inorganic reaction. Cementing material is specially rich in chlorides
(mainly sodium chloride); the addition of silver nitrate leads to
the formation of silver chloride, and it is this which is reduced by
light. The silver reaction obtained in other tissues is similarly
explained: in fact silver nitrate is a micro-chemical reagent for
detecting the localities in the body where chlorides oceur. According
to Macallum the nuclei of all cells are entirely free from chlorides.



CHAPTER 1V
THE CONNECTIVE TISSUES

THE connective tissues are the following :—

1. Areolar tissue. 6. Jelly-like tissue.
2. Fibrous tissue. 7. Cartilage.

3. Elastic tissue. 8. Bone.

4. Adipose tissue. 9. Dentine.

5. Retiform and lymphoid tissues. 10. Blood.

At first sight these nwmerous tissues appear to form a very
heterogeneous group, including the most solid tissues of the body
(bone, dentine) and the most fluid (blood).

But on examining a little more deeply, one finds that the group-
ing of these apparently different tissues together depends on a number
of valid reasons, which may be briefly stated as follows :—

1. They all resemble each other in origin. All are formed from

the mesoderm, the middle layer of the embryo.

2. They resemble each other structurally; that is to say, the
cellular element is at a minimum, and the intercellular
material at a maximum.

3. They resemble each other functionally; they form the skeleton,
and act as binding, supporting, or connecting tissues to the
softer and more vital tissues.

An apology is sometimes made for calling the blood a tissue,
because one’s preconceived idea of a tissue or texture is that it must
be something of a solid nature. But all the tissues contain water.
Muscular tissue contains, for instance, at least three-quarters of its
weight of water. Blood, after all, is not much more liquid than
muscle. Blood, moreover, contains cellular elements analogous to the
cells of other tissues, but separated by large quantities of a fluid
intercellular material called blood-plasma.

Blood is also mesodermic, and thus the two first characteristics of
a connective tissue are present. It does not fulfil the third condition
by contributing to the support of the body as part of the skeleton,
but it does so in another sense, and serves to support the body by
conveying nutriment to all parts.

28
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Areolar Tissue.

This is a very typical connective tissue. It has a wide distribu-
tion, and constitutes the subcutaneous, subserous, and submucous
tissues. It forms sheaths (fascie) for muscles, nerves, blood-vessels,
glands, and internal organs, binding them in position and penetrat-
ing into their interior, supports and connects their individual parts.

Fia. 87.—Loose areolar tissue from the subcutaneous tissue of the cat. x 800. This shows the two
varieties of fibres, and two of the varieties of connective-tissue corpu%]pq namely, the lamellar
cells or hbroblasts and a wander cell. 1, Lamellar cell; 2, wander cell; 8, elastic fibres; 4,
bundles of white fibres. (After Szymonowu:r )

On microscopic examination it is seen that this typical connective
tissue consists of four different kinds of material, or, as they may be
termed, Astological elements. They are :—

(a) Cells, or connective-tissue corpuscles.

(b) A homogeneous matrix, ground substance, or intercellular

material.

(c) White fibres 1 .

( dg Yellow or elastic fibres 5 These are deposited in the matrix.

In considering these four histological elements we may first take
the fibres, because they are the most obvious and abundant of the
structures observable.

The white fibres. These are exquisitely fine fibres collected into
bundles which have a wavy outline. The bundles run in different
directions, forming an irregular network, the meshes between which
are called areole ; hence the name areolar.

They are composed of the chemical substance called collagen. On
boiling they yield gelatin; some chemists regard collagen as the
anhydride of gelatin; but whether this is so or not, the gelatin is
undoubtedly derived from the collagen. Gelatin is a protein though
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it has certain characters which distinguish it from most mewmbers of
the large protein family. Its most characteristic property is its
power of jellying or gelatinising; that is, it is soluble in hot water,
and on cooling the solution it sets into a jelly.

The yellow or elastic fibres. These are seen readily after the white
fibres are rendered almost invisible Ly treatment with dilute acetic

F1a. 89.— Ramitied prgment
cells, from the tissue of
F1a, 88.—Horizontal preparation of the cornea ot the chorord coat of the
frog, stained with gold chloride; showing the eye. X 850, «, Cell with
network of branched corneal corpuseles. The pigment; b, colourless
ground substance is completely colourless. tusiform cells.  (Kolh-

X 400. (Klein.) ker.)

acid, or after staining with such dies as magenta and orcein, for which
clastic fibres have a great aflinity. They are bigger than the white
fibres, have a distinet outline, and a straight course; they run singly,
branch, and join neighhouring fibres.

The material of which the elastic fibres are composed is called
clastin, another somewhat exceptional protein. It is unaltered, as
we have seen, by dilute acid. It also resists the action of very
strong acid, and is not affected by boiling water.

Connective-tissue corpuscles.  These are the cells of conneclive
tissue; the following are the varicties most frequently seen.

1. Zamellar cells (fig. 37). These are branched, and the branches

of neighbouring cells may unite as in the cornea (fig. 38);
they were formerly called fibroblasts fromn the mistaken
idea that they gave rise to the formation of fibres.

2. Pigment cells. These are lamellar cells laden with a brown
or black pigment. They are scen in the subeutaneous
tissues of many animals, ¢g. the frog, and in the choroid
coat of the eyeball (fig. 39).

3. Mast-cells. These arc usnally unbranched, and their proto-
plasm is crowded with albuminous granules which are
stained deeply by gentian-violet and other basic dyes.
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They are most abundant in the neighbourhood of blood-
vessels (fig. 40). The name was given to them by Ehrlich,
who erroneously believed that they multiplied on a rich
diet. Certain cells called clasmatocytes by Ranvier are very
like the mast-cells, but their protoplasm branches.

Fra. 40.—Subeutaneous areolar tissue of the rat, showing a small blood-vessel, with numerous mast-
cells in the neighbourhood, also two fat-cells. x 540. 1, Small blood-vessel; 2, mast-cell; 8,
fat-cell. (After Szymonowicz.)

4. Wander cells. White blood-corpuscles which have emigrated

from the neighbouring blood-vessels.

The ground-substance. This is represented in fig. 37 by the
shaded background.

It may be readily demonstrated in a silver nitrate preparation
(fig. 41); for the intercellular material has the same property of
reducing silver salts in the sun-
light that the cement-material of
epithelium has (see p. 27). It
becomes in consequence dark
brown, with the exception of the
spaces occupied by the corpuscles.

The spaces are considerably
larger than the cells; they inter-
communicate with each other, and
thus form a ramifying network
of irregular channels, which were
first t.ermed by V. Recklinghausen F1o. 41.—Ground-substance of connective Lissne,
the little juice canals. Avcolar — jguelbysiumntme, ooty
tissue is certainly provided with
blood-vessels, but the tissue elements are, as in all tissues, provided
with nutriment by the exudation from the blood called /ymph. The
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system of communicating cell-spaces enables the lymph to penetrate
to every part of the tissue.

Fibrous Tissue.

This is a kind of connective tissue in which the white fibres pre-
dominate; it is found in tendons and ligaments, in the periosteum,
dura mater, true skin, the sclera
of the eye, and in the thicker
fasciee and aponeuroses of muscle.

The tissue is one of great
strength ; this is conferred upon
it by the arrangement of the
fibres, the bundles of which run
parallel, union here, as elsewhere,
giving strength. The cells in
tendons (fig. 42) are forced to take
up a similar orderly arrangement,
and are arranged in long chains in
the ground-substance separating
the bundles of fibres, and are more
F1o. 42.—Caudal tendon of young rat, showing the OI'. less regularly qua'dmlate}"al

arrangm‘wnt,form,andstructureofﬂmtendon with Iarge round nuclei contain-

el e bl of Wit Uhton bbwoen iy uclooli, which are generally
and indistinct by the application of “acetic placed 80 as to be uearly con-

acid. (Klein.) . . .

tiguous in every pair of cells.

The cell spaces in which the cells lie are in arrangement like the -
cells; they can be brought into relief by staining with silver nitrate
(see tig. 43).

F1a. 48.—Cell spaces of tendon, brought into view by treatment with silver nitrate.
(After Schafer.)

Elastic Tissue.

This is a form of connective tissue in which the yellow or elastic
fibres predominate. The yellow fibres (see fig. 44) are larger than
those found in areolar tissue, and are bound into bundles by areolar
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tissue. It is found in the ligamentum nuche of the ox, horse, and
many other animals; in the ligamenta flava of man; in the
arteries and veins, constituting the fenestrated coat of Henle; in the
lungs and trachea; in the stylo-hyoid, hyo-thyroid, and ericothyroid
ligaments ; and in the true vocal cords.

Elastic tissue, being extensible and elastic (4., recoiling after it
has been stretehed), has a most important use in assisting muscular

Fia. 45.—Transverse section
ofa portion of ig.nuchwe,

. showing the angular out-
Ime of the fibres.  (After
Stohr.)

Fi6. 44.—Klastic fibres from the
ligamenta flava.  x 200.
(Sharpey.)

tissue in a mechanical way, and so lessening the wear and tear of such
an important tissue as muscle. Thus, in the ligamenta flava of the
human vertebral column it assists in the maintenance of the erect
posture; in the ligamentum nuchwe in the neck of quadrupeds it
assists in the raising of the head and in keeping it in that position.
In the arterial walls, and in the air tubes and lungs, it has a simnilar
important action, as we shall see when discussing the subjects of the
circulation and respiration.

Adipose Tissue.

In almost all regions of the human body a larger or smaller quantity
of adipose or fatty tissuc is present; the chief exceptions are the
subcutancous tissue of the eyelids, penis, and scrotum, the nymphe,
and the cavity of the craniun.

Adipose tissue is developed in connection with arcolar tissue, and
forms in its meshes little masses of unequal size and irregular shape,
to which the term lobu/es is applied.

Under the microscope each lobule is found to consist of little

B



34 THE CONNECTIVE TISSUES [CH. IV.

vesicles or cells which present dark, sharply-defined edges when
viewed with transmitted light: they are about 3y or iy of an
inch in diameter; each consists of a structureless and colourless .
membrane or bag formed of the remains of the original protoplasm
of the cell, filled with fatty matter, which is liquid during life, but
is in part solidified (or sometimes crystallised) after death. A
nucleus is always present in some part or other of the cell proto-
plasm, but it is not easily visible unless the tissue is stained.

The oily matter contained in the cells is composed of the com-
pounds of fatty acids with glycerol, which are named olein, stearin,
and palmitin. On the addition of osmic acid, fat-cells are stained
black; this is due to the olein present, which reduces the osmium
tetroxide to a lower oxide, which has a black colour. Fat is
stained deep yellow by Sudan III. and red by Scharlach R. '

Fat-cells are developed from connective-tissue corpuscles; these
cells may be found exhibiting every intermediate gradation between

an ordinary corpuscle and a mature fat-

. cell. The process of development is as
follows: a few small drops of oil make
their appearance in the protoplasm, and
by their confluence a larger drop is
produced: this gradually increases in size
at the expense of the original protoplasm
of the cell, which becomes correspondingly
diminished in quantity till in the mature
cell it only forms a thin film, with a
i, 46, —TFat-cells f(rﬁlﬁi ho flattened nucleus imbedded in its substance

' “ (figs. 40 and 46). )

A large number of blood-vessels are found in adipose tissue, which
subdivide until each lobule of fat contains a fine meshwork of capil-
laries ensheathing each individual fat-cell.

Among the uses of adipose tissue these are the chief :—

a. It serves as a store of combustible matter which may be
reabsorbed into the blood when occasion requires, and, heing used
up in the metabolism of the tissues, helps to preserve the heat of
the body.

b. The fat which is situated beneath the skin must, by its want
of conducting power, assist in preventing undue waste of the heat
of the body by escape from the surface.

. ¢ As a packing material, fat serves very admirably to fill up
spaces, to form a soft and yielding yet elastic material wherewith to
wrap tender and delicate structures, or form a bed with like qualities
on which such structures may lie, not .endangered by pressure. As

_examples of situations in which fat serves such purposes may be
mentioned the palms of the hands, the soles of the feet, and the orblts
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Retiform Tissue,

Retiform or reticular tissue is a kind of connective tissue in which
the ground-substance is of more fluid consistency than elsewhere.

F1a. 47.—Retiform tissue from a lymphatic gland, from a section which has been treated with

dilute potash.

(Schafer.)

There are few or no elastic fibres in it, and the white fibres run in
very fine bundles forming a close network. The bundles are covered

and concealed by flattened con-
nective-tissue corpuscles. When
these are dissolved by dilute potash,

the fibres are plainly seen (fig. 47). =i

Adenoid or Lymphoid Tissue.

This is retiform tissue in which
the meshes of the network are
largely occupied by lymph cor-
puscles. In certain foci these are
actively multiplying; they getinto
the lymph stream, which washes
them into the blood, where they
become the variety of colourless
corpuscles called lymphocytes. It
is found in the lymphatic glands,
the thymus, the tonsils, in the
follicular glands of the tongue, in
Peyer’s patches, and in- the soli-
tary glands of the intestines, in

F16. 48.—Part of a section of a lymphatic gland
from which the corpuscles have been for the
most part removed, showing the supporting
retiform tissue. (Klein and Noble 8mith.)

the Malpighian corpuscles of the spleen, and under the epithelium

of many mucous membranes.
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Jelly-like Connective Tissue.

We have now considered connective tissues in which fibres of one
or the other kind predominate, and some in which the cells are in
preponderance. We come lastly to a form of connective tissue in
which the ground-substance is greatly in excess of the other histological
elements. This is called jelly-like connective tissue. The cells and
fibres scattered through it are few and far bhetween. It is found
largely in the embryo, notably in the Whartonian jelly, which sur-
rounds and protects the blood-vessels of the umbilical cord. In the
adult it is found in the vitreous humour of the eye.

The occurrence of large quantities of ground-substance in such
tissues has enabled physiologists to examine its chemical nature.
Its chief constituents are water, and one or more varieties of mucin-
like substances termed mucoids and mineral salts (especially sodium

chloride).



CHAPTER V
THE CONNECTIVE TISSUES (continued)

Carrtinack, Bong, TEETH, DLoOD

Cartilage.
CARTILAGE is popular ly tern el btle 1t may be divided into two
chief kinds: Hyaline cartilage ; ¢ the matrix or ground-substance

is clear and free from hbres ﬁbo tlaJ herc the matrix is per-

i im
. M

F16. 49.—Bection of ar a, Groupoft b, group of four cells ; d, protoplasm o
fa t gran c, cleus. (Af Sch )

vaded with connective-tissue fibres; when these are of the whlte
variety, the tissue is white ﬁbro-cartilage; when they are of the yellow
or elastic variety, the tissue is yellow or elastic fibro-cartilage.
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Hyaline Cartilage is found in the following places : —

1. Covering the articular ends of bones; here it is called articular
cartilage (fig. 49).

2. Forming the rib-cartilages; here it is called costal cartilage.

3. The cartilages of the nose, of the windpipe, of the external
auditory meatus, and the greater number of the laryngeal cartilages.

4. Temporary cartilage: rods of cartilage which prefigure the
majority of the bones in process of development.

Hyaline cartilage in many situations (costal, laryngeal, tracheal)
shows a tendency to become calcified late in life.

On boiling, the ground-substance of cartilage yields a material
«called chondrin. This resembles gelatin very closely, and the differ-
ences in its reactions are due to the fact that chondrin is not a
chemical individual, but a mixture of gelatin with varying amounts
of mucoid substances.

‘White Fibro-Cartilage occurs—

1. As inter-articular fibro-cartilage—e.g., the semilunar cartilages
of the knee-joint.

2. As circumferential or marginal cartilage, as on the edges of the
acetabulum and glenoid cavity.

3. As connecting cartilage—e.g., the inter-vertebral discs.

..~ Fibrous
I matrix.

. Fia. 51.—Yellow or elastic fibro-cartilage.
F16. 5).—White!fibro-cartilage. (Cadiat.) (Cadiat.)

In this kind of fibro-cartilage it is not unusual to find portions so
densely fibrous that no cells can be seen; but in other parts con-
tinuous with these, cartilage-cells are freely distributed.

Yellow -or Hlastic Fibro-Oartilage is found in the pinna of
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the external ear, in the epiglottis and cornicula laryngis, and in
the Eustachian tube.

The cells in this variety of cartilage are rounded or oval, with
well-marked nuclei and nucleoli (fig. 51). The matrix in which they
are seated is pervaded in all directions by fine elastic fibres, which
form an intricate interlacement about the cells: a small and variable
quantity of non-fibrillated hyaline intercellular substance is present
around the cells.

Development of Cartilage.—Like other connective tissues, car-
tilage originates from mesoderm; the cells are unbranched, and the
disposition of the cells in fully formed cartilage in groups of two,
four, ete., is due to the fact that each group has originated from the
division of a single cell, first into two, each of these again into two,
and so on. This process of cell division is accompanied with the
usual karyokinetic changes.

Each cell deposits on its exterior a sheath or capsule; on division
each of the daughter-cells deposits a new capsule within this, and
the process may be repeated.

Thus the cells get more and more separated. The fused capsules
form a very large part of the matrix, and indications of their previous
existence may sometimes be seen in fully formed cartilage by the
presence of faint concentric lines around the cells.

In a variety of cartilage found in the ears of rats and mice, called
collular cartilage, the cells never multiply to any great extent, and
they are only separated by their thickened capsules.

But in most cartilages the cell-capsules will not explain the
origin of the whole matmx for intercellular material accumulates
outside the capsules and still further separates the cells.

Bone.

Bone contains nearly 50 per cent. of water; the solid material is
composed of earthy and antmal matter in the proportion of about 67
per cent. of the former to 33 per cent. of the latter. The earthy
matter is composed chiefly of calcium phosphate, but besides this,
there is a small quantity (about 11 of the 67 per cent.) of calcium
carbonate, calcium fluoride, and magnesium phosphate.

The animal matter is chiefly collagen, which is converted into
gelatin by boiling.

The animal and earthy constituents of bone are so intimately
blended and incorporated the one with the other, that it is only by
severe measures, as for instance by a white heat in one case and by the
action of concentrated acids in the other, that they can be separated.
Their close union, too, is further shown by the fact that when by
acids the earthy matter is dissolved out, or on the other hand when
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the animal part is. burnt out, the shape c¢f the bone is alike
preserved.

The proportion between these two constituents of hone varies
slightly in different bones in the same individual and in the same
bone at different Ages.

To the naked eye there appear two kinds of structure in different
bones, and in different parts of the same bone, namely, the dense or
compact, and the spongy or cancellous tissue. Thus, in making a
longitudinal section of a long bone, as the humerus or femur, the
articular extremitios are found capped on their surface by a thin
shell of compact bone, while their interior is made up of the spongy
or cancellous tissue. The shaft, on the other hand, is formed almost
entirely of a thick layer of the compact bone, and this surrounds a
central canal, the medullary cavity—so called from its containing the
medulle or marrow.

In the flat hones, as the parietal bone or the scapula, the can-
cellous structure (diploé) lies between two layers of the compact
tissue, and in the short and irregular bones, as those of the carpus
and forsus, the cancellous tissue fills the interior, while a thin shell
of com lnl,t,t bone forms the outside.

Fia. 52.—Cells of the red marrow of the guinea-pig, highly magnified.  «, A large cell, the nucleus of
which appears to be partly divided into three by constrictions; b, a cell, the nucleus of which
shows an appearance of being constricted into a number of smaller nuelei; e a so-called giant cell
or myeloplaxe, with many nncelei; d, a smaller myeloplaxe, with three nuclei; e—ié, proper cells of
the marrow. (. 8. Schafer.)

.

Marrow.—There are two distinct varieties of nmrrow—thc red
and yellow.

HRed marrow is the connective tissue which occupies the spaces in
the cancellous tissue; it is highly vascular, and thus maintains the
nutrition of the spongy bone, the interstices of which it fills. It
contains a few fat-cells and a large number of marrow-cells. The
marrow-cells are amcwboid, and resemble lurge leucocytes; the
granules of some of these cells stain readily with acid and necutral
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dyes, but a considerable number have coarse granules. which stain
readily with basic dyes such as methylene blue. Among the cells
are some smaller nucleated cells of the same tint as coloured blood-
corpuscles. These are termed erythroblasts. From them the coloured
corpuscles of the blood are developed. There are also a few large
cells with many nuclei, termed giant cells or myeloplaxes (fig. 52).

Yellow marrow fills the medullary cavity of long bones, and con-
sists chiefly of fat-cells with numerous blood-vessels; many of its
cells also are the colourless marrow-cells just mentioned.

Periosteum and Nutrient Blood-vessels.—The surfaces of
bones, except the part covered with articular cartilage, are clothed
by a tough, fibrous membrane, the periostewm ; and it is from the
blood-vessels which are distributed in this membrane, that the bones,
especially their more compact tissue, are in great part supplied with
nourishment ; minute branches from the periosteal vessels enter the
little foramina on the surface of the bone, and find their way to the
Haversian canals, to be immediately described. The long bones are
supplied also by a proper nutrient artery which, entering at some
part of the shaft so as to reach the medullary cavity, breaks up into
branches for the supply of the marrow, from which again small
vessels are distributed to the interior of the bone. Other small
blood-vessels pierce the articular extrewmities for the supply of the
cancellous tissue.

Microscopic Structure of Bone.—Notwithstanding the differ-
ences of arrangement just mentioned, the structure of all bone is
found under the microscope to be essentially the same.

Examined with a rather high power, its substance is found to
contain a multitude of small irregular spaces, approximately fusi-
form in shape, called lacune, with very minute canals or canaliculs
leading from them, and anastomosing with similar little prolonga-
tions from other lacune (fig. 53). In very thin layers of bone, no
other canals but these may be visible; but on making a transverse
section of the compact tissue as of a long bone, ¢.g., the humerus or
ulna, the arrangement shown in fig. 53 can be seen.

The bone is mapped out into small circular districts, at or about
the centre of each of which is a hole, around which is an appearance
as of concentric layers; the lacune and canaliculi follow the same
concentric plan of distribution around the small hole in the centre,
with which indeed they communicate.

On making a longltudmal section, the central holes are found to
be simply the cut extremities of small canals which run lengthwise
through the bone, anastomosing with each other by lateral branches
(fig. 54); these canals are called Haversian canals, after the name
of the physician, Clopton Havers, who first accurately described
them. They are occupied by blood-vessels.

B2
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Fia. 68.—Transverse section of compact bony tissue (of humerus). Three of the Haversian canals are
seen, with their concentric rings ; also the lacunie, with the canaliculi extendingfrom them across
the direction of the lamelliv.  The Haversian apertures were filled with air and d¢bris in grinding
down the section, and therefore appear black in the figure, which represents the object as viewed
with transmittod light. The Haversian systems are so closely packed in this section, that scarcely
any interstitial lamellic are visible. x 150. (Sharpey.)
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Fia. b4.—Longitudinal section from the humau ulna, Fia, 5. —Bone-corpuscles with their processes
showing Haversian canals, Jacunw, and canali- as seen inoa thin seetion of human bone.
culi.  (Rollett.) (Rollett.)
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The lacunee are occupied by branched lenticular-shaped cells,
which are called bone-cells, or bone-corpuscles (fig. H5); these closely
resemble connective-tissue corpuscles.  Bone is thus essentially con-
nective tissue, the ground-substance of which is impregnated with
lime salts. The bone-corpuscles with their processes, occupying the
lacunee and canaliculi, correspond exactly to the connective-tissue
corpuscles lying in branched spaces. The connection of the lacunz by
the canaliculi allows the nutrient Iymph to pass from place to place.

Lamellee of Compact Bone.—In the shaft of a long bone three
distincet sets of lamelle can be clearly recognised.

F1a. 56.—Thin layer peeled
off from a softened bone.
This tigure, which is in-
tended to represent the
reticular structure of a

lamella, gives a better F1a. 57.—Lamelle torn off from a decalcifiod human
idea of the object when parietal bone at some depth from the surface.
held rather farther off a, a, Lamelle, showing intercrossing fibres;
than usual from the eye. b, datker part, where several lamelle are super-
X 400. (Sharpey.) posed ; ¢, perforating fibres. Apertures, through

which ¥eﬁoratixxu fibres had passed, aro seen
especially in the lower part, a, a, of the figure.
(Allen Thomson.)

1. Cirewmferential lamellee; these are concentrically arranged
just beneath the periosteum, and around the medullary cavity.

2. Hawersian lamellee ; these are concentrically arranged around
the Haversian canals to the number of six to eighteen around each.

3. Interstitial lamellee; these connect the systems of Haversian
lamellee, filling the spaces between them, and consequently attaining
their greatest development where the Haversian systems are few, and
vice versd.

The ultimate structure of the lamellee is fibrous. If a thin film
is peeled off the surface of a bone, from which the earthy matter has
been removed by acid, and examined with a high power of the micro-
scope, it will be found composed of very slender fibres decussating
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obliquely, but coalescing at the points of intersection, as if here the
fibres were fused rather than woven together (fig. 56). These are
called the intercrossing fibres of Sharpey ; they correspond to the white
fibres of connective tissue, and form the source of the gelatin obtained
by boiling bone.

In many cases, as in the parietal bone, the lamelle are perforated
by tapering fibres called the perforating fibres of Sharpey, resembling
in character the ordinary white or more rarely the elastic ﬁbres,
which bolt the neighbouring lamelle together, and may be drawn out
when the latter are torn asunder (fig. 57). These perforating fibres
originate from ingrowing processes of the periosteum, and in the adult
still retain their connection with it.

Development of Bone.—From the point of view of their develop-
ment, all bones may be subdivided into two classes :—

(2) Those which are ossified directly or from the first in a fibrous
membrane afterwards called the periosteum—e.g., the bones forming
the vault of the skull, parietal, frontal, and a certain portion of the
occipital bones.

(b) Those whose form, previous to ossification, is laid down in
hyaline cartilage—e.g., humerus, femur.

The process of development, pure and simple, may be best studied
in bones which are not preceded by cartilage; and without a know-
ledge of this process (ossification in membranc), it is impossible to
understand the more complex series of changes through which such
a structure as the cartilaginous femur of the feetus passes in its
transformation into the bony femur of the adult (ossification in
cartilage).

Ossification in Membrane.—The membrane, afterwards forming
the periosteum, from which such a bone as the parietal is developed,
consists of two layers—an external fibrous, and an internal cellular or
osteogenetic.

The external layer is made up of ordinary fibrous tissue. The
internal layer consists of a network of fine fibrils with a large number
of nucleated cells (osteoblasts), some of which are oval, others drawn
out into long branched processes: it is more richly supplied with
capillaries than the outer layer. It is this portion of the periosteum
which is immediately concerned in the formation of bone.

In such a bone as the parietal, ossification is preceded by an in-
crease in the vascularity of this membrane, and then spicules, starting
from a centre of ossification near the centre of the future bone, shoot
out in all directions towards the periphery. These primary bone
spicules consist of fibres which are termed osteogenctic fibres; they
are composed of a soft, transparent substance called osteogen, around
and between which calcareous granules are deposited. The fibres in
their precalcified state are likened to bundles of white fibrous tissue,
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to which they are similar in chemical composition, but from which
they differ in being stiffer and less wavy.  The deposited granules
after a time become so numerous as to imprison the fibres, and hony
spiculae result. By the junction of the osteogenetic fibres and their
resulting bony spicules a meshwork of bone is formed.  The osteo-
genetic fibres, which become indistinet as caleification proceeds, persist
in the lamellie of adult bone as the intercrossing fibres of Sharpey.
The osteoblasts, being in part retained within tho bony layers thus
produced, form bone corpuscles. On the bony trabecule first formed,

Fiu. 58.—Part of the growing edge of the developing parietal bone of a fu tal cat. sp, Bony spieules with
some of the osteoblasts imboedded in them, producing the lacun 5 of, osteogenetic libres prolonging
the spicules with osteoblasts (ost) between them and applied to {hem. (hdmer)

layers of osteoblastic cells from the osteogenetic layer of the perios-
teum repeat the process just described ; and as this oceurs i several
thicknesses, and also at the edges of the spicules previously formed,
the bone increases, both in thickness, length and breadth. The pro-
cess is not completed by the time the child is born; hence the fonta-
nelles or still soft places on the heads of infants. Jng. 58 represents
a small piece of the growing edge of a parietal hone.

The bulk of the primitive spongy bone is in time converted into
compact bony tissue, with Haversian systems. Those portions in the
interior not converted into bone become filled with the red marrow
of the cancellous tissue.
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Ossification in Cartilage.—Under this heading, taking the femur
or any other long bone as an example, we have to consider the process

Fic. b9.—Sectionjof two firtal phalanges ; the carti-
lage-cells in the centre of B are enlarged and
separated from one another by calcified matrix,
im, Layer of bone deposited under the perios.
teum; o, layer of osteoblasts by which this
layer was formed. The rows of cartilage-cells
are seon on each side of the centre of calcifica-
tion. In A, the terminal phalanx, the changes
begin at the tip. (After Dixey.)

by which the solid cartilaginous
rod which represents the bone in
the feetus is converted into the
hollow cylinder of compact bone
with expanded ends formed of
cancellous tissue of which the
adult bone is made up. We must
bear in mind the fact that this
foetal cartilaginous femur is
many times smaller than even
the medullary cavity of the shaft
of the mature bone, and, there-
fore, that not a trace of the
original cartilage can be present
in the femur of the adult. Its pur-
pose is indeed purely temporary ;
and, after its calcification, it is
gradually and entirely absorbed.

The cartilaginous rod which
forms the precursor of a feetal
long bone is sheathed in a mem-
brane termed the perichondrium,
which exactly resembles the peri-
osteum just described.

Between the cartilaginous pre-
figurement of which the feetal
long bone consists and the adult
bone there are several inter-
mediate stages.

The process may, however, be
most conveniently described as
occurring in three principal
stages.

The first stage consists of two
sets of changes, one in the carti-

- lage, the other under the peri-
~ chondrium.
- side by side.

These take place
In the cartilage
the cells in the middle * hecome

* This is the case in nearly all the
long bones, but in the terminal pha-
langes the change occurs first, not in
the middle but at their distal extremities.
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enlarged and separated from one another. The cartilage-cells on
each side get arranged in rows in the direction of the extremities of
the cartilaginous rod. If at this stage one cuts the little embryonic
bone with a knife, the knife encounters resistance, and there is a
sensation of grittiness. This is due to the fact that calcareous particles
are deposited in the matrix; and in consequence of this the matrix
stains differently with histological reagents from the unaltered
matrix. Simultaneously with this, the periosteal tissue is forming
layer after layer of true bone; this is formed exactly in the same

ir
A
r AL
)

F1a. ¢0.—Ossification in cartilage showing stage of irruption. T'he shrunken cartilage-cells are seen
in the primary arcola. At ir an irruption of the subperiosteal tissue has penctrated the sub-
periosteal bony crust. (After Schafer.)

way as in such a bone as the parietal; by the agency of the osteo-
blasts, osteogenetic fibres, and then spicules of bone, are formed by
deposit of calcareous matter. As the layers are formed, some of the
osteoblasts get walled in between the layers and become bone-cells.
In the later part of this stage the calcareous deposit between the
cartilage-cells cuts them off from nutrition, and they in consequence
waste, leaving spaces which are called the primary arcole. The
calcareous deposit creeps up between the rows of cartilage-cells,
enclosing them in calcified boxes containing one, two, or more cells
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cach. The wasting of the cells leads here also 1o the formation of
primary areol:v.

