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PREFACE

THERE are two groups of functions performed by the nervous
system which are of general interest; these are, first, the physio-
logieal adjustment of the body as a whole to its environment
and the correlation of the activities of its organs among them-
selves, and, in the second place, the so-called higher functions
of the cerebral cortex related to the conscious life. The second
of these groups of functions cannot be studied apart from the
first, for the entire conscious experienee depends for its materials
upon the content of sense, that is, upon the sensory data received
by the lower brain centers and transmitted through them to the.
cerebral cortex. Since the organization of these lower centers is
extremely complex, and sinee even the simplest nervous proe-
esses involve the interaction and codperation of several of these
mechanisms, it follows that an understanding of the workings
of any part of the nervous system requires the mastery of a large
amount of rather intricate anatomical detail. .

Fortunately, the knowledge of the precautions which must be
" observed in order to maintain the nervous system in healthy
working order is not difficult of acquisition (though surprisingly
few people seem to have gained it), just as any one can learn to
operate an automobile, even though quite ignorant of the engi-
neering problems involved in its design and construction. In-
formation regarding these matters of practical hygiene is readily
available,! and it is not the primary purpose of this book to sup-

! Gurick, Lutaer H. 1907. The Efficient Life, New York.

GULICK, Lutuer H. 1908. Mind and Work, New York.

JEWETT, FrAaNcCIS GuLick, 1898. Control of Body and Mind, New Y ork,
Ginn & Co. _Adapted for use in the graded sehools.

Lugaro, E. 1909. Modern Problems in Psychiatry, Manchester
University Press. A book written espeeially for physicians, but full of
stimulating ideas for every educated reader.

StiLes, P. G. 1914. The Nervous System and Its Conservation, Phila-
delphia, W. B. Saunders Company.
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12 PREFACE

ply it. But to understand the actual inner operation of the
nervous mechanisms is a much more difficult matter, and this
knowledge cannot be acquired without arduous and sustained
study of the peculiar form relations of the nervous organs and
their complex interconnections; and information of this sort is
indispensable for a grasp of the principles of nervous organiza-
tion, and especially for an intelligent treatment of nervous dis-
easces.

The study of neurology is, therefore, intrinsically difficult
if one is to advance beyond its most superficial phases; the more
so if the student is not well grounded in general biology and at
least the clements of the general anatomieal structure of the ver-
tebrate body. To these inherent difficulties there is added a
purely artificial obstacle in the form of a cumbersome and con-
fused terminology which has grown up during several centuries of
anatomical study of the brain, in the early stages of which little
or no comprehension of the funetional significance of the parts
discovered was possible, and fanciful or bizarre names were given
without reference to the mutual relationship of parts.

The problems which at present chiefly oceupy the attention of
neurologists are of two sorts—first, to discover the regional
localization within the nervous system of the nerve-cells and
fibers which serve particular types of function or, briefly, archi-
tecture, and second, to discover the chemical or other changes
which take place during the process of nervous funetion, that is,
the metabolism of the nervous tissues. The first of these prob-
lems is at present further advanced than the seccond; the larger
part of this work is, therefore, devoted to a description of archi-
tectural relations. Without a knowledge of these relations,
morcover, the problems of metabolism are, in large measure,
meaningless.

It is impossible to understand elearly the form of the brain,
and especially the relations of its internal structures, from verbal
descriptions merely. Pictorial illustrations and the various brain
models which are on the market are of great assistance; but ac-
tual laboratory experience in dissecting the brain and, if possi-
ble, the study of microscopic preparations of selected parts of
it are indispensable for a thorough mastery of the subject.
The brains of the sheep, dog, and ecat are easily obtained, and
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are so similar to the human brain in all respects, save the
smaller relative size of the eerebral cortex, that they ean readily
be used for such studies. Before dissection the brain should be
carefully removed from the skull and hardened by immersion for
a few days in a solution of formalin (to be obtained at any drug
store and diluted with water in the proportion of one part
formalin to nine parts water). Several neurological laboratory
guides have been published, and one of these should be followed
in the dissection.!

This work is designed as an introduetion in a literal sense.
Several very excellent manuals and atlases of neurology are
available, and to these the reader is referred for the illustrations
and more detailed deseriptions necessary to complete the rather
schematic outline here presented. The larger medical text-
books of anatomy and physiology are, however, often very diffi-
cult for the beginner, chiefly on account of the lack of correlation
of the structures described and their funetions. This little
book has been prepared in the hope that it will help the student
to learn to organize his knowledge in definite functional pat-
terns earlier in his work than is often the ease, and to appreciate
the significance of the nervous system as a working mechanism
from the beginning of his study.

The structure and functions of the nervous system are of
interest to students in several different fields—medicine, psy-
ehology, sociology, eduecation, general zoology, comparative
anatomy, and physiology, among others. The view-points and
special requirements of these various groups are, of ecourse,
different; nevertheless the fundamental prineiples of nervous
structurc and function are the same, no matter in what
field the principles are applied, and the aim here has been-to

1 BURKHOLDER, J. . 1912. The Anatomy of the Brain, Seeond Edition,
Chicago, G. P. Engelhard & Co. (Dissection of the brain of the sheep.)

Fiskg, E. W. 1913. An Elementary Study of the Brain Based on the
Dissection of the Brain of the Sheep, New York, The Macmillan Company.

HarbEesty, 1. 1902. Neurological Technique, The University of Chicago
Press.  (Dissection of the human brain by means of transverse gross
sectior;s, methods of microscopic preparation, and lists of neurological
terms.

Herrick, C. Jupsown, and CrosBy, ErizaBern. 1915. A Laboratory
Outline in Neurology, privately printed by the authors at the University of
Chicago. (Dissection of the dogfish, sheep, and human brains, and diree-
tions for study of prepared microscopic seetions of the human brain.)



14 PREFACE

present these prineiples rather than any detailed application
of them. In the selection of subject matter and mode of
treatment the author has been fortunate in having the advice
of many experienced teachers in several of these fields, who
have read the manuseript of this work or of selected chapters
and whose suggestions have contributed greatly to its value.
Especial acknowlegement of generous assistance of this sort
should be made to Doctors G. W. Bartlemez, R. R. Bensley,
Harvey A. Carr, C. M. Child, G. E. Coghill, Mabel R. Fernald,
Joseph W. Hayes, Mary Stevens Hayes, F. L. Landacre, John
T. M¢Manis, and R. E. Sheldon.

Thematerials presented in this book are arranged in three
groups: (1) Chapters I to VII discuss the more general neurologi-
cal topics; (2) Chapters VIII to X VIII comprise a brief aceount of
the form of the nervous system and the funetional significance of
its chief subdivisions in general, followed by a review of the archi-
tectural relations of the more important funectional systems; (3)
Chapters XIX to XXI are devoted to the cercbral cortex and its
functions. Readers whose chief interest lies in the general neu-
rological questions may omit much of the detail comprised
within the second group of chapters or use these for reference
only. To facilitate ready reference the general index has been °
prepared with especial care, and with it is combined a brief
glossary of some more commonly used technical terms. In the
text some of the more special topies, which may be omitted if
a briefer presentation is desired, are printed in smaller type.

C. JupsoN HERRICK.

Cuicaco, ILL.,
October, 1915.
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INTRODUCTION TO NEUROLOGY

CHAPTER 1

BIOLOGICAL INTRODUCTION

THE living body is a little world set in the midst of a larger
world. It leads in no sense an independent life, but its con-
tinued welfare is conditioned upon a nicely balanced adjust-
ment between its own inner activities and those of surrounding
nature, some of which are beneficial and some harmful. The
great problem of neurology is the determination of the exact
part which the nervous system plays in this adjustment.

This problem is by no means simple. The search for its
solution will lead us, in the first place, back to an examination
of some of the fundamental properties of the simplest living
substance, of protoplasm itself; and in the last analysis it will
involve a consideration of the highest mental capacities of the
human race and of the physiological apparatus through which
these capacities come to expression. We shall first take up the
nature of this adjustment on the lower biological levels.

All of the infinitely diverse forms of living things have cer-
tain points in common, so that one rarely has any doubt
whether a given object is alive or dead. Nevertheless, the
preeise definition of life itself proves very difficult. Herbert
Spencer, in his “Principles of Biology,” after many pages
of close argument and rather formidable verbal gymnastics,
arrived at this formula: Life is “the definite combination of
heterogencous changes, both simultancous and successive, in
correspondence with external coexistences and sequences’’;
or, more briefly, “The continuous adjustment of internal re-
lations to external relations.” A somewhat similar idea was

2 17



18 INTRODUCTION TO NEUROLOGY

subsequently more simply expressed by the late C. L. Herrick
in the proposition. “Life is the correlation of physical forces
for the conservation of the individual”; and this, in turn, may
be cast in the more general form, Life is a system of forces
maintained by a continuous interchange of energy between the
system and its environment, these forces being so correlated
as to conserve the identity of the system as an individual and
to propagate it. A certain measure of modifiability in the char-
acter of the system, without loss of its individuality, is not ex-
cluded.

No one of these definitions, or any other which has been sug-
gested, is fully satisfactory; but biologists generally agree that
the common characteristics of living beings ean best be ex-
pressed in the present state of our knowledge in terms of their
actions, their behavior. The properties commonly ascribed to
any object are in last analysis names for its behavior, and the
so-called vital properties are very special forms of energy trans-
formation.

Now, the chief difference between a corpse and a living body
consists in the fact that the forces of surrounding nature tend
to the disintegration of the dead body, while in the living body
these forces are utilized for its upbuilding. If, then, the vital
process is essentially a special type of mutual interaction be-
tween the bodily mechanism and the forees of the surrounding
world, of the correspondence between the organism and the
environment, to use the Spencerian phrase, it follows that the
living body cannot be studied by itself alone. Quite the con-
trary, the analysis of the environmental forces upon which the
life of the body depends and of the parts of the body itself
in their relations to these external forees is the very kernel of
the problem of life.

