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PREFACH.

TaERE can be no doubt that an important movement in psychol- |

ogy has arisen in recent times through the effort to approach the
phenomena of mind from the experimental and physiological point
of view. Different students of psyehologieal science will estimate
differently both the net result already reached by this effort and
the promise of further additions to the sum of our knowledge from
continued investigation of the same kind. Some writers have cer-
tainly indulged in extravagant claims as to the past triumphs of so-
called Physiological Psychology, and in equally extravagant expee-
tations as to its future discoveries. On the other hand, a larger
number, perhaps, have been ineclined either to fear or to depreciate
every attempt to mingle the methods, laws, and speculations of the
physieal seiences with the study of the human soul, These latter
apparently anticipate that some discovery in the localization of
cerebral funetion, or in psychometry, may jeopard the birthright
of man as a spiritual and rational being. Or possibly they wish
to regard the soul as separated, by nature and with respect to its
modes of action, from the material body in such a way as to render
it impossible to understand more of the one by learning more
about the other.

As a result of some vears of study of the general subjeet, I express
with considerable confidence the opinion that there is no ground for
extravagant claims or expectations, and still less ground for any fear
of consequences. In all cases of new and somewhat rankly growing
seientific enterprises, it is much the better way to waive the discus-
sion of actual or possible achievements, as well as of welcomed or
dreaded revelations of new truth, and proceed at once to the busi-
ness on hand. It is proposed in this book to follow this better way.
It will be the task of the book itself to set forth the assured or al-
leged results of Physiological Psychology ; and this will be done at

|
\
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every step with such degree of assurance as belongs to the evidence
hitherto attainable upon the particular subject discussed. With
declamation, either in attack or defence of the * old psychology,”
of the introspective method,” ete., one may dispense without seri-
ous loss. |

The study of the phenomena of consciousness by the method here
proposed necessarily requires some acquaintance with a consider-
able cireuit of sciences which are not usually all alike closely allied.
The number of scholars who ean form opinions with equal freedom
and confidence in all of these seiences i1s very small. Moreover,
sinee all psyeho-physical laws are supposed—as the very term indi-
eates—to govern the correlations of phenomena of consciousness
with phenomena of the nervous system, a peculiar mystery belongs
to much of the domain within which psycho-physical seience is eom-
pelled to move. These facts may fitly, on the one hand, excite
caution in the writer; and, on the other hand, excuse him for many
inevitable failures to set forth with perfect definiteness and confi-
dence the conclusions he has to propose. Much will be said that
must be accepted as provisional, as only probably true. Much
room must also be made for conjecture and speenlation. What is
most important, however, is that conjecture should not be put forth
as ascertained fact, or speculation as unguestioned law.

It would have been a great assistance to me if I had had more
predecessors in the path which I am to take. DBut with the ex-
ception of Wundt's masterly work (Grundzige der physiologischen
Psychologie, second edition in 1880), no one book has attempted to
cover, even in a summary way, the entire ground. The number of
monographs, Lowever, which have dealt with individual questions
subordinate to, or part of, the main inquiry is very great. These
two facts also render the attempt at a general survey of Physiolog-
ical Psychology for readers of English both peculiarly attractive
and peculiarly diffieult. I can only indulge the hope that I have
done something toward breaking this path and rendering it easier
and more secure, both for myself and for others, in the future.

The investigators and authors to whom I am under obligations
for material upon the various questions discussed, or statements
made, in this book are by no means all mentioned by name. Of
course, much of what is said on the structure of the nervous system,
and on the phenomena of sensation and perception, has already
become part of that general fund of facts and laws which belongs
alike to all students of the subject. But by quoting certain author-
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ities in the text, and by a few (in comparison with the number
which might have been cited) references in foot-notes, I have con-
nected some of the discoveries and views of modern psycho-physical
seience with their authors, These may serve somewhat as guide to
those persons who wish to pursue such studies still further.

I am under partieular obligations to Dr. James K. Thacher, Pro-
fessor of Physiology in the Yale Medical School, for valuable as-
sistance in that deseription of the Nervous Mechanism, its structure
and functions, which the First Part of the book econtains. If I
have escaped the mistake of assuming to teach more than is really
known upon this subjeet, it has been in large measure due to his
friendly and skilful guidance. Valuable assistance has also been
received from Russell H. Chittenden, Professor of Physiological
Chemistry, and Charles 5. Hastings, Professor of Physies—both of
the Sheffield Scientific School.

The method and arrangement of the book have been chosen so
as to fit it for use, both as a text-book by special students of the
subjects of which it treats, and also by the general reader who is
interested in knowing what results have been reached by the more
modern—and even the latest—psycho-physical researches.

George T. Lapp,
YarLe UmiveErsiTy, NEw Havex, February, 1887,
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PHYSIOLOGICAL PSYCHOLOGY.

INTRODUCTION.

§ 1. A crear coneception of Physiological Psychology requires some
gpecial knowledge of the nature and methods of those two sei-
ences, the results of whose investigation it endeavors to combine.
These sciences are, of course, Psychology and Physiology—the latter
being understood in a broad way as including also various applica-
tions of the general theory of physics to the functions of the animal
organism. But as the form taken by this compound term would
itself seem to indieate, the two do not stand upon precisely the
same level in effeeting this combination, whether we consider the
end that the one seience into which both enter desires to reach,
or the means that it employs to reach the end. For the noun
(* psychology ™) in the compound term may be said more particu-
larly to define the end desired ; the adjective (* physiological ”)
the character of the means which it is proposed especially to em-
ploy. Henee * Physiological Psychology ™ can searcely claim to be
an independent seience, or even a definite branch of the science of
peychology in general. It is rather to be regarded simply as psychol-
ogy approached and studied from a certain—the so-called * physi-
ological "—side or point of view. It is necessary, then, in the first
place, to define what we understand by the science of psychology,
and how it is proposed to treat this science as subject to the physi-
ological method, and as approached by means of physiological ex-
perimentation and researches.

§ 2. Perhaps the most common definition of psychology, up to the
present time, has regarded it as “ the science of the human soul.”
If this definition had always been given, on beginning the pursuit
of the science, only in a provisional way, and with the implied or
open confession that it is the business of psychology itself to de-
monstrate the existence of a particular entity called * the soul,” and
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to show how this entity is needed to explain the phenomena of con-
seiousness, then little valid objeetion could have been made to
it. But such has by no means been the case. TFor example,
one writer on the subject (Drbal), at the very commencement of
his treatise, asserts that * psychology is the science of the human
soul as the real foundation of the spiritual life ;7 and another (Erd-
mann) declares that “ the subject-matter of psychology is the sub-
jective spirit,” meaning by this term the human soul. Objections
have, therefore, been more or less fitly and foreefully urged against
this definition as ordinarily employed. It has been said that clearly
we have no right to assume any such entity as the soul; and
even that a careful study of all the phenomena—especially by the
experimental and physiologieal method—does not compel or induce
us to conclude that such entity exists. It has been claimed, espe-
cially of late, that there may be a * psyehology without a soul,” and,
indeed, that this kind of psychology is alone worthy of being con-
sidered truly scientific. Iurther objection to the same definition
has been made in other guarters, because it seems to regard the
question as settled, whether man has not more than one subject (or
“ground ") of the manifold phenomena ealled psychieal ; whether,
in faet, he may not be the fortunate possessor of both an *animal ™
and a “rational ¥ soul, ete. It would be aside from the course of
our inquiries to consider these objeetions in detail at this time ; or
to state at any length how far we are inclined to agree with them and
how far to express dissent. They may all be, for the present, set
aside by stating the course of procedure which the sfudy of psy-
chology from the physiological point of view seems to us plainly to
recommend.

The satisfactory definition of any seience is often one of the latest
and most difficult achievements of that science. When such defini-
tion i3 placed at the beginning of an investigation, it must often
really include results reached only by going carefully and repeatedly
over the entire ground of the seience. In all such cases the learner
of the science is quite unable fully to comprehend the definition, or
to understand the positions upon various disputed questions whiech
it may really involve. In general, then, it iz better that the earliest
so-called definition should be simply a deseription of that class of
phenomena which it is proposed, as far as possible, to isolate for
purposes of inguiry. This remark applies with peculiar force to
psychology, both on acecount of such objections as those mentioned
above, and also on account of certain difficulties inherent in the
subject itself. Accordingly, it will serve our purpose best to “ de-
fine " this science simply by aseribing to it a certain more or less
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definite sphere of phenomena. Thus we shall consider psychology
as that science which has for its primary subject of investigation all
the phenomena of human consciousness, or of the sentient life of
man. If the term “sentience ” be employed as preferable to con-
seiousness, 1t must be understood as equivalent to consciousness in
the broader sense of the latter word. This definition, or rather de-
seription, plainly implies an acquaintance experimentally with cer-
tain phenomena that cannot, strictly speaking, be defined. These
are the phenomena of consciousness ; and one result of all our sub-
sequent investigations will be to show us that consciousness and
its primary phenomena can never be defined. The definition of
psychology need not, however, be understood to imply the real
existence of any one entity such as a soul.