We may voughly compare the two sets of cells engaged in the
process to two races of scttlers in a new conntry.  The cartilage-cells
constitute one race, and so successfully build for themselves calcareous
homes as to be completely boxed up; so they waste and disappear,
leaving only the walls of their homes enclosing the spaces called
primary areole. The osteoblasts, the other race of cells under the

perichondrium, are forming layers of true

€3 £ 22, Dbonein that situation. Some, it is true,
— g = . o
Sz =2 £S5 get walled inin the process, and hecome
= S Coo cg .
232 853 ==2  bovecorpuscles, but the systen of inter-
S 2= £ ==& communcating lacune and canaliculi
— = — . . h R
2= 2= S £  maintains their nutrition.
S =2 E5S These two races are working side by
d L =— . > . 0 .
=2 =V =< side, and at first do not interfere with each
=S 2 S =S N .
co w22 8 other.  Dut soon comes a declaration of
S|BY =D e = . 1 we “upon the second
e S S F = e war, and we enter upon the sccond stage of
Cghteny [~ .y . . . .
= S @2 ossification, which s very appropriately
C\%T_i.)ooo % == called the stage of drruption (fig. 60).
= O—.‘ = =  Breaches occur in the hony wall which the
> Q . . .
2”5 3 = & osteoblasts have built like a girdle round
.. @; «mp e the calcifying cartilage, and through these
w@" the perichondrial tissue pours an invading
1Y) army into the calcified cartilage. This

1220

consists of osteoblasts, the bone-formers;
osteoclasts, or the bone-destroyers; the
latter are large cells, similar to the
myeloplaxes found in marrow (fig. 52).
Wi There are also a few fibres, and a store
Al of nutrient supply in the shape of blood-
AN vessels. o
116 61— Tromgrtudinal section of ossi Having got inside, the osteoclasts set
fying cartilage. Caleified trabecule 10 Work to demolish the homes of the
are seen extendimg between the . 3 .
columus of cavtalagecells. o, car.  Cartilage-cells, the walls of the primary
e e Ty ATkt yyeolae, and thus large spaces are formed,
which are called the sccondwry arcolee, or
the medwllary spaces.  On the ruins of the calcified cartilage, the
osteohlasts proceed to deposit true bone in layers, just as they were
wont 1o do in their own country, under the periosteum.

The third stage of ossification is a repetition of these two stages
towards the extremities of the cartilage. The cartilage-cells get
flattenced  and arranged in rows; calcarcous deposit occurs around
these, and primary aeoke result; then follows the advance of the
subperiosteal  tissue, the demolition of the primary areolz, the
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formation of secondary areole, and the deposit of true bone. At the
same time, layer upon layer is still being deposited beneath the
periosteum, and these, from being at first a mere girdle round the
waist of the bone, now extend towards its extremities.

The figure on p. 48 (fig. 61) is a magnified view of the line of
advance.

The bone which is first formed is less regularly lamellar than that
of the adult. The lamellee are not deposited till after birth and
their formation is preceded by a considerable amount of absorption.
To carry our simile further, the osteoblasts are not satisfied with the
rough constructions that they were first able to make, but having
exterminated the cartilage, they destroy (again through the agency
of the regiment of giant osteoclasts) their first work, and build regular
lamellie, leaving lacunw for the accommodation of those who desire
to retire from active warfare.

About this time, oo, the marrow cavity is formed by the absorp-
tion of the bony tissue that originally occupied the centre of the
shaft. Here the osteoclasts have again to do the work, and, with this
final act of destruction, all remains of any calcified cartilage of the
foctal bone entirely disappear.

The formation of a so-called cartilage bone is thus, after all, a
formation of bone by subperiosteal tissue, just as it is in the so-called
membrane bone.

After a time the cartilage at the ends of the shaft begins to ossify
independently, and the epiphyses are formed. They are not joined
on to the shaft till late in life, so that growth of the bone in length
can continue till union takes place.

Bone grows in width by the deposition of layers under the perios-
teum, like successive rings formed under the bark of a growing tree.
This was shown long before the histological details which we have
described were made out by Sharpey. Silver rings were placed by
Duhamel around the bones of young pigeons. When killed later,
the rings were completely covered in by bone; and in the animals
killed last, were even found in the central cavity. Another series of
experiments was performed upon pigs. The young animals were
fed alternately on ordinary food and food dyed by the red pig-
ment madder. The new bony tissue acts like what dyers call a
“mordant”: it fixes the dye, and the rings of bone deposited during
the madder periods were distinetly red in colour.

The importance of the periosteum in bone formation has always
been recognised by surgeons. When removing a piece of bone they
are careful, if possible, to leave the periosteum behind: this leads to
regeneration of the lost bone. If it is absolutely necessary to remove
the periosteum, successful cases have occurred in which the living
periosteum from an animal has effectively been transplanted.
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MacEwen has further shown that minute fragments of living bone
are also efficacious in virtue of the bone-cells they contain.

The Teeth.

During the course of his lifé, man, in common with most other
mammals, is provided with two sets of teeth; the first set, called the
temporary or milk-teeth, makes its appearance in infancy, and is
in the course of a few years shed and replaced by the second or
permanent set.

The deciduous or milk-teeth are ten in number in each jaw,
namely, on either side from the middle line two incisors, one canine,
and two deciduous molars, and are replaced by ten permanent teeth.
The number of permanent teeth in each jaw is, however, increased to
sixteen by the development of three molars on each side of the jaw,
which are called the permanent or true molars.

The following tables show the average times of eruption of the
Deciduous and Permanent teeth. In both cases the eruption of any
given tooth of the lower precedes, as a rule, that of the corresponding
tooth of the upper jaw.

Deciduous or Milk Teeth.
The figures indicate in months the age at which each tooth appears.

DECIDUOUS
FIRST
MOLARS,

DECIDUOUB
BECOND
MOLARS.

INCISORS. CANINES.

I 12 18 ' 24

_ Permanent Teeth.
The age at which each tooth is cut is indicated in this table in years.

BICUSPIDS OR PRE~

MOLARS.

FIRST

INCISORS.

MOLARS.

CENTRALS.

LATERALS.

FIRST. SECOND.

_. | CANINES.

SECOND

MOLARS.

THIRD
MOLARS OR
WISDOMS.

9 10

11

12

17 to 25

The times of eruption given in the above tables are only approxi-
mate: the limits of normal variation are tolerably wide. Certain
diseases affecting the bony skeleton, e.g. Rickets, retard the eruptive
period considerably. '

It is important to notice that it is a molar which is the first

tooth to be cut in the permanent dentition, not an-incisor as in
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the temporary set, and also that it appears dehind the last deciduous
molar on each side.

The third molars, often called Wisdoms, are sometimes unerupted
through life from want of sufficient jaw space and the presence of
the other teeth; cases of whole families in which their absence is a
characteristic feature are occasionally met with.

‘When the teeth are fully erupted it will be observed that the upper
incisors and canines project obliquely over the lower front teeth, and
the external cusps of the upper premolars and molars lie outside those
of the corresponding teeth in the lower jaw. This arrangement
allows to some extent of a scissor-like action in dividing and biting
food in the case of incisors; and a grinding motion in that of the
premolars and molars when the side-to-side movements of the lower
jaw bring the external cusps of the lower teeth into direct articula-
tion with those of the upper, and then cause them to glide down the
inclined surfaces of the external and up the internal cusps of these
same upper teeth during the act of mastication.

The work of the canine teeth in man is similar to that of his
incisors. Besides being a firmly implanted tooth and one of stronger
substance than the others, the canine tooth is important in preserving
the shape of the angle of the mouth, and by its shape, whether
pointed or blunt, long or short, it becomes a character tooth of the
dentition as a whole in both males and females.

Another feature in the fully developed and properly articulated
set of teeth is that no two teeth oppose each other only, but each
tooth is in opposition with two, except the upper Wisdom, usually a
small tooth. This is the result of the greater width of the upper
incisors, which so arranges the “bite” of the other teeth that the
lower canine closes in front of the upper one.

Should a tooth be lost, therefore, it does not follow that its former
opponent remaining in the mouth is rendered useless and thereby
liable to be removed from the jaw by a gradual process of extrusion
commonly seen in teeth that have no work to perform by reason of
absence of antagonists. '

Structure of a Tooth.

A tooth is generally described as possessing a crown, neck, and root.

The crown is the portion which projects beyond the level of the
gum. The neck is that constricted portion just below the crown
which is embraced by the free edges of the gum; and the 700t includes
all below this.

On making longitudinal and transverse sections through its centre
(figs. 62, 63), a tooth is found to be composed of a hard material,
dentine or ivory, which is moulded around a central cavity which
resembles in general shape the outline of the tooth; the cavity is
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called the pu/p cavity from its containing the very vascular and
sensitive pulp.

Fia. 62.-- A, Longitudinal section of 4 human molar tooth; ¢, cement; d, denvine ; e, enamel ;
B 8 L 36 H
v, pulp-cavity. (Owen.)
B, Transverse section.  The letters indicate the samo as in A.

The tooth-pulp is composed of loose connective tissue, hlood-vessels,

nerves, and large numbers of cells of varying shapes; on the sur-
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face In close connection with the dentine is a specialised layer of
cells called odontoblasts, which wre clongated colunmar cells with a
large nucleus at the tapering ends farthest from the dentine.

The Dblood-vessels and nerves enter the pulp through a small
opening at the apical extremity of each root. The nerves terminate
by branching into fine fibrillee which enter the dentinal tubes. No
lymphatics have Deen seen in the pulp.

A layer of very hard calcareous matter, the enamel or adamant,
caps that part of the dentine which projects beyond the level of the
gum ; while sheathing the portion of dentine which is beneath the
level of the gum is a layer of true bone, called the cement or erusta
petrosa.

At the neck of the tooth, where the enamel and cement come into
contact, each is reduced to an exceedingly thin layer; here the cement
overlaps the enamel, and is prolonged over it. On the surface of the
crown of the tooth, when it first comes through the jaw, is a thin
membrane called Nasmyth’s membrane, or the cuticle of the tooth.
The covering of enamel becomes thicker towards the crown, and the
cement towards the lower end or apex of the root.

Dentine or Tvory.

Dentine closely resembles bone in chemical composition. It con-
tains, however, only 10 per cent. of water. The proportion in «a
hundred parts of the solids is about twenty-cight unimel to seventy-
two of earthy matter. The former, like the animal matter ol hone,

Fic. 64.— Soction of a portion of the dentine and cement from the middle of the root of an incisor tooth.
@, Dentinal tubules ramifying aud terminating, some of them in the interglobular spaces band ¢35 d,
inner layer of the cement with numerous closely set canaliculis e, outer layer of cement 5 f, lacuna
g, canaliculi. x 800. (Killiker.)

may be converted into gelatin hy hoiling. Tt also contains a trace of

fat. The earthy matter is made up chiclly of calevwm phosphate, with

a small portion of the crbonate, and traces of coleiwu fluoride and

m a'(/n(zsi/wm 17]2,091 ihale,

Under the microscope dentine is seen to he finely channelled

by a multitude of delicate tubes, which by their inner ends com-
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anunicate with the pulp-cavity, and by their outer extremities come
into contact with the under part of the enamel and cement, and
sometimes even penetrate them for a greater or less distance (figs. 64,
66). The connective tissue matrix in which these tubes lie is com-
pletely calcified, but a visit to the dentist will convince the visitor of
the great sensitiveness of the dentine. The actual demonstration of
its nerves we owe to Mummery; the nerve fibres pass into a plexus
beneath the odontoblasts (see p. 56), where they come into relation
with a layer of stellate nerve-cells, the long unbranched processes of
which enter the dentinal tubules. «
The tubules of the dentine, the average diameter of which at
their inner and larger extremity is ;4w of an inch, contain fine
prolongations from the tooth-pulp which are processes of the odonto-
blasts, the columnar cells lining the pulp-cavity together with nerve-
fibrils; the relation of these processes to the tubules in which they
lie is similar to that of the processes of the bone-corpuscles to the
canaliculi of bone. The outer portion of the dentine, underlying the
cement, and the enamel to a much lesser degree, forms a more or less
distinct layer termed the granular or interglobular layer (fig. 64). Itis
characterised by the presence of a number of irregular minute cavities.

Enamel or Adamant.

Enamel is by far the hardest tissue in the body; il is composed of
the same inorganic compounds which enter into the composition of
dentine and bone. According to Tomes, it contains no animal matter

Fia. 65.—Euamel prisms. A, Fragments and single prisms of the transversely-striated enamel,
isolated by the action of hydrochloric acid. B, Surface of a small fragment of enamel, showing
the hexagonal ends of the fibres with darker centres. x 850. (Kolliker.) .

at all, and only 2 or 3 per cent. of water. The animal matter is, at

any rate, present in minimal amount.
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Examined under the microscope, enamel is found composed of six-
sided prisms (figs. 65, 66) g4% of an inch in diameter, which are set
on end on the surface of the dentine, and fit into corresponding
depressions in the sane.

Crusta Petrosa.

The crusta petrosa or cement (fig. 64, ¢, d) is composed of true bone,
and in it are lacune (f) and canaliculi (¢y), which sometimes com-
municate with the outer finely branched ends
of the dentinal tubules, and generally with the
interglobular spaces. Its laminge are bolted to-
gether by perforating fibres like those of ordi-
nary bone (Sharpey’s fibres). Cement differs
from ordinary bone in possessing no Haversian
canals, or, if at all, only in the thickest part.
Such canals are more often met with in teeth
with the cement hypertrophied than in the
normal tooth.

Development of the Teeth.

The first step in the development of the
teeth consists in a downward growth (fig. 67,
1) from the deeper layer of stratified epi-
thelium of the mucous membrane of the mouth,
which becomes thickened in the neighbour-
hood of the maxilla and mandible now in the
course of formation. This process passes down-
ward into a recess of the imnperfectly developed
tissue of the embryonic jaw. The downward
epithelial growth forms the common enamel or

dental germ, and its position is indicated by a F‘G'egﬁ-,,,;{";;:;gcgg;; of the
slight groove in the mucous membrane of the dentine. a, Cuticular
> B " A . pellicle of the enamel
jaw. After this there is an increased develop- (Nasmyth's membrane)
. . . , enamel colt
ment at certain points corresponding to the fissures  between  them
situations of the future milk-teeth. The com- SaviCar ol € larger
mon enamel germ thus becomes extended by communicating with the
further growth into a number of special the dentinal tubules (d).

enamel germs (fig. 68) corresponding to x 860. (Kolliker.)

each of the milk-teeth and connected to the common germ by a
narrow neck (f). Each tooth is thus placed in its own special
recess in the embryonic jaw.

As these changes proceed, there grows up from the underlying
connective tissue ‘into each enamel germ (fig. 69 p) a distinct
vascular papilla (dental papilla), and upon it the enamel germ
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hecomes moulded, and presents the appearance of a cap of two

layers of cpithelimn separated by an interval (fig. 69, f).

Whilst

part of the subeplthelml tissue is elevated to form the dental

Fru

ing laterally further than its predecessor;

some places: here portions of odontogen vemain, which in a tooth

Fi, 68,

68, 60.— Nections of the upper jaw of a fotal

N 67,
sheep. Fua 670 —1, Common enamel germ dipping

down into the mueous membrane ; 2) palatine pro-
cess of jaw 3 8, Rete Malpighi.  Fia. 68.-—1ere the
section passes through one of the speeial enamel
germs which is becoming flask-shaped; e, ¢, epi-
thelinof mouth; f, neek; f/,body of special enanmel
germ. Fia.o0.—A later stage; c,onl.]ilwufvpit,lwlimn
of gum s f, neek of cnamel germ ; f/) enamel organ;
p, papillas &, dental sac forming; fp, the u:.mul
germ of permanent toolh; m, bone of jaw 5 », vessels
cut across.  (Waldeyer and Kolliker.)

papilla, the part which hounds
the embryonie teeth forms the
dental sac (fig. 69, s); and the
rudiment of the jaw sends up
processes forming partitions
between the teeth. In this
way small chambers are pro-
duced in which the dental
sacs are contained, and thus
the sockets of the teeth are
formed. The papilla is com-
posed of nucleated cells ar-
ranged in a meshwork of
connective tissue, the outer or
peripheral part heing covered
witha layerof columnar nucle-
ated cells called odontoblasts.

These cells, either by
secretion, or as some think
by direct transformation of
the outer part of each, form
a layer of dentinal matrix
on the apex of the papilla, or
if the tooth has more than
one cusp, then at the apex
of each cusp. This layer is
first uncalcified (odontogen),

but globules of calcarcous
matter soon appear in it..

These, becoming more numer-
ous, blend into the first cap
of dentine. In the mean-
while the odontoblasts have
formed a second layer of
odontogen with this (fig.
70), and this in turn hecomes
calcified; thus layer after
layer is formed, cach extend-
the layers blend except in

macerated for histological purposes get destroyed, and appear as the
wnderglobulear spaces (lig. 64), which are so called because they ave
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hounded by the deposit of calcareous salts, which occurs, as we have
already seen, in the form of globules.

As the odontoblasts retive towards the centre, depositing layer
after layer of dentine, they leave behind them long tilaments of their
protoplasm around which the calcarcous deposit is moulded ; thus the
dentinal tubules occupied by the processes of the odontoblasts are
formed.

The other cells of the dental papilla form the cells of the 1)1111).

Fi6. 70.—Part of section of developing tooth of a
young rat, showing the mode of deposition of
the dentine.  Highly magnitied.  «, Outer
layer of fully formed dentine; b, uncaleitied
matrix with one or two nodules of caleareons
matter near the caleilied parts; ¢, odonto-
blasts sending processes into the dentine;
o, pulp; e, fusitorm or wedge-shape cells
found between odontoblasts; f, stellate cells
of pnlp in fibrous connective tissue. The
section is stained with carmine, which colours
the une (wd matrix but uoL the calcilied
part. (8. 8. Schafer.)

Formation of the enamel.—
The portion of the enamel or : LR
dental gerim that covers the Fia. Tl.—Vertical transverse section of the

dental sac, pulp, ete., of a kitten.  a, Dental
dental 1)&])1]1(}/ is at this stag_,e papilla or pulp; &, the cap of dentine formed

upon the summit ; ¢, its covering of enamel ;

called the enamel oryan. This l[I inner layer of epithelium of the enamel
T 0 a1t Q Q organ; ¢, gelatineus tissue; f, outer epithe-
COHSlth Of iour P&Itb (bOe f%:)“" lial an rof the enamel organy g, inner layer,
71 and 72) and 7, outer layer of dental sac. x 14,

N . (Thiersch.)
1. A layer of colummar epi-

thelium cells in contact with the dentine. These are called
the enamel cells, adamantoblasts, or ameloblasts.
. Two or three layers of smaller polyhedral nucleated cells, the
stratum intermedium of Hannover.
A matrix of non-vascular jelly-like tissue containing stellate
cells.
4. An outer membrane of several layers of flattened epithelium
cells.
The first three layers on an enlarged scale are seen in fig. 72.
The enamel prisms are formed by the agency of the ends of the

o

ws
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adamantoblasts which abut on the dental papilla. Each forms a fine
deposit of globules staining with osmic acid and resembling keratin
in its resistance to mineral acid. At one time it was believed that
each adamantoblast was itself calcified and converted into an emamel
prism, but this view has been disproved by recent research. The
layer of keratin-like material is outside the bodies of the cells, although
a process of each adamantoblast extends into it as a tapering fibre
(process of Tomes), and it is usually produced simultaneously with
the first layer of uncalcified dentine; when it undergoes calcifica-
tion, the first layer of cnamel is complete. The adamantoblasts
then repeat the process, first causing a deposition of keratin-like

Fia. 72.—~Highly magnified view of a piece of the enamel organ in a kitten’s canine. d, Superficial
layer of dentine; ¢, newly formed enamel stained black by osmic acid; T, Tomes’ processes from
the adamantoblasts, ad. ; str. int., stratum intermedium of the enamel organ; p, branched cells of
the enamel pulp. (After Rose.) .

material, and this in turn is calcified, and so on. During the forma-
tion of layer after layer of enamel, the adamantoblasts retire. By
the time the enamel is approaching completion the other layers
of the enamel organ have almost disappeared, and they entirely
disappear when the tooth emerges through the gum. But for some
little time there is a somewhat more persistent membrane covering
the crown; this is Nasmyth’s membrane, or the enamel cuticle ; this
is the last-formed keratinous layer of enamel which has remained
uncalcified. '

As with the dentine, the formation of enamel appears first on the
apex of each cusp.

The cement or erusta petrose is formed from the internal tissue of
the tooth sac, the structure and function of which are identical with
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those of the osteogenetic layer of the periosteum; or, in other
words, ossification in membrane occurs mn it

The outer layer or portion of the membrane of the tooth sac forms
the dental periostewm.

This periosteum, when the tooth is fully formed, is not only a
means of attachment of the tooth to its socket, but also in conjunction
with the pulp is a source of nourishment to it. Additional lamine of
cement are added to the root from time to time during the life of
the tooth (as is especially well seen in the abnormal condition called
an exostosis), by the process of ossification taking place in the perios-
teum. On the other hand, absorption of the root (such as occurs
when the milk-teeth are shed) is due to the action of the osteoclasts
of the same membrane.

In this manner the first set, or milk-teeth, are formed; and each
tooth, as it grows, presses at length on the wall of the sac enclosing
it, and, causing its absorption, is cut, to use a familiar phrase.

The deciduous or milk-leeth are later replaced by the growth
of the permanent teeth, which push their way up fromm Dbeneath
them.

Each deciduous tooth is replaced by a tooth of the permanent set,
which is developed from a small sac which was originally an offshoot
from the sac of the deciduous tooth which precedes it, and called the
cavity of reserve (fig. 69, fp). Thus the temporary incisors and
canines are succeeded by the corresponding permanent ones, the
temporary first molar by the first premolar; the temporary second
molar develops two offshoots, one for the second premolar, the other
for the permanent first molar. The permanent second molar and the
wisdom tooth are budded off from a backward extension of the
common enamel germ. »

The development of the temporary teeth commences about the
sixth week of intra-uterine life, after the laying down of the bony
structure of the jaws. Their permanent successors begin to form
about ten weeks later. The second permanent molars originate about
the third month after birth, and the wisdom teeth about the third
year.

The Blood.

A full consideration of the blood will come later, so here we shall
only rapidly and briefly enumerate its principal characters.

The blood is a fluid which holds in suspension large numbers of
solid particles which are called the corpuscles. The fluid itself is
called the plasma or liquor sangwinis. 1t is a richly albuminous fluid;
and one of the proteins in it is called fibrinogen.

After blood is shed it rapidly becomes viscous, and then sets
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into a jelly. The jelly contracts and squeezes out of the clot a
?itra,w-coloured fluid called serwm, in which the shrunken clot then
oats.

The formation of threads of a solid protein called fib»in from. the
soluble protein called fibrinogen is the essential act of coagulation;
this, with the corpuscles it entangles, forms the clof. Serum 1s plasma
minus the fibrin which it yields. The following scheme shows the
relationships of these constituents at a glance :—

{Se;ru;n
Fibrin } Clot.

The corpuscles are of two chief kinds, the red and the white.
The white corpuscles are typical ameeboid, nucleated cells.

The red corpuscles are much more numerous than the white,
averaging in man 5,000,000 per cubic millimetre, or 500 to 600 red
to each white corpuscle. 1t is these red corpuscles that give the red
colour to the blood. They vary in size and structure in different
groups of the vertebrates. In mamimals they are biconcave (except
in the camel iribe, where they are biconvex) non-nucleated discs, in
man gy inch in diameter ; during feetal life nucleated red corpuscles
are, however, found. In birds, reptiles, amphibians, and fishes they
are biconvex oval dises with a nucleus: they are largest in the
amphibia. The most important and abundant of the constituents
of the red corpuscles is the pigment which is called Aamoglobin.
This is a protein-like substance, but is remarkable as it contains a
small amount of iron (about 04 per cent.).

The blood during life is in constant movement. It leaves the
heart by the vessels called arteries, and returns to the heart by the
vessels called wveins; the terminations of the arteries and the com-
mencements of the veins are, in the tissues, connected by the thin-
walled microscopic vessels called capillarics. In the capillarics,
leakage of the blood-plasma occurs; this exuded fluid (lymph)
carries nutriment from the blood to the tissue-elements, and removes
from them the waste products of their activity. The lymph is
collected by lymphatic vessels, which converge to the main lymphatic,
called the thoracic duct. This opens into the large veins near to
their entrance into the heart; and thus the lymph is returned to
the blood.

But blood is also a carrier of oxygen, and it is the pigment
hsemoglobin which is the oxygen carrier; in the lungs the h@moglobin
combines with the oxygen of the air, and forms a loose compound of
a bright scarlet colour called ozyhemoglobin. This arterial or oxy-
genated blood is taken to the heart and thence propelled through the
arteries all over the body, where the tissues take the respiratory

Plasma
Blood {Corpuscles
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oxygen from the oxyhsemoglobin, and this removal of oxygen changes
the colour of blood to the darker tint it has in the veins. The
veins take the blood (minus a large quantity of oxygen and plus a
large quantity of carbonic acid received in exchange from the tissues)
to the heart, which sends it to the lungs to get rid of its surplus
carbonic acid, and replenish its store of oxygen; then the same round
begins over again.



CHAPTER VI
MUSCULAR TISSUE

MuscLk is popularly known as flesh. It possesses the power of con-
traction, and is, in the higher animals, the tissue by which their
movements are executed. The muscles may be divided from a
physiological standpoint into two great classes—the voluntary muscles,
those which are under the control of the will, and the ¢nvoluntary
muscles, those which are not. The contraction of the involuntary
muscles is, however, controlled by the nervous system, only by a
different part of the nervous system from that which controls the
activity of the voluntary muscles.

When muscular tissue is examined with the microscope, it is
seen to be made up of small, elongated, thread-like structures, which
are called muscular fibres ; these are bound into bundles by connective
tissue, and in the involuntary muscles there is in addition a certain
amount of cement substance, stainable by nitrate of silver, between
the fibres.

The muscular fibres are not all alike; those of the voluntary
muscles are seen by the microscope to be marked by alternate
dark and light stripings or striations; these are called tromsversely
striated muscular- fibres. The involuntary fibres have not got these
markings as a rule. There is one important exception to this rule,
namely, in the heart, the muscular fibres of which are involuntary,
but transversely striated. There are, however, histological differ-
ences between cardiac muscle and the ordinary voluntary striated
muscles. The unstriated involuntary muscular fibres found in the
walls of the stomach, intestine, bladder, blood-vessels, uterus, and
other .contractile organs are generally spoken of as plain muscular
Jibres.

From the histological standpoint there are, therefore, three
varieties of muscular fibres found in the body of the higher
animals: two of them are transversely striated, and one is not.
The relationship of this histological classification to the physiological

: 62 : :
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classification into voluntary and involuntary is shown in the follow-
ing table :—
1. Transversely striated muscular fibres:

a. In skeletal muscle . . . VOLUNTARY.
b. In cardizl;,c mﬁuscle . .
2. Plain muscular fibres : !
In blood-vessels, intestine, uterus, Invorunrany.
bladder, etc. . .

All kinds of muscular tissue are therefore composed of fibres, but
the fibres are essentially different from those we have hitherto studied
in the connective tissues. There the fibres are developed in the
intercellular material; here, in muscle, the fibres are developed from
the cells; that is, the cells themselves become elongated to form
the muscular fibres.

Voluntary Muscle.

The voluntary muscles are- those which are sometimes called
skeletal, constituting the whole of the muscular apparatus attached to
the bones.*

The fibres vary in thickness and length a good deal, but they
average 3y inch in diameter, and about 1 inch in length. Each

F1a. 78.—A branched muscular fibre from the frog's tongue. (Kolliker.)

fibre is cylindrical in shape, with rounded ends; many become pro-
longed into tendon bundles by which the muscle is attached to
bone. As a rule they are unbranched, but the muscle fibres of the
face and tongue divide into numerous branches before being inserted
to the under surface of the skin, or mucous membrane (fig. 73).
The fibres in these situations are also finer than in the majority of
the voluntary muscles.

Each fibre consists of a sheath, called the sarcolemma, enclosing
a soft material called the contractile substance. The sarcolemma is

* The muscular fibres of the pharynx, part of the oesoghagus. and of the
muscles of the external ear, though not under the control of the will, have the
same structure as the voluntary muscular fibres.
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homogeneous, elastic in nature, and especially tough in fish and
amphibia. It may readily be demonstrated in a microscopic prepara-
tion of fresh muscular fibres by applying gentle pressure to the cover
slip; the contractile substance is thereby ruptured, leaving the
sarcolemma bridging the space (fig. 74). The nuclei under these

conditions adhere to the

F1c. 74.—Muscnlar fibre torn across, the
sarcolemma still connecting the two
parts of the fibre. (Todd and Bow-

man.)

sarcolemma.
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F1a. 75.—Muscular fibre of
a mammal highly mag-
nified. The surface of
the fibre is accuvately
focussed.  (Schafer.)

The contractile substance within the sheath is made up of
alternate dises of dark and light substance.

Muscular fibres contain oval nuclei. In mammalian muscle these
are situated just beneath the sarcolemma; but in frog’s muscle they

aziivpgdae:

Fra. 76.—Portion of muscle-fibre of
water-beetle, showing network
very plainly.  One of the trans-
verse networks is split ofl, and
some of the longitudinal Lars are
shown broken off. (After Mel-
land.)

occur also in the thickness of the mus-
cular fibre. The chromoplasm of the
nucleus has generally a spiral arrange-
ment, and often there is a little granular
protoplasm (well seen in the muscular
fibres of the diaphragm) around the poles
of each nucleus.

If the surface of a fibre is carefully
focussed with a high power, rows of
apparent granules are scen lying at the
houndaries of the light streaks, and fine
longitudinal lines passing through the
dark streaks may be detected uniting the
apparent granules (fig. 75).

In specimens treated with dilute acids
or gold chloride, the granules are seen to
be connected side by side, or transversely
also. This reticulum (fig. 76), with its
longitudinal and transverse meshes, is

composed of an interstitial substance lying hetween the essentially
contractile portions of the muscle. A muscular tibre is thus made
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up of what are called fibrils or sarcostyles; and the longitudinal
interstitial substance with cross networks comprising the reticulum
just referred to is called sarcoplasm. By :
the use of cerfain reagents, such as osmic
acid or alcohol, the fibrils may be com-
pletely separated from one another.

A transverse section of a muscular
fibre (fig. 77) shows the sections of these
fibrils; the interstitial sarcoplasm is re-
presented as white in the drawing. The
angular fields separated by sarcoplasm may
still be ealled by their old name, arcas of
Cohnheim.

If, instead of focussing the surface of ¥io.77.—Transverse section through
muscular fibres of human tongue.

a fibre, it is observed in its depth, a fine The nuclef are deeply stained,
: : . . P ’ . situated at the inside of the sar.

dotted line is seen bisecting each light colomma. ' Kach mascle_fibro
1 . 1 N shows ‘“Cohnheim’s  areas.”
stripe; this has been variously termed % 450, (Klein and Noblo Smittn)

Dobic’'s line, or Krause's membrane (fig.

78). At one time this was believed to be an actual membrane
continuous with the sarcolemma. It is probably very largely an
optical effect, caused by light being transmitted between discs of
different refrangibility.

If cross membranes do exist, they are not very resistant; this was
well shown by an accidental observation first made by Kiihne, and
subsequently seen by others. A minute thread-worm, called the
Myorectes, was observed crawling up the interior of the contractile
substance of a muscular fibre; it crawled without any opposition
from membranes, and the track it left, closed up slowly behind it
without interfering with the normal cross-striations of the contractile
substance. This observation strikingly illustrates the fact that the
contractile substance in a muscular fibre is fluid, but only semi-fluid,
for the closing of the thread-worm’s track occurred slowly as a hole
always closes in a viscous material.

Another appearance which is seen is a fine clear line running
across the fibre in the middle of each dark band. 1t is called
Hensen's line or disc.

A muscular fibre may not only be broken up into fibrils, but
under the influence of some reagents, such as dilute hydrochloric
acid, it can be broken up into discs, the cleavage occurring in
the centre of each light stripe. Bowman, the earliest to study
muscular fibres with profitable results, concluded that the sub-
division of a fibre into fibrils was a phenomenon of the same
kind as the cross cleavage into discs. He considered that both
were artificially produced by a separation in one or the other
direction of particles of the fibre. The cleavage into discs is, how-

C
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ever, much rarer than the separation into fibrils; indeed, indications
of the fibrils are seen in perfectly fresh muscle before any reagent
has been added, and this is markedly evident in the wing muscles of
many insects. It is now believed that cleavage into discs is a
purely artificial phenomenon.