The measure of the fulness of life in any organism is two-
fold. In the first place, the life is measured by the amount of
encrgy which the organism can assimilate from surrounding’
nature and incorporate into its own organization. This enters
the body chiefly in the form of chemical potential energy in food
eaten, air breathed, and so on, and can be quantitatively de-
termined and stated in the form of standard units of energy,
such as calories or foot-pounds of work. This measures the
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working capacity of the machine, but gives little insight into
the real value of the work done. In the second place, life may
be measured in terms of the extensity or number and diversity
of environmental relations. - This takes account of the range
or working distance of the organization and, in general, of the
efficiency of the work done. For evidently the organism which
has few and simple relations with the environment, so that it
can adjust itself to only a small range of external conditions,
is less efficient than one which has many diverse relationships

~and an extensive series of possible adjustments, even though the
actual amount of energy expended may be vastly greater in the
former than in the latter case. The first of these standards is a
tolerably satisfactory measure of the vegetative functions of
the body, sometimes less happily termed the ““organic funetions.”
We have no word in common use which covers precisely the
group of activities embraced by our second standard of meas-
urement, though the terms ‘“‘animal funetions,” ‘‘somatic or
exteroceptive activities” are sometimes used in about this
sense.

Let us now endeavor to illustrate the last topic a little more
concretely. We are standing on a hilltop overlooking a
meadow, through which runs a mountain brook, and beyond
the valley is another range of rugged hills. In the fence-corner
near us is a patch of daisies and elover with a honey-bee buzzing
from flower to flower. A plowboy is erossing the field, and at
our elbow an artistic friend is busy with sketching pad and
brushes. Here are four things which have this at least in
common, that they are alive—daisy, bee, plowboy, artist.
There can be no doubt about their vitality, but how differently
they respond to the sunshine, the rain, and the other forces of
nature. .

The daisy expands in the vivifying light of the summer sun,
the energy of whose actinic rays is used to build up living proto-
plasm and vegetable fiber from the inert substances of air and
soil. Its vitality, measured in terms of energy transforma-
tion, is great; yet how limited its range of life, how helpless.in
the face of the storms of adversity which are sure to buffet it.
Rooted to its station, it can only assimilate what food is brought
to it and it cannot flee from scorching wind or blighting frost.
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The honey-bee leads a more free and varied life. Instead of
passively and blindly waiting for such bane or blessing as fate
may bring, she hurries forth, strong of wing and with senses
alert, to gather the daily measure of honey and pollen. The
senses of touch, sight, and smell open realms of nature forever
closed to the plant, and enable her to seek food in new fields
when the local supply is exhausted, as well as to avoid enemies
and misfortunes. With the approach of the storm, she flies to
shelter in a home which she and her sisters have prepared with
consummate skill. Yet in this provision for the future in hive
and well-stocked honeycomb there is little evidence of intelli-
gent foresight or rational understanding of the purposes for
which they work. Though so much more highly organized than
the plant, the honey-bee is to a very large extent blindly follow-
ing out the inborn impulses of her hereditary organization and
she has no clear understanding of what she does, much less why
she doesit. There is some evidence of intelligent adaptation in
her behavior, but the part played by this factor in her life as a
whole is probably very small compared with the blind inborn
impulses which dominate most of her activities. Like the plant,
the bee’s reactions are determined chiefly by the past evo-
lutionary history of the species, which has shaped the innate
organization of the body and fixed its typical modes of re-
sponse to stimulation. But the bee lives much more in the
present than does the plant; that is, she can vary her behavior
much more widely in response to the needs of the moment. As
for the future, she knows naught of it.

The farmer’s boy whistles as he goes about his work. He,
too, has a certain innate endowment, including the whole
range of his vegetative functions, together with an instinctive
love of sport and many other inborn aptitudes. This is his
inheritance from the past. By these instincts and appetites he
is, as Dewey says, “pushed from behind” through the per-
formance of many blindly impulsive acts. He is a creature of
the present, too, his whole nature overflowing with the joy of
living. But he also looks into the future and hastens through
the daily tasks that he may obtain the coveted hour of sunset
to fish in the brook. He flicks off the heads of the daisies with
his whip-stock and remarks in passing, ‘“This meadow is
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choking up with white-weed. The boss will have to plow it up
next year and replant it.”” The extraordinary natural beauty
of the place is, however, unnoticed amid the round of daily
work and simple pleasure.

The artist looks out upon the same scene, but through what
different eyes! The mass of white daisies and the rocky knoll
beyond ruddy with sheep sorrel suggest to him no waste of
valuable pasture land, but a harmony of color and grace of form
upon which he feasts his soul. The esthetic delights of the
forest, the sky, the brook, and the overhanging erag beyond are
for him unmixed with any utilitarian motive.

Each of these four organisms occupies, in one sense, the
same environment; but it is evident that the factors of this
environment with which each comes into active vital relations
are immeasurably different. They correspond with or are at-
tuned to quite different energy complexes, though the cor-
respondence or interaction is very real in each case. This has
been stated very simply by Dr. Jennings when he says that
every species of organism has its characteristic “action system,”
1. e., a habitual mode of reaction to its environment which is
determined wholly or in part by its inherited organization.

Every animal and every plant has, accordingly, a definite
series of characteristic movements which it can make in re-
sponse to external stimulation. This is all that Jennings means
by the “action system.” We humans are no exception to this
rule of life. 'We move along in a more or less stereotyped way,
through more or less familiar grooves, in our daily work.
Much of this work is routine, done about as mechanically as
the flower unfolds its petals to the morning sun or the honey-
bee gathers in her store of honey. This is our action system.
Of course, we have much else to do besides this routine, and our
actual value to the community is in large measure determined by
our ability to vary this routine in adaptation to new situations
as they arise. Even the daisy has a little of this capacity for
independently variable action; the insect has more; and man’s
preéminence in the world is due primarily to his larger powers
of adapting his reactions not only to the needs of the moment,
but to probable future contingencies, 7. e., of varying his
inborn action system by intelligently directed choices.
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This distinetion between the blind working of a stereotyped
action system whose character is determined by the inherited
bodily structure, on the one hand, and individually acquired
variable adaptive actions (which may or may not be intelli-
gently performed), on the other hand, is very fundamental, and
we shall have occasion to return to it. Most animal activities
contain both of these factors, and it is often very difficult
to analyze a given example of behavior into its elements,
but the distinction is nevertheless important. Plant life is
characterized by the dominance of invariable types of reaction
which are determined by innate structure; these in their most
elementary forms give us, in fact, the so-called vegetative func-
tions. These same functions predominate in the lowest animals
also; but in the higher animals, as we shall see, there are two
rather distinet lines of evolutionary advance. In one line the
innate stereotyped functions are very highly specialized, leading
up to a complex instinctive mode of life; in the other line these
functions are subordinated to a higher development of the indi-
vidually acquired variable functions, leading up to the intelli-
gence and docility of the higher mammals, including the human
race.

The distinetion between plants and animals is very difficult
to draw and, in fact, there are numerous groups of organisms
which at the present time occupy an ambiguous position, such
as the slime molds. The botanists claim them and call them
Myxomycetes; the zoblogists also deseribe them under the name
Mycetozoa; still other naturalists frankly give up the problem
and assign them to an intermediate kingdom, neither vegetable
nor animal, which they call the Protista. As children we prob-
ably considered the chief distinetion between plants and ani-
mals to be the ability of the latter to move freely about; but one
of the first lessons in our elementary biology was the correction
of this notion by the study of sedentary animals and motile
plants. Nevertheless, I fancy that in the broad view the child-
ish idea has the root of the matter in it. The plants and seden-
tary animals may have their vegetative functions of internal
adjustment never so highly specialized and yet remain rela-
tively low in the biological scale because their relations with
the environment are necessarily limited to the small circle within
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which they first take root, whereas the power of locomotion
ecarries with it, at least potentially, the ability to choose between
many more environmental factors. It is only the free-moving
animals that have anything to gain by looking ahead in the
world, and here only do we find well-developed distanee recep-
tors, 1. e., sense organs adapted to respond to impressions from
objects remote from the body. And the distance receptors, as
we shall see, have dominated the evolution of the nervous sys-
tem in vertebrates and determined the lines it should follow.

The net result of this discussion ean be briefly stated. The
differences between various kinds of organisms are, in the main,
ineidental to the extent and character of their relations with the
forees of surrounding nature. A species which can adjust itself
to few clements of its environment we call low; one that can
adapt itself to a wide range of environmental conditions in a
great variety of ways we call higher. The supremacy of the
human race is directly due to our capacity for diversified living.
If man finds himself in an unfavorable climate, he may either
move to a more congenial locality or adapt his mode of life by
artificial aids, such as elothing, houses, and fire. And in these
adaptations he is not limited to a narrow range of inherited
instincts, like the hive of bees, but his greater powers of obser-
vation and reflection enable him to discover the general uni-
formities of natural process (he ecalls these laws of nature) and
thus to forecast future events and prepare himself for them in-
telligently. In other words, to return to our original point of
view, our advantage in the struggle for existenece lies in our
ability to correlate our bodily activities with a wide range of
natural forees so as to make use of these forces for our good rather
than our hurt. (Of course, it should be borne in mind that this
formula makes no pretense of being an exhaustive aceount of
human faculty; but only that, in so far as biological evolutionary
factors have operated in the human realm, they act in aceord-
anee with this prineiple.) The apparatus by which these exter-
nal adjustments are effected and by which the inner parts of the
body are kept in working order is the nervous system.



CHAPTER 1II

THE NERVOUS FUNCTIONS

THE body is composed of organs and tissues, the organs being
parts with particular functions to perform and the tissues being
the cellular fabric of which the organs are composed. The
tissues (which must be studied microscopically) are classified,
sometimes in accordance with the general functions which they
serve, such as the nervous and muscular tissues, and sometimes
with reference to the forms and arrangements of their compo-
nent cells. An illustration of the latter method of treatment is
furnished by the epithelial tissues, which are thin sheets of
cells, sometimes arranged in one layer (simple epithelia), some-
times in several layers (stratified epithelia). Epithelial tissues
may perform the most diverse functions.

All living substance (protoplasm) possesses in some measure
the distinctive nervous functions of sensitivity and conduetivity,
that is, it responds in a characteristic fashion to certain exter-
nal forces (stimuli), and when thus stimulated at one point the
movement or other response may be effected by some remote
part. This last feature implies that some form of energy is
conducted from the site of the stimulus to the part moved.
Ordinary protoplasm also possesses the power of correlation,
that is, of combining a number of individual reactions to stimu-
lation in diverse special adjustments.