Nevertheless it would be very inconvenient, not to say impos-
sible, to begin and continue the investigation of psychical phenom-
ena, using only roundabout phrases through fear of implying the
real existence of some spiritual entity ealled the Soul or the Mind.
In some sort there cannot be any deseription, mueh less any scien-
tific study, of the phenomena of consciousness without implying
somewhat which requires us to use a word like these. In all lan-
guages, and in the constant everyday use of them all, men in stating
and deseribing the phenomena of their own sentient life employ
such terms as “I” and “me,” and place in a kind of eontrast with
them such other terms as “thou” and “he” or “it.” Inasmuch
as recollection, and the assumption of some kind of continuous
personal identity, enter into all their experience, and underlie all
their relations with each other and with the physical world which
surrounds them, they are compelled to use language implying a
permanent subject of the phenomena of consciousness. No one
doubts as to his right to ascribe to himseif the phenomena of his
own consciousness ; and as well to ascribe certain other phenom-
ena, which are not attributed to himself as their subject, to other
subjects (so-called “ persons "), which he supposes to have, each one,
a consciousness of fits own. No one doubts that this subject is in
every case somehow the same with itself from hour to hour and day
to day, and even from year to year. In all the earlier part of this
treatise the word “mind” will be employed simply as the equiva-
lent of the subject (which all language as expressive of universal
experience necessarily recognizes) of the phenomena of conscious-
ness. In other words, whatever all men inevitably mean by the
word “I” (the empirieal ego of philosophy), whenever they say /
think, or feel, or intend this or that ; and whatever they under-
stand others to mean by using similar language—thus much, and
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no more, we propose at first to include under the term *mind.”
This term is preferred to the word “soul,” in part out of coneession
to the prejudices to which allusion has already been made, and in
part because it seems to admit of the handling whieh it is proposed
to give to it subsequently, with more freedom from entangling alli-
ances with ethiecal, social, and relizious ideas. In other words, we
wish to begin and continue as far as possible upon purely scientifie
grounds. And when, subsequently, these grounds are in part aban-
doned for certain fields of rational speculation, we wish to have the
connection between the two kept open and unimpeded.

§ 3. In accordance with what has already been said concerning
the nature of psychology, we may define Physiological Psychology
as the science which investigates the phenomena of human eon-
seiousness from the “ physiologieal ” point of view or method of
approach. Remembering the cautions which have already been
expressed, we may also say that it is the seience of the human mind
as investigated by means of its relations to the human physical or-
ganism. A more accurate definition, however, requires that some-
thing further should be said concerning the nature and method of
that seience which furnishes the adjective to our compound term.
Human Physiology is the science of the funetions (or modes of the
behavior in its correlated action) of the human physieal organism.
As studied at present it implies an acquaintance with the fields of
gross and special microscopic anatomy (histology), of embryology
and the general doctrine of development, of biclogy,—inecluding the
allied phenomena of plant life,—of molecular physics and chemistry
as related to the structure and action of the bodily tissues, and of
other forms of kindred knowledge. It is only a relatively small part
of this vast domain, however, with which Physiological Psychology
has dirvectly to deal ; for it is only a part of the human organism
which has any direct relation to the phenomena of conseiousness.
As will appear subsequently, 1t is with the nervous system alone
that our science has its chief immediate concern. Indeed it might
be deseribed—though in a still somewhat indefinite, but more full
and complete, way—as the seience which investigates the correla-
tions that exist between the structure and funetions of the human
nervous mechanism and the phenomena of conseiousness, and which
derives therefrom conclusions as to the laws and nature of the
mindd.

§ 4. Physiology i3 compelled, from its very nature as a physical
science, to regard the nervous system as a mechanizm. Physiological
Psyehology, inasmuch as it relies so largely upon physiology for its
data and method and points of view, is also required to consider
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this system in the same way. Those unique relations in which the
structure and functions of the nervous substance of the body stand to
the phenomena of the mind cannot deter the investigator from as-
-suming toward it the so-called mechanical point of view. Physiology
presents psychology with a deseription of this nervous substance as
a vast and ecomplex system of material moleeules, which are acted
upon by different forms of the energy of nature outside (external
stimuli), and by intimate ehanges in the contiguous molecules of
the other substances of the body (internal stimuli) ; and which be-
have as they do on account of the influences thus received, as well
as on account of their own molecular constitution and arrangement.
But all this is the deseription of a material mechanism. The word
“ mechanism ” is preferable to the word ¢ machine” for deseribing
such a system of interacting molecules as constitute the living ner-
vous substance, because we attach to the latter word the mental pict-
ure of something which has a certain magnitude and rigidity of
parts that act and react upon each other in a palpable way under
the ordinary laws of mechanies. A steam-engine is a machine
whose parts may be seen to push and pull and turn each other after
the ordinary fashion of all levers and wheels. But the molecules
of the steam, from the activity of which all the motion of the rigid
and ponderous parts of this machine is derived, are no less mate-
rial and governed by physical law in their changing relations to
each other than are the masses of the machine itself. The inter-
action of the minute particles of the steam falls more fitly, how-
ever, under the conception of mechanism. Indeed, it is only as
falling under this general conception that these molecules admit of
any scientific treatment at all. Now it is not our purpose to begin
the consideration of the human nervous system by debating the
question, how completely it falls under the conception of mechan-
ism, and whether some other conception be not needed to supple-
ment this when the unique relations of this system to the phenomena
of the mind are taken into acecount. Whatever is to be said upon
such a question must appear in ifs proper place in the order adopted
for the discussion of the general subject. Physiological Psychology,
however, can secarcely establish itself at all unless it be willing to
receive from the proper one of the two sciences which enter into it
that conception of the nervous system at which this science has
arrived as the result of the most successful modern researches.  As
far as the nervous system admits of being subjected at all to scientific
treatment, for the purpose of attaining a more complete knowledge
of the nature of its functions, it is necessarily considered as a com-
plex molecular mechanism. We shall, then, receive, in a grateful
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and docile manner, all that the noble science of human physiology
has to teach us, under the guidance of the coneception of a mech-
anism, both directly concerning the manner in whieh the nervouns
matter of the human body performs its wonderful functions, and
more indirectly coneerning the relations in which these functions
stand to the phenomena of consciousness.

§ 5. Physiologieal Psychology—it is by this time apparent—par-
takes of the nature and methods of two sciences that differ widely
from each other. One is a secience which involves introspection ;
for it is only by the method of introspection that the real and pres-
ent facts of human consciousness can be reached. The other is a
physical science, and involves external observation to determine the
external facts of the structure, development, 1‘3111{3;‘I functions of a
physical mechanism. Two sets of phenomena must then be exam-
ined in their relations to each other, and, so far as possible, the
laws (or permanent modes) of these relations pointed out. It is
due to this fact, in part, that both the peculiar difficulties and the
peculiar interest and value of psycho-physical researches are so
great.

In every science a beginning is first made by ascertaining and
comparing together all the important phenomena ; the laws, or
regular modes of the occurrence of the phenomena in relation to
each other, are then investigated ; and, finally, certain conclusions
are drawn econcerning the nature and significance of those real be-
ings which reason compels us to assume as permanent subjeets of
the different classes of phenomena. In its effort to establish itself
upon a scientific basis, Physiological Psychology has no choice but
to follow essentially the same method of procedure. In its case,
however, as has already been remarked, the phenomena which are
to be ascertained and compared belong to two orders that obviously
differ greatly from each other ; and the laws which it is sought to
discover are laws which maintain themselves between these two or-
ders of phenomena. The phenomena of the nervous system, like
all physical phenomena, consist in changes in the constitution and
mutual relation of material masses and molecules. They are, then,
of a kind to be related to each other, under the conception of mech-
anism, inside of the nervous system and of the entire human body ;
and also, outside of the body, to the various forms of physical energy
in nature which act upon these masses and molecules. DBut the
psyehieal phenomena are states of consciousness, constantly shifting
modes of the behavior of that subject which we have agreed—as
much as possible without involving any premature assumptions—to
call the Mind. Still the above-mentioned two orders of phenomena
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are obviously to a large extent related to each other ; they may, in
fact, be said to be correlated in a unigque manner. The constant
forms of this correlation constitute the laws for the discovery of
which Physiological Psychology undertakes its special researches.
It endeavors to bring the two orders of plienomena face to face, to
look at them as they stand thus related to each other, and, as far as
possible, to unite them in terms of a uniform character, under law.