Haycraft, who also investigated the question of muscular
structure, concluded that the cross-striation is entirely due to

Fi1G. 78.—A, Portion of a human muscular fibre. x 800. B, Separated bundles of fibrils equally
magnified ; a, a, larger, and b, b, smaller collections; ¢, still smaller; d, d, the smallest which
could be detached, possibly representing a single series of sarcous elements. (Sharpey.)

optical phenomena. The fibrils are varicose, and where they
are enlarged different refractive effects will be produced from
those caused by the intermediate narrow portions. This view he
ingeniously supported by taking negative casts of muscular fibres
by pressing them on to the surface of collodion films. The
collodion casts show alternate dark and light bands like the
muscular fibres.

Most histologists have rejected this view, for the behaviour of the
dark stripes to various micro-chemical and staining reagents, and to
polarised light, is different from that of the light stripes. The
difference is therefore not merely one of diameter, but of chemical
" composition.

The rapidity of muscular contraction seems to be proportional
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to the clearness of the cross-striation, and insects’ muscles which are
remarkable for perfection of mechanism have consequently been
the subject of many researches. In the wing muscles of these
animals the sarcostyles are separated by a considerable quantity of
interstitial sarcoplasm, which may be of nutritive importance, and
according to some observers possesses a certain amount of contrac-
tility ; at any rate it allows the intimate structure of the individual
sarcostyles to be worked out very thoroughly. As the result of
such work, Sir E. Sharpey Schafer has arrived at the following
conclusions :—

Each sarcostyle is subdivided in the middle of each light stripe by
transverse lines (membranes of Krause) into successive portions,

C
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¥16. 79.—Barcostyles from the wing-muscles Fi6. £0.—Diagram of a sarcomere
of a wasp. in a moderately extended con-
A A', Sarcostyles showing degrees of con- dition, A, and in a contracted

traction. condition, B.

B, A sarcostyle extended with the sarcous X, k, Krause’s membranes; H,
elements separated into two parts. plane of Hensen ; 8.%.,
o, Barcostyles moderately extended (semidia- poriferous sarcous ele-
grammatic). (E. 8. Schafer.) ment. (E. 8. Schafer.)

which may be termed sarcomeres. Each sarcomere is occupied by a
portion of the dark stripe of the whole fibre; this portion of the
dark stripe may be called a sarcous element. The sarcous element
is really double, and in the stretched fibre (fig. 79, B) separates into
two at the line of Hensen. At either end of the sarcous element is
a clear interval separating it from Krause’s membrane; this clear
interval is more evident in the extended sarcomere (fig. 79, B), and
diminishes on contraction (fig. 79, o). The cause of this is to be found
in the structure of the sarcous element. It is pervaded with longi-
tudinal canals or pores open towards Krause’s membrane, but closed
at Hensen’s line. In the contracted muscle the clear part of the
muscle substance passes into these pores, disappears from view to a
great extent, swells up the sarcous element, widens it, and shortens
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the sarcomere. In the extended muscle, on the other hand, the clear
substance passes out from the pores of the sarcous element, and lies
between it and the membrane of Krause; this lengthens and narrows
the sarcomere. This is shown in the diagrams (fig. 80). It may
be added that the sarcous element does not lie free in the middle of
the sarcomere, but is attached at the sides to a fine enclosing
envelope, and at either end to Krause’s membrane by fine lines
running through the clear substance (fig. 80, A).

This view is interesting, because it brings into harmony amaeboid,
ciliary, and muscular movement. In all three instances we have
protoplasm composed of two materials, spongioplasm and hyaloplasm.
In amceeboid movement the irregular arrangement of the spongioplasm
allows the hyaloplasm to flow in and out of it in any direction. In
ciliary movement the flow is limited by the arrangement of the
spongioplasm to one direction; hence the limitation of the movement
in one direction (see p. 26). In muscle, also, the definite arrangement
of the spongioplasm (represented by the sarcous element) in a longi-
tudinal direction limits the movement of the hyaloplasm (represented
by the clear substance of the light stripe), so that it must flow either
in or out in that particular direction. The contraction of the
whole musecle is only the sum total of the contraction of all the
constituent sarcomeres.

In an ordinary muscular fibre it is stated that when it contracts,
not only does it become thicker and shorter, but the light stripes
become dark and the dark stripes light. This again is only an optical
illusion, and is produced by the alterations in the shape of the sarco-
styles, affecting the sarcoplasm that lies between them. When the
sarcous elements swell during contraction, the sarcoplasm accumulates
opposite the membranes of Krause, and diminishes in amount oppo-
site the sarcous elements; the accumulation of sarcoplasm in the
previously light stripes makes them appear darker by contrast than
the dark stripes proper. This is shown in fig. 81. There is no true
reversal of the stripings in the fibrils themselves.

That this is the case can be seen very well when a muscular fibre
is examined with polarised light. A polarising microscope contains
a Nicol’s prism beneath the stage of the microscope which polarises
the light passing through the object placed on the stage. The eye-
piece contains another Nicol's prism, which detects this fact. If the
two Nicols are parallel, the light passing through the first passes also
through the second ; but if the second is at right angles to the first,
the light cannot traverse it, and the field appears dark. If an object
on the microscope stage is doubly refracting it will appear bright in
this dark field; if it remains dark it is singly refracting. The sarco-
plasm is singly refracting or isotropous; it remains dark in the
dark field of the polarising microscope. Portions of the fibrils
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or sarcostyles are doubly refracting or anisotropous, and appear
bright in the dark field of the polarising microscope. These doubly-

refracting portions are the sarcous
elements in the dark stripes, the
clear intervals being singly re-
fracting. On contraction there
is no reversal of these appearances,
though of course the relative
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F1a. 81.—Wave of coutraction passing over a mus-
cular fibre of water-beetle. R, R, Portions of
the fibre at rest ; c, contracted part ; 1, I, inter-
mediate condition. (Schafer.)

thickness of the singly-refracting

F16. 82.—This figure (after Engelmann) illus-

trates the appearance of a muscular fibre
as examined in ordinary light (left-hand
side) and in polarised light (right-hand
side). In the upper part of the diagram
the fibre is not contracted, in the lower
part it is contracted. The dark bands are
seen t0 be bright by polarised light, owing
to their being largely made up of doubly-
refracting sarcous elements; during
contraction, fluid passes from the singly-
refracting or isotropous light band into
the doubly-refracting dark band, which,
in consequence, becomes widened out.

intervals varies inversely with

that of the doubly-refracting sarcous elements (see fig. 82).

The meaning and causation of the optical appearances of striated
muscle-fibres, and the changes they undergo during contraction,
have been the subjects of numerous hypotheses. One or two only of
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been mentioned in the preceding paragraphs,

and it should be recognised that even experts are content to leave

F1a. 83.—Three muscular fibres
running longitudinally, and
two bundles of fibres in trans-
verse section, M, from the
tongue. The capillaries, c,
are 1njected. x 150. (Klein
and Noble Smith.)

the matter very largely an open question at
present.

Blood-vessels of Muscle—The arteries break
up into capillaries, which run longitudinally
in the intervening connective tissue, trans-
verse branches connecting them (fig. 83). No
blood-vessels ever penetrate the sarcolemma.
The muscular fibres are thus, like other tissues.
nourished by the exudation from the blood
called lymph.

The motor merves of voluntary muscle
pierce the sarcolemina, and terminate in
expansions called end-plates, to be described
on p. 78.

The sensory merves of voluntary muscle
terminate in structures known as the newro-
muscular spindles, which will be dealt with

in the chapter on Sensations (p. 811).

Red Mgscles.

In many animals, such as the rabbit, and some fishes, most

of the muscles are

pale, but some few (such as the diaphragm,

crureus, soleus, semi-membranosus, in the rabbit) are red. These

muscles contract m

ore slowly than the pale muscles, and their

red tint is due to heemoglobin contained within their contractile

substance.

In addition to these physiological distinctions, there are histo-
logical differences between them and ordinary striped muscle, viz. :—

S Tuk o

Their muscular fibres are thinner.

They have more sarcoplasm.

Longitudinal striation is therefore more distinct.

Transverse striation is more irregular than usual.

Their nuclei are situated not only under the sarcolemma, but
also in the thickness of the fibre.

The transverse loops of the capillary network are dilated into

little reservoirs, far beyond the size of ordinary capillaries.

Cardiac Muscle.

The muscular fibres of the heart, unlike those of other in-
voluntary muscles, are striated; but although in this respect they
resemble the skeletal musecles, they have distinguishing character-

istics of their own.

The fibres which lie side by side are united at
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frequent intervals by short branches (fig. 84). The fibres are smaller
than those of the ordinary striated muscles, and their transverse
striation is less distinct. No sarcolemma
can be discerned. Each fibre has only one
nucleus which is situated in the middle of
its substance. At the junctions of the
fibres there is a certain amount of cement-
ing material, stainable by silver nitrate.
This is bridged across by fine fibrils from
cell to cell. Another view held is that
cardiac muscle is a continuous mass of
protoplasm (syncytvum) with nuclei at
intervals, the muscle fibrils being in con-
tinuity throughout.

Immediately beneath the lining mem-
brane of the ventricles, and in the main
connecting strand which links the auricles
or atria to the ventricles (the auriculo-ven- Fiae. 84.—Muscular fibro-cells from
tricular bundle), are found peculiar fibres tho heart.  (H. 5. Sehafer,)
known after their discoverer as Purkinge’s fibres ; these are large, clear,
quadrangular cells with granular protoplasm containing several nuclei,
and striated only on their margins. Here continuity of fibrils
is more marked than in the rest of the cardiac musculature.

Plain Muscle.

Plain muscle forms the proper muscular coats of the digestive
canal from the middle of the cesophagus to the internal sphincter
ani; of the ureters and wurinary bladder; of the trachea and
bronchi; of the ducts of glands; of the gall-bladder; of the
vesicule seminales; of the uterus and oviducts; of blood-vessels
and lymphatics; of the iris, and ciliary muscle of the eye. This
form of tissue also enters largely into the composition of the tunica
dartos, the contraction of which is the principal cause of the
contraction of the scrotum on exposure to cold. 1t occurs also in
the skin generally, being found surrounding the secreting part of the
sweat glands and in small bundles attached to the hair follicles; it
also occurs in the areola of the nipple. It is found also in Miiller’s
muscle, in the capsule and trabecula of the spleen, and in the stroma
of the ovary and prostate, ete. 1t is composed of long, fusiform cells
of fibres (fig. 85), which are not as a rule more than 534 inch long.
Each cell has an oval nucleus. The cell substance is longitudinally
but not transversely striated, and is covered by a delicate sheath.
The fibres are united by cementing material, which can be stained
by silver nitrate, and is bridged across by fine filaments passing from
cell to cell.
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The nerves in involuntary muscle (both cardiac and plain)terminate
in plexuses which ramify between and around the muscular fibres.

F1d. 86.—Muscular fibre-cells from the muscular coat of intestine—highly magnified. Note the
longitudinal striation, and in the broken fibre the sheath 1s visible.

Development of Muscular Fibres.

All muscular fibres (except those of the sweat glands, which are
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F1a. 86. — Develgp-
ing muscular fibre
from fwtus of two
months. (Ran-
vier.)

ectodermal) originate from the mesoderm. The plain

Jibres are simply elongated cells. In cardiac muscle,

the likeness to the original cells fromn which the fibres
are formed is not altogether lost.

Voluntary muscular fibres are developed from cells
which Dbecome elongated, and the nuclei of which
multiply. In most striated muscle-fibres the nuclei
ultimately take up a position beneath the sarcolemma.
Striations appear first along one side, and extend
round the fibre (fig. 86), then they extend into the
centre.

During life new fibres appear to be formed in part
by a longitudinal splitting of pre-existing fibres; this is
preceded by a multiplication of nuclei; and in part by
the lengthening and differentiation of embryonic cells
(sarcoplasts) found between the fully-formed fibres.

In plain muscle, growth occurs in a similar way:
this is well illustrated in the enlargement of the uterus
during pregnancy. After parturition the fibres shrink

to the original size, but many disappear and are removed by

absorption.



CHAPTER VII
NERVE

NEervous tissue is the material of which the nervous systemn is
composed. The nervous system consists of two parts, the central
nervous system, and the peripheral mnervous system. The central
nervous system consists of the brain and spinal cord; the peripheral
nervous system of the nerves, which conduct the impulses to and
from the central nervous system, and thus bring the nerve-centres
into relationship with other parts of the body.

Some of the nerves conduct impulses from the nerve-centres and
are called ¢fferent; those which conduct impulses in the opposite
direction are called afferent. When one wishes to move the hand,
the nervous impulse starts in the brain and passes down the efferent
or motor nerve-tracts to the muscles of the hand, which contract;
when one feels pain in the hand, afferent or sensory nerve-tracts
convey an impulse to the brain which is there interpreted as a
sensation. If all the nerves going to the hand are cut through,
all communication with the nerve-centres is destroyed, and the
hand loses the power of moving under the influence of the will, and
the brain receives no impulses from the hand, or, as we say, the
hand has lost sensibility.

This distinction between efferent and afferent nerves is a
physiological one, which we shall work out more thoroughly later
on. No histological distinction can be made out between motor and
sensory nerve-ﬁbres, and it is histological structure which we wish
to dwell upon in this chapter. .

Under the microscope nervous tissue is found to consist
essentially of nerve-cells and their branches. The nerve-cells are
contained in the brain and spinal cord, and in smaller collections
of eells on the course of the nerves called ganglia. The part of the
nerve-centres containing cells is called grey matter.

Long branches of the nerve-cells are known as nerve-fibres.
These become sheathed in a manner to be immediately described,
and are contained in the nerves, and in the white matter of brain and

78 CcC2
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spinal cord. The bodies of nerve-cells differ in size, shape, and
arrangement. For the present it will be convenient to confine
ourselves to tho nerve-fibres as they are found in a
nerve.

Nerve-fibres are of two histological kinds, medul-
lated and non-medullated. Medullated nerve-fibres
are found in the white matter of the nerve-centres
and in the nerves originating from the brain and
spinal cord. Non-medullated nerve-fibres occur in
the sympathetic nerves.

The medullated or white fibres are characterised
by a sheath of white colour, consisting mainly of

Fiu. 88.—A node of Ranvier
in a medullated nerve-fibre,
viewed from above. The

medullary sheath is in-

terrupted, and the primi- F1a. 89.—Axis ¢ylinder,
tive sheath thickened. highly  magnilied,
Uop}gd from Axel Key and showing its com-
RetZius. X 750. (Klein ponent fibrils. (M.
and Noble Smith.) Schultze.)

lipoids, and stained Dblack by osmic acid; it is
called the medullary sheath or white substance of
Schwann ; this sheathes the essential part of the
Fio. 7. — Nerve- J10T€ Which is a process from a nerve-cell, and is
fibre stained with - called the awis eylinder. Outside the medullary
Node; B, nucleus. 8heath is a thin homogeneous membrane of elastic

%;y.) and - Bet- pature called the primitive sheath or newrolemma.
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The axis cylinder is a soft transparent thread in the middle of the
fibre; some observers believe it to be made up of exceedingly fine
fibrils (fig. 89); these stain readily with gold chloride.  Zh¢ medullary
sheath gives a characteristic double contour and tubular appearance
to the fibre. It is interrupted at regular intervals known as the
nodes of Banwvier. The stretch of a nerve-fibre between two nodes is
called an enter-node, and in the middle of each inter-node is a nucleus
which belongs to the primitive sheath. Besides these interruptions,
a variable nummber of oblique clefts are also seen dividing the sheath
into medullary segments (tig. 87); but most if not all of these are
produced artificially in the preparation of the specimnen.

The medullary sheath also contains a horny substance called
neurolkeratin : the arrangement of this substance is in the form of a

F1a. 90.—Small branch of & muscular nerve of the frog, near its termination, showing division of the

fibres—a, into two; b, mto three. x 850. (Kolliker.)
network or reticulum holding the fatty matter of the sheath in its
meshes. The occurrence of horny matter in the epidermis, in the
development of the enamel of teeth, and in nerve, is an interesting
chemical reminder that all these tissues originate from the same
embryonic layer, the ectoderm. Its lipoids consist largely of
cholesterol, a monohydric alcohol, and phosphatides, such as /lecithin
and Lephalin.

Near their terminations the nerve-fibres branch; the branching
oceurs at a node (fig. 90).

Staining with silver nitrate produces a peculiar appearance at the
nodes, forming what are known as the erosses of Ranvier. One limb
of the cross is produced by the dark staining of cement substance
which occurs between the segments of the neurolemma; the other
limb of the cross is due to the staining of a number of minute
transverse bands in the axis cylinder (Fromann’s lines), which is here
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not closely invested by the medullary sheath (fig. 91). Macallum
has shown that this appearance of transverse striping is an artifact

Fi16. 91.—Several fibres of a bundle of medullated nerve-fibres acted upon by silver nitrate to show
behaviour of nodes of Ranvier, N, towards this reagent. The silver has penetrated at the nodes,
and has stained the axis cylinder, M, for a short distance. S, The white substance. (Klein and
Noble Smith.)

and can be obtained in any exposed portion of an axis cylinder, that
is, wherever the silver nitrate can penetrate to it.

The arrangement of the nerve-fibres in a nerve is best seen in a
transverse section.

Fi16. 92.—Transverse section of the sciatic nerve of a cat, about x 100. It consists of bundles
(funiculi) of nerve-fibres ensheathed in a fibrous sheath, epineurium, A; each bundle has a
special sheath (not sufficiently marked out from the epineurium in the figure) or perincurium B
the negve-fibres N f are separated from one another by endoneurium; 1., lymph spaces ; Ar,artery;
V, vein; F, fat, Somewhat diagrammatic. (V. D. Harris.)

The nerve is composed of a number of bundles or funiculs of nerve-
fibres bound together by connective tissue. The sheath of the whole
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nerve is called the epineurium ; that of the funiculi the perineurium ;
that which passes between the fibres in a funiculus, the endonewrium
(fig. 92). Single nerve-fibres passing to their destination are sur-
rounded by a prolongation of the perineurium known as the Sheath
of Henle. The nerve trunks themselves receive nerve-fibres which
ramify and terminate as end-bulbs in the

epineurium. a5

The size of the nerve-fibres varies; ° o
the largest fibres are found in the spinal 20D
nerves, where they are 144 to 19 in 3;?;:‘ °&l
diameter.*  Others mixed with these A >

0!

measure 1'8 to 36 u. These small nerve-
fibres are the visceral nerves; they pass

-1 N - Fia. 98.—8Section across a nerve
to collectlpns of nerve cells called the Do on BCT0RD. & morve
sympathetic ganglia, whence they emerge auterior root of the dog, stained

with osmic acid. (Gaskell.)

as non-medullated fibres, and are distri-
buted to involuntary muscle. The differences in diameter are well
seen in sections stained Dy osmic acid, the black rings being tho
stained medullary sheaths (fig. 93).

The non-medullated fibres or fibres of Remak have no medullary
sheath, and are therefore devoid of the double contour of the medul-

F16. 94.—Grey, or non-medullated nerve-fibres. A, From a branch of the olfactory nerve of the
sheep; two dark-bordered or white fibres from the fifth pair are associated with the pale olfactory
fibres. B, From the sympathetic nerve. x 460. (Max Schultze.)

lated fibres, and are unaffected in appearance by osmic acid. They
consist of an axis cylinder covered by a nucleated sheath. They
branch frequently.

* u = micro-millimetre = { ;%5 millimetre.
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Termination of Nerves in Muscle.

In the woluntary muscles the motor nerve-fibres have special
end-organs called end-plates (fig. 95). The fibre branches two or
three times, and each branch goes to a muscular fibre. Here the

. g

Fic. 95.—End-plates ; chloride of gold preparation to show the axis cylinders and their final
ramifications of fibrille. X 170. (Szymonowicz.)

neurolemma becomes continuous with the sarcolemma, the medullary
sheath stops short, and the axis cylinder branches several times.

Fra. 96.—Termination of medullated
nerve-fibres in tendon near the mus- of fig.
cular ingertion. (Golgi.)

Fra. 97.—Oue of the reticulated end-organs

96, more highly magnitied. a,
Medullated nerve-fibre; b, reticulated
end-organ. (Golgi.) .

This ramification is imbedded in a layer of granular protoplasm con-
taining numerous nuclei. Considerable variation in shape of the
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end-plates occurs in different parts of the animal kingdom. Some-
what similar nerve-endings are seen in tendon; these, however, are
doubtless sensory (figs. 96, 97).

In the involuntary muscles, the fibres, which are for the most part
non-medullated, form complicated plexuses near their termination.
The plexus of Auerbach (fig. 98) between the muscular coats of the
intestine is a typical case. Groups of nerve-cells will be noticed at
the junctions of the fine nervous cords. From these plexuses fine
branches pass off and bifurcate at frequent intervals, until at last
ultimate fibrille are reached. These subdivisions of the axis cylinders
do not anastomose with one another, but they come into close relation-

e

|

Fi1c. 98.—Plexus of Auorbach, botween the two layers of the muscular coat of the intestine. (Cadiat.)

ship with the involuntary muscular filres; though some histologists
have stated that they end in the nuclei of the muscular fibres, it is
now helieved that they do not pass into their interior.

The terminations of sensory nerves are in some cases plexuses,
in others special end-organs. We shall deal with these in our study
of sensation.

Development of Nerve-fibres.

A nerve-fibre is primarily an outgrowth from a nerve-cell, as is
shown in the accompanying diagram (fig. 99). A nerve-cell, though
it may have many branches, only gives off one process which becomes
the axis cylinder of a nerve-fibre. This acquires a medullary sheath
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when it passes into the white matter of the brain or spinal cord, and
a primitive sheath when it leaves the nerve-centre and gets into the
nerve. But at first the axis eylinder is not sheathed at all.

The formation of the sheaths is still a matter of doubt, but the
generally accepted opinion is that the primitive sheath is formed by
cells which become flattened out and wrapped round the fibre end to
end. According to some these cells are mesodermal, according to
others they are cctodermal. They are separated at the nodes by inter-
cellular or cement substance stainable by silver nitrate (fig. 91). The

Fia. 99. —Multipolar nerve-cell from auterior horn of spinal cord; a, axis cylinder process.
(Max Schultze.)

medullary sheath is formed, according to some, by a fatty change
occurring in the parts of these same cells which are necarest to the
axis cylinder, but it is much more probable that it is formed from the
peripheral layer of the axis cylinder; the presence of neurokeratin
in it distinctly points to an ectodermal origin. The fact also that,
in the nerve-centres, the medullated nerve-fibres have no primitive
sheath, and the phenomena of Wallerian degeneration, to be described
later, all tend to confirin the same view.



CHAPTER VIII
IRRITABILITY AND CONTRACTILITY

Irritability or Excitability is the power which certain tissues possess
of responding by some change (transformation of energy) to the action
of an external agent. This external agent is called a stimulus.

Undifferentiated cells such as white blood-corpuscles are irritable ;
when stimuli are applied to them they execute the movements we
have learnt to call amaboid.

Ciliated epithelium cells and muscular fibres are irritable; they
also execute movements under the influence of stimuli.

Nerves are irritable; when they are stimulated, a change is pro-
duced in them; this change is propagated along the nerve, and is
called a nervous impulse; there is no change of form in the nerve
visible to the highest powers of the microscope; much more delicate
and sensitive instruments than a microscope must be employed to
obtain evidence of a change in the nerve; it is of a molecular nature.
But the irritability of nerve is readily manifested by the results the
nervous impulse produces in the organ to which it goes; thus the
stimulation of a motor nerve produces a nervous impulse in that nerve
which, when it reaches a inuscle, causes the muscle to contract:
stimulation of a sensory nerve produces a nervous impulse in that
nerve which, when it reaches the brain, causes a sensation.

Secreting glands are irritable; when stimulated they secrete.

The electrical organs found in certain fishes, such as the electric
eel and torpedo ray, are irritable; when they are stimulated they
give rise to an electrical discharge.

Contractility is the power which certain tissues posscss of
responding to a stimulus by change of form. Contractility and
irritability do not necessarily go together; thus both muscle and
nerve are irritable, but of the two, only muscle is contractile.

Some movements visible to the microscope are not due to con-
tractility ; thus granules in protoplasm or in a vacuole may often
be seen to exhibit irregular, shaking movements due simply to
vibrations transmitted to them from the outside. Such movement is
known as Brownian movement.

81



82 IRRITABILITY AND CONTRACTILITY [on. vint.

Instances of contractility are seen in the following cases:—

1. The movements of protoplasm seen in simple animal and
vegetable cells have been already described on pp. 11 to 14.

2. The movements of pigment cells. These are well seen under
the skin of such an animal as the frog; under the influence of
electricity and of other stimuli, especially of light, the pigment
granules are massed together in the body of the cell, leaving the
processes quite transparent. If the stimulus is removed the granules
gradually extend into the processes again. Thus the skin of the
frog is sometimes uniformly dusky, and sometimes quite light
coloured. The chameleon is an animal which has become almost
proverbial, since it possesses the same power to a marked degree.
This function is a protective one; the animal approximates in colour
that of its surroundings, and so escapes detection.

In the retina we shall find a layer of pigment cells, the granules
in which are capable of moving in the protoplasm in a somcwhat
similar way ; the normal stimulus here also is light. In the vegetable
world we have another instance in the movements of the chloroplasts
in leaves from the sunny to the shady side.

3. Ciliary movement; here we have a much more orderly
movement which has already heen described (see p. 24).

4. In Vorticellee, a spiral thread of protoplasm in their stalk
enables them by contracting it to lower the bell at the end of the
stalk.

5. In certain of the higher plants, such as the sensitive and
carnivorous plants, movements of the stalks and sensitive hairs of
the leaves occur under the influence of stimnuli.

6. The stinging apparatus of many invertebrates (sea-anemones,
jelly-fish, etc.)

7. Muscular movement. This for the student of human physio-
logy is the most important of the series; it is by their muscles that
the higher animals (man included) execute most of their movements.

If we contrast together amceboid, ciliary, and muscular movement,
we find that they differ from each other very considerably. Amceboid
movement can occeur in any part of an ameboid cell, and in any
direction. Ciliary and muscular movement are limited to one direc-
tion ; but they are all essentially similar, consisting of the movement
of hyaloplasm in and out of spongioplasm; it is the arrangement
of the spongioplasm that limits and controls the movement of the
hyaloplasm (see also p. 68).

Rhythmicality—In some forms of movement there is not only
order in direction, but order in time also. This is seen in ciliary
movement, and in many involuntary forms of muscular tissue, such
as that of the heart. Here periods of contraction alternate with
periods of rest, and this occurs at regular intervals. TUnder the
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influence of certain saline solutions, voluntary muscles may be
made artificially to exhibit rhythmic contractions.

A familiar instance of rhythmic movement in the inorganic world
is seen in a water-tap nearly turned off but dripping ; water accumu-
lates at the mouth of the tap till the drop is big enough to fall; it
falls, and the process is repeated. If, instead of water, gumm or
treacle, or some other viscous substance, 1s watched under similar
conditions, the drops fall much more slowly; cach drop has to get
bigger before it possesses enough energy to fall. Thus we may get
different rates of rhythmic movement. So in the body, during
the period of rest, the cilium or the heart is accumnulating potential
energy, till, as it were, it becomes so charged that it discharges;
potential energy is converted into kinetic energy or movement.

When contraction travels as a wave along muscular fibres, or
from one fibre to another, the term peristalsis is employed. These
waves are well scen in such a muscular tube as the intestine, and are
instrumental in moving its contents along. The heart’s contraction
is a more complicated peristalsis occurring in a rhythmic manner.

The question may be first asked, what evidence there is of
irritability in muscle? May not the irritability be a property of
the nerve-fibres which are distributed throughout the muscle and
terininate in its fibres? The doctrine of independent muscular
irritability was enunciated by Haller more than a century ago,
and was afterwards keenly debated. It was finally settled by the
following experiment of Claude Bernard.

If a frog is taken and its brain destroyed by pithing, it loses con-
sciousness, but the circulation goes on, and the tissues of its body
retain their vitality for a considerable time. If now a few drops of
a solution of curare, the South American arrow poison, are injected
with a small syringe under the skin of its back, it loses in a few minutes
all power of movement. 1f next the sciatic or any other nerve going
to musecle is cut and stimulated, no movement occurs in the muscles
to which it is distributed. Curare paralyses the end-plates, so that
nervous impulses cannot get past them and cause any effect on the
muscles. But if the muscles are stimulated themselves, they contract.

Another proof that muscle possesses inherent irritability was
adduced by Kiithne. TIn part of some of the frog’s muscles (c.g. part
of the sartorius) there are no nerves at all; yet these parts are
irritable and contract when stimulated.

The evidence of the statement just made that the poisonous effect

* Biedermann’s fluid has the following composition :—Sodium chloride 5
grammes, alkaline sodium phosphate 2 gr., sodium carbonate 05 gr., water 1 litre.
If one end of the sartorius of a curarised frog is dipped into this fluid, it contracts
rhythmically in a manner analogous to the heart. A solution of pure sodium
chYoride (0-65 per cent.) has a similar action.
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of curare is on the end-plates is the following:—The experiment
described proves it i8 not the muscles that are paralysed. It must
therefore be either the nerves, or the links between the nerve-fibres
and the muscular fibres. By a process of exclusion we arrive at the
conclusion that it is these links, for the following experiment shows
it is not the nerves. The frogis pithed as before, and then one of its
legs is tightly ligatured so as to include everything except the sciatic
nerve of that leg. Curare is injected and soon spreads by the circu-
lating blood all over the body except to the leg protected by the
ligature. It can get to the sciatic nerve of that leg because that was
not tied in with the rest. The sciatic nerve of the other leg is now
dissected out; when the muscles supplied by it cease to contract
when the nerve is stimulated, the frog may be considered to be fully
under the influence of the drug. But on stimulating the sciatic
nerve of the protected limb, the muscles respond normally; this
shows that the nerve which has been exposed to the action of the
poison has not been affected by it.

Varieties of Stimuli.

The normal stimulus that leads to muscular contraction is a
nervous impulse ; this is converted into a muscular impulse (visible
as a contraction) at the end-plates. This nervous impulse starts at
the nerve-centre, brain, or spinal cord, and travels down the nerve to
the muscle. In a reflex action the nervous impulse in the nerve-
centre is started by a sensory impulse from the periphery; thus
when one puts one’s hand on something unpleasantly hot, the hand
is removed ; the hot object causes a nervous impulse to travel to the
brain, and the brain reflects down to the muscles of the hand another
impulse by the motor nerves which causes the muscles to contract
in such a manner as to move the hand out of the way.

But the details of muscular contraction can be more readily
studied in muscles removed from the body of such an animal as the
frog, and made to contract by artificial stimuli. =~ When we have
considered these, we can return to the lessons they teach us about
the normal contractions in our own bodies.

The first thing to do is to make from a pithed frog a muscle-nerve
preparation ; the muscle usually selected is the gastrocnemius, the
large muscle of the calf of the leg, with the sciatic nerve attached.
For some experiments the sartorius or gracilis may be used; but
nearly all can be demonstrated on the gastrocnemius.

The tendon of the gastrocnemius may be tied to a lever with a
flag at the end of it, and thus its contractions rendered more
evident; the bone at the other end is fixed in a clamp. Stimuli may
be applied either to the nerve or to the muscle. If the stimulus is
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applied to the nerve, it is called indirect stimulation ; the stimulus
starts a nervous impulse which travels to the muscle; the muscle
is thus stimulated as it is in voluntary contraction by a nervous
impulse. Stimulation of the muscle itself is called direct stimulation.
These stimuli may be:

1. Mechanical ; for instance a pinch or blow.

2. Chemical; for instance salt or acid sprinkled on the nerve

or muscle.