The one-celled animals and all plants lack the nervous sys-
tem entirely; nevertheless they are able to make highly complex
adjustments. The leaves, roots, and stems of the higher plants
have individual functions which are, however, bound together
or integrated into a very perfect unity. In animals, as con-
trasted with plants, we see a further differentiation of parts of
the body for special funections, and at the same time a more per-
fect correlation of part with part and integration of the whole
for rapid and diversified reactions of the entire body. The

24
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nervous system is the apparatus of these more perfect adjust-
ments and its protoplasm is highly modified in different direc-
tions. Some parts may be especially sensitive to particular
forms of energy (such as light waves, sound waves, ete., this
being termed the adequate stimulus in each case); other parts,
the nerves, are highly modified so as to conduct nervous impulses
from part to part with a minimum expenditure of energy and loss
of efficiency; still other parts of the nervous system serve as
centers for receiving and redistributing nervous impulses some-
what after the fashion of the central exchange of an automatic

Fig. 1.—Diagram illustrating the simplest spinal reflex arc consisting
of two nervous elements or neurons (see Chapter III), a sensory neuron
connected with the skin and a motor neuron connected with a muscle.
Physiological connection between the two neurons is effected within the
spinal cord. (Modified from Van Gehuchten.)

telephone system. These are the correlation centers, and they
are larger and more complex in proportion to the range of diver-
sity in the possible reactions of the animal.

The simpler reactions to stimulation of the sort here under con-
sideration are called reflexes (Fig. 1; see also p. 56), and the essen-
tial mechanism is a reflex arc consisting of (1) a sensitive reeeiv-
ing organ (receptor or sense organ); (2) a conductor (afferent
or sensory nerve) transmitting the nervous impulse inward from
the receptor; (3) a correlation center or adjustor, generally
located within the central nervous system; (4) a second con-
ductor (efferent or motor nerve) transmitting the nervous im-
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pulse outward from the center to (5) the effector apparatus,
consisting of the organs of response (muscles, glands) and the
terminals of the efferent nerves upon them.

No part of the nervous system has any significance apart from
the peripheral receptor and effector apparatus with which it is
functionally related. Thisis true not only of the nervous mech-
anism of all physiological functions, but even of the centers con-
cerned with the highest manifestations of thought and feeling of
which we are capable, for the most abstract mental processes
use as their necessary instruments the data of sensory experience
directly or indirectly, and in many, if not all, cases are inti-
mately bound up with some form of peripheral expression.

The neurologist’s problem is to disentangle the inconceivably
complex interrelations of the nerve-fibers which serve all the
manifold functions of adjustment of internal and external rela-
tions; to trace each functional system of fibers from its appro-
priate receptive apparatus (sense organ) to the centers of corre-
lation; to analyze the innumerable nervous pathways by which
these centers are connected with each other (correlation tracts);
and, finally, to trace the courses taken by all outgoing impulses
from these correlation centers to the peripheral organs of re-
sponse (muscles, glands, ete., or, collectively, the effectors).

This is no simple task. If it were possible to find an educated
man who knew nothing of electricity and had never heard of a
telegraph or telephone, and if this man were assigned the duty
of making an investigation of the telegraph and telephone sys-
tems of a great city without any outside assistance whatever,
and of preparing a report upon all the physical equipment with
detailed maps of all stations and circuits and with an explana-
tion of the method of operation of every part, his task would be’
simple compared with the problem of the neurologists. The
human cerebral cortex alone contains some 9280 million nerve-
cells, most of which are provided with long nerve-fibers which
stretch away for great distances and branch in different direc-
tions, thus connecting each cell with-many different nerve-
centers. The total number of possible nervous pathways is,
therefore, inconceivably great.

Fortunately for the neurologists, these interconnecting ner-
vous pathways do not run at random; but, just as the wires
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entering a telephone exchange are gathered together in great
cables and distributed to the switchboards in accordance with a
carefully elaborated system, so in the body nerve-fibers of like
function tend to run together in separate nerves or within the
brain in separate bundles called tracts. Notwithstanding the
complexity of organization of the nervous organs, the larger and
more important functional systems of nervous pathways have
been suceessfully analyzed, and the courses of nervous discharge
from the various receptors to the appropriate centers of adjust-
ment, and from these (after manifold correlations with other sys-
tems) to the organs of response, are fairly well known. The
acquisition of this knowledge has required several centuries of
painstaking anatomical and physiological study, and much
remains yet to be done.

The external forms of the brain and other parts of the nervous
system are dependent mainly upon the arrangements of the
nerve-cells of which they are composed (for the characteristies of
these cells see Chapter IIT), and these arrangements, in turn,
are correlated with the functions to be performed. The func-
tional connections of the nerve-cells can be investigated best by
the mieroscopical study of the tissues combined with physiolog-
ical experimentation. From this it follows that the study of the
gross anatomy, the microscopical anatomy (histology), and the
physiology of the nervous system should go hand in hand so far
as this is practicable.

A study of the comparative anatomy of the nervous system
shows that its form is always correlated with the behavior of the
animal possessing it. The simplest form of nervous system con-
sists of a diffuse network of nerve-cells and connecting fibers
distributed among the other tissues of the body. Such a ner-
vous system is found in some jelly-fishes and in parts of the
sympathetic nervous system of higher animals. Animals which
possess this diffuse type of nervous system can perform only
very simple acts, chiefly total movements of the whole body
or general movements of large parts of it, with relatively small
capacity for refined activities requiring the codperation of
many different organs. But cven the lowest animals which
possess nerves show a tendency for the nervous net to be con-
densed in some regions for the general control of the activities
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of the different parts of the body. Thus arose the central ner-
vous system. (Some works dealing with the evolution of the
nervous system are eited at the end of this chapter.)

The aggregations of nervous tissue to which reference has just
been made, eontaining the bodies of the nerve-cells, are called
ganglia,' and in all invertebrate animals the eentral nervous
system is a series of such ganglia, variously arranged in the body
and connected by strands containing nerve-fibers only, that is,
by nerves.

Fig. 2.—The anterior end of an earthworm (Lumbrieus) laid open from
above with all of the organs dissected away exeept the ventral body wall
and ventral ganglionie ehain.

The central nervous systems of all but the lowest forms of
animals are developed in aecordance with two chief structural
patterns, represented in typical form by the worms and inseets
on the one hand, and by the back-boned animals or vertebrates
on the other hand.

In the secgmented worms (such as the ecommon earthworm,
Fig. 2) the central nervous system consists of a chain of ganglia
connected by a longitudinal eord along the lower or ventral wall

10n the ganglia of the vertebrate nervous system, see page 108.
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of the body. Each of these ganglia is connected by means of
peripheral nerves with the skin and muscles of its own segment,
and each joint of the body with its contained ganglion (ventral
ganglion) has a certain measure of physiological independence so
that it can act as a unit. This is a typical segmented nervous
system. At the head end of the body the ventral ganglionic
chain divides around the pharynx and mouth, and there are
enlarged ganglia above and below the pharynx. The superior
ganglia (supra-esophageal ganglia) are sometimes called the
brain, and this organ dominates the local activities of the several
segments, enabling the animal to react as a whole to external
influences.

The nervous systems of crustaceans (crabs and their allies),
spiders, and insects have been derived from the type just
described. In these animals the segments of the body are more
or less united in three groups, constituting respectively the head,
thorax, and abdomen, and the ganglia of the central nervous
system are modified in a characteristic way in each of these
regions. Figure 3 illustrates the nervous systems of four species
of flies, showing different degrees of concentration of the ganglia.
In all cases the head part (brain) is greatly enlarged, and is
arranged, as in worms, in ganglia above and below the mouth
and esophagus. The other ganglia are diversely arranged, from
the simple condition (4) where there are three thoracic ganglia,
one for each pair of legs, and six abdominal ganglia, through in-
termediate stages (B and C), to the highest form (D), where all
of the ganglia of both thorax and abdomen are united in a single
thoracic mass.

The type of nervous system just described is found throughout
the highest groups of invertebrate animals, as in insects and
spiders, and is constructed on a totally different plan from that
of all of the vertebrate or back-boned animals. In this latter
group we have, instead of a segmented chain of ventrally placed
solid ganglia, a hollow tube of nervous tissue which extends
along the back or dorsal wall of the body and constitutes the
spinal cord and brain. The cavity or lumen of this tube extends
throughout the entire length of the central nervous system,
forming the ventricles of the brain and the central canal of the
spinal cord. The details of the invertebrate nervous systems
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(whose structures are very diverse) will not be further consid-
ered in this work; the nervous systems of all vertcbrates, how-
ever, are constructed on a common plan, and, though our prime
interest is the analysis of the human nervous system, we shall
find that many of the details sought ean be seen much more
clearly in the lower vertebrates than in man.

Fig. 3.—The nervous systems of four species of flies, to illustrate the
various degrees of coneentration of the ganglia: A, Chrionomus plumosus,
with three thoracic and six abdominal ganglia; B, Empis stercorea, with
two thoracie and five abdominal ganglia; €, Tabanus bovinus, with one
thoracic ganglion and the abdominal ganglia moved toward each other; D,
Sarcophaga carnaria, with all thoracic and abdominal ganglia united into
a single mass. (After Brand, from Lang's Text-book of Comparative
Anatomy.)

Correlated with these differences between the structure of
invertebrate and vertebrate nervous systems there arc equally
fundamental differences in the behavior of these animals which
require a few words of further explanation. Living substance
exhibits as its most fundamental characteristic, as we saw at the
beginning, the capacity of adjusting its own activities to con-
stantly echanging environmental conditions in such a way as to
promote its own welfare. This adjustment may be effected
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in two ways, both of which are universally present and which
throughout the remainder of this work we shall call the tnvariable
or innate behavior and the variable or individually modifiable
behavior.

Every animal reaction, then, contains these two factors, the
invariable and the variable or individually modifiable. The
first factor is a function of the relatively stable organization of
the particular living substance involved. The pattern of this
organization is inherited, and these characteristics of the be-
havior are, therefore, common, except for relatively slight devia-
tions, to all members of the race or species; they arc rigidly
determined by innate bodily organization so arranged as to
facilitate the appropriate reactions, in an invariable mechanieal
fashion, to every kind of stimulation to which the organism
is capable of responding at all. In the strictly vegetative func-
tions, in all true reflexes (as these are defined on page 56), and in
purely instinctive activities in general this factor of behavior is
dominant.