It might seem that simply to attempt the acecomplishment of the
task just deseribed should satisfy all legitimate demands. And,
indeed, no litfle protest has of late been made against any attempt
on the part of scientific psychology (and how much more when
studied from the physiologieal and experimental point of view) to
proceed further than this. All inquirers have been warned, not only
against introducing metaphysical assumptions into the beginnings
of psychology, but also against allowing any admixture of the two
during the investigations pursued by the latter. We have, indeed,
just agreed fhat metaphysieal assumptions as to the nature of mind
should prejudice as little as possible our statement of psychologieal
facts and laws.  But if the warning asainst so-called * metaphysies”
be understood to mean that inquiry must be stopped when the
phenomena and their uniform modes of relation have been enume-
rated, and that no venture must be made upon any discussions or
conclusions regarding the real nature of the subject of them all
(the mind), such warning may very well be quietly disregarded.
What we are chiefly interested in, on undertaking all psychological
investigation, is the real nature—the permanent characteristics, the
claims to be a substantial existence, a spiritual unity—and the ori-
gin and destiny of the mind. To assume as little as possible con-
cerning all this, at the first, is simply a matter of wise reserve and
self-control in the interests of scientific investigation. We feel no
~ hesitancy, however, in announecing our intention, ultimately, to
draw whatever conelusions seem to us legitimate and desirable con-
cerning many of these so-called “metaphysical™ inquiries. Psy-
chology—no less truly when studied from the physiological and ex-
perimental point of view—has the undoubted right, and is under
the obligation, to contribute as much as possible toward the solu-
tion of these inquiries. Nor do observation and wide reading
show that the advocates of * psychology without a soul,” and freed
from all metaphysics, are at all certain to avoid drawing con-
clusions, not to say introducing illegitimate assumptions, upon
these very same inquiries, In brief, Physiological Psychology has
the right, which belongs to it as a science, to introduce whatever
conclusions as to the nature of mind follow legitimately from its
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discussions of phenomena and laws. It has even a right to in-
dulge in well-founded and reasonable speculation. Such things are
not necessarily objectionable when indulged in by any of the more
purely physical sciences. Indeed, there is not one of these sciences
which would not look comparatively bare and unattractive if wholly
stripped of its more or less questionable inferences, its metaphysi-
cal assumptions, its guessings, and speculations.

§ 6. The remarks immediately foregoing serve to indicate what
are the principal Divisions of this work. The First Part will
consist of a description of the structure and functions of the Ner-
vous System, This system will there be considered under the
conception of a mechanism, and as far as possible without any
direct or indirect reference to the phenomena of conseciousness as
determined by introspection. The Second Part will describe the
various classes of correlations which exist between the phenomena
of the nervous mechanism and mental phenomens. It will also
attempt to state what is known of the laws which maintain
themselves over these various elasses. No attempt will be made,
however, to deseribe and discuss any of the phenomena which may
be classed as abnormal, or as consisting (so far as they are psychieal)
in so-called * disturbances of consciousness,"” except when reference
to such abnormal phenomena is necessary in order to explain those
which are called ordinary or normal. The phenomena of insanity,
delirium, hypnotism, somnambulism, ecstasy, mind-reading, spir-
itnalism, and even of sleep and dreaming, will therefore be defi-
nitely excluded. The clief reason for such exelusion is to be found
in a lack of space, it being difficult even to bring within the limits
of a single volnme a sufficiently thorough discussion of the more
ordinary phenomena with which Physiological Psychology is ealled
upon to deal.

The various correlations of the mind and the nervous mechanism
(of which the Second Part treats) may be conveniently consid-
ered under several principal groups or classes. The first of these
includes more particularly such relations as can be established be-
tween the condition and activity of the supreme nervous centres
and the phenomena of conscious sensation and volition. Most of
what can be said at present upon this point may be summed up in
the discussion of the localization of cerebral funetion, as taken in
connection with the deseription of the automatic and reflex action of
these centres considered as parts of the nervous mechanism. The
second class of these correlations covers all the phenomena with
which psycho-physics (in the more precise use of the term) attempts
to deal. It discusses the relations which exist between the quality,
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quantity, combination, and order of succession in time, of the vari-
ous stimuli which act upon the nervous system, and the kind, mag-
nitude, composite resulf, and time-relations of the mental phe-
nomena. Hence the significance of the term psycho-pliysies. As
Physiologieal Psychology is ordinarily and legitimately treated,
it ineludes these more specially psycho-physical researches. An-
other class of these correlations covers certain related phenomena
of mind and body as dependent upon age, sex, race, ete.

Besides the foregoing groups, or classes, certain observations
which have more or less of scientific confirmation and wvalue,
may be made regarding the physical basis of the feelings and voli-
tions controlling the bodily members, and of the higher faculties of
memory, association of ideas, ete. The Third Part will fitly intro-
duce, at the close of the psveho-physical researches, the presenta-
tion of such conclusions as may be legitimately gathered, or more
speculatively inferred, concerning the nature (considered as a real
being) of the human mind. The justification of the order and ex-
tent of the entire discussion, and especially of the Third Part as a
whole, has already been given to some extent; the rest must be
left to the progress and result of the discussion itself.

8 7. It has already been said that the peculiarity of Physiological
Psychology, considered as a branch of the general science of mind,
consists largely in the method of its approach to its subject.  At-
tention must now be more specifically ealled to this method as
necessarily partaking of the methods of the two sciences whose
researches it undertakes to eombine. The method of physiology,
which is in general that of external observation as employed in all
the physical sciences, should be applied only when supplemented by
the many delicate and aceurate instruments of observation now at
command, and guarded and checked by that accumulation of expe-
rience concerning the best ways of studying nature and concern-
ing her ways of working which the whole body of such sciences
has made. On the other hand, the method of psychology has or-
dinarily been defined as solely the method of introspection or self-
eonseciousness. These two methods are obviously very different.
It would not be strange, then, if the science which finds it neces-
sary to combine the two should experience some special difficulty.
This difficulty has, however, more often been exaggerated than ex-
plained and (what is quite possible) for the most part removed.

Our present purpose does not require that we should examine at
length the question whether the introspective method is the only
one possible in psychology. Scarcely more is necessary than the
statement of the bearing of this question upon the inquiries it
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is proposad to make. There should in general be no mystery or
arrogant assumption abount the use of such words as “science ™ and
“geientific method.”  Seience is nothing but knowledge—real, veri-
finble, and systematie, Scientifie method is nothing but the way
of arriving at such knowledge. Now, although Physiologieal Psy-
chology brings the investigator face to face with some of the most
interesting and distinetive mysteries, it i1s nof, as a science, to be
regarded as espeeially mysterions. Inasmuch as ifs specific busi-
ness is to aseertain and combine, under definite laws, two widely
differing classes of facts (facts of the human nervous mechanism and
faets of human consciousness) if 1, of course, eompelled, first of all,
to ascertain both kinds of facts. The phenomena of conseciousness,
as primary facts, can be ascerfained in no other way than in and by
conseionsness itself. Whatever fault may be found with the so-
called introspective method in psychology, on account of its alleged
inaccuracy, lack of scientific and progressive quality, ete., from the
very nature of the case no other way of ascertaining what the phe-
nomena of eonsciousness in themselves are can ever take the place
of the direct examination of consciousness. And there is no way of
directly examining consciousness but the way of being conscious
one’s self. On the other band, it is perfectly obvious to students
of psychology and of its history (on grounds which need not be
stated here) that the scienfijic freafment of the facts of conscions-
ness ean never be, to any satisfactory extent, accomplished by in-
trospection alone. For psychology, in order to make valid its claim
to be a science, must not merely display the alleged facts of individ-
ual mental experience ; it must treat these facts analytically, must
resolve them into their ultimate factors, and trace the stages of
their development from what is simpler to what is more complex ;
it must also show on all sides their conneetions and ecauses, thus
placing the phenomena of the mind as much as possible in interac-
tion with the rest of the world. It is because human physiology ean
contribute largely to such scientific treatment (as distingnished from
the mere observation, grouping, and cataloguing) of the phenomenn
of the mind that it is entitled to be consideved as furnishing one
distinetive and fruitful branch of psychologieal researches.

§ 8. The following statements will, accordingly, be found to hold
good concerning the method of Physiologieal Psychology. It must
employ faithfully the methods distinetive of both the two sciences
which it endeavors to combine. Facts as to the structure and
funetions of the nervous mechanism, and as to the effect upon it of
various kinds of physical energy acting as stimuli, must be ascer-
tained by external observation. In general they must be accepted
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by us as contributed from the modern seience of human physiology.
The primary facts of consciousness must be aseertained from econ-
sciousness itself ; or, since they have already been for a long time
subjected to this form of observation, and tabulated, compared, and
classified, they may be accepted from the science of introspeetive
psychology. Care must be taken, however, to make sure that all
alleged psychical facts are veally faets ; but upon this point, again,
there is no other way of making sure than in and through consecious-
ness. The principal laws and inferences also of introspective psy-
chology may be accepted (at least in a provisional way) on begin-
ning the study of Physiological Psychology. The final result of
such study will doubtless be, not only to supplement and explain,
but also to modify and correct, the statement of these laws and in-
ferences. But here, as in other scientific research, we are obliged
to work our way through many mistakes, obseurities, and other ob-
stacles, progressively nearer the eomplete and verifiable knowledge
of the truth.

Furthermore, from the nature of the case, Physiological Psychol-
ogyv takes its point of starting from the facts and laws of physiology
as reached by the method of external observation, This follows
necessarily from the relation in which the two sciences of physiol-
ogy and psychology stand as entering into the proposed combina-
tion. The enlargement of our knowledge of the latter is the
end to be reached ; but the former is to give us the way by which,
and the guidance under which, the approach to this end must be
made.