3. Electrical ; the constant or the induced current may be used.

In all cases the result of the stimulation is muscular contrac-
tion. Of all methods of artificial stimulation, the electrical is the
one most generally employed, be-
cause it 1s more under control
and the strength and duration of
the stimuli (shocks) can be regu-
lated easily. We shall therefore
have to study some electrical
apparatus.

Chemical stimuli are peculiar,
for some which affect muscle do Fie. 100.—Muscle-nerve preparation. ¥, Femur;
not atfect nerve, and wice wersd ; o Orves 4, Gendo Achillis
thus glycerol stimulates nerve, but not muscle; ammonia stimulates
muscle, but not motor nerves.

We may regard stimuli as liberators of energy; muscle and
nerve and other irritable structures undergo disturbances in
consequence of a stimulus. The disturbance is some form of
movement, visible movement in muscle, molecular movement in
nerve. A stimulus may be regarded as added motion. Sir William
Gowers compared it to the blow that causes dynamite to explode,
or the match applied to a train of gunpowder. A very slight blow
will explode a large quantity of dynamite; a very small spark will
fire a long train of gunpowder. So in muscle or nerve the effect
is often out of all proportion to the strength of the stimulus; a
light touch on the surface of the body may elicit very forcible
nervous and muscular disturbances; and moreover, the effect of
the stimulus is propagated along the nerve or muscle without loss.

Contraction of Muscle.

Muscle undergoes the following changes when it contracts: —
. Changes in form.

. Changes in extensibility and elasticity.

. Changes in temperature.

. Changes in electrical condition.

. Chemical changes.

O OO
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In brief, each of these changes is as follows :—

1. Changes in form.—The muscle becomes shorter, and at the same
time thicker. The amount of shortening varies so that the length of
the muscle when contracted is from 65 to 85 per cent. of what it was
originally. Up to a certain point, increase of the strength of the
stimulus increases the amount of contraction. Fatigue diminishes,
and up to about 33° C. the application of heat increases the amount
of contraction. Beyond this temperature the muscular substance
begins to be permanently contracted, and a condition called Zheat
rigor, due to coagulation of the muscle proteins, sets in a little over
40° C.

What the muscle loses in length it gains in width; there is no
appreciable change of volume.

Among the changes in form must also be mentioned those changes
in the individual muscular tibres which require a microscope for their
investigation ; these have been already considered (see p. 68).

2. Changes in elasticity and extensibility.—The contracted muscle
is more-stretched by a weight in proportion to its length than an
uncontracted muscle with the same weight applied to it; the
extensibility of contracted muscle is increased; its elasticity is
diminished.

3. Changes vn temperature—When muscle is at work or contract-
ing, more energetic chemical changes are occurring than when it is
at rest; more heat is produced, and its temperature rises.

4. Changes in electrical condition.—A muscle when it contracts
undergoes a variation in its electrical condition.

5. Chemical changes.—These consist in an increased consumption
of oxygen, and an increased output of waste materials such as car-
bonic acid, and sarcolactic acid.

These five sets of changes will form the subjects of the following
five chapters.



CHAPTER IX
CHANGE IN FORM IN A MUSCLE WHEN IT CONTRACTS

TrouGH it has been known since the time of Erasistratus (B.c. 304)
that a muscle becomes thicker and shorter when it contracts, it was
not until the invention of the graphic method by Ludwig and
Helmholtz, about sixty years ago, that we possessed any accurate
knowledge of this change. The main fact just stated may be seen
by simply looking at a contracting muscle, such as the biceps of one’s
own arm; but more elaborate apparatus is necessary for studying
the various phases in contraction and the different kinds of con-
traction that may occur.

These may be readily demonstrated on the ordinary muscle-nerve
preparation (gastrocnemius and sciatic nerve) from a frog. By the
graphic method, one means that the movement is recorded by a
writing. We shall find that the same method is applied to the
heart’s movements, respiratory movements, blood-pressure, and many
other important problems in physiology. The special branch of the
graphic method we have now to study is called myoyraphy ; the
instrument for writing is called a myograph ; the writing itself is
called a myogram. Put briefly, a myograph consists of a writing
point at the end of a lever attached to the muscle, and a writing
surface which travels at a uniform rate, on which the writing point
inscribes its movement.

The first thing, however, that is wanted is something to stimulate
the muscle and make it contract; the stimulus is usually applied to
the nerve, and the form of stimulus most frequently employed is
electrical.

We may take the Daniell cell as a type of those in common use.
It consists of a well-amalgamated zinc rod immersed in a cylinder of
porous earthenware containing 10 per cent. sulphuric acid; this is
contained within a copper vessel (represented as transparent for
diagrammatic purposes in fig. 101) filled with saturated solution' of
copper sulphate. Each metal has a binding screw attached to
it, to which wires can be fastened. The distal ends of the wires

&
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attached to these are called poles or electrodes, and the pair of electrodes
may be conveniently held in a special form of holder. The electrode
attached to the positive element (zinc) is called the negative pole or

: kathode ; that attached to the negative ele-
ment (copper) is called the positive pole or
anode. If now the two electrodes are con-
nected together, an electrical, galvanie, or
constant current flows from the copper to
the zinc outside the battery, and from the
zine to the copper through the fluids of the
battery ; if the electrodes are not connected
the circle is broken, and no current can
flow at all. If now a nerve or muscle is
laid across the two electrodes the circuit
— 18 completed, and it will be noticed at
agram ofa Daniell's  the moment of completion of the circuit-
cell the muscle enters into contraction; if the
muscle is lifted off the electrodes, another contraction occurs at the
moment the circuit is broken. The same thing is done more con-
veniently by means of a key : figs. 102 and 103 represent two common
forms of key. A key is a piece of apparatus by which the current

F16. 101.—Di

F1G. 108.—Mercury key.

can be allowed to pass or not
through the nerve or muscle laid
on the electrodes. When the key
is open the current is broken, as in
the next figure (fig. 104); when it is closed the current is allowed
to pass. The opening of the key is called break ; the closing of the
key is called malke. A contraction occurs only at make and break,
not while the current is quietly traversing the nerve or muscle.

it

F1a. 102.—Du Bois Reymond’s key.
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But it will be seen in the Du Bois Reymond key (fig. 102) that
there are four binding screws. This key is used as a bridge or short
circuiting key, and for many reasons this is often the best way to
use it. The next diagram (fig. 105) represents this diagrammatically.
The two wires from the battery go one to cach side of the key; the
electrodes come off one from each side of the key. When the key is
open no current can get across it, and therefore all the current has
to go to the electrodes with the nerve resting on them; but when
the key is closed, the current is cut off from the nerve, as then
practically all of it goes by the metal bridge, or short cut, back to
the battery. Theoretically a small amount of current goes through
the nerve; but the resistance of animal tissues to electrical currents
is enormous as compared to that of metal, and the amount of
electricity that flows through a conductor is inversely proportional
to the resistance; the resistance in the metal bridge is so small that
for all practical purposes, all the current passes through it.

Another form of electrical stimulus is the wnduced current,
produced in an induction coil.

In a battery of which the metals are connected by a wire, we have
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seen that the current in the wire travels from the copper to the zinc;
if we have a key on the course of this wire the current can be made
or broken at will. If in the neighbourhood of this wire we have a
second wire forming a complete circle, nothing whatever occurs in it
while the currrent is flowing through the first wire, but at the instant
of making or breaking the current in the first or primary wire, a
momentary electrical current occurs in the secondary wire, which is
called an induced current; and if the secondary wire is not a complete
circle, but its two ends are connected by a nerve, this induction shock
traverses the nerve and stimulates it; this causes a nervous impulse
to travel to the muscle, which in consequence contracts.

If the first and second wires are coiled many times, the effect is
increased, because each turn of the primary coil acts inductively on
each turn of the secondary coil.

The direction of the current induced in the secondary coil is
the same as that of the current in the primary coil at the break ; in
the opposite direction at the make. The nearer the secondary coil
is to the primary, the stronger are the currents induced in the
former.
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Fig. 106 represents the Du Bois Reymond coil, the one generally
employed in physiological experiments; c is the primary coil, and &
and d’ its two ends, which are attached to the battery, a key being
interposed for making and breaking; g is the secondary coil, the two
terminals of which are at its far end ; to these the electrodes to the
nerve are attached; the distance between the two coils, and so the
strength of the induction currents, can be varied at will. It is only
when the primary current is made or broken, or its intensity increased
or diminished, that induction shocks occur in the secondary circuit
which stimulate the nerve. When one wishes to produce a rapid
succession of make and break shocks the automatic interrupter or

Fic. 106.—Du Bois Reymond’s induction coil.

Wagner’s hammer seen at the right-hand end of the diagram is
included in the circuit.

The next thing to be noticed is that the break effects are stronger
than the make effects; this is easily felt by placing the electrodes
on the tongue. This is due to what is called Faraday’s extra
current. This is a current produced in the primary coil by the
inductive influence of contiguous turns of that wire on each other;
its direction is against that of the battery current at make, and so
the make shock is lessened. At the break the extra current is of
such short duration (because when the circuit is broken there can be
no current at all) that for all practical purposes it may be considered
as non-existent.

The same difference of strength occurs alternately in the repeated
shocks produced by Wagner’s hammer. Helmholtz, to obviate this,
introduced a modification now known after him. It consisted in
bridging the current by a side wire (¢, in fig. 106). Helmholtz’s
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plan, however, does not produce real equality of the two shocks, and
has largely passed out of use.

The next diagram shows the way the interrupter acts, when the
coil is used in the ordinary way. We are supposed to be looking
at the end of the primary coil; the battery wires are attached to the
binding screws A and E (fig. 107). The current now passes to the
primary coil by the pillar on the left and the spring or handle of
the hammer as far as the screw (C); after going round the primary
coil, one turn only of which is seen, it twists round & pillar of soft
iron on the right-hand side, and then to the screw E and back to
the battery; the result of a current going around a bar of soft iron
is to make it a magnet, so it attracts the hammer, and draws the
spring away from the top screw C, and thus breaks the current;
the current ceases, the soft
iron is no longer a magnet,
so 1t releases the haminer,
and contact is restored by
the spring; then the same
thing starts over again, and
s0 a succession of break and
make shocks occur alter-
nately and automatically.

Instead of Wagner’s ham-
mer, a long vibrating steel
reed constructed on the same
principle is often used. This
has the advantage that the rate of vibration can be varied at will
by means of a sliding clamp which fixes the reed, so that different
lengths of it can be made to vibrate. If a long piece of reed
vibrates, it does so slowly, and thus successive induction shocks
at long intervals can be sent into the nerve. But if one wishes
to stimulate a nerve more rapidly, the length of reed allowed to
vibrate can be shortened.

In Ewald’s modification of the coil there is another simple
method of modifying the rate of the interrupter. But an hour
spent in the laboratory with an induction coil and cell will teach
the student much more easily all these facts than any amount of
reading and description.

We can pass now to the myograph. There are many different
forms of this instrument. Fig. 108 shows Helmholtz’s instrument.

The bony origin of the gastrocnemius is held firmly by forceps,
and the tendo Achillis tied to a weighted lever; the end of the
lever is provided with a writing-point such as a piece of pointed
parchment; when the muscle contracts it pulls the lever up, and
this movement is magnified at the end of the lever. The writing-

Fia. 107.
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point scratches on a piece of glazed paper covered with a layer of
soot; the paper is wrapped round a cylinder. 'When the lever goes
up the writing-point will mark an upstroke; when it falls it will
mark a downstroke, and if the cylinder is travelling, the downstroke
will be written on a different part of the paper than the upstroke,

Fic. 108.—Myograph of von Helmholtz, shown in an incomplete form. a, Forceps for holding frog's
femur; b, gastrocnemius; ¢, sciatic nerve; d, scale - pan; e, marker recording on cylinder; f,
counterpoise. (M‘Kendrick.)

-

thus a muscle curve or myogram is obtained. The paper may
then be removed, varnished, and preserved.

Fig. 109 shows a somewhat different arrangement.

The musecle is fixed horizontally on a piece of cork, B, one end
being fixed by a pin thrust through the knee-joint into the cork; the
tendo Achillis is tied to a lever which is weighted near its fulerum :
the lever is so arranged that it rests on a screw till the muscle
begins to contract; the muscle therefore does not feel the weight
i1l it begins to contract, and gives a better contraction than if it
had been previously strained by the weight. This arrangement is
called after-loading.

The writing surface is again a travelling cylinder tightly covered
with smoked gjla.zed paper. The rest of the apparatus shows how
cell, coil, keys, and electrodes are applied w1th the object of
stimulating the nerve.
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The key E makes and breaks the primary circuit, but the effect
is only felt by the muscle-nerve preparation when the short-
circuiting key Drin the secondary circuit is opened.

Instead of the key E it is better to have what is called a “kick-
over” key, which the cylinder by means of a har projecting from it

Fia. 109.—Arrangement of the apparatus necessary for recording muscle contractions with a revolving
cylinder carrying smoked paper. A, Revolving cylinder; B, the muscle arranged upon a cork-
covered board which is capable of being raised or lowered on the upright, which also can be moved
along a solid triangular bar of metal attached to the base of the recording apparatus—the tendon of
the gastroenemius is attached to the writing lever, properly weighted, by a ligature. The
electrodes from the secondary coil pass to the nerve—being, for the sake of convenience, first of all
brought to a short-circuiting key, D (Du Bois Reymond’s); C, the induction coil; F, the battery
(in this fig. a bichromate one); E, the key (Morse's) in the primary circuit.

knocks over and so breaks the primary circuit during the course
of a revolution. The exact position of the writing-point at the
moment of break, that is the moment of excitation, can then be
marked on the blackened paper.

Besides the travelling cylinder there are other forms of writing
surface. Thus fig. 110 represents the spring myograph of Du Bois
teymond. Here a blackened glass plate is shot along by the recoil
of a spring; as it travels it kicks over a key, and the result of this,
the muscular contraction, is written on the plate.

The pendulum myograph (fig. 111) is another form. The pen-
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K i)

F1a. 111.—Pendulum myograph and accessory parts (Fick’s pattern). A, Pivot upon which pendulum
swings; B, catch on lower end of myograph opening the key, C, in its swing; D, a spring-catch
which retains myograph, as indicated by dotted lines, and on pressing down the handle of which
the pendulum swings along the arc to D on the left of figure, and is caught by its spring.
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dulum carries a smoked glass plate upon which the writing-point
of the muscle lever is made to mark. The break shock is sent
into the muscle-nerve preparation by the pendulum in its swing
opening a key in the primary circuit. This key is shown on an
enlarged scale in BC (fig. 111).

To keep the preparation fresh during an experiment, it should be
covered with a glass shade, the air of which is kept moist by means
of wet blotting-paper. One form of moist chamber is shown in
fig. 112.

The last piece of apparatus necessary is a time-marker, so that
the events recorded in the myogram can be timed. The simplest

Fi1o. 112.—Moist chamber.

time-marker is a tuning-fork vibrating 100 times a second. This is
struck, and by means of a writing-point fixed on to one of the
prongs of the fork, these vibrations may be written beneath the
myogram. More elaborate forms of electrical time-markers or
chronographs are frequently employed.

The Simple Muscle Curve.

We can now pass on to results, and study first the result of a
single instantaneous stimulus upon a muscle. This causes a single
or simple muscular contraction, or, as it is often called, a fwitch. The
graphic record of such a contraction is called the simple muscle curve.
One of these is shown in the accompanying figure (fig. 113).

The muscle was stimulated by a single induction-shock, at the
instant marked P upon the base-line. The lower wavy line is traced
by a tuning-fork vibrating 100 times a second, and serves to measure
the time occupied in each part of the contraction.

It will be observed that after the stimulus has been applied
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there is an interval before the contraction commences. This
interval, termed the latent period, when measured by the tuning-
fork tracing is seen to be about 34 sec. During the latent period
there is no wisible change in the muscle.

The second part is the stage of contraction proper. The lever
is raised by the shortening of the muscle. The contraction is at first
very rapid, but then progresses more slowly to its maximum.

The next stage is thc stage of elongation. After reaching its
highest point, the lever descends in consequence of the elongation
of the muscle. The small waves which follow the main curve are
simply due to the elasticity of the muscle and recording apparatus,
and are most marked when the contraction is rapid and vigorous. -

| A A
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F1a. 118.—Simple muscle curve.

The whole contraction occupies about % of a second. With
regard to the latent period, it should be pointed out that if the muscle
is stimulated indirectly, 4.c., through its nerve, some of the apparent
lost time is occupied in the propagation of the nervous imnpulse along
the nerve. To obtain the true latent period, this must be deducted.
Then there is latency in the apparatus (friction of the lever, ete.) to
be taken into account. This can be got rid of by photographing the
contracting muscle, on a sensitive photographic plate travelling at
an accurately-timed rate. By such means it is found that the true
latent period is much shorter than was formerly supposed. It is
only ;3¢ of a second or less. In red muscles it is longer.

We now come to the action of various factors in modifying the
character of the simple muscle curve.

1. Influence of strength of stimulus—A minimal stimulus is that
which is just strong enough to produce a contraction. If the
strength of stimulus is increased the amount of contraction as
measured by the height of the curve is increased, until a certain
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point is reached (maximal stimulus), beyond which increase in the
stimulus produces no increase in the amount of contraction. This
is because the stronger the stimulus, the more muscular fibres are
thrown into action. An individual muscle-fibre obeys the “all or
nothing law ” (see further p. 138).

2. Influence of load.—Increase of load decreases the amount of
contraction, until at last a weight is reached which the muscle is
unable to lift. The latent period is somewhat longer with a heavy
load than with a light one.

3. Influence of fatigue—This can be very well illustrated by
letting the muscle write a curve with every revolution of the
cylinder, until it ceases to contract at all. Fig. 114 shows the
result. At first the contractions improve, each being a little
higher than the preceding; this is known as the beneficial effect of
contraction, and the graphic record is called a staircase. Then the
contractions get less and less. But what is most noticeable is that
the curves are much more prolonged ; the latent period gets longer;
the period of contraction gets longer; and the period of relaxation
gets very much longer; this condition is known as contracture, so
that the original Dbase-line is not reached by the time the next
stimulus arrives. In the last stages of fatigue, contracture passes
off. Contracture is often absent in fatigue of mammalian muscle.

4. Effect of temperature—Cold at first increases the height of
contraction, then diminishes it; otherwise the effect is very like that
of fatigue, increasing the duration of all stages of the curve.

Moderate warmth increases the height and diminishes the
duration of all stages of the curve, latent period included. This may
be readily shown by dropping salt solution* at different tempera-
tures on to the muscle before taking its curve. TFig. 115 shows the
result of such an experiment. Too Igreat heat (above 42° C.) induces
heat rigor, due to the coagulation of the muscle proteins.

5. Effect of veratrine.—If this is injected into the frog before the
muscle-nerve preparation is made, the very remarkable result seen
in fig. 116 is produced on stimulation; there is an enormous
prolongation of the period of relaxation; marked by a secondary
rise, and sometimes by tremors. The second rise has received
various explanations, none of which can be regarded as satisfactory.
After repeated stimulation the veratrine effect passes off, but returns
after a period of rest.

The Muscle-Wave.
The first part of a muscle which contracts is the part where the
nerve-fibres enter; the nerve impulses, however, are so rapidly carried

* Physiological saline solution used for bathing living tissue is a 0'9 per cent.
solution of sodium chloride in ordinary tap water.
D
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to all the fibres that for practical purposes they all contract together.
But in a nerveless muscle, that is one rendered physiologically nerve-
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Fia. 1156.—Eflect of temperature on the simple musclei curve. The various temperatures aregmarked
on the gurves' P is the point of stimulation; and the time-tracing again indicates hundredths of
a second.

less by curare, if one end of the muscle is stimulated, the contraction

travels as a wave of thickening to the other end of the muscle, and
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Fic. 116.—Veratrine curve, taken on a very slowly travelling cylinder; the time-tracing indicates
seconds, not hundredths of a second ag in the previous diagrams.

the rate of propagation of this wave can be recorded graphically.
The next figure (fig. 117) represents one of the numerous methods
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that have been devised for this purpose. A muscle with long parallel
fibres, like the sartorius, is taken; it is represented diagrammatically
in the figure. Tt is stimulated at the end, where the two wires,
+ and —, are placed; it is grasped in two places by pincers, which
are opened by the wave of thickening; the opening of the first pair
of pincers (1) presses on a drum or ‘tambour connected to a second

Fia. 117.—Arrangement for tracing the muscle-wave. (Marey.)

tambour with a recording lever (1), and this lever goes up first; the
lever (2’) of the tambour connected with the second pair of pincers
(2) goes up later. If the length of muscle between the pairs of
pincers is measured, and by a time-tracing the delay in the raising
of the second lever is ascertained, we have the arithmetical data for
ca]culafcinOr the rate of propagation of the muscle-wave. It is about
» metres per second in frog’s muscle, but is hastened by warmth and
delayed by cold and fatlgue

The Effect of Two Successive Stimuli,

If a second stimulus follows the first stimulus at a sufficient
interval of time, each will cause a twitch and two simple muscle
curves will be written (fig. 118, A); the second is a little bigger than
the first (bencficial effect of contmctlon) If the second stimulus
arrives before the muscle has finished contracting under the influence
of the first, a second curve will be added to the first as shown in
fig. 118, B. This is called supcrposition, or summation of effects.

If the two stimuli are in such close succession that the second
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occurs during the latent period of the first, the result will differ
according as the stimuli are maximal or submaximal. If they are
maximal, the second stimulus is without effect; but if submaximal,
the two stimuli are added together, and though producing a simple
muscle curve, produce one which is bigger than either would have
produced separately. This is called summation of stimuli (fig. 118, C).

Hffect of More than Two Stimull.

If a succession of stimuli are sent into a muscle, or its nerve, the
results obtained depend on the rate at which the stimuli follow one
another. If the time intervals between the stimuli are sufficiently
great, each stimulus will produce a simple muscular contraction, and
one records a succession of twitches, and the beneficial effect of
previous action is exhibited in what is known as a staircase (fig. 119,
A and B).

If the induction shocks follow each other more rapidly, the effect
is a continuation of the superposition curve already described in
connection with two successive stimuli. Just as a second stimulus
adds its curve to that written as the result of the first, so a third
stimulus superposes its effect on the second; a fourth on the third,
and so on. Kach successive increment 18, however, smaller than
the preceding, and at last the muscle remains at a maximum con-
traction, till it begins to relax from fatigue.

A succession of stimuli may be sent into the nerve of a nerve-
muscle preparation by means of the Wagner’s hammer of a coil, or
the vibrating reed previously mentioned (p. 90). This method of
stimulation 1s called furadisation. Fig. 119, C to F, shows the kind
of tracings one obtains. The number of contractions corresponds to
the number of stimulations; the condition of prolonged contraction
so produced, the muscle never relaxing completely between the
individual contractions of which it is made up, is called fetanus:
wncomplete tetanus, when the individual contractions are discernible
(fig. 119, C, D, and E); complete tetanus, as in fig. 119, F, when the
contractions are so rapid as to be completely fused to form a con-
tinuous line without waves.

The rate of faradisation necessary to cause complete tetanus varies
a good deal; for frog’s muscle it averages 15 to 20 per second; for
the pale muscles of the rabbit, 20 per second, for the more slowly
contracting red muscles of the same animal, 10 per second; and for
the extremely slowly contracting muscles of the tortoise 2 per second
is enough. With fatigue as the period of relaxation becomes
prolonged, the rate -mecessary to produce complete tetanus is
diminished.
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Fia. 118.—Effect of two successive excitations. The two points of excitation (P; and Po)are marked
in each case on the base-line. In A, P; and Py are sufficiently far apart to give separate curves.
In B they aro nearer together, and superposition is seen. ln C they are sufficiently near to give
summation of stimuli. Submaximal stimuli were used throughout; and the time-tracing in each
case shows hundredths of a second.
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F1a. 119.—Composition of tetanus. These six tracings were obtained on a slowly moving drum from a
frog’s gastrocnemius, which was excited by a succession of induction shocks. By a mechanical
contrivance the rate of the vibrating hammer which interrupted the primary circuit of the
inductorium could be easily varied; and the rate of the hammer was increased from about 1 per
second in A to 80 per second in F. In A, separate twitches are seen; in B, the rate was still
insufficient to cause fusion; in both A and B, the staircase effect is well seen. In C and D, the
rate was sufficiently great to cause incomplete tetanus; in E, tetanus was nearly complete, and
in F it is complete. The time-tracing in each case shows half-seconds.
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Voluntary Tetanus.

We have now seen that voluntary muscles under the influence of
artificial stimuli may be made to contract in two ways: a single
excitation causes a single contraction; a rapid series of excitations
causes a series of contractions which fuse to form tetanus.

‘We now come to the important question, in which of these two
ways does voluntary muscle ordinarily contract in the body? The
answer to this is, that voluntary contraction resembles, though it is
not absolutely identical with, tetanus artificially produced. It is
certainly never a twitch. The nerve-cells from which the motor
tibres originate do not possess the power of sending isolated impulses
to the muscles; they send a series of impulses which result in a
muscular tetanus, or voluntary tetanus, as it may conveniently be

termed.
Screw to regulate elevation of lever.
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Fia. 120.—Marey’s tambour, to which the movement of the column of air in the first tambour is
conducted by a tube, and from which it is communicated by the lever to a revolving cylinder, so
that the tracing of the movement is obtained. -

If a stethoscope is placed over any contracting muscle of the
human body, such as the biceps, a low sound is heard. The tone of
this sound, which was investigated by Wollaston, and later by
Helmholtz, corresponds to 36 vibrations per second; this was
regarded as the first overtone of a note of 18 vibrations per
second, and for a long time 18 per second was believed to be the
rate of voluntary tetanus.

The so-called “muscle sound” is, however, no indication of the
rate of muscular vibration. Any irregular sound of low intensity
will produce the same note; it is, in fact, the natural resonance-tone
of the membrana tympani of the ear, and, therefore, selected by the
organ of hearing. when we listen to any irregular mixture of faint,
low-pitched tones and noises.

Later attempts to obtain the rate of voluntary tetanus by the
graphic method were made. The myographs hitherto described are
obviously inapplicable to the investigation of such a problem in man.
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The instrument employed is termed a transmission myograph. The
figure on p. 104 shows the recording part of the apparatus.

It is called a Marey’s tambour. It consists of a drum, on the
membrane of which is a metallic disc fastened near one end of a
lever, the far extremity of which carries a writing-point. The
interior of the drum is connected by an india-rubber tube (seen at
the right-hand end of the drawing) to a second tambour called the
receiving tambour, in which the writing-lever is absent. Now if the
receiving tambour is held in the hand, and the thumb presses on
the metallic disc on the surface of its membrane, the air within it is
set into vibrations of the same rate as those occurring in the thumb
muscles ; and these are propagated to the recording tambour and are
written in a magnified form by the end of the lever on a recording
travelling surface.

The tracing obtained looks like that of an incomplete telanus

FiG. 121.-—Tracing of a voluntary contraction of the opponens pollicis on a slowly moving drum, by
means of the transmission myograph. The vertical lines are drawn at intervals of vne second.
(Schafer, Canney, and Tunstall.)

(fig. 121), which by a time-marker can be seen to be made up of 10
to 12 vibrations a second.

But now a difficulty arises; if a twitch only occupies {4 of ;a
second, there would be time for ten complete twitches in a second;
they would not fuse to form even an incomplete tetanus. There
must be some means by which each individual contraction can be
lengthened till it fuses with the next contraction, or else each
component part of the contraction is itself composite. Piper’s
experiments were the first to indicate that the latter explanation is
the true one; he found that each wave of the curve obtained by
the graphic method is really itself due to fusion of contractions
occurring at a more rapid rate. The method employed was to count
the number of electrical variations which accompany a voluntary
contraction, on the assumption that each fundamental unit of the
contraction has an electrical change as its concomitant. This can
be accomplished by the use of a very delicate galvanometer (the
string galvanometer, p. 119), the movements of which can be

D2
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photographed on a rapidly travelling plate. The number of electrical
variations is then found to be a high one. He obtained somewhat
variable results (40 to 100 per second). Since then, however, the
rate has been found to be constant, 50 per second.

The determination of the normal rate of rhythmic discharge from
nerve-cells, it will be gathered, has been a matter of some difficulty.
The main fact which Sherrington has pointed out, however, is this;
whatever be the normal inherent rate of the nerve-cell, this can be
masked completely by imparting to the sensory nerve in a reflex
preparation other rates up to quite high figures (100 vibrations per
second or more). In fact, the rate “of the muscular contractions
under artificial shocks exactly corresponds to the rate of the stimuli
whether they are applied to the motor nerve or to the sensory nerve
in a reflex arc. A twitch, however, is never elicited reflexly.

Lever Systems.—The arrangement of the muscles, tendons, and
bones presents examples of the three systems of levers which will be
known to anyone who has studied mechanics; the student of anatomy
will have no difficulty in finding examples of all three systems in
the body. What is most striking is that the majority of cases are
levers of the third kind, in which there is & loss of the mechanical
power of a lever, though a gain in the rapidity and extent of the
movement.

Most muscular acts involve the action of several muscles, often
of many muscles. The acts of walking and running are examples of
very complicated muscular actions in which it is necessary not only
that many muscles should take part, but also must do so in their
proper order and in due relation to the action of auxiliary and
antagonistic muscles. This harmony in a complicated muscular
action is called coordination.

By the device of taking instantaneous photographs at rapidly
repeated intervals during a muscular act, the details of different
niodes of locomotion in man and other animals have been very
thoroughly worked out. With this branch of research the name
of the late Prof. Marey is intimately associated.



CHAPTER X
EXTENSIBILITY, ELASTICITY, TONUS, AND WORK OF MUSCLE

MUscLE is both extensible and elastic. 1t is stretched by a weight,
that is, it possesses cxtensibility ; when the weight is taken off, it
returns to its original length, that is, it posscsses elasticity. The two
properties do not necessarily go together; thus a piece of putty is
very extensible, but it is not elastic; a piece of steel or a ball of
ivory are only slightly extensible, but after the external force has
been removed they return to their original size and shape very
perfectly.

A substance is said to be strongly elastic, when it offers a great
resistance to external forces; steel and ivory are strongly elastic.

A substance is said to be perfectly elastic, when its return to its
original shape is absolute; again steel and ivory may be quoted as
examples.

Muscle is very extensible, z.e., it is easily stretched ; it is feebly
elastic, 7., it opposes no great resistance to external force; it is,
however, perfectly elastic ; “that is, it returns to its ormmal shape
very exactly after stretchlnu This is true in the case of hvmor muscle
within the body, but aftor very great stretching even in the body,
and still more so after removal from the body, when it begins to
undergo degenerative changes culminating in death, its elasticity is
less perfect.

The cohesion of muscular tissue is less than that of tendon.
E. Weber stated that a frog’s muscle one centimetre square in
transverse section will support a weight of a kilogramme (over
2 1bs.) without rupture, but this diminishes as the muscle gradually
dies.

The extensibility of any material may be studied and recorded by
measuring the increase of length which occurs when that material is
loaded with different weights. In Helmholtz’s myograph (fig. 108),
different weights may be placed in the scale-pan beneath the muscle,
and the increase of length recorded on a stationary blackened cylinder
by the downward movement of the writing-point; the cylinder may
then be moved on a short distance, more weight added, and the

107
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additional increase of length similarly recorded, and so on for a
succession of weights.

If this experiment is done with some non-living substance, such as
a steel spring or a piece of india-rubber, instead of a living muscle,
it is found that the amount of stretching is proportional to the weight;
a weight =2 produces an extension twice as great as that produced
by a weight=1; in this way one obtains a tracing like that seen on
the left hand of figure 122, and the dotted line drawn through the
lowest points of the extensions is a straight one.

With muscle, however, this is different; each successive addition
of the same weight produces smaller and smaller increments of

Muscle

Fic. 122.—(After Waller.)

extension, and the dotted line obtained is a curve. On unloading
the muscle, a curve in the reverse direction is ohtained.