But in addition to this invariable innate behavior, all organ-
isms have some power to modify their characteristic action sys-
tems in adaptation to changed environmental relations. This
individual modifiability is known as biological regulation, a proc-
ess which has of late been very carefully studied. We cannot
here enter into the problems connected with form regulation,
that is, the power of an organism to restore its normal form after
mutilation or other injury. On regulation in behavior reference
should be made to the works of Jennings and Child. In lower
organisms Jennings recognizes three factors in the regulation of
behavior: First, the occurrence of definite internal processes;
these form part of the invariable hereditary action system re-
ferred to above. Second, interference with these processes
causes a change of behavior and varied movements, subjecting
the organism to many different conditions. Third, one of these
conditions may relicve the interference with the internal proe-
esses, so that the changes in behavior cease and the relieving
condition is thus retained. Lack of oxygen, for instance, would
interfere with an animal’s internal processes; this leads it to move
about; if finally it enters a region plentifully supplied with oxy-
gen, the internal processes return to normal, the movement



32 INTRODUCTION TO NEUROLOGY

ceases, and the animal again settles down to rest. If this regu-
latory process is oft repeated another factor enters, viz., the
facilitation of a given adjustment by repetition. Thus arise
physiological habits or acquired automatisms.

The more highly complex forms of individual modifiability
are termed associative memory and intelligence, and the latter
of these is by definition consciously performed. Whether con-
sciousnessis present in the simpler forms of ‘““associative memory”
as these are demonstrated by students of animal behavior in
lower animals cannot be positively determined. In the behavior
of lower animals there are no criteria which enable us to tell
whether a given act is consciously performed or not, and, there-
fore, the lower limits of intelligence in the animal kingdom are
problematical. In other words, the manifestations of variable
behavior form a graded series from the simple regulatory phe-
nomena of unicellular organisms, as illustrated above, to the
highest human intelligence, so far as these express themselves
objectively.

In mankind, where intelligent behavior is dominant, the
stereotyping of the adjustments by repetition (true habit forma-
tion) may also take place, and in this case the acquired au-
tomatisms are sometimes said to arise by ‘“lapsed intelligence,”
that is, an act which has been consciously learned may ulti-
mately come to be performed mechanically and nearly or quite
unconsciously. Much of the process of elementary education
is concerned with the establishment of such habitual reactions to
frequently recurring situations. How far “lapsed intelligence”
is represented in the so-called instincts of other animals is still
a debated question (see p. 301).

Among the invertebrate animals, the insects and their allies
possess a bodily organization which favors the performance of
relatively few movements in a very perfect fashion, that is, the
action system is simple but highly perfected within its own range.
Their reflexes and instinets are very perfectly performed, but
the number of such reactions which the animal can make is rather
sharply limited and fixed by the inherited bodily structure.
Their behavior is dominated by the invariable and innate fac-
tors and they cannotreadily adapt themselves to unusual condi-
tions. The vertebrates likewise have many elements of their
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behavior which are similarly fixed or stereotyped in their innate
organization; but, in addition to these stable reflexes and in-
stinets, the higher members of this group have also a consider-
able capacity for individual modifiability in behavior, and they
are characterized by greater individual plastieity and doeility
(Yerkes). It appears that the tubular type of nervous system
found in vertebrates permits of the development of certain
kinds of correlation mechanisms which are impossible in the more
compact form of ganglia of the insects. These two branches of
the animal kingdom have, therefore, during all of the more
recent evolutionary epochs diverged farther from each other,
and now, in their highly differentiated eonditions, neither type
could be derived from the other. The jointed animals (articu-
lates) developed from the lower worms, and this branch of the
animal kingdom, which may be called the articulate phylum,
culminates in the inseets. The vertebrates were probably
developed from similar lowly worm-like forms along an inde-
pendent line of evolution, and this branch of the animal king-
dom, the vertebrate phylum, culminates in the human race.
Figure 4 illustrates in a rough diagrammatic way the relative de- .
velopment of the variable and invariable factors of behavmr in
the articulate and vertebrate phyla.

In unicellular organisms without nervous systems the general
protoplasm, of eourse, is the apparatus of both the invariable
and the variable factors of behavior, and the simpler forms of
nervous system likewise possess both of these capacities. But
in the more complex forms of nervous system among vertebrates
speeial correlation centers are set apart for the variable activi-
ties, particularly those which are intelligently performed, and
the most important of these eenters are found in the cerebral
cortex. This is the part of the brain which is greatly enlarged in
mankind, as eontrasted with all other animals, and the last three
chapters of this work are devoted to the structure and functions
of these eortical mechanisms with whose activity the progress of
human culture is so- intimately related.

It should be borne in mind that the higher correlation centers
which serve the individually variable or labile behavior in higher
vertebrates can act only through the agency of the lower reflex
centers. The point is, that all of the elements of behavior are

3
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represented in the innate neuro-musecular organization. Every
single act which the animal is capable of performing has its
mechanism provided in the inherited structure. But higher
animals may learn by experience to combine these simple ele-
ments in new patterns. The higher correlation centers serve this
function. The presence and general arrangement of these
eenters is, of course, also determined in heredity; but the partic-

T
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Tial worms rephles birds mammals
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Fig. 4—Two diagrams illustrating the relative development of the
invariable and variable factors in the behavior of the articulate phylum
and the vertcbrate phylum of the animal kingdom. In the articulate
phylum the invariable factor (represented by the shaded area) predominates
throughout; in the vertebrate phylum the invariable factor predominates
in the lower members of the series, and the variable factor (represented by
the unshaded area) inereases more rapidly in the higher members, attaining
its maximum in man, where intelligence assumes the dominant role.

ular assoeiations which will be effeected within them are deter-
mined by individual experience, and the building up of these
new associations is the chief business of education (see p. 312).
In the analysis of behavior and the related neurologieal mechan-
isms the distinction between the innate and the individually
acquired factors must always be kept clearly in mind. The
failure to do so, and also the failure to distinguish between these



THE NERVOUS FUNCTIONS 35

two factors and the acquired automatisms (p. 32), is responsible
for much confusion in the current discussions of instinet.

In the nomenclature of the correlation centers there is considerable
diversity of usage. In describing the adjustments made by these centers
neurologists frequently use the words codrdination, correlation, and associ-
ation in about the same sense; but the ad]ustments made in those centers
which lie closer to the roceptors or sense organs are physiologically of dif-
ferent type from those made in the centers related more closely to the
effector apparatus. In recognition of this fact the following usage has been
suggested to me by Dr. F. L. Landacre and will be adopted in this work:

The term correlation is applied to those combinations of the afferent
impulses within the sensory centers which provide for the integration of

- these impulses into appropriate or adaptive responses; in other words, the
correlation centers determine what the reaction to a given combination of
stimuli will be. Nervous impulses from different receptors act upon the
correlation centers, and the reaction which follows will be the resultant of
the interaction of all of the afferent impulses (and physiological traces or
vestiges of previous similar responses) involved in the process. When this
resultant nervous discharge passes over into the motor centers and path-
ways, the final common paths (see p. 62) innervated will lead to a response
whose character is determined by the organization of the particular motor
centers and paths actuated.

To the term coirdination we shall give a restricted significance, applying
it only to those processes employing anatomically fixed arrangements of the
motor apparatus which provide for the co-working of 'particular groups of
muscles (or other effectors) for the performance of definite adaptively useful
responses. Every reaction—even the simplest reflex—involves the com-
bined action of several different muscles, and these museles are so inner-
vated as to facilitate their concerted action in this particular movement.
These are called synergic museles. Coordination involves those adjust-
ments which are made on the effector side of the reflex are (p. 56). This
is the sense in which the term is applied by Sherrington in the following
passage (Integrative Action of the Nervous System, p. 84):

“Reflex coordination makes separate muscles whose contractions act
harmoniously, e. g., on a lever, contract together, although at separate
places, so that they assist toward the same end. In other words, it excites
synergic muscles. But it in many cases does more than that. Where two
muscles would antagonize each other’s action the reflex arc, instead of
activating merely one of the two, causes when it activates the one depression
of the activity (tonic or rhythmic contraction) of the other. The latter is
an inhibitory effect.”

The motor paths and centers in general are more simply organized than
are the sensory paths and centers. The nervous discharges through these
motor systems are very direct and rapid. Complex nervous reactions
rgquire more time than simple reflexes, and this delay or central pause is
chiefly in the correlation centers rather than in the efferent codrdination
mechanisms (see pp. 98, 181).

The word association may be reserved for those higher correlations
where plasticity and modifiability are the dominant features of the response
and whose centers are separated from the peripheral sensory apparatus by
the lower correlation centers which are devoted to the stereotyped invari-
able reflex responses. Correlation may be mechanically determined by
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innate structure, or there may be some small measure of individual modifi-
ability, but when the modifiability comes to be the dominant characteristie,
so that the result of the stimulus cannot be readily predicted with mechan-
ical precision, the process may be called association. The intelligent types
of reaction and all higher rational processes belong here, and the cerebral
cortex is the chief apparatus employed.

The boundaries between the three types of centers just distinguished
are not always sharply drawn, especially in their simpler forms, though in
general they are easily distinguished. The mechanisms of codrdination
are neurologically simpler than those of correlation and association, and in
general they are developed in the more ventral parts of the brain and
spinal cord, that is, below the limiting sulcus of the embryonic brain (p. 120).
The correlation and association centers are developed in the more dorsal
parts of the brain and cord, and the greater part of the thalamus and cere-
bral hemispheres is composed of tissues of this type. Nevertheless, the dis-
tinctions here drawn are fundamentally physiological rather than anatom-
ical, and coérdination eenters may be developed in the dorsal parts of the
brain, as in the ease of the cerebellum and probably also the corpus striatum
of mammals (though not the striatum of lower vertebrates).