It will also become evident, in the eourse of the following inves-
tigation, that we are seldom or never able to proceed directly with
the work of comparing the immediate physical antecedents or con-
sequents of the mental phenomena with these phenomena them-
selves, and so of drawing conclusions at once as to the laws by
which the two classes of facts are connected. Such immediate an-
tecedents and consequents are hid in the inexplorable recesses of
the living and molecularly active brain. It is seldom, indeed, that
our direct observation can approach within the tenth, or it may be
within the hundredth, remove of what goes on in these recesses. We
are obliged to examine the physical phenomena from a greater dis-
tance and in a more indireet way. For example, physies can inform
us what ecombinations of what wave-lengths of the vibration of ether
fall on the eye when a certain form of conscious sensation, which
we call “yellow ” or “red ” or “blue ” arises ; physiology ean lo-
cate the nervous elements of the retina upon which the waves fall,
can conjecture something asto the ;:hemical changes there produced,
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and trace doubtfully the paths along which the resulting nervous
impulses rise to the brain and diffuse themselves over certain of
its areas; psycho-physics can tell approximately the relations in
which the varying quantities of the stimulus stand to the resulting
degrees of the sensatiors. Butin all this we are still at a great dis-
tance from the enjoyment of those opportunities which would seem
necessary to malke the science of Physiological Psychology as com-
prehensive and exact as could readily be wished. As a rule, certain
kinds and amounts of physical energy, more or less definitely meas-
urable, are known to be acting on the peripheral parts of the body,
and the next series of observed facts is the emergence in conseious-
ness of a psychical experience quite unlike all kinds of physieal en-
ergy. To be sure, Fechner's ' conception of psycho-physies is that
it treats those * physical aetivities which are the bearvers ( Trdiger) or
conditions of the psychieal, and accordingly stand in direct fune-
tional relation with them ;" or again, * psycho-physics is an exact
doctrine of the relations of function or dependence between body
and soul—of the universals that lie between the bodily and spirit-
ual, the physieal and psychical world.” But it will be seen that of
such physieal activities we have little or no assured knowledge ; al-
though we have the best of grounds for believing that such activities
exist, and that they stand in important relations under law with the
facts of the conscious psychical life.

It follows, then, that Physiological Psychology is, pre-eminently,
first experimental and then speculative; it can never become
strictly demonstrative, or even deduective to any considerable ex-
tent. That a strictly demonstrative science of the relations be-
tween the structure and funections of the nervous mechanism and
the phenomena of conseiousness is impossible, we might argue from
the most ordinary experience. To infer from certain movements
of material molecules that certain facts of consciousness must take
place, under the most universal laws of all Being, involves a kind
and amount of knowledge of which we eannot even clearly conceive.

In brief, our proper course will be, first, to explain, as completely
as possible, the structure and functions of the nervous mechanism ;
and then to set forth, as fully as the present means at disposal will
permit, the various relations in which its action under stimuli
stand to the phenomena of the mind. In attempting the latter
problem we shall come upon a few, but only a few, general state-
ments of fact which deserve to be spoken of as laws in any strict
meaning of the word.

! Elemente d. Psychophysik, pp. 8 and 10. Leipzig, 1860,

9
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§9. If the correctness of the remarks last made be admitted, the
inquiry may be raised : What justification has this so-called sci-
ence of Physiological Psyehology for the large claims which it has
made of late ; and, indeed, what right has it to exist as a special
discipline at all? The full answer to the call for self-justification
must be made by the actual achievements of the science itself. It
will be better, then, to leave it to the convictions of the reader when
the presentation of these achievements shall have been made. But
even at this point an appeal may be taken to certain facts. We
have already repeatedly conceded the fact that we are to investigate
the phenomena of consciousness (that is, study psychology) by a
special method rather than try to establish an independent science
or even separate branch of the general science of mind. The de-
mand for a justification is then reduced to this—Is there valid
reason for studying psychology in this particular way ; for approach-
ing its domain through the researches and conclusions of physi-
ology? To such a question there can be but one intelligent answer.
There is an abundance of valid reason.

The history of modern investigation, and the conclusions of the
modern science of man, both physieal and psychological, emphasize
the necessity of studying his nature and development as that of a
living unity., Such secience shows man to be at the head of a series
of physical and psychical existences ; he cannot be understood as
Lie is, in his whole nature and in his place within nature at large,
without taking both sides of this living unity into account. TFor
man is known to himself as body and mind—and not as bodiless
spirit or a mindless congeries of moving molecules. That the struet-
ure and functions of the body, especially of the nervous mechan-
ism, and the activities of the mind, are extensively and intimately
correlated, is a fact beyond all doubt. It is the particular task of
Physiological Psychology to show in what manner, and to what ex-
tent, such correlation exists. Moreover, there are few questions
more interesting, from a philosophieal and an ethical point of view,
than suech as the following : What is the nature of mind, considered
in the light of its correlations with the body ? and, Do the so-called
physiological and the so-called psychical phenomena belong to one
subjeet, or to more than one? DBut these and similar questions
can be scientifically answered only by giving a speculative treat-
ment to the conclusions of psyeho-physieal investigation.

In brief, it may be said that introspective psychology, important
as its results have been, and indispensable as its method is, has
shown its incompetency to deal with many of the most interesting
inquiries which it has itself raised. On the other hand, psychology
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as pursued by the experimental and physiologieal method has al-
ready thrown a flood of fresh light upon many of these inquiries.
We may affirm with Wundt,' without fear of successful contradie-
tion : “Psychology is compelled to make use of objective changes
in order, by means of the influences which they exert on our con-
sciousness, to establish the subjective properties and laws of that
consciousness.” On tlis fact and on the real achievements of the
method we confidently rest its claims to serious and permanent con-
sideration,

L Art. ““ Ueber psychophysiken Methoden,” Philesophische Studien, 1881,
heft 1, p. 4.
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CHAPTER 1.

THE ELEMENTS OF THE NERVOUS SYSTEM.

§ 1. Ix all forms of animal life, except the very lowest, the pres-
ence and activity of a nervous system constitutes the chief charae-
teristic of their difference from all the more nearly eorresponding
forms of plant life. DBoth animals and plants are organisms, and
their structure—regarded as a whole composed of an indefinite
number of material masses or particles, which move with reference
to each other for the accomplishment of a common piece of work
—may be considered as a “natural mechanism.” Both have mate-
rial parts of superior firmness, adapted to divide off and to support
their softer parts. Plants, as well as animals, are possessed of liv-
ing, and, more especially, of contractile tissue ; they are therefore
capable of the functions of nutrition, of propagation, and of that
so-called antomatic motion which is thought to be a fundamental
property of protoplasm. As is well known, science is not yet able
always to distinguish between the lowest forms of animal and the
lowest forms of plant life. But nervous tissue and its funetions
do not belong to the vegetable kingdom ; on the contrary, the pos-
session and use of at least a rudimentary mechanism of nerve-fibres
and nerve-cells are found in most members of the animal kingdom.

It is true that, even in the case of animals which do possess
a nervous system, the structure and functions of the nervous tissue
are very closely related to those of the merely contractile tissue.
Thus the museular tissue of the animal might seem to be a eonnect-
ing-link between its own nervous tissue and the contractile tissue
of the plant. For the motor nerves, at least, are anatomically con-
nected by means of their end-plates with the contractile substance
of the muscular fibre, and the result of modern experimentation,
with both muscles and nerves, has been to make clear many feat-
ures of resemblance between them. On the other hand, even the
isolated mervous elements, when subjected to the same experi-
mental tests as those which are used to determine the funda-
mental properties of contractile tissue, exhibit certain marked
differences of behavior ; while the functions of such elements,

2
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when combined into a very simple nervous system, are alto-
gether unique. Moreover, as the nervous system of the animal
becomes more elaborate and complex, and especially as its eentral
organs—spinal eord and brain—are relatively developed, other new
and wonderful functions are seen to be connected with it. In the
case of the superior vertebrate animals, and especially of man, the
significance of this particular form of a physical mechanism be-
comes, therefore, vastly increased. Thus the minute strueture of
the nervous mechanism invites the student of chemistry, molecular
physies, and histology, to investigations of the greatest interest and
yet of extreme difficulty ; while the funetions of this mechanism
are so curiously and intimately eonnected with the phenomena, not
merely of all higher animal life, but also of human consciousness,
that inquiry into them is, among all physieal inquiries, the one of
unparalleled intelleetual interest and importance,

§ 2. It will be the work of this entire treatise to set forth in some
detail the unigque functions of the human nervous mechanism, to
which allusion has just been made. For the present a very gen-
eral and somewhat indefinite statement of these functions must suf-
fice. In general, and somewhat indefinitely, it may be said, then,
that the one great funetion of the nervous system is to concatenate (or
link together into a whole) the manifold elements, both physical and
psycho-physical, which enter into the twofold life of man. Differ-
ent and distant parts of the body, whether they belong to the same
or to different so-ealled systems (as, for example, the cireulatory,
the secretory, the digestive, the muscular), are bound together, and
made to exercise their functions in reciproecal dependence and for
common ends, by the nervous mechanism. The whole body is also
" linked to the external world, and kept in either unconscious or con-
seious adjustment to the changeful play of its forees, by the same
mechanism. And forther, the development of the mental life, at
least in all its more primitive and fundamental factors, is mediated
by the nervous system. Ifor it is certainly in econnection with the
exercise of nervous functions that sensation takes place; and, by
development and combination of the sensations, all our perceptions
of the so-called “Things” of the external world. It is the nervous
mechanism which unites the entire body with the physical stimuli
of the external world, on the one hand, and, on the other, with the
primitive activities of mind. 'What relation the nervous functions
have, and whether they have any direct relation af all, to memory,
judgment, and the higher activities of mind in general, we do not
now even inguire.