In fatigue the stretching takes place slowly, and the return of
length after unloading is very imperfect. 'When the muscle is dead
(rigor mortis) extensibility is reduced, but when the muscle during
life is kept in a contracted condition, as in tetanus, the elongation
produced by a weight is greatest.

This last point may be illustrated by the next diagram (fig. 123).

The thick lines represent the contracted muscle, the thin ones
the uncontracted. It is represented as being stretched by the
different weights mentioned along the top line; and the lengths
under the influence of these weights are separated by equal dis-
tances. Thus A C represents the length of the uncontracted
muscle, A B of the contracted muscle, when unloaded. A’ C’ and
A’ B’ the same under the influence of a weight of 50 grammes, and
80 on.
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The curve connecting the ends of the lengths of the contracted
muscle falls faster than that obtained from the uncontracted one,
until at the point P under the influence of a weight of 250 grammes,
the two curves meet; that is to say, 250 grammes is the weight
which the muscle was just unable to lift. Suppose a muscle has to
lift the weight of 200 grammes, it begins with a length A” C”, but
when it contracts it has a length A” B”, that is, it has contracted a
distance of B” C”, which is very small; when it has to lift a less
weight it shortens more, when a greater weight it shortens less; till
when it shortens least it lifts the greatest weight.

This experiment illustrates the general truth that when a muscle
is contracted it is more extensible. At the point P the energy
tending to shorten the muscle (its contractile power) is exactly equal
to the energy tending to lengthen it against its clastic force. Thus

0 50 100 150 200 250

Contracted

Uncontracted --}-<

Fi1a. 123.

we have the apparent paradox at this point, that a muscle when
contracted has exactly the same length as when uncontracted; but
this is a matter of everyday experience; if one tries to lift a weight
beyond one’s strength, one fails to raise it, but nevertheless one’s
muscles have been contracting in the effort; they have not contracted
in the restricted sense of becoming shorter, but that is not the only
change a muscle undergoes when it contracts; the other changes,
electrical, thermal, chemical, etc., have taken place, as evidenced in
one’s own person by the fact that the individual has got warm in his
efforts, or may even feel fatigue afterwards.

But the paradox does not end here, for if diagram 123 is again
looked at, it will be seen that beyond the point P the two curves
cross; in other words, the muscle may even elongate, due to increase
of extensibility, when it contracts. This is known after its discoverer
as Weber's paradox. The increase of extensibility of muscle during
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contraclion is protective and tends to prevent rupture in efforts to
raise heavy weights.

Muscular Tonus.

In the living animal, muscles are more or less stretched between
their two attachments. They are in a state of tonicity or tonus, and
when divided they retract and the two parts separate. Thus a
muscle, even at rest, is in a favourable condition to contract without
losing time or energy in taking in slack.

Muscular tonus is under the control of the nervous system (on
the reflex character of this control, see later, under Tendon Reflexes);
the muscles lengthen when their nerves are divided, or when they
are rendered physiologically nerveless by curare. Beside the nervous
system, the state of muscular nutrition dependent on a due supply
of healthy blood must also be reckoned as important in maintaining
muscular tonus.

Work of Muscle.

The question of muscular work is intimately associated with that
of elasticily. In a technical sense, work (W) is the product of the
load (7) and the height (&) to which it is raised. W=[XA.

Thus in fig. 123, when the muscle is unloaded the work done is
wil: W=BCxO0=0. When the load is 250, again the work done
is nel, because then 2 =0. With the load 50, W=B" C’' x 50.

If the height is measured in feet and the load in pounds, work is
expressed in terms of foot-pounds. If the height is mecasured in

3 ) as 6 j ¥ 30 90

FIc. 124.—Diagram to show the mode of measuring muscle work. (M‘Kendrick.)

willinetres or metres, and the load in grammes, the work is expressed
in gramme-millimetres or gramme-metres respectively. .

This may be shown diagrammatically by marking on a horizontal
base line or abscissa, distances proportionate to different weights,
and vertical lines (ovdinates) drawn through these represent the
height to which they are lifted (see fig. 124).

In the diagram (fig. 124) the figures along the base line represent
grammes, and the figures along the vertical line represent milli-
metres. The work done as indicated by the first line is 10 x 5 =50
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gramme-millimetres, the next 20 x 6 =120 gramme-millimetres, and
8o on, while the last on the right, 100 X 3=300 gramme-millimetres.
It is thus seen that the height of a muscle-curve is no measure of
the work done by the muscle unless the weight lifted is taken into
account as well.

The following figures are taken from an actual experiment done
with the frog’s gastrocnemius (Weber) :—

Weight lifted. Height. Work done.

5 grammes 276 millimetres | 138 gramme-millimetres
15 ’ 25-1 0 376 .0
25 . 11-45 v 286 ”»
30 v 73 » 219 s

The work increases with the weight up to a certain maximumn,
after which a diminution occurs, more or less rapidly, according as
the muscle is fatigued. In the higher animals the energy so obtained
compared with the frog is about twice as great for the same volume
of muscular tissue.

The muscle, regarded as a machine, is sometimes compared to
artificial machines like a steam- -engine. A steam-cngine is supplied
with fuel, the latent energy of which is transtormed into work and
heat. The carbon of the coal unites with oxygen to form carbonic
acid, and it is in this process of combustion or oxidation that heat
and work are liberated. Although the analogy between muscle and
a steam-engine is by no means an exact one (see pp. 128-130),
nevertheless it may stand for our present purpose. In a steam-
engine a good deal of fuel is consumed, but there is great
economy in the consumption of the living muscular material. Take
the work done by a gramme (about 15 malns) of muscle in raising a
weight of 4 grammes to the height of 4 metres (about 13 feet); in
doing this work probably less than a thousandth part of the muscle
has been consumed.

Next let us consider the relationship between the work and the
heat produced. An ordinary locomotive wastes about 96 per cent. of
its available energy as heat, only 4 per cent. being represented as
work. In the best triple-expansion steam-engine the work done rises
to 12'5 per cent. of the total energy.

In muscle Fick calculated that 33 per cent. of the mechanical
energy is available as work; later he found this estimate too high,
and stated the number as 25. More recent investigations show
that in man from 20 to 28 per cent. of the energy liberated during
muscular contraction appears as work. Thus muscle is more
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economical than the best steam-engines; but the muscle has this
great advantage over any engine, for the heat it produces is not
wasted, but is used for keeping up the body temperature, the fall of
which below a certain point would lead to death, not only of the
muscles but of the body generally.

So far we have been speaking as though the only active phase of muscular con-
traction is the period of shortening. It is, however, extremely probable that
lengthening is also an active process. This was originally mooted by Fick, who
pointed out that the fall of a muscle lever during the relaxation period is of variable
speed, and is obviously not due to the passive elongation of the muscle by gravity ;
the way in which this part of the curve is varied by such agencies as temperature,
and drugs like veratrine, also indicates that relaxation is an independent process.

Isotonic and Isometric Curves.—If, in recording the contraction of a muscle, the
load is applied vertically under the muscle, its pull upon the muscle varies during
the successive stages of a single contraction, owing to the inertia of the load. In
order to avoid this variation in tension, it is usual to apply the weight at a point
close to the fulcrum of the recording lever, so that when the lever is raised, the
weight remains practically stationary, and thus the error due to its inertia is avoided.
In order to apply the necessary tension to the muscle, the weight hanging on the
lever must be increased in the ratio of the distances of the muscle and weight from
the fulcrum. A twitch recorded under such conditions is called isotonic, i.¢., one
in which the tension remains constant throughout. If,on the other hand, the
muscle is fixed at both ends, and then excited, the resulting activity expresses itself
in a phase of increasing tension followed by one of decreasing tension. If the
alterations of tension are recorded, we obtain what is called an {sometric curve.
This curve is obtained by making the muscle pull against a spring which is so strong
that the muscle can only move it to a very slight extent. 'Fhis slight movement is
then highly magnified. The curve thus obtained resembles in its main features an
isotonic contraction, but its maximum is reached earlier, and it returns to the zero
position sooner. The flat top of the isometric curve described by the earlier
observers was due to the imperfection of the instruments employed. The tracings
of muscle curves given in previous illustrations (see figs. 118 to 119) were obtained
by the isotonic method. but it is probable that the isometric curve is a more faithful
record of the variations in the intensity of the contraction process than that yielded
by the isotonic method. The momentum or swing of a light lever, such as is used
for obtaining isotonic curves, will no doubt account for the extra upward movement
it executes.



CHAPTER XI
THE ELECTRICAL PHENOMENA OF MUSCLE

WE have seen that the chemical processes occurring in muscular
contraction lead to a transformation of energy into work and heat.
These changes are accompanied by electrical/disturbances also.

The history of animal electricity forms one of the most fasci-
nating chapters in physiological discovery. It dates from 1786,
when Galvani made his
first observations. Galvani
was Professor of Anatomy
and Physiology at the Uni-
versity of Bologna, and his
wife was one day preparing
some frogs’ legs for dinner,
when she noticed that the
apparently dead legs became
convulsed when sparks were
emitted from a frictional
electrical machine which
stood near. Galvani then
wished to try the effect of
lightning and atmospheric
electricity on animal tissues.
So he hung up some frogs’
legs to the iron trellis-work
round the roof of his house
by means of copper hooks,
and saw that they con-
tracted whenever the wind
blew them against the iron. F16. 195.—Galvani.

He imagined this to be due :

to. electricity secreted by the animal tissues, and this new principle
was called Galvanism. But all his contemporaries did not agree
with this idea, and most prominent among his opponents was Volta,
Professor of Physics at another Italian university, Pavia. He showed
that the muscular contractions were not due to animal electricity, but
to artificial electricity produced by contact with different metals.

118
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The controversy was a keen and lengthy one, and was terminated
by the death of Galvani in 1798. Before he died, however, he gave
to the world the experiment known as “ contraction without metals,”
which we shall study presently, and which conclusively proved the
existence of animal electricity. Volta, however, never believed in it.
In his hand electricity took a physical turn, and the year after
Galvani’s death he invented the Voltaic pile, the progenitor of our
modern batteries. Volta was right in maintaining that galvanism
can be produced independently of animals, but wrong in denying that
electrical currents could be obtained from animal tissues. Galvani
was right in maintaining the existence of animal electricity, but
wrong in supposing that the contact of dissimilar metals with tissues
proved his point.

This conclusion has been arrived at by certain new methods of
investigation. In 1820 Oersted discovered electro-magnetism : that
is, when a galvanic current passes along a wire near a magnetic

? S

’—\.. <
= N<
FiaG. 126. Fia. 127.

needle, the needle is deflected one way or the other, according to
the direction of the current. This led to the invention of the
astatic needle and the galvanometer, an instrument by which very
weak electrical currenis can be detected. For a long time the
subject of animal electricity, however, fell largely into disrepute,
because of the quackery that grew up around it. It is not entirely
free from this evil nowadays; but the scientific investigation of
the subject has led to a considerable increase of knowledge, and
among the names of modern physiologists associated with it must
be particularly mentioned those of Du Bois Reymond and Hermann.

Before we can study these it is, however, necessary that we
should understand the instruments employed.

The Galvanometer.—The essential part of a galvanomeler is a
magnetic needle suspended by a delicate thread; a wire coils round
it; and if a current flows through the wire, the needle is deflected.
Suppose a man to be swimming with the current with his face to the
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needle, the north-secking pole is turned to the left hand. But such
a simple instrument as that shown in fig. 126 would not detect the
feeble currents obtained from animal tissues. It is necessary to

¥1c. 128.—Reflecting galvanometer. (Thomson.) A. The galvanometer consists of two systems of
small astatic needles suspended by a fine hair from a support, so that each set of needles is within
a coil of fine insulated copper wire, that forming the lower coil being wound in an opposite
direction to the upper. Attached to the upper set of needles is a small mirror about | inch in
diameter; the light trom tho lamp at B is thrown upon this little mirror, and is reflected upon
the scale on the other side of B, not shown in the figure. The coils % I are arranged upon brass
uprights, and their ends are carried to the binding screws. The whole apparatus is placed upon
a vulcanite plate capable of being levelled by the screw supports, and 18 covered by a brass-bound
glass shade, the cover of which is also of brass, and supports a brass rod b, on which moves a
weak curved magnet m., C is the shunt by means of which the amount of the current sent into
the galvanometer may be regulated. When in use the scale is placed about three feet from the
galvanometer, which is arranged east and west, the lamp is lighted, the mirror is made to swing,
and the light from the lamp is adjusted to fall upon it, and it is then regulated until the reflected
spot of light from it falls upon the zero of the scale. The wires from the non-polarisable electrodes
touching the muscle are attached to the outer binding screws of the galvanometer, a key interven-
ing for short circuiting, or if & portion only of the current is to pass into the galvanometer, the
shunt should intervene as well with the appropriate plug in. When & current passes into the
galvanometer the needles and, with them, the mirror, are turned to the right or left according to
the direction of the current. The amount of the deflection of the needle is marked on the scale by
the spot of light travelling along it.

increase the delicacy of the apparatue, and this is done in several
ways. In the first place, the needle must be rendered astatic, that
is, independent of the earth’s magnetism. The simplest way of
doing this is to fix two needles together (as shown in fig. 127), the
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north pole of one pointing the same way as the south pole of
the other. The current is led over one needle and then over
the other; the effect is to produce a deflection in each in the
same direction, and so the sensitiveness of the instrument is
doubled. If now the wire is coiled not only once, but twice or
more in the same position, each coil has its effect on the needles;
the multiplication of the effect of a weak current in this way is
accomplished in actual galvanometers by many hundreds of turns
of fine wire.

Fig. 128 illustrates the best galvanometer of this type; that of
Sir William Thomson (afterwards Lord Kelvin). It is called a
reflecting galvanometer, because the observer does not actually
watch the moving necedle, but a spot of light reflected on to a scale
from a little mirror, which is attached to and moves with the
needle. A very small movement of the needle is rendered evident,
because the movement of the spot of light being, as it were, at the
end of a long lever—namely, the beam of light, magnifies it.

Non-polarisable Electrodes.—If a gal-
vanometer is connected with a muscle by
wires which touch the muscle, electrical
currents are obtained in the circuit which
are set up by the contact of metal with
muscle. The currents so obtained form no
cvidence of electro-motive force in the
muscle itself. It is therefore necessary
that the wires from the galvanometer should
Fio. 129.—Non-polarisable elec. 1aVe interposed between them and the

R omgriop Bets eymond - muscle some form of electrodes which are
non-polarisable. Fig 129 shows one of the
earliest non-polarisable electrodes of Du Bois Reymond. It consists
of a zinc trough on a vulcanite base. The inner surface of the trough
is amalgamated and nearly filled with a saturated solution of zinc
sulphate. On the edge of the trough is placed a cushion of blotting-
paper, which dips into the zine sulphate solution; on it there is a
pad of china clay or kaolin, moistened with physiological salt solution
(09 per cent. sodium chloride); on this pad one end of the muscle
rests. The binding screw (k) connects the instrument to the
galvanometer; the other end, or some other part of the same
muscle, is connected by another non-polarisable electrode in the
same way to the other side of the galvanometer. If there is
any electrical difference of potential (that is, difference in electrical
level or tension) between the two parts of the muscle thus led
off, there will be a swing of the galvanometer needle; the
galvanometer detects the existence and direction of the current
which occurs.
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Fig. 130 shows a more convenient form of non-polarisable elec-
trodes.

Fia. 180.—Diagram of Du Bois Reymond’s non-polarisable electrodes. a, Glass tube filled with a satu-
rated solution of zinc sulphate, in the end, ¢, of which is china clay drawn out to a point ; the clay
is moistened with physiological salt solution; in the solution of zine sulphate a well amalgamated
zinc rod is immersed and connected, by means of the wire A, with the galvanometer. The
remainder of the apparatus is simply for convenience of application. The muscle and the end of
the second clectrode are to the right of the figure.

In order to measure the strength (electromotive force) of such currents, the
mere amount of swing of the needle is only a very rough indication, and in
accurate work the arrangement shown in
fig. 181 must be used. The electromotive
force is usually measured in terms of a
standard Daniell cell. The two surfaces of
the muscle (M) are led off to a galvan-
ometer (B); the needle swings, and then a
fraction of a Daniell cell is introduced in
the reverse direction so as to ncutralise the
muscle current, and bring back the needle
to rest. From the Daniell cell K, wires
pass to the ends a, b of a long platinum
wire of high resistance, called the compen-
sator; c is a slider on this wire; a and ¢
are connected to the galvanometer; the
commutator C enables the observer to en-
sure that the current from the Daniell

¢

passes in the opposite direction to that K

produced by the muscle. If the slider ¢ is Fr6. 181.— Arrangement for Mmeasuring th
. 8 . 181.— 2 i e

placed at the end b of the compensator, the eloctromotive forcs of muscle. &

whole strength of the Daniell will be sent

through the galvanometer and will more than neutralise the muscle current ; if ¢ is
half-way between a and b, half the Daniell’s strength will be sent in; but this is
also too much ; ac will be found to be only quite a small fraction of ab; and this
fraction will correspond to a proportional fraction of the electromotive force of the

Daniell cell.

Lippmann’s Capillary Electrometer.—This instrument is often
used instead of the galvanometer. It consists of a glass tube drawn
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out at one end to a fine capillary and filled with mercury. It is
connected to an apparatus by which the pressure on this mercury
can be lowered or increased. The open capillary tube is enclosed
within another tube filled with 10 per cent. sulphuric acid. Two
platinum wires fused through the glass, pass respectively into the
mercury and the acid, and the other ends of these wires are con-
nected by electrodes to two portions of the surface of a muscle. The

Capillary- - -

1 F16. 182.—Lippmann’s capillary electrometer. (After Waller.)
1. Pressure apparatus and microscope on stand of which the capillary tube is fixed.
2. Capillary tube, fixed in outer tube containing 10 per cent. sulphuric acid; the platinum
wires are also shown.
8. Capillary and column of mercury as seon in the field of the microscope.

capillary tube is observed by a microscope (see fig. 132). The surface
of the mercury is in a state of tension which is easily increased or
diminished by variations of electrical potential, and the mercury
moves in the direction of the negative pole.

If the shadow of the mercurial column is thrown upon a
travelling sensitive photographic plate, photographs are obtained
which show the electrical variations in a living tissue in a graphic
manner. The instrument is exceedingly sensitive, and its indications
are practically instantaneous.



CH. X1.] THE STRING! GALVANOMETER 119

The String Galvanometer.—In the ordinary galvanometer, the
current passes through a fixed coil of wire, and deflects a small
magnetic needle suspended in the centre. This arrangement can be
inverted, the magnet being large and fixed, and the coil small and
movable. The string galvanometer of Einthoven is a development
of this type. The coil is reduced to a single thread of quartz
(a, a fig. 133), silvered on the surface so as to conduct the current.
It hangs between two large electro-magnets which give a very
“intense fleld.” Whenever a current passes along the silvered
thread, 1t is pulled towards one or the other magnet according to the
direction of the current. The thread is illuminated by a strong

Fia. 188.—Diagram of string galvanomoter. a, @ is the silvered quartz string; A and B are the
eloctro-magnets ; a microscops is placed in the hole bored through A; L a source oflight, and
8 the screen upon which the magnified image of the string falls ; and M the muscle.

light, and magnified by a microscope, which throws the image on to
a screen, or if a record of the movements is desired, the screen is
replaced by a rapidly travelling photographic plate.

We can now pass on to a consideration of results.

In a muscle removed from the body, it is found that on leading
off two parts of its surface to a galvanometer, the needle (or in the
case of the string galvanometer, the quartz fibre) usually moves;
this indicates that the two parts of the muscle are not in the same
state of electrical potential, and therefore a current flows when the
two parts are connected by a conducting wire; the most marked
result is obtained when the longitudinal surface is connected with
one or other of the cut ends as in fig. 133. Du Bois Reymond called
this the current of rest. Hermann, however, showed that if a muscle
is at rest, and is absolutely uninjured, there is no current of rest, all
parts of the musecle being in the same electrical condition (iso-electric) ;
Du Bois Reymond’s current of rest is really a current produced by



120 THE ELECTRICAL PHENOMENA OF MUSCLE [on. x1.

injury, and is now known as the demarcation current; an injured
portion of a muscle, such as the cut end, resembles the zinc in a
zinc-copper cell, and is therefore galvanometrically negative in
contrast to the uninjured centre. The longitudinal uninjured surface
thus corresponds to the copper of a Daniell cell, and the electrode
attached to it is the positive pole; it may be therefore spoken of as
galvanometrically positive. This is indicated in the diagram by the
+ and — signs, and the direction of the current is shown by arrows.

Du Bois Reymond further demonstrated that when the injured
muscle showing its injury current was made to contract tetanically,
a current was set up in the opposite direction which caused the
galvanometer needle to return towards its previous position. This
lessening of the injury current he spoke of as the negative variation,
but is now more usually termed the current of action. The essential
cause of the current of action is that active portions of a muscle
become (like injured portions) galvanometrically negative in contrast
with the portions of the muscle which are at rest.

Before, however, we can understand the “negative variation”
of tetanus, it is obviously necessary to consider the electrical
variation which takes place during a single muscular contraction
or twitch.

The electrical change during a twitch is called a diphasic
vartation. The contracting part of a muscle becomes first more
negative (galvanometrically) ; it then rapidly returns to its previous
condition. The change indicates a disturbance of the stability of the
tissue; its disappearance is the result of a return of the muscular
tissue to a state of rest. If the muscle is stimulated at one end, a
wave of contraction travels along it to the other end. This muscle-
wave (see p. 97) may be most readily studied in a curarised muscle,
that is, in a muscle which is physiologically nerveless. The electrical
variation travels at the same rate as the visible contraction, but
precedes it.

Suppose two points (p and d) of the muscle (fig. 134) are
connected by non-polarisable electrodes to a needle galvanometer,
and that the muscle-wave is started by a single stimulus applied
at A; just before the visible wave reaches p this point becomes
galvanometrically negative to d, and therefore a current flows from
d to p through the galvanometer G. A moment later the two points
are equi-potential and no current flows, a minute fraction of a
second * later this balance is upset, for when the wave reaches the
point d, that point undergoes the same change, and the galvanometer
needle moves in the opposite direction.

The needle galvanometer, however, is not the best instrument to
employ to demonstrate these facts; the inertia of the needle may be

* The time will vary with the distance between p and d.
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so great that it is impossible for it to catch and respond to the two
phases. If the capillary electrometer is used, the mercury is seen
to move first in one direction and then in the other. The deep

Fia. 184,

black curve in the accompanying figure (fig. 135) shows the record
obtained by photographing the movement of the column of mercury
on a rapidly travelling photographic plate. The grey curve in the
same figure we shall consider later. The meaning of such a
photographic record is rendered clear by testing the electrometer
with currents of known strength; from these experiments it is

0'7!3‘800 :

Fic. 185.—Diphasic curve (black) of the normal sartorius. The grey curve is tl'm monophasic curve
of the same muscle when one electrometer contact was placed on the imumq epd. The two
photographic curves are placed one over the other so that the beginnings coincide. (Burdon
Sanderson.)

shown that the upward movement is due to the increase of galvano-
metrical negativity at the point p (fig. 134), and the downward
movement is not merely a return to zero, but due to the same
change at the point d (fig. 134) when the contraction wave arrives
there; the interpretation of the curve is shown in fig. 136. A is
the photographic record; B represents the first phase which causes
the upward movement of the mercury, and C the second phase,
which leads to its downward movement.
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If, however, instead of examining the electrical change in the
muscle in the manner depicted in fig. 134, one electrode is placed on

B

Cc

Fia. 186.—The photographic
electrometer curve of the
diphasic variation, and its
interpretation.

the uninjured surface and the other on the
cut end (see fig. 137), the electrical response
is a different one.

Under these conditions, the electrical
change is a monophasic variation, for when
the muscle-wave reaches d, this part of
the muscle, owing to its injured state,
does not respond to the excitatory con-
dition, and the electrical response is also
extinguished.

The grey curve in fig. 135 is the graphic
record of the change as revealed by the
capillary electrometer. It will be seen that
the ascending limb of the curve is identical
in the two cases, but that the second phase
is absent. From the point at which the
diphasic curve approaches its culmination
the injury curve diverges from it, continu-
ing to ascend; the line soon after becomes
horizontal, and then begins slowly to de-
cline. This long tail denotes only the
gradual disappearance of polarisation of the
mercury Imeniscus.

After these considerations we can now study what occurs when
the muscle enters into tetanus. Du Bois Reymond placed his
non-polarisable electrodes in the positions indicated in fig. 137, one

F1a. 187,

~(p) on the comparatively uninjured surface, the other (d) on the
devitalised cut end. He sent in the tetanising series of shocks at A.
The electrical response is under these conditions a summation of
the individual electrical responses evoked by instantaneous stimuli;
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and the monophasic character of the single response explains casily
what occurs during tetanus; the centre of the muscle becomes more
galvanometrically negative than it was before, and so the electrical
difference of potential between the centre and the injured end is
lessened. The following figure (138) illustrates the record obtained
by the capillary electrometer from an injured sartorius excited
14 times a second ; each oscillation represents a single monophasic
variation. The individual oscillations can, however, be seen when
the excitations follow one another more rapidly, even up to 80 or
100 per second.

If the string galvanometer is employed instead of the capillary
electrometer, the results are the same; a movement of the quartz
thread occurs in one direction when the contraction reaches p
(fig. 134); it roturns to rest during the intervening period, and

F1c. 188.—Electrometer record of injured sartorius during tetanus. (Burdon Sanderson.)

when the contraction reaches d (fig. 134), the thread once more
moves, this time in the opposite direction. But if the second
electrode is placed as in fig. 137 on the injured cut end of the
muscle, the movement of the thread is a single one due to the
electrical change at p,; the second phase or movement is absent
because the dead muscle at d does not contract, and therefore its
electrical condition remains unchanged. . _ _

The employment of instruments of precision, like the capillary
electrometer and string galvanometer, has enabled investigators to
ascertain the time of onset and duration of the electrical disturb-
ance; this precedes the actual shortening of the muscle, occurring
chiefly during the latent period, and it is completed long before the
visible contraction is over. This is well shown in the next diagram .
(fig. 139) in which the muscle curve (M) is seen with its accompany-
ing electrogram taken with the string galvanometer. )

In those forms of contracture (seen in certain nervous diseases)
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which arc exaggerations of tonus, no electrical changes are dis-
cernible.

Muscle is not the only tissue which exhibits electrical pheno-
mena. A nerve which is uninjured is iso-electric; injury causes
a demarcation current; activity is accompanied with a similar
diphasic wave travelling along the nerve simultaneously with the
nervous impulse. The activity of secreting glands, vegetable tissues,
retina, etc., is accompanied with somewhat similar electrical changes,
which we shall study in detail later.

But the most prominent exhibition of animal electricity is seen
in the clectric organs of electric fishes. In some of these fishes the

Fia. 189.—Frog’s gastrocnemius stimulated by an induction shock at P, applied to the sciatic nerve.
T is the time-tracing marking 35 sec. M is the tracing of the myograph lever, and the beginning
of the simple muscle curve is seen after the usual latent poriod. 8 is the diphasic electrical
response described by the string of a string galvanometer; this occurs during the latent period of
the muscle. (After Samojloft.)

electric organ is modified muscle, in which a series, as it were, of
hypertrophied end-plates correspond to the plates in a voltaic pile.
In other fishes the electric organ is composed of modified skin glands.
But in each case the electric discharge is the principal phenomenon
that accompanies activity.

The Rheoscopic Frog.

The electrical changes in muscle can be detected not only by
the galvanometer and electrometer, but also by what is known as
the physiological rheoscope ; this consists of an ordinary muscle-nerve



CH. XI.] THE RHEOSCOPIC FROG 125

preparation from a fresh and vigorous frog. The nerve is stimulated
by the electrical changes occurring in muscles, and the nervous
impulse so generated causes a contraction of the muscles of the rheo-
scopic preparation.  The following are the principal experiments that
can be shown in this way :—

1. Galvand’s contraction without metals. 1f the nerve of a nerve-
muscle preparation A is dropped upon another muscle B (fig. 140)

Fia. 140.—Galvani's experiment without metals.

or upon its own muscle, it will be stimulated by the injury current
of the muscle on which it is dropped, and this leads to a contraction
of the muscle (A) which it supplies. The experiment succeeds Lest
if the nerve is dropped across a longitudinal surface and a freshly
made transverse section.

2. Secondary contraction. This is caused by the current of
action. If, while the nerve of A is resting on the muscle B (fig.
141), the latter is made to contract by “the stimulation of its

FrIa. 141.—8econdary contraction. (After Waller.)

nerve, the nerve of A is stimulated Dy the electrical variation
which accompanies the contraction of the muscle B, and so a con-
traction of muscle A is produced. This is called secondary con-
traction. It may be either a secondary twitch or secondary tetanus,
according as to whether the muscle B is made to contract singly or
tetanically.

3. Secondary contraction from the heart. If an excised but still
beating frog’s heart is used instead of muscle B, and the nerve
of A laid across it, each heart’s beat, accompanied as it is by an
electrical variation, will stimulate the nerve and cause a twitch
in the rheoscopic muscle A.



CHAPTER XII
THERMAL AND CHEMICAL CHANGES IN MUSCLE

IN muscular contraction there is a transformation of the potential
energy of chemical affinity into other forms of energy, especially
molar motion and heat. Heat is a form of motion in which there is
movement of molecules; in molar motion there is movement of
masses. The fact that when a blacksmith hammers a piece of iron
it becomes hot is a familiar illustration of the transformation of one
mode of movement into the other. Heat is measured in heat-units or
calories. One calorie is the energy required to raise the temperature
of 1 gramme of water by one degree centigrade; and this in terms
of work is equal to 425'5 gramme-metres, that is, the energy required
to raise the weight of 4255 grammes to the height of 1 metre.

A muscle when uncontracted is nevertheless not at absolute rest.
We have already seen that it possesses tonus or tone; it also possesses
what we may call chemical tone; that is, chemical changes are
occurring in it, and consequently heat is being produced. But when
it contracts, the liberation of energy is increased; work is done, and
more heat is produced; the heat produced represents more of the
energy than the work done. The more resistance that is offered to a
muscular contraction, the more is the work done relatively increased
and the heat diminished. The amount of heat (and work) produced
by a muscle is proportional to its initial length; the more it is
stretched (within certain limits), the greater is its initial length,
and the greater is the energy evolved when it contracts.

On a cold day one keeps oneself warm by exercise ; in fact the body
temperature may go up temporarily 1° to 2° as a result of muscular
activity. The same can be shown in large animals by inserting a
thermometer between the thigh muscles and stimulating the spinal
cord. The rise of temperature may amount to several degrees.

In the frog’s muscles, Helmholtz found that, after tetanising them
for two or three minutes, the temperature rises 0'14° to 0'18° C.;
and for each single twitch Heidenhain gives a rise of temperature
of from 0:001° to 0:005° C.

For the detection of such small rises in temperature, a thermopile,
and not a thermometer, is employed.

126
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A thermopile consists of a junction of two different metals; the
metals are connected by wires to a galvanometer. If the junction
is heated an electrical current passes round the circuit, and is
detected by the galvanometer. The metals employed are iron
and German silver, or antimony and bismuth. If the number of
couples in the circuit is increased, each is affected in the same
way, and thus the electrical current is increased through the galvan-
ometer. The arrangement is shown in fig. 142, which also indicates
the direction of the currents produced, the metals employed being
antimony and bismuth. By using 16 couples of this kind Helmholtz
was able to detect a change of ;o4 of a degree centigrade.

Within certain limits, the strength of the current is directly
proportional to the rise of temperature at the junction.

If two couples are in circuit, as shown in fig. 143, and they are
heated equally, no current will pass through the galvanometer, the
current through one couple being opposed by the current through

),
U
B-A A«B B—A A«<<B B--=-A
1 Couple. 2 Couples. 8 Couples.
Fia. 142. Fia. 148. Fia. 1484.