Summary.—The functions which characterize the nervous
system have been derived from those of ordinary protoplasm
by further development. of three of the fundamental protoplas-
mic properties—viz., sensitivity, conductivity, and correlation.
The most primitive form of nervous system known is diffuse and
local in its action, but in all the more highly developed forms the
chief nervous organs tend to be centralized for ease of general
correlation and control.” Most of the types of nervous systems
found in the animal kingdom are represented in two distinct and
divergent lines of evolution, one adapted especially well for the
reflex and instinctive mode of life and found in the worms, in-
sects, and their allies, and the other found in the vertebrates and
culminating in the human brain with its remarkable capacity
for individually acquired and conscious functions.
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CHAPTER III

THE NEURON

As we have seen in the last chapter, the functions of irrita-
bility, conduection, and correlation are the most distinctive fea-
tures of the nervous system. Like the rest of the body, the
nervous tissues are composed of cells, the irritability of whose
protoplasm is of diverse sorts in adaptation to different fune-
tional requirements. Each sense organ, for instance, is irri-
table to its own adequate stimulus only (sce pp. 25, 69). The
funetions of correlation and integration of bodily actions ecannot
be carried on by the nerve-cells as individuals, but they are
effected by various types of connections between the different
cells in the nerve-centers. The character of any particular cor-
relation, in other words, is a function of the pattern in aceord-
anece with which the nerve-cells econcerned are connected with
cach other and with the end-organs of the reflex ares involved.
The condueting funection of nerve-cells is, perhaps, their most
striking peculiarity, and their very special forms are due largely
to the fact that their business is to connect remote parts of the
body so that these parts can codperate in complicated move-
ments.

Not all of the cells which compose the eentral nervous system are nerve-
cells. The brain and spinal cord are surrounded by three connective-tissue
membranes (dura mater, arachnoid, and pia mater, in the aggregate
termed meninges) whose functions are chiefly protective and nutritive;
from the inner membrane, the pia mater, blood-vessels, and strands of
connective tissuc extend into the true nervous substance. In addition to
these non-nervous elements which grow into the central nervous system
from without, the substance of the brain and spinal cord contains a sup-
porting framework composed of ependyma and neuroglia or glia eells which
develop from the primitive embryonie nervous system (the neural tube, see
pp. 106, 116), but are not known to perform nervous functions, though
nutritive and other functions have been aseribed to them (sce p. 104).

The true nerve-cells are called neurons. There has been a
long controversy regarding the way in which the neurons of the
38 ‘
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adult body are developed from the cells of the embryonie nervous
system; but it is now generally accepted that cach neuron is
developed from a single embryonie cell (known as a ncuroblast),
and that in the adult body each neuron has a certain measure of
anatomical and physiological distinetness from all of the others.
The very young nerve-cell (neuroblast) is oval in form and is
composed of a nucleus and its surrounding protoplasm (cyto-
plasm); but in further development it rapidly elongates by the
outgrowth of one or more fibrous processes from the cell body,
so that the mature neuron may be regarded as a protoplasmic
fiber with a thickening somewhere in its course which is the cell
body of the original neuroblast and contains the cell nucleus
and a part only of its eytoplasm (this part being called the
perikaryon), the remainder of the cytoplasm composing the
fibrous processes, that is, the nerve-fibers. The cell body of
the mature neuron is sometimes loosely termed the nerve-cell,
though the latter term should strictly include the entire neuron.
The importance of the conducting funetion is reflected in the elon-
gated forms of the neurons andin the peculiar protoplasmic strue-
ture of the nerve-fibers. The funetion of the cell body is chiefly
nutritive; the entire neuron dies if-the cell body is destroyed.
Each neuron may be regarded as essentially an elongated con-
ductor, and these units are arranged in chains in such a way that
a nervous impulse is passed from one to another in series. Since
the arrangement is such that the nervous impulse usually
passes through the series in only one direction (see the typical
reflex arc, Fig. 1, p. 25), each neuron has a receptive function
at one end and discharges its impulse at the other end. This is
what is meant by the polarity of the neuron (sce pp. 52 and 97).
The simpler forms of neurons are bipolar, with one or more
processes known as dendrites conducting nervous impulses toward
the cell body, and (usually) only one process, the axon or neurite,
conducting away from the cell body. The dendrites arc usually
short, and in this case their structure is similar to that of the cell
body. But where the dendrites arc long, as in the neurons of the
spinal and ecranial ganglia (Figs. 1, 10), they may have the
same structure as the axon. The axons are the axis-cylinders
of the longer nerve-fibers and are structurally very different from
the protoplasm of the cell body, being composed chiefly of
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numerous very delicate longitudinally arranged neurofibrille
embedded in a small amount of more fluid protoplasm. %

Fig. 5.—Diagram of a motor neuron from the ventral column of gray
matter in the spinal cord. The cell body, dendrites, axon, collateral
branches, and terminal arborizations in muscle are all seen to be parts of a
single cell and together constitute the neuron: ah, Axon hillock free from
chromophilic bodies; az, axon; ¢, cytoplasm of cell body containing chromo-
philic bodies, neurofibrils, and other constituents of protoplasm; d, den-
drites; m, myelin (medullary) sheath; m’, striated musele-fiber; n, nucleus;
n’, nucleolus; nR, node of Ranvier where the axon divides; sf, collateral
branch; sl, neurilemma (not apart of the neuron); fel, motor end-plate.
(After Barker, from Bailey’s Histology.)

The forms of neurons are infinitely diverse and appear to have
been determined by two chief factors; these are (1) the nutrition
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of the cell and (2) the specific functions of conduction to be
served. The dendrites spread widely throughout the surround-
ing tissues, thus giving the cell a large surface for the rapid ab-
sorption of food materials from the surrounding lymph. This
was regarded as the only function of the dendrites by Golgi and
some of the other pioneers in the study of neurons, and led them
to apply the name “protoplasmic processes” to these structures.
We have already scen that the dendrites are more than this,

Fig. 6.—Enlarged view of a cell body similar to that of Fig. 5, from the
spinal cord of an ox, showing the large ehromophilic bodies: a, Pigment;
b, axon; ¢, axon hillock; d, dendrites. (After von Lenhossék.)

however, being the usual avenues by which nervous impulses
enter the cell body. The size, length, and mode of branching
of the dendrites are, therefore, chiefly determined by their rela-
tions to other neurons from which they receive their nervous
impulses. The axon probably plays but little part in the gen-
eral nutrition of the cell, and its form is shaped almost entirely
by the distance to be traversed in order to reach the center or
centers into which it discharges.
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Neurons can function only when conneeted together in chains,
so that the nervous impulse can be passed from one to the other.
In any such chain the neuron first to be excited is called the
neuron of the first order, and the succeeding members of the
series neurons of the second, third, fourth order, and so forth.
All reflexes require an afferent ncuron which conducts the ner-
vous impulse from the receptor to the center, one or more effer-
ent neurons conducting from the center to the organ of response,

Fig. 7.—The body of a pyramidal neuron from the cerebral cortex,
stained by Nissl’s method, illustrating the arrangement of the chromophilic
substance and the form of the nucleus: @, Axon; b, chromophilic bodies
surrounding the nucleus; ¢, a mass of chromophilie substance in the angle
formed by the branching of a dendrite; d, nucleus of a neuroglia cell (not a
part of the neuron). (After Ramén y Cajal.)

and usually one or more neurons intercalated between these
within the center itself (see pp. 25, 56, 109). Figure 1, p. 25,
illustrates the simplest possible connection of neurons in a reflex
arc of the spinal cord, involving only two clements. The
afferent neuron sends its dendrite to the skin and its axon into
the spinal cord, where-the nervous impulse is taken up by the
dendrites of the efferent neuron, which in turn transmits it to a
muscle. Figures 5 to 9 illustrate the forms of other neurons.
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The different dendrites of a neuron may be physiologically
all alike, or they may spread out in different directions to receive
nervous impulses of diverse sorts from different sources. Simi-
larly the axon may discharge its nervous impulse into a single
nerve center or peripheral end-organ, or it may branch, thus
connecting with and stimulating to activity two or more diverse
functional mechanisms. In other words, a given neuron may be
a link in a chain of some simple nervous circuit (Fig. 1), or it
may be adapted to collect nervous impulses from different
sources and discharge them into a single final common path, or
in the third place it may receive nervous impulses of one or more
functional sorts and then discharge its own nervous energy into
several remote parts of the nervous system. This, in brief, is the
mechanism of correlation, and illustrations of these different
types of connection will be found in the following ehapters. If
animal reactions were simple responses so arranged that a given
stimulus could produce only one kind of movement, the only
nervous mechanism required would be a single neuron transmit-
ting the excitation from the point of stimulation to the organ of
response, as a call bell may be rung by pulling a bell cord. But
the actual reactions are always more complex than this, so that
several neurons must be connected in series with various di-
vergent pathways of nervous discharge which reach different
correlation centers, all of which must cooperate in the final
response. [llustrations of some of these complicated reflex
mechanisms will be found in Chapter 1V.

Neurons with short dendrites and a single long axon are the
most common form and were termed Type I by Golgi (Fig. 8).
In some cases (Fig. 9) the axon also is very short, breaking up
in the immediate neighborhood of the cell body; these are the
Type II neurons of Golgi and appear to be adapted for the diffu-
sion and summation of stimuli within a nerve center. The
neurons of the spinal and eranial ganglia form a third type.
In embryonic development they begin as bipolar cells with a
dendritic process at one end and an axonal process at the
opposite end of the cell body; but in the course of further devel-
opment (Fig. 10) the two processes approach each other and
finally unite for a short distance into a single stem, which then
separates into an axon and a highly special form of dendrite
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Fig. 8. —Pyramidal neuron (Type

I of Golgi) from the cerebral cortex
of a rabbit. The axon gives off
numerous collateral branches close
to the cell body and then enters the
white substance, within which it ex-
tends for a long distance. Only a
small part of the axon is included in
the drawing: @, Axon; b, white sub-
stance; ¢, collateral branches of
axon; d, chief dendrite; p, its ter-
minal branches at the outer surface
of brain. (After Ramén y Cajal.)

Fig. 9.—Neuron of Type II from
the cerebral cortex of a cat. The
entire neuron is included in the
drawing: a, Axon which branches
freely and terminates close to the
cell body; d, dendrites. (After
Kolliker.)

which has the same microscopic structure as the axon, but con-
ducts in the opposite direction with reference to the cell body.

This produces a T-form unipolar cell.