The significance of the above-mentioned function of * concatena-
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tion,” so far as it concerns the different and distant parts of the
body, might be illustrated in many ways. Inasmuch as the plant
is an organism, there is a reciproeal dependence of the structure
and action of all its parts. But each part of the plant acts directly
and slowly on only eontisuous parts in effeeting the distribution
of the fluids, upon the spread of which the life and growth of the
plant depend. In the ecase of the animal, however, an effect pro-
duced in one part of the body may quickly spread to other distant
parts by the mediation of the nervous system. The cireulation of
the blood is made to affect, and to be affected by, the state of the
skin and the muscles, the state of the respiratory organs, or the
state of the mind's feeling as determined by the ideas before the
mind. A draught of cold air, for example, strikes some peripheral
portion of the body ; the heart and lungs modify their activities,
the muscles contract, and a shudder runs through the physical
framework ; the secretions are disturbed, and the mind is, perhaps,
seized with a vague feeling of fear. BSuch a complex effect of the
stimulus of eold on some region of the skin has been brought about
by the action of the nervous system, with its peripheral end-organs,
conducting nerve-fibres, and nervous centres. Or, again, the seeing
of some sight or the hearing of some sound is followed by ideas and
emotions of shame, or of fear, or of joy. A complex co-ordination
of the muscles then takes place, so as to move the limbs in running,
to give or ward off a blow, to extend the hand in greeting, to lift
up or bow down the head. In this case, also, the action of heart
and lungs and secretory organs is greatly modified ; the capillary
circulation is altered, and the cheeks are blanched or reddened ;
the pupils and lachrymal ducts of the eyes are moved ; the very
hair of the head seems to sympathize with the state of the mind.
Thus, changes which involve the funetions of almost all the tissues
and organs of the body are accomplished by the mediation of the
nervous mechanism. Unlike the modifications in expression of
function which take place in the plant, they are accomplished with
what seems a practical instantaneousness. The complexity of the
reciprocal changes which characterize the life of the higher animals
is due to the general functions of the nervous system ; the speed
with which the changes are accomplished is dependent upon the
laws of the propagation of nervous impulses within that system.

Further illustration of this general office of the mechanism of
nerve-fibres and nerve-cells in “ concatenating ” the manifold ele-
ments of physical and psycho-physical life may well be left to the
progress of our examination.

§ 3. The application of the term “ mechanism ” to the nervous sys-
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tem of man has already (see p. 4 ff.) been partially explained and
justified. We now describe the elemenfary paris of such a system
as considered from the same general point of view which induces
us to apply this term fo the strueture and funetions of the entire
system. In order to do this, it is necessary to speak, first, of the
struecture, and, second, of the funetion of these parts, recarded as the
fundamental and distinguishing factors of a complex mechanism.
That is to say, two inguiries must be made : What is the composi-
tion and form of those ultimate struetures called nervous elements,
into which mieroscopie anatomy analyzes the nervous system ? and,
What can such structures do which fits them to act as parts of a
“ mechanism ” like that of the nervous system ? It is obvious that
the answers to these inquiries lie at the very entrance upon the
way toward a complete science of the nervous mechanism. DBuf
even if the fullest imaginable answers were already attained, much
would remain to be done in order to perfect the science. Histology
would still have to inform us precisely how the elements are com-
bined into the manifold organs of a system. Physiology would
have to discover the laws according to which the functions of the
elements are modified, when they act as thus combined. Of course,
to know completely the nature, number, and properties of all the
individual factors of a mechanical system, and to know also pre-
cisely how those factors are combined into the system, as well as
how their modes of behavior are affected by such a combination,
would be to have a complete science of such system.

A strietly deduetive science of the molecular motion, and con-
sequent function of the elements of the nervous mechanism, is, in-
deed, a conceivable attainment. But it need scarcely be said that
we are indefinitely far from, not only the attainment, but even the
reasonable prospect of such a complete physical science of the ner-
vous system. None of the questions raised respecting the struct-
ure and funetions of its elements, whether considered apart or in
combination, can be answered with complete satisfaction. More-
over, the scientific study and description of the nervous mechanism
is compelled from the first to pursue a somewhat different path
from that open to many forms of physical science. The direet
path to the complete science of the subject is impassable ; it is ren-
dered impassable by the most fundamental and universal of our
experiences respecting the nature of the phenomena of the nervouns
system. The immediate effects of the molecular changes which
take place in the nervous elements, even when isolated as much as
possible, ean only with difficulty be made the subject of direct obser-
vation. Histology has enormous difficulties to overcome in its effort
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to deseribe how these elements are combined in the living human
body, and physiology has like difficulties in the way of its effort to
determine the functions of those organs which are constructed by
means of such combination. Only the beginning of a theory which
shall correlate that mode of molecular motion which is peculiar to
nervous matter with other modes of the motion of matter has yet
been made.

In spite of the foregoing concessions, a careful study of the ele-
ments of the nervous system is the indispensable mode of approach
to the subject of physiological psychology. It is these elements
which, when variously eombined, constitute all the organs of the
system ; it is they which, when acting in combination, do all the
work of the system.

§ 4. The Elements of the Nervous System of Man, as elements, do
not differ in any essential known respeet from those of other verte-
brate animals. Upon this subjeet, then, histology with its miecro-
scope, and physiology with its experimentation, can describe the
nerve-fibres and nerve-cells of other animals, and then safely draw
certain inferences from them which will apply to the ease of man.
It is, however, the development of enlarged or of new organs by
the combination of these elements, and the development and elab-
oration of function as dependent upon such organs, which consti-
tute the difference between the nervous system of man and that of
the lower animals. It is here that histology meets with its supreme
difficulties and its most interesting problems ; it is here that physi-
ology is most insecure when trying to carry over to the structure and
funections of the human nervous mechanism the conelusions which
have been reached by experiments upon the lower animals, On
the contrary, the nerve-fibres and nerve-cells of these animals are,
in most respects, perfectly competent to fell us all we need to know
regarding the nerve-fibres and nerve-cells of man. In describing
the constitution, structure, and funection of the nervous elements,
therefore, it will not generally be necessary to pay attention to the
specific animal form from which the description is taken. In other
words, the discussion of the nervous elements belongs to the most
general histology and physiology of the nervous system.

§ 5. The elements of the nervous mechanism require to be con-
sidered in three ways: (1) as respects their chemical constitution ;
(2) as vespects their formal structure ; (3) as respeets their general
physiological funetion.

§ 6. The Chemistry of the Nervous System is of necessity in an
exceedingly unsatisfactory condition. The facts concerning which
perfect certainty is attainable are very few in number ; the bearing
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of those facts on our theory of nerve-function is both slight and
disputable.  Physiological chemistry i1s in general encompassed
with many difficulties. These difficulties are not due simply to the
complex constitution of most of the substances with which it has
to deal. They are also very largely due to the fact that these sub-
stances are produects of life; and living tissue cannot be at the
same time kept in normal condition and subjected to the handling
necessary for chemical analysis. As soon as it is no longer alive,
or at any rate long before any chemical analysis can be completed,
the eonstitution of such tissne is changed. However carefully the
chemical elements, the constituents, which enter into the ner-
vous substance may be preserved, their constifution, their chemiecal
arrangement and behavior, eannot be preserved. It is impossible
—for example—for the chemist even to determine the specific
gravity of uncoagulated blood, “ except by operating with extreme
expedition and at temperatures below 0° C.”

Moveover, the difficulties which belong to the chemistry of all
living tissue are espeeially great in the ease of the nervous tissues.
In their natural state the proximate prineciples which compose these
tissues are very complex and unstable ecompounds, To obtain spe-
cific portions or kinds of nervous substance free from foreign ingre-
dients—as, for example, the axis-cylinder of the nerves, or the rods
and cones of the retina—is by no means always easy. The analysis
of such substance, when once the substance is obtained, is often ex-
tremely tedious in respect to proecess, and doubtful in respect to
result. Nevertheless, the principal conclusions, which may be ae-
cepted with considerable confidence in their correctness, are as
follows :

§ 7. Nervous Matter is of two kinds, called white or fibrous, and
gray or vesicular, which differ not only in color and mieroscopic
structure, but also in specific gravity and chemieal constitution.
The specific gravity of the white nervous matter is greater than that
of the gray. Danilewski' found the specific gravity of the gray
matter in man to vary from 1.02927 to 1.03854 ; that of the white
matter from 1.03902 to 1.04354. Others (as Bastian, W. Krause,
and L. Fischer) calculate the mean specific gravity of the gray mat-
ter at about 1.031, of the white at 1.036-1.040. This difference in
the weizht of the two is chiefly due to the difference in the relative
amount of water and of solids which they eontain. Of 100 parts of
each, from the brain of the ox, the gray matter was found to be

! See Med. Centralbl., xviii., p. 241, as cited by Drechsel, with apparent
confidence, in Hermann’s Handbuch der Physiologie, V., i, p. 577. Leipzig,
1883,
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composed of 81.60 parts of water and 18.40 of solids; the white,
of 68,35 of water and 81.65 of solids. The amount of water is also
larger in the brain of the young animal than in that of the adult.
The brain of the feetus was found by Weisbach to consist of from
87.9 to 92.6 parts of water. The amount of water entering into the
composition of the different parts of the central nervous system is
unequal. The following is a tabulated statement' of the facts to
which allusion has just been made :

Prororriox or Warer 15 Oxe Huspren Parts.