Scheme of thermo-electric couples. (After Waller.)

the other. But if the two couples are heated unequally, the direction
of swing of the galvanometer needle indicates which is the warmer.
To apply this to the frog’s gastrocnemius, plunge several needle-shaped
couples (fig. 1434) into a frog’s gastrocnemius of one side and the
same number of couples into the gastrocnemius of the other side, and
then excite first one then the other sciatic nerve; a deflection of the
galvanometer will be observed first in one, then in the other direction,
indicating the production of heat first on one side, then on the other.

In the thermopile used in the work of Professor A. V. Hill,
the metals employed are copper and an alloy known as
constantan; employing a large number of such junctions in
connection with a string galvanometer, it is possible to measure
the heat produced even in such small muscles as a frog’s sartorius,
the amount of deflection of the thread by known quantities of
heat having previously been determined. The responses of this
delicate instrument are so immediate, that it is also possible to
ascertain the time when the heat formation occurs; and the
interesting result has been obtained that not only is heat produced
during the contraction, but also after the confraction. The latter
is associated with the processes which accompany recovery or
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repair, and will be understood better when we have examined the
nature of the chemical changes that take place in the muscle.

Chemical Changes in Muscles.

Muscle during rest is constantly taking up oxygen from the
blood (vie the lymph) and giving off carbonic acid. This gaseous
interchange is much increased when a muscle contracts, and this
leads to an increased formation of heat. Sarcolactic acid is also
formed, and in excised muscles renders them acid to litmus paper.
This can be readily shown in a frog’s gastrocnemius after it has
been tetanised for 10 to 15 minutes. Another method of illus-
trating the production of acid consists in injecting some acid
fuchsin into the circulation; this solution is colourless when
neutral, and is turned red by acid. If one gastrocnemius is then
tetanised for about an hour, that muscle only becomes red. The
demonstration that the acid is lactic acid consists in the application
of certain colour tests for that acid.

For a certain time after its removal from the body, an excised
muscle can be made to contract and give off oxidation products such
as carbonic acid in an atmosphere containing no oxygen at all. The
carbonic acid evolved had been stored up in the muscle previously.
Little or no oxygen can be detected in the gases obtained from
muscles by means of an air-pump. Excised muscles must be
regarded as partially asphyxiated, for their individual fibres are
largely cut off from that ready supply of oxygen which normally
reaches them by the blood. During life (and the living condition
can be imitated by placing an excised muscle in an atmosphere
of pure oxygen) the muscular substance breaks down into a number
of simpler substances; one of these is carbonic acid. The others,
however, or some of them, are at once built up again with the
inclusion of oxygen and some carbon-containing substance, perhaps
sugar, into living material. The muscle, therefore, does not contain
any of the by-products of its own metabolism. In excised muscle,
when the oxygen supply is deficient the by-products accumulate,
a8 a result of which very striking alterations take place; sarcolactic
acid accumulates, and this is the essential cause of fatigue, and
ultimately of death; the proteins become coagulated, and this is
the physical basis of rigor mortis.

Muscular substance contains, in addition to water and mineral
salts, a large quantity of protein with smaller amounts of fat and
carbohydrate (glycogen and glucose); all of these organic substances
may be subjected to oxidation during muscular activity, but in
varying degrees. At one time protein was regarded as the main
source of muscular energy, but this view had to be abandoned when
it was shown that little or no increase in nitrogenous waste
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substances (such as urea) occurs as a result of muscular work. Any
increase in nitrogenous waste is negligible, and occurs only when
the muscles do not receive a due share of non- nitrogenous food.
In normal conditions the body is very economical in the use of the
valuable protein materials in its tissues and organs, and energy
changes are derived chiefly from the consumption of fat and
carbohydrate. There is no doubt that in muscle, fat is a valuable
fuel in this relation, for muscles such as the heart and the
diaphragmn which are constantly at work are specially rich in fat.
But carbohydrate appears to be the main source of muscular energy.

One of the earliest contributions in this dirvection consisted in
showing that glycogen is transformed into sugar when a muscle
contracts; the production of lactic acid always accompanies con-
traction and is probably the cause of it; it acts in virtue of its
hydrogen ions on the colloid contractile elements in the muscle,
either by changing their surface tension, or otherwise altering their
physical state; hence work done is increased if the initial length of
the muscle is increased, for then there is more surface to be acted on.

There exists in muscle an unstable substance which is called by
Fletcher the “lactic acid precursor ” (lactacidogen). Its exact compo-
sition is still unknown, but that it is a compound of glucose (dextrose)
with something else appears pretty certain. The first change which
occurs when a muscle contracts is a breakdown of this compound,
and the consequent liberation of sarco-lactic acid. When the supply
of oxygen is adequate, oxidation of the lactic acid leads to the
formation of carbonic acid and water (C;H;O3+430,=3C0O,+ 3H,0).

If the supply of oxygen is inadequate, as when isolated muscles
are made to contract in an atmosphere of nitrogen, there is less
carbonic acid produced and lactic acid accumulates; if such muscles
are then supplied with oxygen the lactic acid decreases, and carbonic
acid increases at its expense.

The same occurs in the living animal; during muscular activity
the formation of lactic and carbonic acids increases; but these
substances pass into the circulating blood, so that the muscles
themselves do not become acid, unless the exercise has Dbeen
exceptionally severe; it is stated, for example, that the muscles of
animals hunted to death are acid.

During life, however, all the lactic acid is not oxidised into
carbonic acid and water, and the amount so oxidised is lessened
when the supply of oxygen is deficient, for instance during asphyxia,
or if the formation of lactic acid is very rapid, as in muscular
exercise. The lactic acid which passes into the blood under these
conditions is excreted in the urine. During rest in man, the urine
contains only about 4 milligrammes of lactic acid per hour; this is
raised by severe exercise a hundredfold.

E
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The evolution of heat which occurs in a muscle after the visible
contraction is finished is due partly to the oxidation of lactic acid,
and partly to processes of repair; the lactic acid which is not
oxidised and which does not escape into the blood, is again
synthesised into the carbohydrate compound which we have called
the “lactic acid precursor,” the energy needed for this being supplied
by the oxidation of other substances in the muscle with the
liberation of heat and carbonic acid.

Fatigue.

If the nerve of a nerve-muscle preparation is continually stimu-
lated, the muscular contractions become more prolonged (see p. 97),
smaller in extent, and finally cease together.

The muscle is said to be fatigued: this is due to the consump-
tion of the substances available for the supply of energy in the
muscle, but more particularly to the accumulation of waste pro-
ducts of contraction; of these sarcolactic acid is the important one.
Fatigue may be artificially induced in a muscle by feeding it on a
weak solution of lactic acid, and then removed by washing out the
muscle with salt solution containing a minute trace of an alkali. If
the muscle is left to itself in the body, the blood-stream washes away
the accumulation of acid products, and fatigue passes off.

The question next presents itself, where is the seat of fatigue?
Is it in the nerve, the muscle, or the end-plates? If, after fatigue has
ensued and excitation of the nerve of the preparation produces no
more contractions, the muscle is itself stimulated, it contracts; this
shows it is still irritable, and, therefore, not to any great extent the
seat of fatigue.

If an animal is poisoned with curare, and it is kept alive by arti-
ficial respiration, excitation of the peripheral end of a motor nerve
produces no contraction of the muscles it supplies. If one goes on
stimulating the nerve for many hours, until the effect of the curare has
disappeared, the block at the end-plates * is removed and the muscles
contract: the seat of exhaustion is therefore not in the nerves. By
a process of exclusion it has thus been localised in the nerve-endings.

When the muscle is fatigued in the intact body, there is, however,
another factor to be considered beyond the mere local poisoning of
the end-plates. This is the effect of the products of contraction
passing into the circulation and poisoning the central nervous system.
This aspect of the question has been specially studied by Waller
and by Mosso. Mosso devised an instrument called the ergograph
(fig. 144), which is a modification of Waller's dynamograph invented

* Another convenient block which is sometimes used is to throw a constant

current into the nerve between the point of excitation and the muscles. This
prevents the nerve impulses from reaching the muscles.



CH. XII] FATIGUE 131

many years previously. The arm, hand, and all the fingers but one
are fixed in a suitable holder; the free finger repecatedly lifts a weight
over a pulley, and the height to which it is raised is registered by
a marker on a blackened surface.

By the use of this and similar instruments it has been shown
that the state of the brain and central nervous system gencrally is
an important factor in fatigue, and that the fatigue products pro-
duced in the muscles during work cause part of their injurious
effects by acting on the central nervous system and diminishing its
power of sending out impulses.

One of the most striking of Mosso’s experiments illustrates in a
very forcible manner the fact that the central nervous system is more

Fio. 144. —Mosso’s ergograph. This illustrates quite well the principles of the apparatus. 1t has
since been greatly improved in accuracy by various modilications, especially by Kraepelin.

easily fatigued than the nerve-endings in muscle. A person goes on
lifting the weight until, under the influence of the will, he is unable
to raise it any more. If then, without waiting for fatigue to pass off,
the nerves going to the finger muscles are stimulated artificiully by
induction shocks, they once more enter into vigorous contraction.

Mosso has also shown that the introduction of the blood of a
fatigued animal into the circulation of a normal one will give rise in
the latter to all the symptoms of fatigue, for the blood of the fatigued
animal contains the products of activity of its muscles.

It should, however, be mentioned that some physiologists (Lee,
Toteyko, ete.), still regard the effect on the end-plates as the most
important factor in fatigue.

The statement that nerves are not fatiguable, does not mean that the nerve-
fibres undergo no metabolic changes when transmitting a nerve impulse, but that
the change is so slight, and the possibilities of repair so great, that fatigue in the

usual acceptance of the term cannot be demonstrated.  Waller made the interesting
but tentative suggestion that the medullary sheath is a great factor in repair, or, in
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his own words, *¢ the active grey axis both lays down and uses up its own fatty
sheath, and it is inexhaustible not because there is little or no expenditure, but
because there is an ample re-supply.” The following experiment, however, shows
that non-medullated nerves are as giﬂicult to fatigue as medullated fibres.

A dog is anesthetised, the abdomen opened. the spleen exposed, and the non-
medullated splenic nerves which lie by the side of the main splenic artery are

laid bare. The nerve is then cut as far from the spleen as possible, and the
L
G.P.
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Fi1a. 145.—Apparatus for obtaining splenic curves. s, Spleen in oncometer o, which is made of gutta-
percha, and covered with a glass plate (¢.P.) luted on with vaseline. M is the splenic mesentery
containing vessels and nerves ; this passes through a slit 1n the base of the oncometer which is made
air-tight with vaseline. The oncometer is connected to the flexible bellows (8) by the india-rubber
tube (B), theside tube (T) being closed during an experiment by a piece of glass rod. The recording
lever (L) writes on a revolving drum.

spleen is enclosed in an air oncometer connected to the bellow volume recorder
invented by Prof. Brodie. On stimulating the nerve with a weak faradic current
the organ contracts, and the recording lever falls. The next thing to do is to put
a block on the course of the nerve, which will J)revent the nerve impulses from
reaching the spleen. The blocking agent adopted was cold.

Fig. 145 is an outline drawing of the apparatus used, and fig. 146 shows the
arrangement adopted in connection with the nerve.

C S >  The nerve (~) rests on a metal tube (r) through which
water can be kept flowing. £ is the situation of the

N electrodes. 1f the nerve is excited, the spleen con-

’ tracts, and the recording lever (in fig. 145) falls. If

cC— /T now brine at 0 to 2° C. is kept flowing through T, the

nerve impulses are blocked by the cold, and cannot
reach the spleen. Immediately the icold brine is re-
placed by warm water at 30° C., the nerve again becomes
passable by nerve impulses, and the spleen contracts
once more.

While the fluid in T is kept at the low temperature

Lo

F16. 146.—Arrangement of ap-

paratus i connection with
the splenic nerve. 8 is the
spleen, and N the main
bundle of uerves. The
nerve rests on the metal
tube(r)through which fluid
at therequiredtemperature
is kept flowing, and on the
electrodes (&) which come
from the secondary coil of
an inductorium.

mentioned, and the nerve is excited with strong induc-
tion shocks all the time, the spleen remains irre-
sponsive ; the nerve impulses are able to reach r but
not to pass it. If then warm water is passed through 7,
and the block produced by the cold is thus removed,
and the spleen continues to be irresponsive, we have a
ﬁroof that the piece of nerve between E and T has

een fatigued. But the experiments showed that
non-medullated nerve is just as difficult to fatigue as
medullated nerve. Even after six hours’ continuous

excitation the nerve is just as excitable ‘as it was at the start, and a full splenic
contraction is obtained when the cold block is removed.
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It should be clearly understood that all these experiments prove only that
nerve-fibres are not fatiguable under ordinary conditions of stimulation. If we
assume that nerve is entirely ‘‘unfatiguable,” we must assume also that its
activity is not associated with the consumption of material and the production of
waste products. This would render nerve unique among all the other tissues of the
body, and is, moreover, contradicted by recent discoveries of evidence of metabolic
changes in a nerve during its activity. We are therefore driven to the conclusion
that repair is exceedingly rapid and perfect, although it is impossible to agree with
Waller that the repairing process is definitely associated with the presence of a
medullary sheath. The interval between successive induction shocks is certainly
short, but it is apparently long enough to allow the nerve to recover completely
before the next stimulus arrives. If, however, the interval between two successive
stimuli is made very brief indeed (0:006 sec.), the second stimulus is ineffective
becauseof-the fatigue due to the first. If the irritability of the nerve is depressed
"By cold, by asphyxia, or by an ansesthetic (such as yohimbine), the irresponsive
period may be lengthened to as much as one to two tenths of a second.

Another question is this:—Does any evidence exist that nerve-cells are
fatiguable? Kve excited the cervical sympathetic below the upper cervical
ganglion for twelve hours, and found no evidence of loss of excitability in the nerve ;
but in the nerve-cells of the ganglion he found on treating them with methylene blue
that there was a diffuse staining of their protoplasm, which he attributes to forma-
tion of acid. Max Verworn produced exhaustion of the motor cells of the spinal
cord by giving strychnine to an animal, and noted a similar effect; he considers
carbonic acid as responsible for the result. M¢Dougall and others, however,
consider that fatigue in the central nervous system has its seat in the synaptic
junctions rather than in the bodies of the nerve-cells.

Rigor Mortis.

After death, the muscles gradually lose their irritability and pass
into a contracted condition. This affects all the muscles of the body,
and usually fixes it in the natural posture of equilibrium or rest.
The general stiffening thus produced constitutes rigor mortis or post-
mortem rigidity.

The cause of rigor is the coagulation of the muscle-plasma, which
is more fully described in the next section. This coagulation results
in the formation of myosin, and is gradual in onset. Simultaneously
the muscles (a) become shortened and opaque, (b) heat s evolved, (¢)
they give off carbonic acid, and (d) become acid in reaction ; this'is due
in part to the formation of sarcolactic acid, and in part to the forma-
tion of acid phosphates.

After a varying interval, the rigor passes off, and the muscles are
once more relaxed. This sometimes occurs too quickly to be caused
by putrefaction, and there is very little doubt that it is really the
first stage in the self-digestion or autolysis which occurs in all tissues
after death, owing to the presence of intracellular enzymes or fer-
ments. It is known that a pepsin-like or proteolytic enzyme is
present in muscle, as in many other animal tissues, kidney, spleen,
ete. (Hedin), and that such enzymes act best in an acid medium.
The conditions for the solution of the coagulated myosin are there-
fore present, as the reaction of rigored muscle is acid.
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Order of Occurrence—The muscles are not affected simultaneously
by rigor mortis. It affects the neck and lower jaw first; next, the
upper extremities, extending from above downwards; and lastly,
reaches the lower limbs; in some rare instances it affects the lower
extremities before, or simultaneously with, the upper extremities.
It usually ceases in the order in which it begins: first at the head,
then in the upper extremities, and lastly in the lower extremities.
It seldom commences earlier than ten minutes, or later than seven
hours after death; and its duration is greater in proportion to the
lateness of its accession.

The occurrence of rigor mortis is not prevented by the previous
existence of paralysis in a part, provided the paralysis has not been
attended with very imperfect nutrition of the muscular tissue.

Chemical Composition of Muscle.

The phenomena of rigor mortis will be more intelligible if we
consider the chemical composition of muscle.

The connective tissue of muscle resembles connective tissue’
elsewhere; the gelatin and fat obtained in analyses of muscle are
derived from this tissue. The sarcolemma is composed of a substance
which resembles elastin in its solubilities.

The contractile substance within the muscular fibres is, during
life, of semi-liquid consistency, and contains a large percentage of
proteins and smaller quantities of extractives and inorganic salts.
By the use of a press this substance can be squeezed out of perfectly
fresh muscles, and it is then called the muscle-plasma.

After death, muscle-plasma, like blood-plasma, coagulates (thus
causing the stiffening known as rigor mortis). The solid clot corre-
sponding to the fibrin from blood-plasma is called myosin, and the
liquid residue is called the muscle-serum.

Pursuing the analogy further, it is found that the coagulation of
both muscle-plasma and blood-plasina can be prevented by cold, by
strong solutions of neutral salts, and by potassium oxalate, which
precipitates, as the insoluble oxalate of calcium, the lime salts
essential for the coagulation process. In both cases the precursor
of the solid clot is a protein of the globulin class which previously
existed in solution.

*Whether the change in the muscle proteins is a chemical or purely a physical
one is difficult to decide; one view of the cause of rigor mortis is the foKowing:
the formation of lactic acid is the essential cause of the phenomenon, just as it is
the main feature in fatigue. In both cases the “lactic acid precursor” breaks
down ; this leads to heat-formation, and the lactic acid reacting with the sodium
carbonate in dead muscle causes the evolution of carbonic acid. The accumulation
of sarcolactic acid finally coagulates the muscle proteins. This view is supported
by the fact that 7igor mortis occurs most rapidly in the muscles of fatigued animals,
since at the time of death they already contain lactic acid.
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Fibrin in the blood-clot is formed from the previously soluble
fibrinogen of the blood-plasma. Myosin in the muscle-clot is formed
from the previously soluble myosinogen of the muscle-plasma. When
the blood-clot contracts it squeezes out blood-serum; when the
muscle-clot contracts it squeezes out muscle-serum. The muscle-
serum contains small quantities of albuminous material, together
with the extractives and salts of the muscle.

The general composition of muscular tissue is the following :—

Water . . . . . . . 75 per cent.
Solids . . . . . . .25 .
Proteins . . . . . . . 18 v
Gelatin . ,_

Fat . . . }2 tob »
Fxtractives . . . . . . 0% -
Inorganic salts . . . . . . 1to2 s

The proteins, as already stated, chiefly pass into the clot: very
little is found in the muscle-serum.

The extractives comprise a large number of organic substances,
all present in small quantities, some of which are nitrogenous, such
a8 creatine, creatinine, xanthine, and hypoxanthine: the rest are
non-nitrogenous—namely, fats, glycogen, glucose, inositol, and the
variety of lactic acid known as sarcolactic acid. The inorganic salts
are chiefly salts of potassium, especially potassium phosphate.

Our knowledge of the proteins of muscle and of the phenomena of rigor mortis
dates from the year 1864, when Kiihne obtained muscle-plasma by subjecting
frozen frog’s muscle to strong pressure. A good many years later I was successful
in repeating these experiments with mammalian muscle. By fractional heat-
coagulation, and by their varying solubilities in neutral salts, one can separate four
different proteins in the muscle-plasma.

1. A globulin precipitable by heat at 47° C. This is analogous to the cell-
globulin found in most protoplasmic structures. This is called paramyosinogen.

2. A protein with many of the characters of a globulin, coagulable by heat at
56° C., this is termed myosinogen.

3. A globulin (myoglobulin), precipitable by heat at 63°C.

4. An albumin similar in its properties to serum albumin is also present; but
this and the myoglobulin only occur in quite small amounts.

In addition to these, there is a small quantity of nucleo-protein from the nuclei,
and in the red muscles heemoglobin is present ; the normal pigment of the so-called
pale muscles is termed myohematin by MacMunn, and this is doubtless a derivative
of heemoglobin.

The two most abundant and important proteins are the first two in the list,
namely, paramyosinogen and myosinogen. he{y occur in the proportion of about
1 to 4, and both enter into the formation of the muscle-clot (myosin). The
myoglobulin is probably derived from the connective tissue and the albumin from
ad‘lrlerent blood and lymph.

In 1895 v. Fiirth took up the subject and obtained substantially the same
results : he, however, labelled the proteins with new names., Paramyosinogen
passes directly into the clotted condition; but myosinogen first passes into a
soluble condition (coagulable by heat at the remarkably low temperature of 40° C.)
before it clots : the soluble stage may be termed soluble myosin.
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We may put this in a diagrammatic way as follows : —

Proteins of the living muscle.

Paramyosinogen. Myo;nogen.
I
\ Soluble myosin.
\\\ /
“‘\‘\ ) /
~_ //
Myosin

(the protein of the muscle-clot).

In mammalian muscle, soluble myosin is only found as a stage in the process
of rigor mortis, but in the muscles of the frog and other amphibia it is present
as such in the living muscle.

Brodie, and later, Vernon, did some interesting experiments on heat rigor.
‘When a muscle is heated above a certain temperature it becomes contracted and
stiff, losing its irritability completely. This is due to the coagulation of the muscle
proteins, If a tracing is taken of the contraction, it is found to occur in a series of
steps : the first step in the shortening occurs at the coagulation temperature of the
paramyosinogen (47°-50° C.), and if the heating is continued, a second shortening
occurs at 56°C., the coagulation temperature of myosinogen. If, however, a frog’s
muscle is used, there are three steps, namely, at 40° (coagulation temperature of
soluble myosin), 47°, and 56°. This work of Brodie’s is especially valuable because
it teaches us that the proteins in muscle-plasma, or in saline extracts of muscle,
are present also in the actual muscle-substance. He also made clear another
important point, namely, that the irritability of the muscle is lost after the first
step in the shortening has occurred. In other words, in order to destroy the
vitality of muscular tissue, it is not necessary to raise the temperature sufficiently
high to coagulate all its proteins, but that when one of the muscular proteins has
been coagulated, the living substance as such is destroyed ; the proteins of muscle
cannot therefore be regarded as independent units ; the unit is protoplasm, and if
one of its essential constituents is destroyed, protoplasm as such ceases to live.

Rigor, however caused, is accompanied by a yield of carbonic acid, due to
the turning out of previously formed carbonic acid held in loose combination in
the muscle (W. M. lgletcher).



CHAPTER XIII
COMPARISON OF VOLUNTARY AND INVOLUNTARY MUSCLE

Tne main difference between voluntary and involuntary muscle is
the difference expressed in their names. Voluntary muscle is under
the control of that portion of the central nervous system the activity
of which is accompanied by volition. Involuntary muscle, on the
other hand, is, as a rule, also under the control of the central nervous
system, but of a portion of the central nervous system the activity
of which is independent of volition. There appear, however, to be
exceptions to this rule, and the involuntary muscle may execute its
contractions independently of nervous control; that is to say, it is
sometimes in the truest sense of the term really involuntary. This
is very markedly seen in the developing heart of the embryo, which
begins to beat before any nerve-fibres have grown into it from the
central nervous system.

Another characteristic of involuntary muscle is a tendency to
regular alternate periods of rest and activity, or rhythmicality. This
is best exemplified in the heart, but it is also seen in the lymphatic
vessels, especially the lymph hearts of the frog, and the mesenteric
lymphatic vessels (lacteals) of many animals. 1t is seen in the
veins of the bat’s wing, and in the muscular tissue of the spleen,
stomach, intestine, bladder, and other parts.

A third characteristic of involuntary muscle is peristalsis. If
any point of a tube of smooth muscle such as the small intestine is
stimulated, a ring-like constriction is produced at this point. After
lasting some time at this spot it slowly passes along the tube at the
rate of 20 to 30 millimetres per minute. This advancing peristaltic
wave normally takes place in only one direction, and so serves to
drive on the contents of the tube.

Involuntary muscle nearly always contains numerous plexuses of
non-medullated nerve-fibres with ganglion cells; so that much dis-
cussion has taken place on the question whether the phenomena of
rhythmicality and peristalsis are properties of the muscular tissue
itself or of the nerves mixed with it. The evidence available (namely,
that portions of muscular tissue entirely free from nerves act in the
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same way as those that possess nerves) indicate that it is the
muscular rather than the nervous tissues that possess these properties ;
though it cannot be doubted that under normal conditions the
contraction of involuntary muscle is influenced and controlled by
nervous agency.

As instances of nerveless involuntary muscles which possess the
property of rhythmical action, we may take the ventricle apex of the
frog’s or tortoise’s heart. If this is cut off and fed with a suitable
nutritive fluid at considerable pressure it will beat rhythmically
(Gaskell). The middle third of the ureter is another instance of
muscular tissue free from nerves, but which nevertheless executes
peristaltic movements. DPerhaps, however, the most striking example
is that of the feetal heart, which begins to beat directly it is formed,
long before any nerves have grown into it.

The artificial stimuli employed for involuntary are the same as
those used for voluntary muscle ; single induction shocks are, however,
often ineffectual to produce contraction, but the make, and to a less
extent the break, of a constant current will act as a stimulus.

The faradic current is a good stimulus, but it never throws
involuntary muscle ‘into tetanus; in the heart, strong stimulation
will sometimes effect a partial fusion of the beats, but never complete
tetanus. The rate of stimulation makes no difference; in fact, very
often a rapid rate of stimulation calls forth less rapidly occurring
contractions than a slow rate.

It is possible to render the frog’s heart quiescent by tying a
ligature tightly around the junction of the sinus with the right
auricle, but the heart can be made to contract on stimulating it.
It is then found that the latent period is much longer than in
voluntary muscle; if a series of stimuli are applied, say, at intervals
of a few seconds, each produces a single heart-beat; the successive
contractions 8o obtained show a well-marked staircase (beneficial
effect of contraction, see p. 97). The strength of the stimulus in
such an experiment does not matter; a minimal stimulus elicits a
maximum effect (“all or nothing "—Waller).

The view that both voluntary and involuntary muscle obey the *¢ all or nothing ”
law has been advanced by many physiologists. Those who hold this opinion
believe that the correspondence between the strength of the stimulus and the
amount of contraction in a voluntary muscle depends on the number of muscle-
fibres excited ; a weak stimulus will excite a few fibres, a strong stimulus will
threw more fibres into action.

The contraction of smooth muscle is so sluggish that the various
stages of latent period, shortening and relaxation, can be followed
with the eye; the latent period often exceeds half a second in
duration.

The normal contraction of voluntary muscle is a kind of tetanus
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(see p. 102); the normal contraction of cardiac and plain muscle
is a much prolonged single contraction. A very valuable piece
of evidence in this direction is seen in the experiment on the heart
with the physiological rheoscope (see p. 124). Kach time the
heart contracts the rheoscopic preparation executes a single twitch,
not a tetanus. This is an indication that the electrical change is a
single diphasic variation and not a succession of changes such as
occurs in tetanus.

But though involuntary muscle cannot be thrown into tetanus,
it has the property of entering into a condition of sustained contrac-
tion called fonus. We shall have to consider this question again in
connection with the plain muscular tissue of the arterioles.

Involuntary muscle when it contracts undergoes thermal and
chemical changes similar to those we have dealt with in connection
with the voluntary muscles.

Involuntary muscle is usually supplied with two sets of nerves,
one of which (accelerator) increases, and the other of which (inhibitory)
decreases its activity. The nerve-endings in involuntary muscle
require a much larger dose of curare to atfect them than the end-
plates of voluntary muscle.

The phenomena of 7igor mortis in involuntary muscle have not
been so fully studied as in voluntary muscle. It has, however,
been shown that the chemical composition of involuntary muscle
differs in no noteworthy manner from that of voluntary muscle,
and on death the musele becomes acid; such products as carbonic
acid and sarcolactic acid are formed. In the heart, stomach, uterus,
and rectum, post-mortem rigidity has been noted, and it probably
occurs in all varieties of plain muscle.

Swale Vincent has shown that the characteristic proteins (paramyosinogen and
myosinogen) occur in both striped and unstriped muscle, and the heat r}gor curves
of involuntary muscle are practically identical with those obtained by Brodie (see
p. 136). Heis inclined to think that the two proteins are formed by the breakin
down of a compound protein which in living muscle mainly coagulates at 47° C.
This view is taken by Stewart in reference to striped muscle also, but has been
very seriously questiomed by v. Fiirth. The most striking chemical difference
between unstriped and striped muscle is seen in the amount of nucleo-protein which
they contain. Plain muscle contains six to eight times the amount found in
voluntary muscle ; cardiac muscle contains an intermediate quantity.



CHATTER XIV
PHYSIOLOGY OF NERVE

MANY points relating to the physiology of nerve have been already
studied in connection with muscle. But there still remain further
questions upon which we have hardly touched as yet.

Classgification of Nerves,

The nerve-fibres which form the conducting portions of the
nervous system may be classified into three main groups, according
to the direction in which they normally conduct nerve impulses.
These three classes are :—

1. Efferent nerve-fibres.
2. Afferent nerve-fibres.
3. Inter-central nerve-fibres.

1. Efferent or centriyfugal nerves are those which conduct im-
pulses from the central nervous system (brain and spinal cord) to
other parts of the body. When, for instance, there is a wish to move
the hand, the impulse starts in the brain, and travels a certain
distance down the spinal cord; it leaves the spinal cord by one or
more of the spinal nerves, and so reaches the muscles of the hand,
which are thrown into contraction. Such nerves are called motor.
A list of the classes of efferent nerves is as follows :—

a. Motor.

b. Accelerator.
¢. Inhibitory.
d. Secretory.

e. Electrical.

J- Trophic.

a. Motor nerves. Some of these go to voluntary muscles; others
to involuntary museles, such as the vaso-motor nerves which
supply the muscular tissue in the walls of arteries.

b. Accelerator nerves are those which produce an increase in the
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rate of rhythmical action. An instance of these is seen in
the sympathetic nerves that supply the heart.

¢. Inhibitory nerves are those which cause a slowing in the rate
of rhythmical action, or it may be its cowmplete cessation.
Inhibitory nerves are found supplying many kinds of
involuntary muscle; a very typical instance is found in
the inhibitory fibres of the heart which are contained within
the trunk of the vagus nerve.*

d. Secretory nerves are found supplying many secreting glands,
such as the salivary glands, gastric glands, and sweat
glands. The impulse which travels down a secretory nerve
stimulates secretion in the gland it supplies.

¢. Electrical nerves are found in the few fishes which possess
electrical organs. The impulse which travels down these
nerves causes the electrical organ to be thrown into
activity.

J. Trophic nerves arc those which control the nutrition of the
part they supply.

2. Afferent or contripetal nerves are those which conduct
impulses in the reverse direction, namely, from all parts of the
body to the ceniral nervous system. When one feels pain in the
finger, the nerves of the finger are stimulated, an impulse travels
up the nerves to the spinal cord, and then to the brain. The mental
process set up in the brain is called a sensation; the sensation, how-
ever, is referred to the end of the nerve where the impulse started,
and the sensation of pain does not appear to occur in the brain, but
in the finger. This is an instance of a sensory nerve; and the terms
afferent and sensory may often be used synonymously. The nerves
of sensation may be grouped as follows :—

a. The nerves of special sense; such as, of sight, hearing, taste,
smell, and touch.

b. The nerves of general sensibility; that is, of a vague kind of
sensation not referable to any of the special senses; as an
instance, we may take the vague feelings of comfort or
discomfort in the interior of the body.

¢. Nerves of pain. It is a moot point whether these are anatomi-
cally distinet from the others, but there is some evidence
that this is the case (see more fully chapters on Sensation).