The axon usually arises
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from the cell body; it may arise from the base of one of the den-

drites or, rarely, from the apex of the chief dendrite (Fig. 11).
Neurons differ in internal structure, as well as in form, from

the other cells of the body. The most important of these pecu-

Fig. 10.—A collection of cells from the ganglion of the trigeminus of the
embryonic guinea-pig, to illustrate various stages in the transformation of
bipolar neuroblasts into unipolar ganglion cells. (After Van Gehuchten.)

liarities are, first, the fibrillar structure of their cytoplasm,
and, second, the presence in the cytoplasm of a highly complex
protein substance chemically allied to the chromatin, which is

e

Fig. 11.—A neuron from the primary gustatory center in the medulla
oblongata of the carp. (Figure 136 (2), p. 303, illustrates the enormous
enlargement of the medulla oblongata of this fish which is produced by this
gustatory center.) The peripheral gustatory nerves end among the
dendrites, d. The axis of the main dendrite is directly prolonged to form
the axon, a. The heavy line at the right marks the external surface of the
brain. (From the Journal of Comparative Neurology, vol. xv, p. 395.)

the best known and probably the most important constituent of
the cell nucleus. This is the chromophilic substance, which in
nerve-cells as seen under the microscope is ordinarily arranged
in more or less definite flake-like masses scattered throughout
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the eytoplasm of the cell and extending out into the larger den-
drites (see Figs. 6, 7). These masses were first earefully investi-
gated by Nissl, who devised a special staining method for that
purpose; they are, accordingly, often called the Nissl bodies, and
sometimes tigroid bodies. They never occur in the axon nor
in a speeial conical protuberance of the cell body (the axon
hilloek) from which the axon arises (see Fig. 5, ah, and Fig. 6, c).

The neurofibrils are very delicate strands of denser protoplasm
found in all parts of the neuron exeept the nucleus. They are by
many regarded as the specific condueting elements of the neuron,
though the evidence for this is not conclusive. They ramify
throughout the eytoplasm (Fig. 12), passing through the cell
body from one process to another.

The longer nerve-fibers are usually enveloped by a thick white
glistening sheath of myelin, a fat-like substance seereted by the
nerve-fibers themselves. This myelin sheath, or medullary
sheath, is a part of the neuron with which it is related and the
fibers which possess it are called myelinated or medullated fibers;
these fibers compose the white matter of the brain and a large
part of the peripheral nerves (see Fig. 5). There may be, in ad-
dition, in the ease of the peripheral nerves an outer sheath, the
neurtlemma (primitive sheath or sheath of Schwann). Thisis a
thinner nucleated membrane, not a part of the neuron to which
it is attached, but formed from surrounding cells.

The function of the myelin sheath has often been regarded as
simply that of an insulating substance to prevent the overflow
and loss of the nervous impulse conducted by the axon, but
there is some evidence that this sheath plays an important part
in the chemical processes involved in the act of nervous conduc-
tion. The neurilemma is likewise often spoken of as a protecting
membrane.  Whether it has any other function in the normal
life of the nerve-fiber is unknown; but if a nerve-fiber is by acei-
dent severed from its cell body, it is known that the nuclei of
the neurilemma play a very important part in the degencration
and regeneration of the severed fiber and the restoration of its
normal function.

As has been suggested, nerve-fibers cut off from their cell
bodies immediately die and degenerate. But in the case of
peripheral nerves the neurilemma nuclei do not dic; and, appa-
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rently with the aid of these nuclei, a new nerve-fiber may under
favorable conditions grow out from the central stump of the cut
nerve, and finally the entire nerve may regenerate. In the cen-

. Fig. 12—Cell from the ventral gray column of the human spinal cord,
illustrating the arrangement of the neurofibrils: ax, Axon; lii, interfibril-
lar spaces occupied by chromophilic substance; n, nucleus; x, neurofibrils
passing from one dendrite fo another; ¥, similar neurofibrils passing through
the body of the cell. (After Bethe, from Heidenhain’s Plasma und Zelle).

tral nervous system, where the neurilemma is absent or greatly
reduced, the regeneration of such injured nerves takes place
with great difficulty, if at all.
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It is possible by a speeial method of staining devised by Marchi
to differentiate myelinated fibers which are in process of degen-
eration from the normal fibers with which they may be mingled.
This method has often permitted a much more precise deter-
mination of the exact course of the fibers of a given peripheral

Fig. 13.—Two motor ncurons from the ventral eolumn of gray matter of
the spinal cord of a rabbit, taken fifteen days after cutting the seiatie nerve,
to illustrate the chromatolysis of the chromophilic substance: A, Cell in
which the chromophilic bodies are partially disintegrated (at b) and the
nucleus eceentric; B, cell showing more advaneed chromatolysis (¢), the
chromophilic substance being present only in the dendrites and around the
nucleus in the form of a homogenecous mass; @, axon. Compare with these
appearances the normal cell of the ventral column shown in Fig. 6. (After
Ramoén y Cajal.)

nerve or central tract than would be possible by the examination
of normal material, especially after experimental operations on
the lower animals, where the particular collection of fibers under
investigation may be severed and then later the animal killed
and examined by Marchi’s method (see p. 135).

It is also found that after cutting any group of nerve-fibers the
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cell bodies from which these fibers arise show structural changes.
The most important change is a solution of the chromophilic
substance or Nissl bodies so that they no longer appear in a
stained preparation (Fig. 13). This is termed chromatolysis,
and: often enables the neurologist to determine exactly which
cells in the central nervous system give rise to a particular
bundle of fibers (for examples see pp. 136 and 284).

The neuron doctrine may be said to date from the publica-
tion of important papers by Golgi, of Pavia, in 1882 to 1885
(though his now famous method was published in 1873, and
many of Golgi’s theoretical conclusions have been greatly
modified). The name Neuron (in English often spelled
“neurone”) was first applied by Waldeyer in 1891 in connection
with a clear enunciation of the recently demonstrated facts upon
which the concept is based. The discovery of William His
that the nervous system is made up of cellular units which are
embryologically distinct, and the further demonstration by
others that these cellular elements retain some measure of ana-
tomical and physiological individuality (the exact degree of
anatomical separation is still in controversy—some say it is com-
plete) up to adult life revolutionized neurology, and this doctrine
has profoundly influenced all subsequent neurological work. The
history of this movement we cannot here go into (see the excel-
lent summaries in Barker’s Nervous System and the article by
Adolf Meyer cited at the end of this chapter). The present
status of the neuron doctrine has been summarized by Heiden-
hain (1911, p. 711) in the following six propositions:

1. The neuron of the adult animal body is an anatomical unit;
it corresponds morphologically to one cell.

2. The neuron is, accordingly, also a genetic unit, for it is
differentiated from a single embryonic cell.

3. Nervous substance is composed of the contained neurons;
within the nervous system there are no elements other than
neurons which participate in nervous functions.

4. The neurons remain anatomically separate; they are merely
in contact with each other, that is, there are no connections
between them which are characterized as conditions of conti-
nuity or fusion of their substance.

5. The neuron is a trophic unit. This means that the injury

4



50 INTRODUCTION TO NEUROLOGY

of any part of the neuron affects the welfare of the whole, and
the destruction of the nuecleus and cell body destroys the entire
neuron, but such injuries do not directly affect adjacent
neurons.

6. The neuron is a functional unit or, better, the functional
unit of the nervous system.

Fig. 14—Neurons from the trapezoid body of the medulla oblongata of a
cat, illustrating different forms of synapse: @, Delicate pericellular net
around the cell body of a neuron which is not shown; b, coarser endings; ¢,
still coarser net; d, calyx-like envelope. In b, ¢, and d, at the left of the
figure, the globular cell body of the neuron of the second order is shaded
with lighter stipple than the terminals of the axon of the neuron of the first
order. (After Veratti, from Edinger’s Vorlesungen.) (It should be noted
that in this account we do not follow Veratti’s interpretation of these
struetures, but that of Held, Ramén y Cajal, and the majority of other
neurologists.)

These six propositions are aceepted in their entirety by many
neurologists; but it should be elearly understood that all of
them are controverted by others. The fourth proposition, in
particular, has been the subject of violent attack (see the dis-
cussion of the synapse below). The neuron, moreover, is a
functional unit (proposition 6) in only a rather limited sense
(see p. 56). Without further discussion of the merits of these
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controversial questions, it may be regarded as generally aceepted
that all of the preceding propositions have some measure of
factual basis, though different neurologists would give various
interpretations and modifications of some of them.

The place where the axon of one neuron comes into physio-
logieal relation with another neuron is known as the synapse.

Fig. 15.—Synapse between an ascending fiber entering the cortex
(g _thle)cerebellum and the dendrites of a Purkinje cell. (After Ramén y
ajal. :

Its precise nature is still obscure. Structurally it usually ex-
hibits a dense interlacing of the terminal arborization of an axon
of one neuron with the bushy dendrite of a second neuron.
In Fig. 1 (p. 25) such a synapse is seen between the dorsal root
neuron and the ventral root neuron. In other cases the ter-
minal arborization takes the form of a delicate network which
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twines around the cell body of the second neuron or of a calyx-
like expansion or coarse-meshed reticulum closely enveloping
the cell body (Fig. 14). Another form of synapse is seen in Fig.
15 from the cortex of the cerebellum. The body and larger
dendrites of a single cortical neuron of the type known as
Purkinje cells (see p. 191) are shown in gray, and the terminal
branches of an afferent neuron are seen twining about the den-
dritic branches of the Purkinje cell, thus forming a very intimate
union. Similar synapses are found in the cerebral cortex (p.
272). Figure 16 illustrates a type of synapse also found in the

Fig. 16.—A “basket cell” from the cerebellar cortex of a rat, illustrating
the discharge of a single neuron, B, by synaptic connection with the cell
bodies of several Purkinje neurons, A, by basket-like endings of the axon:
A, cclls of Purkinje; a, the basket-like synapse on the body of a Purkinje
cell; B, the basket cell; b, terminus of the axon; ¢, axon of basket cell.
(After Ramén y Cajal; cf. Fig. 89, p. 190.)

cerebellar cortex. A single “basket cell,”” B, has a short axon
whose branches form synapses around the bodies of a large
number of Purkinje cells, thus diffusing and greatly strength-
ening the nervous discharge (see p. 192 and Fig. 89, b). For
still other types of synapse see Figs. 61, 89, 98, 104, 109, 126.