Age, 20 to 30, | Age, 30 to 50. . Age, 70 to 4.
White substance of the brain .. ........ 69,56 | 63.31 | 72.01
Gray substance of the brain, .. ......., 83.36 83.60 84.78
ATETERBEIINTG <5 i et s s i s e 75,83 TT.87 | B50.34
BomEaralilll: . o ishiR e SR e 5. 46 72.55 2.74
Medulla oblongata ... .. e . T4.43 V52D T3.62

The amount of water varies in the different regions of the spinal
cord. Bernhardt found a smaller proportion of water in the cervi-
cal (73.05 per cent.) than in the lnumbar (76.04) region of the cord.
The gray matter also contains more of albumen, lecithin, and lactie
acid than the white, and less of cholesterin, fat, and protagon.

§ 8. Of the solids contained in the matter of the nerve-centres,
more than one-half in the gray, and about one-quarter in the white,
consist of certain proteid or albuminous substances. DBodies of
this general class are the only ones never absent from the active
living cells ; they therefore exist in the primordial structures of
all vegetable and animal organisms, and oceupy a peculiar place
among organie proximate principles. Of these proteid substances
found in the nerve-centres very little is as vet known. Gamgee®
mentions three such substances—one soluble in water and probably
derived from the gray matter, another a globulin-like body which
is dissolved by a ten per cent. solution of common salt, still another
a myosin-like body which remains in solution when a ten per cent.
salt solution of brain is boiled.

§ 9. Three other non-phosphorized bodies of different classes
from that above mentioned are found in nervous fissues : these are
Cholesterin, Neurokeratin, and, more doubtfully, Cerebrin. Cho-

! Derived from Weisbach's observations, and found in Gamgee, Physiologi-
cal Chemistry of the Animal Body, i., p. 445. London, 1580,

? Physiological Chemistry, i., p. 423 see, also, the article of D. Patrowsky,
¢ Zusammensetzung der granen und der weissen Substanz des Gehirns,” Pflii-
ger's Archiv, vii., p. 367.
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lesterin is among the most abundant of the constifuents of the ner-
vous tissues—especially of the white matter of the cerebro-spinal
axis and of the nerves. It is a “monad aleohol,” the only aleohol
which occurs in the human body in a free state. On account of its
solubility in ether, cold or hot, and in warm alcohol, cholesterin
finds its way into both ethereal and aleoholic extracts of the ner-
vous tissues. It is a non-nitrogenous body, erystallizing in beau-
tiful white erystals, which, when separated pure from its solutions
in ether or ehloroform, takes the shape of fine needles, and when
separated from aleohol takes the shape of rhombie tables. Itissup-
posed to exist preformed in the brain. Itsformulais C, H O +H, 0.

Neurokeratin is most easily derived by treating the medullated
nerve-fibres with boiling alechol and ether, so as to extract the fatty
matters of the medullary sheath ; in the place of this sheath there
is left, as a kind of irregular framework, a highly refractile sub-
stanee which resembles the horny matter of epidermis in its power
of resistance to chemical agents, This substance is also found in
the gray matter of the nerve-centres, and in the retinal epithelial
cells and pigment cells of the choroid ; but not in the non-medul-
lated nerve-fibres. It contains nitrogen, 2.93 per cent. of sulphur,
and leaves 1.6 per cent. of ash.

Cerebrin was announced by Miller, in 1858, as a non-phosphorized
nitrogenous body, obtained from a precipitate from the brain when
pounded up with baryta water to the consistence of thin milk and
then boiled. He deseribed it as a loose, white, very light powder,
destitute of smell and taste, soluble in boiling aleohol and ether, but
insoluble in water. He gave to it the formula C, H, NO, Thudi-
chum believes that brain matter contains a class of nitrogenous bod-
ies free from phosphorus, to which he gives the name of “ cerebrins.”
Gamgee, however, thinks it very unlikely that a body produced,
like Miller's cerebrin, *“by the prolonged action of a solution of
boiling barium hydrate on so complex an organic mixture as brain
should be a definite proximate prineciple of the unaltered organ ;"'
but the same authority admits * that the precipitate which sepa-
rates itself from an aleoholie solution of brain contains, besides
cholesterin, protagon, and the so-called lecithins, “a body for
which we may retain the name of cerebrin.”

Nuclein was discovered by Miescher in the nuclei of pus-corpus-
cles and in the yellow corpuscles of yolk of egg.  Other observers
subsequently obtained it from various other substances, especially
from the nuclei of the red blood-corpuseles of birds and amphibia.

! Physiological Chemistry, i., p. 439.
? Ibid., i., p. 433.
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Von Jaksch ' thinks he has discovered nuclein in the human brain.
His claim seems to be eredited by Drechsel.® Its formula is given
as C,H NP.O,. Butthe very existence of nuclein, as a definite
body, has been denied by chemists like Worm-Miiller and Gam-
cee ; and the analyses of Von Jaksch do not agree with those ob-
tained from other sources than the substance of the human brain.
The whole question of nuclein must then be left in doubt.

§ 10. No other substances found in the nervous system are, how-
ever, both so interesting and so diffieult to consider, from the mixed
chemieal and psycho-physical point of view, as certain complex phos-
phorized fats. The entire progress of our inquiry will make it obvi-
ous how inadequate and misleading is the use often made of such
off-hand remarks as the celebrated dictum: *“No thought without
phosphorus.” Yet it is doubtless true that the highly elaborate and
unstable compounds containing phosphorus, which enter into the
composition of nervous matter, have a significance for physiological
and psychological researches such as belongs to no other material
bodies. These complex bodies are especially characteristic of the
centres of the nervous system. The strife of discovery and of con-
firmatory experiment has been chiefly carried on over the following
three : Protagon, Lecithin, and Cerebrin.  Of these three, however,
probably only the two former are phosphorized bodies. The main
question involved in controversy concerns the relation in which leei-
thin and cerebrin stand to protagon. Is protagon a definite prox-
imate prineiple of the brain, and are lecithin and cerebrin bodies of
ill-defined properties and doubtful claim to existence as proximate
prineciples of the brain ? or, are lecithin and cerebrin definite prox-
imate prineiples, and is protagon a mechanical admixture of the
two? The latter view of protagon has been held by Diaconow,
Hoppe-Seyler, and Thudichum ; on the contrary, its claims to the
position of the “only well-characterized phosphorized proximate
principle * of the brain as yet discovered have been defended (and,
it may be said, apparently established) by the researches of Gam-
gee and others.

Protagon was discovered, as a new proximate principle that can
be separated from the brain, in 1864, by Dr. Osear Liebreich ; his
discovery was announced in a paper ’ published in 1865. This in-
vestigator gave to this substance the name which it still bears, as

! See article ** Ueber das Vorkommen von Nuelein im Menschengehirn,”
Pfliiger's Archiv, xiii., p. 469,

* In Hermann's Handb, d. Physiol., V., i., p. 578.

¥ ¢t Ugber die chemische Beschaffenheit der Gehirnsubstanz,” Annalen der
Chemie und Pharmacie, cxxxiv., pp. 20-44.
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in his opinion the first to be definitely ascertained among the spe-
cifie constituents of the brain (mpwrayds, leading the van). He as-
signed fo it the formula C Z H, N O, P. In spite of subsequent
denials and disproofs of its existence, the extremely ecareful and
often-repeated researches of Gamgee' and Blankenhorn have cor-
roborated the discovery of Liebreich. The process by which pro-
tagon is obtained from the brain may be thus briefly deseribed (the
deseription will serve to illustrate in general the processes of physi-
ological chemistry) : Perfectly fresh ox's brains are freed from the
blood and membranes, and are then digested for about a day in
eighty-five per cent. aleohol ; from this fluid, when filtered, a quan-
tity of white flocculent precipitate is obtained, and the cholesterin
and other bodies soluble in ether are dissolved out ; from the sub-
stance left undissolved, when dried and reduced to powder and
digested for many hours with aleohol, and then filtered and ecoled,
microscopic cerystals separate themselves, arranged for the most part
in rosettes. The substance thus erystallized is protagon. It is con-
siddered by some chemists the easiest to obtain, and indeed the only
very well-established phosphorized proximate prineiple of the brain.
Such a material substance is indeed a long way removed from the
living nervous mass, with its capacity for exereising such marvel-
lous physiological and psycho-physieal funetions. DBut it is the best
representative that chemistry can as yvet present of a seientifie result
upon which to base any attempt to point out definite relations be-
tween psvehical activities and the chemical constitution of those
complex phosphorized fats which exist in the central nervous
mechanism. The empirical formula of protagon, as given by Gam-
gee, 18 C H. N PO,_. It has been made highly probable that pro-
tagon eannot be a compound or mixture of cerebrin and lecithin ; it
may, then, be announced as a proximate prineiple of the brain.