The words “sensory” and “afferent,” however, are not quite
synonymous. Just as we may have efferent impulses leaving the
brain for the heart or blood-vessels of which we have no con-

* The question has been debated whether voluntary muscle is provided with
inhibitory nerves ; they do, however, appear to be present in certain nerves supply-
ing the muscles of the claws of lobsters and similar crustaceans.



142 PHYSIOLOGY OF NERVE [cH. x1V.

scious knowledge, so also afferent impulses may travel to the
central nervous system which excite no conscious feelings. The
afferent nerve-tracts to the cerebellum form a very good instance
of these.

Then, too, the excitation of many afferent nerves will excite what
are called reflex actions. We are very often conscious of the sensa-
tions that form the cause of a reflex action, but we do not necessarily
have such sensations. Many reflex actions, for instance, occur during
sleep; many may be executed by the spinal cord even after it has
been severed from the brain, and so the brain cannot be aware of
what is occurring.

A reflex action is an action which is the result of an afferent
impulse. Thus a speck of dust falls into the eye, and causes move-
ments of the eyelids to get rid of the offending object. The dust
excites the sensory nerve-endings in the conjunctiva, an impulse
travels to the centre of this nerve in the brain, and from the brain
a reflected impulse travels to the muscles of the eyelil. As an
instance of a reflex action in which secretion is concerned, take the
watering of the mouth which occurs when food is seen or smelt. The
nerves of sight or smell convey an afferent impulse to the brain,
which reflects, down the secretory nerves, an imnpulsc which excites
the salivary glands to activity.

These, however, are instances of reflex action which are accom-
panied with conscious sensation, but like all pure reflex actions are
not under the control of the will.

An instance of a reflex action not accompanied with consciousness
is seen in a man with his spinal cord cut across or crushed, so that
any communication between his brain and his legs is impossible.
He cannot move his legs voluntarily, and is unconscious of any
feelings in them. Yet when the soles of his feet are tickled he moves
his toes, the centre of reflex action being in the grey matter of the
lower region of the spinal cord.

For a reflex action, three things are necessary; (1) an afferent
nerve, (2) a nerve-centre consisting of nerve-cells to receive the
afferent 1mpulse and send out the efferent impulse, and (3) an
efferent nerve along which the efferent impulse may travel. If the
reflex action is a movement, the afferent nerve is called excito-motor ;
if it is a secretion, the afferent nerve is called excito-secretory ; and
similarly, afferent nerves may also be excito-accelorator, excito-
wnhibitory, ete.

3. Inter-central nerve-fibres are those which connect nerve-
centres together; they connect different parts of brain, and of the
cord to one another, and we shall find in our study of the nerve-
centres that they are complex in their arrangement.
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Investigation of the Functions of a Nerve.

There are always two main experiments by which the function
of a nerve may be ascertained. The first is section, the second is
stimulation.

Section consists in cutting the nerve and observing the loss of
function that ensues. Thus, if a motor nerve is cut, motion of the
muscles it supplies can no longer be produced by activity of the
nerve-centre; the muscle is paralysed. If a sensory nerve is cut,
the result is loss of sensation in the part it comes from.

Stimulation of the cut nerve is the opposite experiment. When
a nerve is cut across, one piece of it is still connected with the brain
or spinal cord; this is called the central end; the other piece, called
the peripheral end, is siill connected with some peripheral part of
the body. DBoth the central and the peripheral end should be
stimulated ; this is wusually done by means of induction shocks.
In a motor nerve, stimulation of the central end produces no
result; stimulation of the peripheral end produces a nervous im-
pulse which oxcites the muscles to contract. In a sensory nerve,
stinulation of the peripheral end has no result, but stimulation
of the central end causes a sensation, usually a painful one, and
reflex actions, which are the result of the sensation.

‘When a nerve is cut across, there are other results than the loss
of function just mentioned; for even though the nerve is still left
within the body with a normal supply of blood, it becomes less and
less irritable, till at last it ceases to respond to stimuli altogether.
This diminution of excitability starts from the point of section and
travels to the periphery, but is temporarily preceded by a wave of
increased excitability travelling in the same direction (Ritter-Valli
law).

2.I‘his loss of excitability of nerve is accompanied with degenera-
tive changes which are of so great importance as to demand a
scparate section.

Degeneration of Nerve.

Suppose a nerve is cut right across, the piece of the nerve left in
connection with the brain or spinal cord remains approximately
healthy both in structure and functions; but the peripheral piece of
the nerve loses its functions and undergoes what is generally called,
after the discoverer of the process, Wallerian degeneration. A nerve
is made up of nerve-fibres, and each nerve-fibre is essentially a branch
of a nerve-cell; when the nerve is cut, the axis-cylinders in the
peripheral portion are separated from the cells of which they are
branches and from which they have grown. Those portions of the
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axis cylinders which are cut oft from their parent cells die, breaking
up into fragments; the medullary sheath of each undergoes a process
of disintegration into droplets of myelin, which are ultimately
absorbed and removed by the Iymphatics. At the same time there is
a multiplication of the nuelei of the primitive sheath. This degenera-
tive process begins to be visible microscopically two or three days
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Fia. 147.—Degeneration and regeneration of nerve-fibres. A, Nerve-fibre, fifty hours after operation;
ary medullary sheath breakmg up wto myelin drops; p, pranular protoplasm ; n, nuecleus; g,
primutive sheath or neunilemma. B, Nerve-fibre after four days; ey, axis eylinder partly broken
up and enclosed 1 portions of myelin, €, A more adyvanced stage in which the medullary sheath
has almost disappeared; numerous nuelei, 2”7, are seen. D, Commeneing regeneration ; several
fibres (¢, ¢”) have sprouted from the somewhat bulbous cut end (0) of the nerve-fibre; «, an axis
cylinder which has not yet acquired its medullary sheath; s, o', primitive sheath of the original
tibre. (Ranvier.)

after the section has been made. In the non-medullated fibres,
there is no medullary sheath to exhibit the disintegrative changes
just alluded to; and the nuclei of the sheath do not multiply;
there is simply death of the axis cylinder. The degeneration
occurs simultancously throughout the whole extent of the nerve.
Ranvier’s original diagram is reproduced in fig. 147. Fig. 148 is
drawn from a specimen. of degenerated fibres stained by osmic acid;
the myelin droplets are coloured black by this method.
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A great amount of attention has been directed to this process of
degeneration, because it has formed a valuable method of research in
tracing nervous tracts, and ascertaining the
nerve-cells from which they originate. It
must not, however, be regarded as an isolated
phenomenon in physiology ; it is only an illus-
tration of the universal truth that any portion
of a cell (in this case the axis-cylinder process)
cut off from the nucleus of the cell degenerates
and dies.

Regeneration of Nerve-Fibres.

If a nerve is cut and allowed to heal,
restoration of function occurs after the lapse
of a variable time, which can be shortened if
the cut ends of the nerve are sutured together.
This surgical assistance is of special import-
ance when the nerve is a large one, and the
formation of dense cicatricial tissue between
the ends is thus minimised. The restoration
of function is due to regeneration of nerve-
fibres, which sprout out from the central end L R
of the cut nerve and grow distalwards, replacing Fic. 145.— Degenerated nerve
those which have degenerated. The new fibres, ~ fibrs at an, carly stasoe

where the fragmentation
which are the earliest to appear, are of a much  of the medullary sheath

. into myelin droplets is
narrower diameter than those they replace;  well shown. Stained by
this is illustrated in fig. 147, D. TLater the  °micocid (5 Martin)
new fibres are larger. It is obvious that a mass of dense scar tissue
will hinder the successful growth of the nerve-fibres. When regen-
eration does not take place, the central ends of the cut fibres and the
cells from which they originate undergo slow atropic changes (disuse
atrophy).

The view that in the embryo cach nerve-fibre develops as an
outgrowth from a nerve-cell, and grows in a distal direction, finally
becoming united to other tissues in the periphery of the body, is
associated especially with the name of His, and has been accepted
by the majority of embryologists. There have been other views held,
but it will be sufficient to mention only one of these, for it is the one
which, next to-that of His, has been favoured by investigators.
Sriefly it is as follows: the nerve-fibre is not a secondarily formed
bridge hetween the central nervous system and the peripheral
organs, but exists from the very first, and in subsequent develop-
ment it merely undergoes elaboration, and increases in bulk and
in length as the distance from the central nervous system and
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the piariphery increases with the increasing size of the developing
animal.

I shall not fully discuss the pros and cons of this controversy,
but only say that the available evidence appears to me strongly in
favour of the first of the two views, for it has been supported
by a very remarkable ocular demonstration of its truth. Ross
Harrison of the John Hopkins University, Baltimore, has actually
seen the fibres growing outwards in embryonic structures. Iieces
of the primitive nervous tube which forms the central nervous
system were removed from frog embryos, and kept alive in a drop
of lymph for a considerable time; the cilia of the neighbouring
epidermic cells remained active for a week or more; embryonic
mesodermic cells in the vicinity were seen to become transformed
into striated muscular fibres, and there was therefore no doubt
that even under artificial conditions of this kind—rendered necessary
for microscopic purposes—Ilife and growth were continuing. From
the primitive nerve-cells, and from these alone, nerve-fibres were
observed growing and extending into the surrounding parts. Kach
fibre shows faint fibrillation, but its most remarkable feature is
its enlarged end, which exhibits a continual change of form. This
ameeboid movement is very active, and it results in drawing out
and lengthening the fibre to which it is attached, and the length
of the fibre increases at the rate of about a micro-millimetre in
one or two minutes. Similar observations have since this been
made in the embryos of other animals.

I think these observations show beyond question that the nerve-
fibre develops by the overflowing of protoplasm from the central
cells, and thus give us direct evidence in favour of the view which
most embryologists previously held mainly as the result of circum-
stantial evidence. ~ Such, then, being the general state of our
knowledge regarding the way in which nerve-fibres grow in the
developing animal, it is not surprising to find that the prevalent idea
regarding their regeneration after injury follows the same lines.
The original teaching of the elder Waller (1852), that regeneration
occurs by fibres growing out from the central stump into the
peripheral segment of the nerve, was formulated at a time when the
relationship of nerve-fibres to nerve-cells was not so fully recognised
as it is at present; and the Wallerian doctrine may be accepted with
confidence to-day. It has, however, been questioned from time to
time, and the earliest to hold an opposite view was Vulpian.
Vulpian, working with Philippeaux, cut nerves in young animals,
excising long portions so as to prevent the two ends uniting. Some
months later they were surprised to find that a number of new,
perfectly formed nerve-fibres had appeared in the peripheral segment,
and that this segment possessed the physiological properties of being
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exc¢itable and capable of conducting nerve impulses. To this
phenomenon they gave the name-of “autogenetic regeneration.”
The publication of these results provoked a long controversy, which
lasted from 1859 to 1874, and was closed at the latter date by
Vulpian withdrawing his new idea. He did so, because in the
meanwhile he had repeated his experiments more carefully, and so
discovered that, although the ends of the divided nerve had not
joined up, connection with the central nervous system had neverthe-
less been re-established by means of fibres growing into the peripheral
segment from other nerves cut through in skin and muscle in the
course of the operation.

The controversy has been revived within recent years, and the posi-
tion of the disputants has been almost exactly the same as that occupied
by Waller and Vulpian more than half a century ago. Modern
investigatlors have, however, the advantage of being able to apply new
methods of resear ch, and are provided with many hlstologlcal reagents
of which the older workers were destitute. It 1s, however, never safe
to argue entirely from microscopic appearances, for nerve-fibres may
be simulated by non-nervous structures, and a strand that looks like
a nerve-fibre is not really such unless it can be experimentally shown
to be both excitable and capable of conducting nerve impulses.

Vulpian’s old doctrine of auto-regeneration has been revived in
this country by Ballance and Purves Stewart, and in Scotland by
Kennedy. The most prominent and persistent supporter of the
autogenetic theory is, however, a German neurologist named Bethe.
But none of these investigators have excluded the fallacy which
underlay the work of Vulpian and Philippeaux, as was pointed
out by Langley and Anderson. These two workers at first thought
they also had obtained evidence of purely peripheral regeneration,
and it was not until they carried out careful dissections that they
convinced themselves that union with the central nervous system
had really occurred. The new nerve-fibres which grow into the
peripheral segment from other nerves divided in the operation, often
do so by a devious and contorted course. If the number of
medullated nerve-fibres in the peripheral end is small, then the
connection with central fibres was found to be slight; and in cases
where no connection occurred then medullated nerve-fibres were
entirely absent. Bethe admits a variability in the number of
medullated fibres, and this, though easily explicable on the view
that such fibres come by accident from the central ends of divided
nerves, is not accounted for at all by the autogenetic theory.

Bethe’s views have been contested not only by Langley and
Anderson, but also by Lugaro, by Kélliker, by Cajal, by Marinesco,
by Mott, and Edmunds in conjunction with myself, and by numerous
others.
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I may mention a few of the experimental results which hdve
come out of the renewed work -elicited by the promulgation of the
autogenetic theory.

(1) It is possible entirely to prevent reunion with the central
ends of divided nerves. In our own work we accomplished this
by removing a long stretch of the main nerve experimented with, by
making the skin incision as small as possible, and by enclosing the
free end of the peripheral segment in a cap of sterilised gutta-percha.
Under such circumstances no auto-regeneration occurs.

(2) Pieces of nerve may be transplanted under the skin, and in
time a few fully-formed medullated fibres appear within the degen-
erated bundle of fibres. This is adduced by Kennedy as undoubted
evidence of autogenesis, but, again, is easily explicable on the
hypothesis that the new fibres had wandered in from cutaneous
nerves divided in the course of the operation, and we showed that if
this fallacy is excluded by transplanting the mnerve, not into the
subcutaneous tissues, but on to the stomach wall in a sheath of
peritoneum, where invasion by nerves is practically impossible, no
regeneration occurs at all.

(3) The late appearance of the medullary sheath in those portions
of the regenerating fibres which are most distant from the place
where the nerve is originally cut and sutured, is a conclusive piece
of evidence that the new nerve-fibres grew from the central end in a
peripheral direction.

(4) After regeneration has occurred, the nerve may be again cut
across, either on the central side of the original point of section (as
in Langley and Anderson’s work), or on the peripheral side of the
original seat of operation (as in our own work). In the former case
Wallerian degeneration occurs in all the new fibres, showing that
they were all under the nutritive control of the cells of the central
nervous system. In the laiter case the degeneration took place
solely on the peripheral side of the second cut. The direction of
degeneration is always the direction of growth, so this experiment
shows that the growth of the new fibres had not started from the
periphery centralwards, but in the reverse direction. On looking up
the literature of the subject, I found that Vulpian also did this
experiment with the same result, and it can hardly be doubted that
this formed one of the factors that later led him to abandon the
autogenetic theory. An experiment on somewhat the same lines has
been carried out by Lugaro: he has shown that regeneration of the
cut nerves connected with the lower part of the spinal cord does
not occur after that part of the spinal cord has been extirpated.
This is a very striking piece of evidence, showing the dependence of
the growth of fibres on the activity of the cells of the central nervous
system with which they are originally connected.



CH. X1V.] REGENERATION OF NERVE-FIBRES 149

Cajal, by the help of his ney silver method, has come to the
conclusion that the new formation of nerve axons in the peripheral
stump is exelusively due to growth from the central end. He

- . - - Fic. 160.—Spiral forms often seen
- : : in regenerating nerve-ibres :
F16. 149.—Olive-shaped swellings at the ends the fibres are seen to be of

of nerve-fibresiigrowing distalwards from varying thickness, and each
the central ends twenty-one days after the is provided with a terminal
nerve had been divided. (Marinesco.) swelling,  (Marinesco.)

figures the long and often contorted course of these growing fibres in
the swelling at the cut central end, and shows that they ultimately
reach their goal—the peripheral segment—in time and in spite of all
hindrances. The greater the obstacles interposed the later does the
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union and consequent regeneration, in the peripheral end occur. He
also draws attention to the olive-shaped swelling at the free end of
each growing axis cylinder. These are also figured by Marinesco,
who calls notice to the fact that these terminal swellings, although
they may roughly be described as olive-shaped, vary a good deal in
external form; this is shown in the preceding drawings (figs.
149 and 150), and is quite intelligible now that we have Ross
Harrison’s description of the constant changes of form they exhibit
in embryonic history.

The two next figures (151 and 152) are drawn from preparations
stained by Cajal’'s new method, and they require but little comment.

They show the new fibres penetrating the cicatricial tissue of the
junction from the central end in a peripheral direction; they show
the absence of any new axons developed autogenetlcally in the
peripheral end. Such preparations ought to carry conviction to
those who have any lingering belief in auto-regeneration, that the
Wallerian view is the only possible one to adopt.

It must not, however, be supposed that the peripheral end is
entirely inactive; for while degeneration is progressing in the axons
and their fatty sheath, an active multiplication of the cells of the
primitive sheath or neurolemma is taking place. These neuro-
lemmal cells probably play a nufritive action towards the more
important structures within them; several subsequent observers
have supported in a very conclusive and entirely independent way
the view which Mott and I advanced some years ago of the value
of the neurolemma in maintaining the nutrition of the axis cylinder.
There is but little doubt also that these cells act as phagocytes in
the removal of the degenerated products of the other portions of
the nerve-fibre. But after this is accomplished they elongate and
unite into long chains. It is this appearance that has led some
observers into regarding them as true nerve-fibres; they have jumped
to the conclusion that the neurolemmal cells are also able to form
a conducting core, and so have regarded auto-regeneration as a
histological possibility. But all recent observations by the best
methods, as 1 have already stated, have failed to discover either an
axial core or a fatty sheath in these “embryonic fibres,” as they
have been termed. Howell and Huber put it very well more
than thirty years ago, when they said the peripheral structures
are able to prepare the scaffolding, but the axon, the essential
conducting core of the fibre, has an exclusively central origin.

The change in the neurolemmal cells which occurs in the peri-
pheral segment is even more vigorous at the central termination of
the cut nerve; here its nutritive function (or apotrophic function,
as Marinesco calls it) is effective, and provides for the nourishment
of the actively lengthening axis cylinders. At the peripheral end,
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F1a. 151.—Longitudinal section of sciatic nerve of

new-born dog eight days afler the nerve had
been divided. Union had already taken place.
At the extremity of the central end (A) grow-
ing fibres are seen running in various direc-
tons towards the cieatrix (B); C is the
peripheral end, inte which a few fibres are
already penetrating. (Marinesco.)
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F1a. 162.— Longitudinal section of dog's nerve,

twenty-one days after the nerve had been
divided. A more advanced condition is seen
than that shown in fig. 161. A is the central
end; B the cicatrix of union, where the nerve-
fibres are seen in great numbers taking an
irregular course. Into C, the peripheral end,
many fibres have already successfully pene-
trated; m, m_l, m2, ete., are the terminal
swellings of fibres growing from the central
stump and directed towards the periphery,
except in the case of m2, where tho twisting
of the new fibre in its eflorts to grow had, at
the time when the animal was Killed, directed
the termumation bachwards. (Marinesco.)
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unless the axons reach it, it is ineffective in so far as any real new
formation of nerve-fibres is concerned. If, however, the axons reach
the peripheral segment, the work of the neurolemmal cells has not
been useless, for they provide the supporting and nutritive elements
necessary for the continued and successful growth of the axons.
Moreover, the neurolemmal activity appears to be essential. In the
white fibres of the central nervous system the neurolemma is absent;
in this situation not only is the removal of the products of degenera-
tion a very slow process, but regeheration does not occur.

Functions of the Roots of the Spinal Nerves.

The general truths enunciated in the two preceding sections are
well illustrated by the experiments made o determine the functions
of the roots of the spinal
nerves. Kach spinal nerve
originates from the spinal
cord by two roots. One of
these is called the anterior or
ventral root: it consists of
.~ nerve-fibres which originate

: from the large multipolar

& cells in that portion of the

grey matter in the interior

of the spinal cord which we

shall presently learn to call

B the anterior horn. These

' nerve-fibres are all medul-

lated; the large ones join

up with the posterior root

Fic. 158.—A, Bipolar cell from spinal ganglion of a 4§ {0 form the gpinal nerve;
weeks' embryo; 7, nucleus; the arrows indicate the

direction in which the nerve processes grow, one to the small nerve-fibres leave

the spinal cord, the other to the periphery. B, a
cell from the Qpinal ganglion of the adult; the the root and pass to the sym-

two processes have coalesced to form a T-shaped athetic chain, which then
Junetion. (Dlsgrammetic) gistributes non - medullated
fibres to the involuntary fibres of the blood-vessels and viscera.

The other root, the posterior or dorsal root, has upon it a collection
of nerve-cells forming the spinal ganglion. Each nerve-cell is
enclosed within a nucleated sheath of connective-tissue, and it is
from these nerve-cells that the fibres of the posterior roots grow.
In the embryo, each nerve-cell has two processes (fig. 153, A), one of
which grows to the spinal cord, where it terminates by branching
around the multipolar cells of the grey matter; the other process
grows outwards to the periphery. In the adult mammal (not in
fishes) the two processes coalesce in the first part of their course,
forming a T -shaped junction (fig. 153, B).

MR
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The great discovery that the anterior roots are motor and the
posterior sensory is usually attributed to Sir Charles Bell (1811);
but an examination of his writings shows that the deductions he
drew were incorrect. It was Magendie (1822) who solved this funda-
mental problem, and Herbert Mayo, the first Professor of Physiology
at King’s College, London, who elucidated similar facts in relation to
the cerebral nerves which supply motion and sensation in the face
region. Magendie found that on section of the anterior roots there
resulted paralysis of the muscles supplied by the nerves; on section
of the posterior roots there was loss of sensation. These experiments
clearly pointed to the conclusion that the anterior roots contain the
efferent (motor) fibres; and the posterior roots the afferent (sensory)
fibres. This conclusion was confirmed by the experiment of stimula-
tion. Stimulation of the peripheral end of the cut anterior root caused
muscular movement; of the central end, no effect. Stimulation of
the central end of the cut posterior
root caused pain and reflex movements;
of the peripheral end, no effect.

Lecurrent sensibility—One of the
statements just made requires a slight
modification; namely, excitation of
the peripheral end of a divided an-
terior root will evoke pain and reflex
movements, as well as direct move- \ |
ments; that is to say, the anterior Anterior Rint
root, though composed mainly of e
motor fibres, contains a few sensory
fibres coming from the membranes of
the spinal cord, and then running ¢ 164—Disgram to Hlustrate recurrent
into the posterior root with the rest
of the scnsory fibres. They often, however, run down the mixed
nerve a considerable distance before returning to the posterior roots.

The diagram on this page (fig. 154) illustrates the course of orre of
these recurrent fibres (r); the arrows represent the direction in which
it conveys impulses.

Degeneration of roots—The facts in conneetion with this subject
were made out by the elder Waller, and may be best understood by
referring to the next diagram (fig. 155).

A, represents a section of the mixed nerve beyond the union of
the roots; the whole nerve beyond the section degenerates, and is
consequently shaded black in the figure.

B, represents the result of section of the anterior root; only the
anterior root-fibres degenerate; the sensory fibres of the posterior
root remain intact. The small medullated nerve-fibres (not shown in
the diagram) also degenerate as far as the ganglion cells of the

Posterior Root

Spinal Cord

Spinal Nerve
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sympathetic system with which they communicate. The recurrent

Fi1G. 166.—Diagram to illustrate Wallerian
degeneration of nerve-roots.

sensory fibres in this root do not
degenerate with the others, but
are found degenerated in the
part of the anterior root at-
tached to the spinal cord.
Section of the posterior root
always produces the same phy-
siological effect (loss of sensa-
tion)* wherever the section is
made, but the degeneration effect
is different according as the sec-
tion is made on the proximal or
distal side of the ganglion. If
the section is made beyond the
ganglion, the degeneration occurs
as shown in C beyond the sec-
tion in the peripheral portion of

the posterior root-fibres; the anterior root remains intact except for

the recurrent sensory fibres which it con-
tains. If the section is made as in D,
between the ganglion and the cord, the only
piece that degenerates is the piece severed
from the ganglion and running into the cord ;
these fibres may be traced up in the posterior
column of the spinal cord until they ter-
minate in grey matter, which they do at
different levels. The whole of the sensory
fibres, including the recurrent ones which
are still attached to the ganglion, remain
histologically healthy.

The accompanying figure (fig. 156) is one
of the illustrations drawn by his. wife for
the late Dr Waller, the discoverer of these
facts.

These facts of degeneration teach us,
what we also learn from the study of em-
bryology, that the nerve-fibres of the an-
terior root are outgrowths of the nerve-cells
within the spinal cord, while the posterior
root-fibres are outgrowths of the cells of the

F16. 166.—Groups of fibres from
the anterior and posterior
roots several days after sec-
tion of both roots close to the
cord; the anterior fibres are
degenerated; the posterior,
being still in connection with
the nerve-cells from which
they grew, are nmormal.

spinal ganglia; or, to put it another way, the trophic centres which

* In order to obtain any appreciable loss of motion or sensation, it is necessary
to divide several roots (anterior or posterior as the case may be), as there is a good
deal of overlapping in the peripheral distribution of the fibres.
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control the nutrition of the fibres are situated within the cord for the
anterior roots, and within the spinal ganglia for the posterior roots.

Changes in a Nerve during Activity.

When a nerve is stimulated, the change produced in it is called a
nervous impulse; this excitatory process travels along the nerve, and
the propagation of some change is evident from the effects which
follow: sensation, movement, secretion, etc.; but in the nerve itself very
little change can be detected. There is no change in form; the most
delicate thermopiles have failed to detect any production of heat, and
we are almost completely ignorant of any chemical changes. The
only alteration which can be readily detected as evidence of this
molecular change in a nerve is the electrical one. Healthy nerve is
iso-electric, but during the passage of a nervous impulse along it
there is a very rapid diphasic variation, which travels at the same
rate as the nervous impulse. This is similar to the diphasic change
in muscle, and can be detected and measured in the same way.

Waller regarded the current of action of any excitable tissue as an index of the
magnitude of action, and recorded the movement of the galvanometer by photo-
graphing the excursion of the spot of light on a moving photographic plate. In this
way he obtained records from muscle, nerve, retina, skin, plant tissues, etc. He
pointed out that the only available index of action within the nerve itself is this
electrical sign of activity, whereas in muscle the mechanical action can be compared
with its accompanying electrical changes. The amount of contraction in a muscle
caused by excitation of its nerve is only a very rough, or even a fallacious, indica-
tion of the excitability of the nerve, because the nerve is connected to the muscle by
motor end-plates, and these, as we have already seen, are fatigued long before the
nerve shows any sign of fatigue. .

Using this method, Waller obtained a number of interesting results on the
variation in nerve action produced by drugs and other agents. He found that the
effect of carbonic acid is to cause a diminution, and finally disappearance of the
galvanometric response ; when this gas is replaced by air the nerve recovers, and the
action-currents increase. Ether acts similarly ; but with chloroform recovery is
difficult to obtain. Small doses of carbonic acid increase the action-currents, and
Waller considered that the staircase effect in muscle (p. 97), and the similar pro-
gressive increase noted in the action-currents of nerve as the result of repeated
stimulation are due to the evolution of this f{.i;'as during activity.

This hypothesis has been recently confirmed by Beeyer and Frohlich. They
have shown that peripheral nerves participate in respiratory exchanges, using up
oxygen and producing carbonic acid in minute but measurable amounts. In the
absence of oxygen, stimulation ceases after some hours to evoke the activity of a
nerve, but on readmission of the gas recovery is almost instantaneous. The store
of oxygen so obtained will again keep up nervous activity for a considerable
time even although no fresh oxygen is supplied. This illustrates the great power
nerve has in repairing itself and in storing oxygen.

There can be no doubt that the existence of the electrical variation is, as a rule,
the index of the excitatory alteration in a nerve. But in the present state of our
knowledge we are not justified in assuming that it gives an absolutely faithful
record. The electrical variation can be detected in a frog’s nerve for many days after
its removal from the body ; although the electrical change is a concomitant of the
real excitatory process, the former may be therefore perceptible when other evi-
dence of the existence of the latter fails. Moreover, Gotch and Burch obtained
further evidence of the dissociation of the electrical response from the excitatory
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process. In the frog’s sciatic nerve, it is possible with two stimuli in rapid suc-
cession to obtain only one electrical response near the seat of excitation which has
been cooled, while two such responses occur in a more peripheral warmer region.

Excitability and conductivity.—It is necessary to distinguish between these two
properties of nerve. Changes in excitability, and in the power of conducting nerve
impulses, do not necessarily go together, as shown in the following experiment :—
The nerve of a frog’s leg is led through a glass tube, the ends of which are sealed
with clay, care being taken that the nerve is not compressed. The tube is provided
with an inlet and outlet, so that gases may be passed through it. Two pairs of
electrodes are arranged, so that the nerve can be stimulated either within or outside
the little gas chamber. If carbon dioxide or ether vapour is passed through the
tube, both excitability and conductivity are in time abolished, but excitabilit
disappears first; at this stage, if the nerve is stimulated by an induction shoc
inside the tube, the muscle does not respond, but on stimulating the nerve at the
end distant from the muscle and outside the tube, the muscle contracts. The nerve,
therefore, is not excitable, though it will conduct impulses. At a later stage shocks
administered by either pair of electrodes provoke no contraction. hen the
goisonous vapour is replaced by air, the nerve recovers, and conductivity returns

efore excitability.

Gotch showed that cold applied to a nerve acts very much like carbonic
acid. Intense cold will cause disappearance of both excitability and conductivity ;
but cold of such a degree which abolishes the excitability of the nerve to induction
shocks, increases its excitability to the constant current, and also to mechanical

stimuli.
Velocity of a Nerve Impulse.

This may be measured, as was first done by Helmholtz, in motor
nerves as follows: a muscle-nerve preparation is made with as long
a nerve as possible; the nerve is stimulated first as near to the
muscle, and then as far from the muscle, as possible. The moment
of stimulation and the moment of commencing contraction is
measured by taking muscle-tracings on a rapidly moving surface in
the usual way, with a time-tracing beneath. The contraction ensues
later, when the nerve is stimulated at a distance from the muscle,
than in the other case, and the difference in the two cases gives
the time occupied in the passage of the impulse along the piece of
nerve, the length of which can be easily measured.

A similar experiment can be performed on man by means of the
transmission myograph (see p. 102). If a tracing of the contraction
of the thumb muscles is taken, the two stimuli may be successively
applied through the moistened skin, first at the brachial plexus below
the clavicle; and secondly, at the median nerve at the bend of
the elbow.

The same method may be employed in man for determining the
rate of transmission in sensory nerves. A man is told to make a
given signal, such as to open a key in an electrical circuit, when he
receives a stimulus such as an induction shock applied to one of his
toes; the time between the excitation and the reply is easily
measured. A second experiment is then performed in the same way,
except that the stimulus is applied to another part of his body ; for
instance, his knee. The time interval is again measured, and found



CH. X1V.] DIRECTION OF A NERVE IMPULSE 157

to be shorter; the difference between the time intervals in the two
experiments will obviously measure the time occupied by the impulse
in traversing a stretch of nerve equal to the distance hetween his toe
and his knee.

Another method, largely employed by Bernstein, is to take the
electrical change as the indication of the impulse. A stimulus is
applied to one end of a long nerve, and the change in the electrical
condition of the nerve is recorded by a galvanometer connected to
the other end of the nerve. The time between the application of
the stimulus and the galvanometric reply is measured.

The velocity of the nerve impulse has, by such experiments, been
found to vary with temperature, and to be approximately the same
in both motor and sensory nerves. In cold-blooded animals it is
thus slower than in warm-blooded animals. In the frog, for instance,
at ordinary room-temperature it averages 27 metres per second. In
man, at normal body-temperature it is 120 metres per second. In
non-medullated fibres the velocity is much slower; these observa-
tions have been chiefly made on invertebrate animals; in the
non-medullated nerves of the lobster it is 6, and in the octopus only
2 metres per second, and values lower than these have been recorded
in other cases.

Direction of a Nerve Impulse.