The synapse has been a crucial point in recent discussions
regarding the general physiology of the nervous system, many
neurologists believing that it is the most important part of the
reflex circuits (see, for instance, on the theory of sleep, p. 103).
The doctrine of the polarization of the neuron (p. 39) implies
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that at the synapse there must be a reversal of the polarity with
reference to the cell body as the nervous impulse passes over
from an axon to a dendrite.

In the simple diffuse form of nervous system found in primi-
tive animals like the jelly-fishes and lowest worms (p. 27) the
nerve-cells are described as connected by protoplasmic strands
to form a continuous network. Here, of course, there are no
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Fig. 17.—Plexus of sympathetic neurons in the villi of the small intes-

tine of a guinea-pig: g, b, ¢, d, Neurons of the subepithelial plexus; e, f,

neurons of the plexus within the villi; g, fibers of the submucous (Meissner’s)
plexus. (After Ramén y Cajal.) Y

synapses and the neurons-are not polarized. Apparently the
nervous impulse may be transmitted equally well in all direc-
tions throughout this network. The physiological properties
of such an arrangement appear to be very different from those
of the synaptic nervous systems of higher animals. A non-
synaptic network similar to that mentioned above has been des-
cribed as occurring in some of the diffuse ganglionic plexuses of
the human body (Fig. 17).
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In the synaptic systems, as found in all highly differentiated
nervous centers, the majority of neurologists teach that at the
synapse the two neurons involved are simply in contact and that
the nervous impulse passes from one to the other across a very
short gap in the conducting substance. Others believe that
they have demonstrated very delicate protoplasmic threads
which bridge this gap, thus establishing continuity of the con-
ducting substance across the synapse. Good histological prepara-
tions show, however, in some-of the most intimate synapses
known where the axon ends directly on the cell body of the see-
ond neuron that there is a distinet eellular membrane around
the terminals of the fibers of the first order and a second cellu-
lar membrane enveloping the body of the neuron of the second
order, so that continuity of the ordinary protoplasm of the
neurons here secms to be quite impossible, so far as our present
technic is adequate to decide the question.!

The following important points regarding the synapse seem
to be established:

1. Unimpeded protoplasmic continuity across the synapse has
not been clearly established, and in some cases there is clearly
a membranous barrier interposed betwecen the two neurons.
But the exact nature of this barrier is unknown and it by no
means follows that the synaptic membrane is an inert substance.
It may be composed of living substance of a different nature
from that of the other protoplasm of the neurons.

2. The transmission of the nervous impulse across the synapse
involves a delay greater than that found in the nerve-fiber or
the cell body. This suggests that there is some sort of an ob-
struction here which does not oceur elsewhere in the reflex are
(see p. 98).

3. The synapse is more susceptible to certain toxic substances,
such as nicotin, than is any other part of the reflex are.

4. Though a nerve-fiber seems to be capable of transmitting
an impulse in either direction, the nervous impulse can pass the
synapse only in one direction, viz., the direction of normal dis-
charge from the axon of one neuron to the dendrite of another.

! For an illustration of such a synapse see BArRTLEMEZ, G. W., Mauthner’s
Cell and the Nueleus Motorius Tegmenti, Jour. Comp. Neur., vol. xxv,
1915, Figs. 11, 12, and 13, pp. 126-128.



THE NEURON 55

The synapse, therefore, acts as a sort of valve, to use a crude
analogy, and appears to be one of the factors (not necessarily
the only one, see p. 97) in establishing the polarity of the neuron.

5. Observations upon injured-neurons show that the degenera-
tions caused by the severance of their fibrous processes (whether
these be manifested as degeneration of the fibers or as chroma-
tolysis, see p. 49) or by the destruction of the cell bodies from

. which the fibers arise cannot eross the barriers interposed by the
synapses.

Summary.—In this chapter the form and internal structure of
neurons have been briefly reviewed and the present status of the
neuron doetrine is summarized on p. 49. The synapse ig the
place where the nervous impulse is transmitted from one neuron
to another, and it is regarded as of the utmost physiological
importance, its most important features being presented briefly
on p. 54. The doctrine of the polarization of the neuron teaches
that nervous impulses are reccived by the dendritic processes
and transmitted outward from the cell body through the axon.
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CHAPTER IV

THE REFLEX CIRCUITS

THE cellular unit of the nervous system, as we have seen, is
the neuron. Neurons, however, never function independently,
but only when joined together in chains whose connections are
correlated with the functions which they serve. Accordingly,
the most important unit of the nervous system, from the phys-
iological standpoint, is not the neuron, but the reflex circuit, a
chain of neurons consisting of a receptor or sensory organ, a cor-
relating center or adjustor, and an effector or organ of response,
together with afferent and efferent nerve-fibers which serve as
conductors between the center and the receptor and effector
respectively (see p. 25). In a reflex circuit the parts must be
so connected that upon stimulation of the receptive end-organ a
useful or adaptive response follows, such, for instance, as the
immediate jerking away of the hand upon accidentally touching
a hot stove.

A reflex act, as this term is usually defined by the physiologists,
is an invariable mechanically determined adaptive response to
the stimulation of a sense organ, involving the use of a center of
correlation and the conductors necessary to connect this center
with the appropriate receptor and effector apparatus. The act
is not voluntarily performed, though one may become aware of
the reaction during or after its performance.

The term “reflex” is often popularly very loosely applied, but
as generally used by physiologists it involves the rather complex
nervous function above deseribed. If an electric shock is ap-
plied directly to a muscle or to the motor nerve which innervates
that muscle, the musecle will contract, but this direct contraction
is not a reflex act. Many acquired movements have become so
habitual as to be performed quite automatically, such as the
play of the fingers of an expert pianist or typist; but these

56
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acquired automatisms must be clearly distinguished from the
reflexes, which belong to the innate nervous organization with
which we are endowed at birth (see pp. 31, 301). The lowly
organisms which lack a differentiated nervous system exhibit
many kinds of behavior which closely resemble reflexes and, in
fact, are physiologically of the same type; but these non-nervous
responses are usually termed tropisms or taxes, though some
physiologists call them reflexes, and some reflexes, as above de-
fined, are often called tropisms.

The structure of the simple reflex circuit is diagrammatically
illustrated in Fig. 18, A. The receptor (R) may be a simple
terminal expansion of the sensory nerve-fiber or a very complex
sense organ. The effector (E) may be a muscle or a gland. The
cell body of the afferent neuron (1) may lie within the center (C)
or outside, asin the diagram. The latter condition is more usual,
as seen in the spinal and cranial ganglia (Fig. 1, p. 25). The
synapse and the cell body of the efferent neuron (2) lie in the
center.

A simple reflex act involving the use of so elementary a mech-
anism as has just been described is probably never performed
by any adult vertebrate. The nervous impulse somewhere in its
course always comes into relation with other reflex paths, and in
this way complications in the response are introduced. Some
illustrations of the simpler types of such complex reflex ecircuits
will next be considered.

Separate reflex circuits may be so compounded as to give the
so-called chain reflex (Fig. 18, B). Here the response of the
first reflex serves as the stimulus for the second, and so on in
series. The units of these chain reflexes are usually not simple
reflexes as diagrammed, but complex elements of the types next
to be described.

Figure 18, C illustrates another method of compounding re-
flexes so that the stimulation of a single sense organ may excite
either or both of two responses. If the two cffectors, EI and
E2, can codperate in the performance of an adaptive response,
the case is similar to that of Fig. 18, A, with the possibility of a
more complex type of reaction. This is an allied reflex. If,
however, the two effectors produce antagonistic movements, so
that both cannot act at the same time, the result is a physiological
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dilemma. Either no reaetion at all results, or there is a sort of
physiologieal resolution (sometimes called physiological choice),
one motor pathway being taken to the exelusion of the other.
Which path will be ehosen in a given case may be determined by
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Fig. 18.—Diagrams representing the relations of neurons in five types of
reflex ares: A, Simple reflex arc; B, chain reflex; C, a complex system illus-
trating allied and antagonistie reflexes and physiological resolution; D, a
complex system illustrating allied and antagonistic reflexes with a final
common path; E, a complex system illustrating the mechanism of physio-
logical association. A4, A, association neurons; C, C’, C”, C1, and C2, centers
(adjustors); E, E’, E”, E1, and E2, cffectors; FCP, final common path;
R, R', R"”, R1, and R2, receptors.

the physiological state of the organs. If, for instance, one motor

system, E2, is greatly fatigued and the other rested, the thresh-

old of E2 will be raised and the motor discharge will pass to E1.
Figure 18, D illustrates the converse case, where two receptors
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discharge into a single center, which, in turn, by means of a final
common path (FCP) excites a single effector (E). If the two re-
ceptors upon stimulation normally eall forth the same response,
they will reinforce each other if simultaneously stimulated,
the response will be strengthened, and we have another type of
allied reflex. But there are cases in which the stimulation of
R1 and R2 (Fig. 18, D) would naturally eall forth antagonistic
reflexes. Here, if they are simultaneously stimulated, a phys-
iological dilemma will again arise which can be resolved only by
one or the other afferent system getting control of the final com-
mon path.

Figure 18, E illustrates still another form of combination of
reflexes. Here there are connecting tracts (A, A) between the
two centers so arranged that stimulation of either of the two
receptors (BRI and R2) may call forth a response in either one of
two effectors (E1 and E2). These responses may be allied or
antagonistic, and much more complicated reflexes are here pos-
sible than in any of the preceding cases.

A few illustrations of the practical operation of these types
of reflex circuits will be given here and many other cases are
cited throughout the following discussions. A case of a simple
reflex has already been mentioned in the sudden twitch of the
hand in response to a painful stimulation of the skin. The
simplest possible mechanism of this reaction involving only two
neurons is shown in Fig. 1 (p. 25). In actual practice, however,
the arrangement figured is one element only of a more complex
reaction (sce p. 61). Figure 19 illustrates a more usual form
of this type of reaction, where a series of three or more neurons
is involved and at least two cerebral centers. An auditory im-
pulse coming to the brain from the ear through the VIII cranial
nerve terminates in a primary acoustic center in the superior
olive (a deep nucleus of the medulla oblongata, sce p. 201),
where it is taken up by an intercalary neuron of the second order
and transmitted to the nucleus of the VI nerve. The result is a
contraction of the external rectus muscle of the eyeball, turning
the eye toward the side from which the auditory stimulus was
received. So far as this reaction alone is concerned, it is a simple
reflex, but in practice the external rectus muscle of one eye is
never contracted apart from the other five muscles of that eye
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and all six muscles of the other eye. In this way alone can con-
jugate movements of the two eyes be effected for the aceurate
fixation of the gaze upon any object. The entire system of con-
jugate movements is also entirely reflex and it is effected by an
exceedingly complicated arrangement of nerve tracts and cen-
ters, of which the superior olive and the nucleus of the VI nerve
are integral parts.