Lecithin is an organie phosphorized compound which exists in
large quantities in ova, spermatozoa, ete., as well as in the nervous
tissues. It is deseribed as a yellowish-white, waxy, very hygro-
seopic solid, which in thin layers shines with a silky lustre, It is
soluble in ether and aleohol ; on being stirred with water it forms a
starch-like solufion difficult to filter. Diaconow assigns to it the for-
mula C, H NPO, +H,0. Gamgee supposes that the lecithin of Dia-
conow is only one of a group of similar bodies which possess a higher
percentage of phosphorus than protagon, and the * general smeary
characters " of lecithin. 'We may, then, speak of “the leeithins " as
Lighly phosphorized compounds existing in the matter of the brain.

! Bee his Physiological Chemistry, 1., pp. 420429 ; and article in the Jour-
nal of Physiology, ii., pp. 118-181.
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The various produets of the decomposition of protagon and leci-
thin it is not necessary to deseribe. Neurin is the only one of
these products which deserves for our purpose even to be named.
It may be obtained from either protagon or lecithin. Dr. Thudi-
chum’s elaborate * Researches on the Chemieal Constitution of the
Brain "' conelude that at least three well-defined groups of phos-
phorized bodies may be separated from the brain ; these are dis-
tinguished as (1) kephalins, (2) myelins, (3) lecithins. The exist-
ence of a group of bodies which may be termed * lecithins ” has just
above been declared probable. Thudichum thinks that all these
bodies contain phosphorie acid combined proximately with glyce-
rin, but ** differ in the manner in which they contain the nitrogen
and the acid radiecles which constitute the great bulk of their sub-
stance.” The researches of Dr. Thudichum still await confirmation.

§ 11. In addition to the substances already mentioned, the brain
contains certain extractive matters which are found also in other
tissues, especially in muscle. Among these bodies are creatin,
inosite, xanthin, and lactic acids.

§12. The brain also contains an extremely small amount of inor-
ganic matters—so small, indeed, that few facts can be relied on
concerning it. The estimates of this amount vary from 0.1 to 1
per cent. of the fresh brain. Among such inorganic matters are
alkaline phosphates and sulphates, chalk, magnesia, oxide of iron,
ete. It is said that the ash of the gray matter has an alkaline reac-
tion, that of the white matter an acid reaction,® and that the reac-
tion of the former during life is acid, while that of the latter is
neutral or weak alkaline.

§ 13. All quantitative analyses of the brain are exceedingly doubt-
ful ; the older results are wholly worthless. The following table of
Petrowsky,” which gives the chief organic constituents of the brain
of the ox, is an object of interest rather than of complete confidence :

Eubstance, Gray Matter. i White Matter.,
Albumen and gelatin.......... ... 53.874 per cent. | 24.72 + per cent.
L EFY o g Fp e R B e 0.584 P.6h— '
B L U S s b T oL 9.90+
Cholesterin and fats ........cc..s. 18684+ = pl.9l— ¥
Suhbstances insoluble inether. ...... G714+ 8844+
A e e o e e e 1.464 * 0.574+

! Reports of Medical Officer of the Privy Council and Loecal Government
Board, 1874, pp. 113 ff.

? Bee Gamgee, Physiological Chemistry, i., p. 445; Hermann, Handb. d.
Physiol., V., i, p. 577,

? ¢t Zusammensetzung der grauen und der weissen Substanz des Gehirns,”
Pfliiger’s Archiv, vii., p. 367.
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§ 14. The specific chemistry of the elements of the nervous sys-
tem, or of the warious parts of such elements which histologieal
science reveals, is yet more meagre and doubtful than its general
chemistry. The micro-chemistry of the nerve-cells tells us simply
that they are in the main protoplasmic, and therefore rich in pro-
teid substances ; and since an analysis of the two kinds of nervous
matter shows that the gray is much the poorer in ecomplex phos-
phorized constituents and in cholesterin, we conclude that the cells
which enter so largely into the gray matter are also poor in the
same substances. The different structural parts of the nerve-fibres
have doubtless a different chemical constitution. This is proved
by the difference in their appearance under the microscope, by the
different action of reagents upon them, and, to some extent, by
chemiecal analysis. The neurilemma, or membranous envelope of
the nerve-fibres, like the sarcolemma, on prolonged boiling, yields
gelatin.  The axis-cylinder appears to be a mixture of proteid with
complex fat-like bodies. The white substance of Schwann is rich
in complex phosphorized fats, in cholesterin, and in the so-called
cerebrins,

The researches of Kilhne ' and others—for the most part his
pupils—have developed certain interesting results with respect to
the chemiecal constitution and chemiecals change of the nervous tis-
sue of the eye. Many of the various non-nervous parts of the ear
and the eye have been carefully analyzed. The extremely small
amount of such material which is obtainable for chemical analysis
is one reason why so little can be known concerning the chemieal
constitution of the substance of the retina. Tt is said to have an
acid reaction. It is a fair surmise, on general grounds, that it con-
tains the same bodies as the central nervous system. The two seg-
ments into which the rods and cones break up exhibit marked dif-
ferences in their chemical as well as optical characters. The inner
segments are composed of protoplasm of “a marvellous transpar-
ency.” The outer limbs of the rods have an external envelope
which agrees in its physical characters with neurokeratin, This
envelope encloses a mixture of proteid bodies and of other sub-
stances similar to those found in the other nervous tissues.

§ 15, If knowledge of the chemical constitution of the nervous
gystem is so far behind what we could wish, knowledgze of the
chemical processes and chemiecal changes which are connected with
the physiological functions of this system must be declared to be

! For a list of papers by Kithne and his pupils on this subject, see Gamgee,
Physiological Chemistry, i, p. 462 {.; and for an account by him of his re-
searches and their results, see Hermann, Handb. d. Physiol., L, i., pp. 235 ff.
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almost wholly wanting. Fven the beginnings of seientifie general
statements, or laws, respecting the relations between the chemieal
constitution of the nervous system and its various physiological
activities have vet to be made. Different investigators will doubt-
less differ as to the prospect for such discovery in the future.
When chemistry ean deduce the molecular behavior of the most
highly complex chemieal eompound from the nature and number
of its component chemical elements, and physiology ean definitely
connect all the physiologieal functions of nervous matter with the
molecular motions of its chemical constituents, we shall have the
means for a strietly secientifie solution of such problems.

§ 16. It need searcely be said that we have little knowledge re-
specting the relation which exists between the chemical constitu-
tion and chemical processes of the nervous svstem, on the one hand,
and, on the other, the phenomena of so-called mind.

Nevertheless, certain important general relations may be point-
ed out between the chemical nature of the nervous mechanism
and its psycho-physical funetions. The extremely high organiza-
tion and chemiecally sensitive constitution of this mechanism are
beyond doubt related to all its distinetive funetions, Like every
other natural material structure, the nervous system is obviously
adapted to its peculiar kind of work. Chemically considered, it
appears as composed of a number of extremely complex and highly
unstable compounds. It therefore holds in its chemical consti-
tution a large amount of disposable energy ; this energy it yields
readily when the equilibrium of its moleeules is in any way dis-
turbed. Within certain limits, it explodes with inereasing surren-
der of its disposable energy as the number and intensity of the
demands upon it are increased—very much as would a gun which
should be arranged so as to go off with greater energy as the press-
ure of the finger on its trigger is repeated or inereased.

It is probable that the substance of the nerves is the seat of a
chemical synthesis, as the result of which still more complex bodies
are constructed from the already complex alimentary material fur-
nished by the blood ; such bodies have a high value as combus-
tibles, and thus, as has been said, possess a significant amount of
disposable energy. The relation of a supply of oxygen to the
nerve-centres is also important to notice. The nerve-fibres require
comparatively a small amount of oxygen. It may be conjectured
that in their case, as in the case of muscle-fibre, intra-molecular
oxygen is of some use in preparing explosive materials. DBut at
present we must be satisfied with conjecture on this peint. On the
contrary, the vascular nature of the central organs creates a pre-
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sumption that the chemieal processes which have their seat in them
require an abundance of oxygen. Experience confirms this pre-
sumption. The respiratory centre in the medulla oblongata is
chiefly controlled in its action by the amount of oxygen which
reaches it in the blood. The phenomena of consciousness vanish
when the supply of oxygenated blood is cut off from the brain.

Although we are still in the dark as to the precise significance of
the visual purple, the phenomena which the study of it has brought
to light are suggestive of unseen chemieal processes that are set up
in the retina, and so serve as stimulus for the fibrils of the optie
nerve. In general we know that certain sensations are dependent
upon the chemical comstitution and activity of the various end-
organs of sense,

Further researches will undoubtedly greatly enlarge our knowl-
edge of those fucls of relation which exist between the chemical
constitution and changes of the nervous mechanism and the phe-
nomena of psychical life. Perhaps such particular statements of
fact may be gathered into such more general statements of fact,
verifiable by experiment, as we consider sufficient to constitute
scientifically established laws. DBut why eertain chemieal constitu-
ents, when combined and changed in definite fashion, should be
specifically connected with certain eonseious experiences will always
remain an unanswerable inguiry.

§17. From the chemical constitution of the elements of the ner-
vous system we now pass to their Structural Form. The science
whieh must be our gnide is no longer chemistry, but miecroseopic
anatomy, or histology; this science furnishes us with a large amount
of trustworthy information mingled with a still larger amount of
conjecture and doubt. Even the number of those elements upon
which histology is entitled to focus its microscope and deeclare that
such, and no others, are capable of performing distinetively ner-
vous funetions ean searcely be said, as vet, to be placed beyond all
doubt ; neither can it be claimed that the microscope has yet dem-
onstrated the ultimate structure of those two species of such ele-
ments the reality of whose nervous functions is beyond doubt.