Nerve impulses are conducted normally in only one direction: in
efferent nerves from, in afferent nerves to, the nerve-centres. Dut
there are some experiments which point to the conduction occurring
under certain conditions in both directions.

Thus, in the galvanometer experiment just deseribed, if the nerve
i1s stimulated in the middle instead of at one
end, the electrical change (the cvidence of an
impulse) is found to be conducted towards both
ends of the nerve.

Kiihne’s gracilis experiment proves the same
point. The gracilis musecle of the frog (fig.
157) is in two portions, with a tendinous in-
tersection, and supplied by nerve-fibres that
branch into two bundles; excitation strictly
limited to one of these bundles, after division
of the tendinous intersection, causes both por-
tions of the muscle to contract.

Another striking experiment of the same

kind can be performed with the nerve that ™ %pSms oo

supplies the electrical organ of Malapterurus.
This nerve consists of a single axis cylinder and its branches; stimu-
lation of its posterior free end causes the “ discharge ” of the electrical
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organ, although the nervous impulse normally travels in the opposite
direction.

Crossing of Nerves.

Some experiments designed to prove the possibility of nervous
conduction in both directions were performed many ycars ago by
Paul Bert. He grafted the tip of a rat’s tail either to the back of
the same rat, or to the nose of another. When union had been
effected, the tail was amputated near its base. After a time, irritation
of the end of the trunk-like appendage on the back or nose of the
rat gave rise to sensation. The impulse thus passed from base to
tip, instead of from tip to base, as formerly. This experiment does
not, however, prove the point at all; for all the original nerve-fibres
in the tail must have degenerated, and the restoration of sensation
was due to new fibres, which had grown into the tail. Exactly the
same objection holds to another series of experiments, in which the
motor and sensory nerves of the tongue were divided and united
crosswise. Restoration of both movement and sensation does occur,
but is owing to new nerve-fibres growing out from the central
stumps of the cut nerves.

Though these experiments do not prove what they were intended
to, they are of considerable interest in themselves. Dr R. Kennedy
more recently carried out a very careful piece of work on this
question of nerve-crossing. He cut in a dog’s thigh the nerves
supplying the flexor and the extensor muscles, and sutured them
together crosswise. Regeneration of structure and restoration of
function occurred equally quickly, as in those cases in which the
central ends had been united to the peripheral ends of their own
proper nerves. On examining the cortex of the brain in those
animals in which nerve-crossing had been accomplished, it was
found that stimulation of the region which in a normal animal gave
flexion, now gave extension of the limb, and wice versd.

A series of equally important experiments have also been carried
out by Langley, in which he shows that the same facts are true for
the nerves that supply involuntary muscle. These nerves-fibres
will, under certain experimental conditions, terminate by arborising
around other nerve-cells than those with which they normally
form connections (synapses).* It will be sufficient to give one
typical experiment. If the vagus nerve is cut across in the neck, its
peripheral end degenerates downwards; if the cervical sympathetic
18 cut across below the superior cervical ganglion, its peripheral end
degenerates upwards, as far as the ganglion. If subsequently the
central end of the cut vagus is united to the peripheral end of the

"7The meaning of the term ¢ synapse” is fully explained in Chapter XVI.
(p. 179)
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cut sympathetic, in the course of some weeks the vagus fibres grow
into the sympathetic and form synapses around the cells of the
superior cervical ganglion, and stimulation of the united nerve now
produces such effects as are usually obtained when the cervical
sympathetic is irritated ; for instance, dilatation of the pupil, raising
of the upper eyelid, and constriction of blood-vessels of the head and
neck. (See accompanying diagram, fig. 158.)

Such experiments as these are important because they teach us
that though the action of nerves may be so different in different
cases (some being motor, some inhibitory, some secretory, some
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F1u. 158.—Diagram to illustrate Langley’s experiment on vagus and cervical sympathetic nerves. In
A, the two nerves are shown intact ; the direction of tho impulses they normally earry is shown by
arrows, and the names of some of the parts they supply are mentioned. In B, both nerves are cut
through. The degenerated portions are represented by discontinuous lines. In C, the union
described in the text has been accomplished, and stimulation at the point &’ now produces the same
results as were in the intact nerves (A) produced by stimulation at a.

sensory, etc.), after all what occurs in the nerve trunk itself is
always the same; the difference of action is due to difference either
in the origin or distribution of the nerve-fibres. If we remember
the familiar illustration in which nerve trunks are compared to
telegraph wires, we may be helped in realising this. The destina-
tion of a certain group of telegraph wires may be altered, and the
alteration may produce different consequences at different places;
the electric change, however, in the wires would be the same in all
cases. So the nerve impulse going along a nerve is always the same
sort of molecular disturbance; if it is made as in the experiment just
described, to go by a wrong channel, it produces just the same results as
though the impulse had reached its destination by the usual channel.
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The Nature of the Nerve Impulse.

What is the nature of this change which we have provisionally
been alluding to as a molecular disturbance? The ancients imagined
the nerves were tubes along which a flow of a spiritual essence
(animal spirits) took place. We know that this is not the case, but
we do not know anything else about it for certain. Theories there
are in plenty, but none of them are adequate to explain the pheno-
menon. The theories fall under two main headings, chemical and
physical. In a chemical theory we may compare the transmission of
the impulse to the propagation of a flame along a train of gunpowder;
but such an analogy is very imperfect, for the gunpowder is entirely
consumed, and has not the power to repair itself as a nerve has.
Nevertheless there are certain facts which make a chemical theory
acceptable ; these are:—

(1) Analogy with muscle, where the propagation of the muscular
impulse is undoubtedly largely due to the propagation of chemical
disturbances.

(2) Evidence that the nerve does undergo metabolic changes, as
shown by the necessity for oxygen, and the production of minute
amounts of carbon dioxide.

(3) Arrhenius and van 't Hoff showed that a rise of 10° in tem-
perature increases the velocity of a chemical reaction to two or three
times its original rate. Purely physical changes are not acceler-
ated nearly so greatly by the same rise of temperature. Maxwell’s
experiments show that a rise of 10°C. approximately doubles the
velocity of nerve conduction, and the conclusion is drawn that,
therefore, the nerve impulse is a chemical phenomenon. Keith
Lucas confirmed this observation. Woolley obtained the same figure
from the influence of temperature on the rate of conduction in
muscle, so probably the conduction process is of a similar nature in
both tissues.

The physical theories in relation to this question compare the
nerve impulse to the way in which an electrical change is propagated
along a wire. When the electrical accompaniment of nervous
activity was first discovered this view was unhesitatingly accepted
by many physiologists, and the current of action was regarded not as
an accidental concomitant of the impulse, but as the change which
really constitutes the essence of the impulse, and which serves to
excite the chemical and other changes in the tissues to which the
nerve is distributed. Two facts, however, stood out at once which
rendered the adoption of this simple view difficult; one of these is
the slow rate of conduction in nerve; and the other is the pheno-
menon of inhibition; it is quite conceivable that an electrical dis-
turbance, feeble though it be, can fire off an excitable tissue and lead
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to increase in its activity; it is much more difficult to understand
how it can possibly produce a lessening of action such as occurs in
inhibition. Nevertheless the “discharge hypothesis,” as it used to
be called, has been revived of late in modified form, and electrolytic
changes with liberation of ions occurring between the fibrils and the
interfibrillar material are supposed to constitute the main feature of
the impulse. Macdonald considers that the potassium salts in organic
combination within the axis cylinder are the principal materials that
undergo the change which is propagated along the nerve; he thus
reduces the phenomenon of nervous conduction to electrolytic dis-
sociation and association of inorganic ions. The comparatively slow
rate at which the change is propagated must, if this is so, be due to
admixture or combination of the salt with the less mobile colloid
substances of the conducting core. Lapicque also, from his study on
the very small electrical stimulus which is capable of stimulating
muscle and nerve, believes that the action-current is itself able to
cause muscular contraction. (Sec more fully under Rheobase, p. 170.)

Receptive Substances.

Langley, as a result of the study of certain poisons on various
tissues and organs, has made the interesting suggestion that in all
cell-protoplasm two classes of constituents at least are present: (1) a
chief substance or substances concerned with the main function of
the cell; and (2) receptive substances which may be acted upon by
chemical materials, or in certain cases by nervous stimuli. The
receptive substance affects, or can affect, the metabolism of the chief
substance. A cell, for instance, can contain a motor receptive sub-
stance, or an inhibitory receptive substance, or both, and the effect of
a nerve impulse will then depend on the proportion of the two
kinds of receptive substance which is affected by the impulse.

Receptive substances are at present entirely hypothetical, and we
have no knowledge of their chemical composition. The assumption
that they exist does, however, explain certain difficulties, particularly
in the action of such drugs as nicotine and curare, which are agents
that act on nerve-endings in muscle. If the receptive substances
really exist, the drugs mentioned probably act on them and not on
the nerve-endings proper.

In support of the new theory, Dixon has shown that chemical
substances are produced in the heart during inhibition which can be
dissolved out by alcohol, and then used to produce inhibition in
another heart.

The theory is an attractive one, but is not much more than a
theory at present. If, however, a muscle is rendered active by the
production of a chemical material which plays the part of a stimulus,

F



162 PHYSIOLOGY OF NERVE [cn. x1v.

and if it is rendered inactive by the production of chemical changes
of an opposite kind, we really only throw the difficulty further back ;
for we do not know how it is that the nervous impulses produce
these chemical effects on the receptive substance or substances. (See
also under Chronaxie, p 170.)

Chemistry of Nervous Tissues.

Fresh nervous tissue is alkaline to litmus, but like most other
living structures, it turns acid after death; this change is more
rapid in grey than in white matter. The acidity is due to sarco-
lactic acid.

Nervous tissues contain a high percentage of water; the following
table gives the mean of a large number of analyses I have made :—

Percentage of
Water. Solids. proveins in
solids.
Cerebral grey matter . . 835 165 51
" white ,, . . 69-9 30°1 33
Cerebellum . . . . 798 202 42
Spinal cord as a whole . 716 28+4 31
Cervical cord . . . 72°5 275 31
Dorsal cord . . . 69°8 302 28
Lumbar cord . . . 726 274 33
Sciatic nerves . . . 65°1 34°9 29

Proteins.—The above table shows also the high percentage of
protein which is present. In grey matter where the cells are
prominent structures this is most marked, protein here comprising
more than half of the solids present.

The most abundant protein is nucleo-protein, and micro-chemical
observations have shown that the granules in nerve-cells (Nissl’s
granules) which stain readily with methylene blue and other basic
dyes are nucleo-protein in nature. There is also a certain amount
of globulin, which, like the paramyosinogen of muscle, is coagulated
by heat at a low temperature (in mammals 47° C.). Neurokeratin,
which is especially abundant in white matter, is also present.

_ A nerve, or a strip of the central nervous system, shortens
when it is heated; this “heat contraction” occurs in a series
of steps, which, as in muscle, takes place at the coagulation
temperatures of the proteins present. The first step in the shorten-
ing occurs in the frog at about 40°, in the mammal at about 47°, and
in the bird at about 52°C. The nerve is killed at the same
temperatures.

Lipoids.—These are also abundant constituents of nervous tissue;
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they will be more fully studied in Chapter XXX.; we will therefore
for the present merely state that they comprise :—

1. Phosphatides, or phosphorised fats. Of these lecithin is the
best known ; kephalin and sphingomyelin are others.

2. Galactosides ; these are nitrogenous compounds free from
phosphorus ; they yield on hydrolysis the reducing sugar galactose.

3. Cholesterin or cholesterol, a crystalline monohydric alcohol of
the terpene series. Its formula is CyH,;OH.

The following are some analyses of nerve by Falk, the numbers
given are percentages of the total solids :—

Medullated Non-medullated
nerve. nerve.
Cholesterol . . . 25°0 470
Lecithin . . . 29 98
Kephalin . . . 12+4 23°7
Galactosides . . . 182 60

Lecithin is a type of the phosphatides, and we may contrast its
decomposition products with those obtained from a fat. An
ordinary fat contains the elements carbon, hydrogen, and oxygen,
and when it takes up water it is split or hydrolysed into its con-
stituent parts, glycerol and fatty acid.

Lecithin (C,HNIOy) contains not only carbon, hydrogen, and
oxygen, but nitrogen and phosphorus as well. When it is hydrolysed,
it yields not only glycerol and a fatty acid, but also phosphoric acid,
and a nitrogenous base termed choline.

Lecithin + water.

Glylccrol. Fattyl acid Phosph(l)ric acid. Cholline.
(usually oleic acid).

Choline is an ammonium-like base, which contains three methyl
(CH,) groups. Its formula is OH.CH,.CH,.N(CH,),.O0H, and
when it breaks up, trimethylamine N(CH,); is one of its
decomposition products.

Extractives.—Small quantities of numerous other organic sub-
stances are included under this general term ; creatine, xanthine, hypo-
xanthine, inositol, lactic acid, uric acid, and urea have been identitied.

Inorganic Salts.—The proportion of mineral salts amounts to a
little more than 1 per cent. of the total solids. Potassium salts are
the most abundant. We have already noted that Macdonald
attributes many of the phenomena of nervous action to electrolytic
changes in these potassium salts, though his views on that question
should for the present be accepted with caution (p. 161).

Macallum uses for the micro-chemical detection of potassium an acid solution of
cobalt nitrite, and precipitates in situ the yellow hexanitrate of cobalt and potassium,
which is turned black on the addition of ammonium sulphide. His principal
results are :—potassium is found in cell protoplasm, but more abundantly in inter-
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cellular material; in striped muscle it is limited to the dark bands, and in
pancreatic cells to the granular zone. Itis not discoverable in any nuclei, nor in
nerve-cells, but in nerve-fibres is found in patches external to the axis cylinder.
Macdonald points out that these are spots which have been injured, and it is
apparently only on injury that the potassium is liberated in a form which renders it
detectable by Macallum’s reagent.

Chemical Changes in Nervous Tissues during Activity.—This
is an almost unknown field. No change of reaction can be detected
in nerves after the most prolonged stimulation. The only thing known
for certain is that oxygen is essential, especially for the activity of
grey matter; cerebral aneemia is rapidly followed by loss of conscious-
ness and death. The slight respiratory changes which can be detected
in peripheral nerves have already been considered on p. 155. It
can hardly be doubted that the phosphatides, which are extremely
labile substances, participate in metabolism; and Hans Meyer has
pointed out that aneesthetics such as chloroform and ether are
soluble in lipoids, and that this interaction may by lessening
oxidative processes lead to the production of unconsciousness.

Chemical Changes in Degenerative Conditions.—In Wallerian
degeneration of nerve, several investigators have attempted to dis-
cover how the degenerated nerve differs from a healthy nerve.
Little or no change in the peripheral end can be detected up to
about three days after a nerve has been divided, and the nerve-fibres
remain excitable up to that time. They then show a progressive
increase in the quantity of water, and a corresponding decrease in the
proportion of solids. The percentage of phosphorus also decreases,
and it entirely disappears in a little more than three wecks after
the nerve is cut. When regeneration occurs, the nerves return
approximately to their previous composition.

It has also been shown that in spinal cords in which a unilateral
degeneration of the pyramidal tract has been produced by a lesion in
the opposite cerebral hemisphere, there is a similar increase of water
and diminution of phosphorus on the degenerated side. Further, in
a divided nerve Noll has shown that the phosphorised material also
diminishes somewhat in the central end, due to “disuse atrophy.”

This disappearance of phosphorus must be due to the break-up of
phosphatides, and the liberation of phosphoric acid which is carried
away as phosphates by the lymph and blood.

The staining reactions of a degenerated nerve also indicate that
the appearances are not only due to a breakdown in an anatomical
sense, but in a chemical sense also. Of these staining reactions the
one most often employed is that which is associated with the name
of Marchi. This is the black staining which the medullary sheaths
of degenerated nerve-fibres show when after being hardened in
Miiller’s fluid (a fluid of which chromic acid is the main constituent)
they are treated with Marchi’s reagent (a mixture of Miiller’s fluid
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with osmic acid). Healthy medullated nerve-fibres are blackened by
osmic acid alone, in virtue of the phosphatides (lecithin, etc.) in their
medullary sheath; such phosphatides contain the oleic acid radical,
and this unsaturated fatty acid is responsible for the black reaction
(see p. 423), but after treatment with a chromic acid reagent they
are not blackened, but only assume a greyish-green colour. When,
however, the fibres are degenerated the chemical breakdown of the
myelin sheath (though not fully understood in all its details) is
accompanied by an ability to reduce the osmic acid to a lower black
oxide in spite of the previous treatmnent with chromic acid. In the
later stages of degeneration the Marchi reaction is not obtained,
because the broken-down globules have by that time been absorbed.

In certain discases of the central nervous system, such as general
paralysis of the insane, degeneration occurs on a large scale, and the
products of the chemical disintegration of the cerebral tissue have
been sought for in the blood, but with more profitable results in the
cerebro-spinal fluid. This fluid under these conditions shows an
excess of protein which is mainly nucleo-protein; cholesterol can
also be usually detected in the fluid, and so also can choline or some
similar base which originates from the decomposition of phosphatides.

Cerebro-spinal Fluid—It is a very watery fluid, containing
besides some inorganic salts similar to those of the blood a trace of
protein matter (globulin) and a small amount of glucose. Normally
1t contains neither nucleo-protein, cholesterol, or choline, and very
fow cells. Colourless corpuscles, however, increase in it in various
conditions of disease. There is no doubt that the fluid is a true
secretion, and that the cells which secrete it are the cubical epithelial
cells which cover the choroid plexuses. The choroid structure may
indeed be spoken of as the choroid gland,; only it differs from other
glands in having the secreting epithelium on its outer surface.
Injection of an extract of the choroid plexuses into the circulation
causes a very rapid increase in the flow of the cerebro-spinal fluid,
which can be collected from a cannula thrust into the subcerebellar
space, or into the lumbar region of the vertebral canal. Extracts of
brain act similarly: it seems that waste materials in the brain act
as a stimulus to the choroid secretion; so also does carbonic acid;
and the fluid thus is a means of ridding the brain of this substance
which is specially harmful there. The fluid passes into the peri-
vascular and peri-neuronal spaces of the brain and cord, and thus
bathes the cells of the central nervous system. In composition it
may be regarded as a Ringer-Locke fluid (see p. 257) of physiological
origin, in other words an ideal physiological saline solution which has
the same osmotic pressure as the cell-contents. The fluid ultimately
leaves the cranio-vertebral cavity by diffusing into the veins, especially
those at the base of the brain.




CHAPTER XV

RESPONSE Ol' HUMAN MUSCLES AND NERVES TO ELECTRICAL
STIMULATION. ELECTROTONUS. CHRONAXIK

THE most important outcome of the study of the response of muscle
and nerve to electrical stimulation is its application to man in the
diagnosis and treatment of disease. In the normal state nerves may
be stimulated by appropriate electrodes (rheophores) through the
moistened skin, either by induction shocks, or by the make and
break of a constant current; if the nerve is a motor one the muscles
it supplies contract; if it is a sensory nerve a sensation is produced :
the sensation in this case is most marked at the instant of make or
break, but there is a slight sensation due doubtless to electrolytic
effects during the whole time the current is passing. Before we can
study what takes place when normal conditions are upset, as in
paralysis, it is necessary to examine a little more fully the general
effect of a constant current on nerve, to which the term electrotonus
is applied.

Electrotonus.—While a current from a battery is allowed to
flow along a nerve, changes (easily demonstrable in a muscle-nerve
preparation) occur in its electrical condition, in its excitability, and
in its conductivity. The electrical changes known as clectrotonic
currents are of complex nature, and it is probably upon these which
the other changes (in excitability and conductivity) depend.

The current is thrown into the nerve from a battery, non-
polarisable electrodes being employed; the current enters at the
anode and leaves by the kathode. If the excitability of various
regions of the nerve are now tested by any stimulus of known and
uniform strength, it is found that the nerve is more excitable than
normal (as evidenced by the size of the muscular contraction) in the
region of the kathode, whereas it is less excitable than normal in the
neighbourhood of the anode. When the current is removed the
converse changes are temporarily seen.

The increase in irritability is called katelectrotonus, and the
decrease anelectrotonus.

Increase of excitability acts a stimulus, so that at the make the
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kathode is the stimulating clectrode, whereas at the break, the anode
is the stimulating electrode. The increase of irritability at the
kathode when the current is made is greater, and so is more potent
to produce a contraction than the stimulus which occurs at the
anode when the current is broken: by using weak currents the only
effect therefore is a contraction at the make, but if the current-
strength is increased a contraction takes place at both make and
break. This simple statement constitutes what is usually termed
Ptitiger’s Law of Contraction. Currents of moderate strength affect
the conductivity of the nerve also in a parallel way, but such
changes are not sufficient to prevent the impulse being propagated
to the muscle even if the impulse has to pass through a region of
lessened conductivity. This lowering of conductivity may, however,
be sufficiently great when very strong currents are used to produce
exceptions to the simple Pliiger law.

The same general laws hold for muscle as well as for nerve, buf
are more difficult to demonstrate; the main fact, however, that the
kathode is the stimulating electrode at the make, and the anode at
the break, may be easily shown by the following experiment: if a
curarised, that is, a physiologically nerveless muscle, is arranged, as
in the experiment, for demonsirating the muscle-wave (see tig. 117,
p- 100), and a non-polarisable electr ode placed at each end, the muscle-
wave at the make of a constant current starts at the kathode and
at the break it starts at the anode.

An induced current in the secondary circuit of an inductorium
may be regarded as a current of such short duration that the opening
and closing are fused in their etfects. This is true for all induction
currents, whether produced by the make or break of the primary
circuit. The kathode will always be the more effective in causmg
contraction.

We can now return to the subject of electrical testing in the
human subjects.

When the nutrition of the nerves is impaired, much stronger
currents of both the induced and constant kinds are necessary to
evoke muscular contractions than in the normal state. When the
nerves are completely degenerated (as, for instance, when they are cut
off from the spinal cord, or when the cells in the cord from which
they originate are themselves degenerated, as in infantile paralysis)
no muscular contraction can be obtained on stimulating the nerves
even with the strongest currents.

The changes in the excitability of the muscles are less simple,
because in them there are two excitable structures, the terminations
of the nerves, and the muscular fibres themselves. Of these, the
nerve-fibres are the more sensitive to induction currents, and the
faradic stimulation of a muscle under normal conditions is by
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means of these motor nerve-endings. Thus we find that its excita-
bility corresponds in degree to that of the motor nerve supplying it.
The muscular fibres are, even in the normal state, less sensitive to
faradism (that is, a succession of induction shocks) than the nerve,
because they are incapable of ready response to stimuli so very short
in duration as are the shocks of which a faradic current consists.
The proof of this consists in the fact that under the influence of
curare, which renders the muscle practically nerveless, the muscle
requires a much stronger faradic current to stimulate it than in the
normal state. When the nerve is degenerated, the make or break
of the constant current stimulates the muscle as readily as in the
normal state; but the contraction is propagated more slowly than
that which occurs when the nerve-fibres are intact, and is due to the
stimulation of the muscular fibres themselves. The fact that, under
normal conditions, the contraction which is caused by the constant
current is as quick as that produced by an induction shock, is ground
for believing that in health the constant, like the induced current,
causes' the muscle to contract chiefly by exciting the motor nerves
within it.

When the motor nerve is degenerated, and will not respond to
any form of electrical stimulation, the muscle also loses all its power of
response to induction shocks. The nerve-degeneration is accompanied
by changes in the nutrition of the muscular fibres, as is evidenced
by their rapid wasting, and any power of response to faradism they
possessed in the normal state is lost. DBut the response of the muscle
to the constant current remains, and is indeed more ready than in
health, doubtless in consequence of nutritive changes which develop
what the older pathologists called, truly enough, “irritable weakness.”
There is, moreover, a qualitative as well as a quantitative change.
In health the first contraction to occur on gradually increasing the
strength of the current is at the negative pole, when the circuit is
closed (Pfliiger’s law), and a stronger current is required before
closure-contraction occurs at the positive pole. But in the morbid
state we are discussing, closure-contraction may occur at the positive
pole as readily as at the negative pole. This condition is called
the « Reaction of Degeneration.”

Suppose a patient comes before one with muscular paralysis.
This may be due to disease of the nerves, of the cells of the spinal
cord, or of the brain. If the paralysis is due to brain disease, the
muscles will be slightly wasted owing to disuse, but the electrical
irritability of the muscles and nerves will be normal, as they are
still in connection with the nerve-cells of the spinal cord which control
their nutrition. But if the paralysis is due to disease either of the
spinal cord or of the nerves, this nutritive influence can no longer
‘be exercised over the nerves or muscles. The nerves will degenerate;
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the muscles waste rapidly; the irritability of the nerves to both
forms of electrical stimulation will be lost; the muscles will not
respond to the faradic current, but in relation to the constant-
current they will exhibit what we have called the “reaction of
degeneration.”

This illustrates the value of the electrical method as a means of
diagnosis, that is, of finding out what is the matter with a patient.
It may also be used as a means of treatment; for example, in
some cases of neuralgia relief from pain can be obtained by passing
a constant-current through the nerve, but the pole actually applied
to the nerve must be the anode which produces diminution of ex-
citability, not the kathode which produces the reverse. It used to
be thought that the nutrition of muscles could be kept up by making
them contract artificially until restoration of their nerves is brought
about, but Langley’s experiments have shown that nutrition cannot
be kept up in this way.

Waller pointed out that Pfliiger’s law of contraction, as formulated for frogs’
muscles and nerves, is true for human muscles and nerves in the main, but there
are certain discrepancies. These arise from the method necessarily employed in

man being different from those used with a muscle-nerve preparation. In a muscle-
nerve preparation the nerve is dissected out, the two electrodes placed on it, and

. e

Fic. 169.— Electrodes applied to the skin over a nerve-trunk. In A, the polar area is anelectrotonic,
and the peripolar katelectrotoure. The former condition, therefore, preponderates, since the
current is more concentrated. In B, the conditions are reversed, the polar zone corresponding here
to the kathode. (After Waller.)

the current has of necessity to traverse the piece of nerve between the two
electrodes. In man, the current is applied by means of electrodes or rheophores
which consist of metal discs covered with wash leather, and soaked in brine. One
of these is placed on the moistened skin over the nerve, and the other on some
indifferent point, such as the back. The current finds its way from one electrode to
the other, not necessarily through the nerves to any great extent (though it will be
concentrated at the nerve as it leaves the anode or reaches the kathode), but diffuses
widely through the body, seeking the paths of least resistance. Thus it is impos-
sible to get pure anodic or kathodic effects. If the anode is applied over the nerve,
the current enters by a series of points (polar zone), and leaves by a second series
of points (peripolar zone). The second series of points is very close to the first, as
the current leaves the nerve as soon as possible, seeking less resistant paths. The
Eolar zone will be in the condition oF anelectrotonus, the peripolar in that of
atelectrotonus, so that although the former effect will predominate, the points being
more concentrated, the latter effect may prevent a pure anelectrotonic effect
being observed (fig. 159).
Pfliiger’s law of contraction according to which excitation occurs at the kathode
on the make of a constant-current, and at the anode on the break, holds good for
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all excitable tissues. The excitation at the break is probably really due to the
make of a polarisation current having its kathode at the former anode, and is
therefore fundamentally of the same nature as the make contraction ; or, in general
terms, excitation occurs only at the place where a current leaves the excitable
tissue. No doubt the effect is determined by the electrolytic changes occurring at
the point of entry and exit of the current ; the development of kat-ions must there-
fore be the chemical change that results in excitation. It is difficult to imagine that
in a degenerated muscle there should be a reversal of such a fundamental law, and
that excitation should be associated with the development of an-ions. Yet this was
supposed to occur in the qualitative change known as the *¢ reaction of degenera-
tion.” Page May investigated this question afresh, and found that the reversal
of the law is only apparent, not real, and is due to the imperfect method which
clinical observers must necessarily employ when testing the electrical reaction of
muscles through the skin. By the use of appropriate electrodes on the degenerated
muscles of animals, it is possible to detect the source of error. Let us substitute a
muscle for a nerve in the diagrams of fig. 159 ; the current enters a few fibres at
the anode, then spreads in all directions, and leaves the muscle by a number of
diffused kathodic points. If the muscle is degenerated, its excitability is high,
and the ready response at the anode when the current is made does not really occur
at the actual anode, but in the neighbouring and more widespread peripolar
kathodes. In other words, degenerated muscle obeys the general law of excitable
tissues, and excitation occurs only at the situation where the current leaves the
muscle. At the actual anode there is relaxation or absence of effect; this is
obviously not observable through the human skin because the change is very
limited in extent ; it can be actually seen in the exposed muscles of an animal.

Rheobase and Chronaxie.

These new words have been introduced by Lapicque and his French co-workers.
Rheobase is the intensity in volts of a constant-current closed instantaneously which
will excite if continued indefinitely, and chronaxis is the time required for excitation
by a current of twice that intensity. The first is determined with a battery, volta-
meter and rheostat; the second by the discharge of a condenser. Non-polarisable
electrodes are used. The condenser discharges are led to the tissue through a
resistance ; the difficulty of the variable but high resistance of the tissue itself was
overcome by interpolating a shunt of such low resistance as to make the resistance
of the tissue negligible. Complex electrodes have been devised by Bourguignon
for stimulation through the human skin. The rheobase for the cut sciatic of the
frog is 0°2 to 0'3 volt, and the chronaxie is 0'3 to 0°4 thousandths of a second ; in
the toad the chronaxie is less. Lapicque, in spite of criticism, contends that
skeletal muscle has the same chronaxic as its motor nerve (isochronism), and
believes that the action-current of the latter excites the muscle directly without the
intermediation of any junctional substance (K. Lucas’ g-substance).

Chronaxie varies widely in different nerves even in the same animal. In general
it is least in rapidly contracting muscles supplied by large nerve-fibres. Differences
are also noticeable in nerves treated by various reagents, those which swell the
myelin sheath for instance increase the rheobase and shorten the chronaxie. In
man, Bourguignon found that the extensors have a chronaxie of 0°1, while that in
the flexors is 0°4 or more. The relation of these data to the activity of the central
nervous system has not been as yet fully studied; one may state, however, that
cutting a nerve roughly doubles the chronaxie it possesses in the intact state.



CHAPTER XVI
NERVE-CENTRES

THE nerve-centres consist of the brain and spinal cord; they are
characterised by containing nerve-cells, from which the nerve-fibres
of the nerves originate. "Small collections of nerve-cells are found
also in portions of the peripheral nervous system, where they are
called ganglia. The spinal ganglia on the posterior roots of 'the
spinal nerves, and the sympathetic ganglia are instances of these.

~ The general arrangement of the cerebro-spinal axis is given in
the accompanying diagram. The nerves which take origin from the
brain are called cerebral nerves; there are twelve pairs of these; some
of them, such as the olfactory, optic, and auditory nerves, are
nerves of special sense; others supply the region of the head with
motor and sensory fibres. Omne pair (the tenth), called the vagus
nerves, are mainly distributed to the viscera of the thorax and
abdomen, and a part of another pair (the eleventh), called the
accessory nerves, unites with the vagus prior to such distribution.
We shall in our subsequent study of the heart, lungs, stomach,
and other organs have frequently to allude to these nerves. The
first two pairs of cerebral nerves (the olfactory and the optic) arise
from the cerebrum. The remaining ten pairs are connected with the
district of grey matter called the floor of the fourth ventricle or
its immediate neighbourhood ; this tract of grey matter is situated at
the lower part of the brain where it joins the spinal cord; this
portion of the brain is called the Bulb or Medulla oblongata.

The spinal nerves are arranged in pairs, thirty-one in number.
Their general structure and functions we have already studied
(pp. 152-155).

The more intimate structure of the Lrain and spinal cord we shall
consider at length in subsequent chapters. For the present we shall
deal with some of the general aspects of the nerve-centres, both as
regards structure and function.

The brain and spinal cord consists of two kinds of tissue, easily
distinguishable by the naked eye. They are called respectively white
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