The chain reflex (see Fig. 18, B) is a very common and a very
important type. Most of the ordinary acts in the routine of
daily life employ it in one form or another, the completion of one
stage of the proeess serving as the stimulus for the 1nmatlon
of the next.

Fig. 19.—Diagram of a simple auditory reflex. Upon stimulation of the
endings of the VIII nerve in the ear by sound waves, a nervous impulse may
pass to the superior olive, whenee it is earried by an interealary neuron of
the seeond order to the nueleus of the VI nerve. The fibers of this nerve
end on the external rectus muscle of the eyeball.

There are within the muscles elaborate sense organs (the mus-
cle spindles and their associated afferent nerves, see p. 87),
which are stimulated by the contraction of the muscle. These
afferent nerves of the muscle sense have their own centers of
adjustment within the central nervous system, from which in
turn efferent impulses go out which ultimately reach the same
musecles from which the sensory impulses came in. This, of
course, is a variety of chain reflex, and is the mechanism by
which refined movements of precision are executed, where differ-
ent sets of muscles must work against each other in constantly
varying relations without conscious control. In the case of a
sustained reflex series of this charaeter this return flow of affer-
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ent impulses of the muscle sense, tendon sense, etc., exerts a
constant influence upon the center which receives the initial
stimulus, so that this center is constantly under the combined
influence of the external stimulus which sets the reflex in motion
and the internal stimuli arising from the muscles themselves
(proprioceptors, see p. 86) which control its course. In’ this
case there is a true physiological circuit rather than an are or
segment of a circuit, as is commonly implied in the expression
“reflex arc.” This case is typical of the complex reflexes of the
body in general, and for this and other considerations we follow
the usage of Dewey (1893) and term the mechanism of a com-
plete reflex a “reflex circuit” rather than an arc (see C. J.
Herrick, 1913, and p. 308).

It has been suggested by Loeb also that many instinets are
simply complex chain reflexes. Even in animals whose behavior
is so complex as birds, a careful analysis of the cyecle of nest
building and rearing of young reveals many clear illustrations of
this principle (see the works of F. H. Herrick, cited at the end of
this chapter). Each step in the cycle is a necessary antecedent
to the next, and if the series is interrupted it is often necessary
for the birds to go back to the beginning of the cycle. They
cannot make an intelligent adjustment midway of the series.

The complex circuit illustrated by Fig. 18, C presents two
possible types of reaction, cither allied or antagonistic reflexes.
The former case is illustrated again by the sudden movement of
the hand in response to a painful stimulation of the skin. This
is brought about, as we saw in considering the simple reflex, by a
contraction of the arm muscles. But the muscles which move
the elbow-joint are not, when the arm is at rest, entirely flaceid.
Both flexors and extensors are always contracted to a certain
degree, one balanced against the other. Now at the same time
that the sensory stimulus from R (see Fig. 18, C) causes the con-
traction of the flexor muscle, E1, it also causes the relaxation of
the antagonistic extensor, E2 the two efferent impulses codpera-
ting to effect the avoiding reaction as rapidly as possible. In
the antagonistic reflexes of our third type the physiological reso-
lution involved in the selection of one or the other possible
reaction always involves a delay in the response until one motor
pathway dominates the system to the exclusion of the other.
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In the fourth type of complex reflexes (sce Fig. 18, D) two dif-
ferent sensory paths discharge into a single center, from which a
final common path goes out to the cffector. This mechanism
also provides for both allied and antagonistic reflexes. A very
simple apparatus for this type of reflex is found in the roof of the
midbrain of the lowly amphibian, the common mud puppy,
Necturus. Here the upper part of the midbrain roof receives
optic fibers from the optic tracts, while the lower part receives
fibers from the primary acoustic and tactile centers (Fig. 20).

Sylvius .~ AcousT!
#and TACTILE
/ CENTER

MOTOR
I nerve CENTER

Fig. 20.—Diagram of a cross-section through the midbrain of Necturus,
illustrating a single correlation neuron of the midbrain roof. One dendrite
spreads out in the optic center among terminals of the optic tracts; another

endrite similarly spreads out in the acoustic and tactile center. The axon
descends to connect with the motor neurons of the 111 nerve.

A single neuron of the midbrain may send one dendrite down-
ward to receive acoustic or tactile stimuli (or both of these), and
another dendrite upward to receive optic stimuli. If the animal
receives visual and auditory stimuli simultaneously, the inter-
calary neuron of the midbrain may be excited by both scts of
stimuli. Its discharge through the axon to the motor organs of
response (say to the eye muscles by way of the III nerve, as in
Fig. 20) will be the physiological resultant of both sets of ex-
citations. If they reinforce each other, the discharge will be
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stronger and more rapid; if, on the other hand, they tend to pro-
duce antagonistic responses, there will be an inhibition of the
response or a delay until one or the other stimulus obtains the
mastery.

Yerkes has given a striking illustration of this method of re-
inforcement of stimuli in his experiments on the sense of hearing
in frogs. The reflex meehanism of touch, hearing, and vision in
the midbrain of the frog is similar to that of Necturus as des-
eribed above (Fig. 20). Yerkes found that frogs under labora-
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Fig. 21.—Diagram of some conduction paths in the brain of Necturus,
seen in longitudinal section. From the medulla oblongata an acoustic
impulse may be carried forward through the neuron A to the midbrain,
whose neurons, B, are of the type shown in Fig. 20, receiving both acoustic
and optic impulses. This neuron, B, may discharge downward through the
tract S to the motor nuclei of the III, V, VII, ete., nerves, or it may dis-
charge upward to a neuron of the thalamus, C, which also receives descend-
ing impulses from the cerebral hemisphere through the neuron, D, and, in
turn, discharges through the motor tract, S.

tory conditions do not ordinarily reaet at all to sounds alone,
but that they do react to tactual and visual -stimuli. When
these reaetions are carefully measured, it is found that the sound
of an eleetric bell oceurring simultaneously with a taetual or
visual stimulus markedly increases (reinforees) the strength of
the reaction. A

The reflex centers of the midbrain are further eomplicated by
the faet that the efferent traet from the sensory centers above
the aqueduct of Sylvius is not simple as diagrammed in Fig.
20, but it divides into a deseending and an aseending path, as
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shown by the neuron B of Fig. 21. The descending path
connects directly with motor centers, including the oculomotor,
bulbar, and spinal motor nuclei (Fig. 21, S), while the ascending
path enters the thalamus, where associations of a still higher
order are effected through the thalamic neuron, C. Here again is
introduced a physiological choice or dilemma; the response is not
a simple mechanical resultant of the interacting stimuli, but its
character may be influenced by variable physiological states.
The invariable type of action is replaced by a relatively variable
or labile type (see p. 31). In the thalamus the nervous impulse
is again subjected to modification under the influence of a still
greater variety of afferent impulses, for these centers receive all
sensory types found in the midbrain, and, in addition, important
descending tracts from the cerebral hemispheres (in lower ver-
tebrates the latter are chiefly olfactory).

The more complicated associations are effected by arrange-
ments of correlation tracts and eenters illustrated in the simplest
possible form by Fig. 18, E. The mode of operation of such
a system may be illustrated by an example: A collie dog which I
once owned acquired the habit of rounding up my neighbor’s
sheep at very unseasonable times. The sight of the flock in the
pasture (stimulus R, Fig. 18, E) led to the pleasurable reaction
(E1) of chasing the sheep up to the barnyard. It became neces-
sary to break up the habit at once or lose a valuable dog at the
hands of an angry farmer with a shotgun. Accordingly, I
walked out to the pasture with the dog. She at once brought in
the sheep of her own accord and then ran up to me with every
expression of canine pride and self-satisfaction, whereupon I
immediately gave her a severe whipping (stimulus 22). This
called forth the reaction (E2) of running home and hiding in her
kennel. The next day (the dog and I having meanwhile with
mutual forgiveness again arrived at friendly relations) we took a
walk in a different direction, in the coursc of which we unex-
pectedly met another flock of sheep. At sight of these the dog
immediately, with no word from me, put her tail between her
legs, ran home as fast as possible, and hid in her kennel. Here
the stimulus R led not to its own accustomed response, EI,
but to E2, evidently under the influence of vestigeal traces of the
previous day’s experience, wherein the activities of C1 and C2
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were related through the associational tract (4, A) passing be-
tween them.

In the case of the dog’s experience just described the neural
mechanism was undoubtedly much more complex than our dia-
gram, though similar in principle, and the associative memory
process involved was probably vividly conscious (cf. p. 295).
But the simpler types of “‘associative memory” which have been
experimentally demonstrated in many of the lower organisms
may involve no more complex mechanism than this diagram, and
it is by no means certain that any conscious process is there
present.

It must be kept in mind that in higher vertebrates all parts of
the nervous system are bound together by connecting tracts
(internuncial pathways). Some of these tracts are long, well-
defined bundles of myelinated fibers whose connections are such
as to facilitate uniform and clear-cut responses to stimulation.
Others are very diffuse and poorly integrated. Permeating the
entire central nervous system is an entanglement of very deli-
cate short unmyelinated fibers. This nervous felt-work (neuro-
pil) is much more highly developed in some parts of the brain
than in others. It is not well adapted to conduct definite ner-
vous impulses for long distances, but it may serve to diffuse or
irradiate such impulses widely. .Where tissue of this sort is
mingled with myelinated fibers it is termed the ‘‘reticular for-
mation” (see pp. 65, 127, 158, 304).

These manifold connections are so elaborate that every part
of the nervous system is in nervous connection with every other
part, directly or indirectly. This is illustrated by the way in
which the digestive functions (which normally are quite auton-
omous, the nervous control not going beyond the sympathetic
system, see p. 241) may be disturbed by mental processes whose
primary seat may be in the association centers of the cerebral
corte