It is customary to speak of nerve-fibres and ganglion-cells as the
only structural elements of the nervous system. If, however, by the
term “ ganglion-cell * we intend only such bodies as histology usu-
ally deseribes under this type (for example, the so-called motor
ganglion-cells of the spinal cord) the limitation is without sufficient
warrant. For there are many cells, which almost certainly have
some significance as parts of the nervous system, that differ in
form very widely from the typical ganglion-cell. Moreover, by such
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an off-hand twofold division the important question is often silently
passed by: What is the significance for the nervous funetions of that
diffuse, finely granular substance, found in eonsiderable guantity in
the great nerve-centres, and called neuroglia, or nerve-cement (Ner-
ven-fitt ; Kiftsubstanz) ? This substance is most frequently elassed
with the connective tissue ; but, according to Henle,' it is at all
events to be distingnished from conneetive fissue on account of its
chemical properties.” That certain miecroscopic forms of so-called
“neuroglia” arve lareely unlike other forms recognized as being
nerve-cells bevond doubt cannot be argued in proof of its ina-
bility to perform any of the strictly nervous funections, exeept upon
the basis of the assumption that we already know beyond reasonable
question what are all the elementary structural forms of true ner-
vous matter. DBut, assays Fckhard,” ““if we start the inquiry, what
formal elements of the brain and spinal cord take part in the activi-
ties of these (the nervous) organs, and in what way do they take
part, we are able to give to it only a very unsatisfactory answer.”
We are not in a position, then, either to affirm or to deny abso-
lutely the elaim sometimes set up for the neuroglia, that it con-
tains frue nervous elements.

It is best to recur to the facts which miecroscopic anatomy dis-
closes as a basis for elassifying the different struetural elements of
the nervous system. These may be briefly deseribed as follows :*
As to the true nervous character of fibres of various kinds, not only
as condueting bands between the nervous centres and the peripheral
parts of the body, but also within the substance of these centres,
there is no dispute. Nerve-fibres undoubtedly constitute one of
the structural elements of the nervous mechanism. DBesides the
nerve-fibres, histology distinguishes in the gray substance of the
nervous centres—where all the structural elements of the nervous
system are to be found in greatest abundance and variety—three
other species of structural form. Such are (a) certain cells, known
more particularly as the “ganglionic nerve-cells.” These cells (to
be deseribed more minutely hereafter) are irregular masses of finely
granular protoplasm, possessed of a clear nucleus and one or more
nucleoli, and sending off one or more processes.

(b) Corpuscles, consisting either of naked nuclei or of nuclei
with only a small amount of surrounding protoplasm, and having
various shapes sometimes diffienlt to make out, are also found
abundantly in the gray matter of certain nervous centres. Such

! Anatomie des Menschen., Text, p. 306. Braunschweiz, 1880
? Hermann, Handb. d. Physiol , IL, ii., p. 15.
? Comp. Henle, Anatomie des Menschen. Text, p. 306.
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bodies are usually much smaller than the cells of undoubted ner-
vous character deseribed above, many of them being searcely more
than 3444 — 555, OF even x4+, of an inch in diameter. Some of
them, like the typical ganglionic cell, give off processes which are
thought to be continuous with nerve-fibres. It is altogether prob-
able that these cells of the second elass differ only in their dimen-
sions from the cells of the first class. In some places (for example,
in the cortex of the eerebrum, or large brain) they appear to have
the characteristies of tramnsitional forms between the undeveloped
granules of the same class and the more highly developed ganglion-
eells, In other places (as in the cerebellum) they form independ-
ent layers. They may be described as nuclei ‘“invested by ouly
a small quantity of cell-substance.”’ BSome are muliipolar, some
bipolar, some unipolar. Admitting, as we seem compelled to do on
account of their resemblance to the typical form of the ganglionic
nerve-cell, that some of these cells are true nervous elements, it is
impossible for histology to draw the line through the entire class,
and so to affirm beyond doubt that any of them are without claim
to be counted among such elements.

(¢) The diffuse, finely granular substance, already referred to as
go-called “neuroglia,” which fills in the gaps between the nerve-
fibres and the cells of the two preceding classes, constitutes the other
form of matter observed in the nervous centres. It exists in quan-
tity large enough to form an essential constituent of some loeali-
ties of the brain and spinal cord. It is not always clear, however,
to what this appearance of granular or molecular matter, in which
the nerve-cells seem embedded, is due. According to some author-
ities, it may result from a confused interlacement of fine nerve-
fibrils and fine ramifications of nerve-cells ; or from the crushing
of such nervous matter in the process of examination.® The neu-
roglia itself is deseribed as a delieate reticulum, or network, in
which certain small ecells (neuroglia-eells) supposed to belong to
the sustentacular tissue, and other more conspicuous cells, nsually
stellate in section (* cells of Deiters ™), are found.

§ 18. Of the three foregoing kinds of structural forms found in
the gray nervous matter, it is perhaps safest to class the first two
together under the term “ nerve-cells.” We should then have to
remember how greatly these vary in size and formation—all the
way from the naked, or almost naked, nucleus to the large ganglion-
cell with its many processes and complex microscopic structure.

! Bee Max Schultze in Stricker, Human and Comparative Histology, i., p.
183. London, 1870,
? Bee Quain’s Elements of Anatomy, ii., p. 149. London, 1882,
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The last of the three (neuroglia) may then be regarded as a susten-
tacular tissue ; though with the confession that in the brain and
spinal cord it is by no means always easy to distinguish susten-
tacular from true nervous tissue.’

Of the struetures known as nerve-fibres and nerve-cells, his-
tology enables us to give a further more minute, if not a com-
plete, deseription ; it also excites our interest by making it possi-
ble to eonjecture what is the regular anatomical relation between
the two. When combined with physiologieal researches, histology
also enables us to make considerable progress toward distinguish-
ing the separate as well as the combined functions of these ele-
ments. We consider, then, with particular detail, the strueture and
funetions of nerve-fibres and ganglionic nerve-cells.

$19. What is ordinarily called a nerve appears to the naked eye,
when dissected from an animal, as a cord of a whitish or grayish

F16. 1. —Cross-eection of the Sciatic Nerve of Man. %,. (After Key and Retzing.) The left lower
half iz achematic, =, n, Bundles of nerve-fibres, surrounded by pr, pee, the porinenrinm @ be-
tween them appears the connective tissue, epinearium (&, ép), and adipose substance {ad).

color, and of uniform strueture. The nerve is really, however, one
or more bundles, or fascicles, of a larger or smaller size, bound to-
gether by connective tissue. Accordingly, on following it toward
its peripheral termination we find that it divides and subdivides
until its subdivisions consist of a single nervous element called a

! Comp. Ranvier, Traité Technique d'Histologie, i., p. 717. Paris, 1875.
3
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Nerve-fibre. The bundles have a special sheath formed of con-
nective tissue (newrilemma, or perineurium), which in the finest
branches becomes reduced to a single layer of cells cemented to-
gether edge to edge, and is called the “sheath of Henle.” On fol-
lowing the fibres backward again toward the central organs, it is
found that several of them are bound together to form a nerve-
fascicle ; a small amount of fibrillar connective tissue appears be-
tween the several fibres within the same sheath ; the character of
the sheath itself is changed, and it becomes attached to surround-
ing structures by a layer of connective tissue. It is the fibres into
which the nerves break up on being followed toward their periph-
eral terminations, or by junetion of which, successively, they are
composed on being followed toward their central termination, that
are to be considered as the true elements of the nervous system.

§ 20. Such nerve-fibres as compose the nerves which stretch from
the central organs to the peripheral parts of vertebrate animals
may readily be divided into two classes: one called medullated
fibres or nerve-tubes, and the other non-medullated fibres or fibres
of Remalk. Nerves in which there is a large proportion of medul-
lated fibres have a characteristic white or watery appearanee ; those
in which only non-medullated fibres, or only a few medullated fibres,
exist are grayish and slightly translucent. Vertebrates alone have
the former. The medullated nerve-tubes belong particularly to
the cerebro-spinal system, and are, therefore, of prime interest in
psycho-physical researches ; the fibres of Remak are very abundant
in all the nerves belonging to the sympathetic system. This two-
fold division of nerve-fibres, while admitting of easy application to
the constituent elements of the nerve-trunks, becomes more diffi-
eult when we attempt to earry it out within the complex nervous
matter of the central organs. Here Max Schultze ' points out sev-
eral varieties of nerve-fibres. There are, first, those ““very fine
threads which lie on the extreme verge of microscopic mensura-
tion,” and which require an enlargement of from 500 to 800 diame-
ters in order to be made visible. In such fibres no internal struct-
ure can be detected by the microscope. To these Schultze gives
the name of “ primitive nerve-fibrils.” BSecond : certain very deli-
cate transparent fibres of albuminous composition, and distinguished
from the foregoing by their greater size and their manifest fibrillar
structure, are found in the central organs. These are the so-called
naked axis-cylinders. Both the foregoing, when invested with a
medullary sheath, become converted into the third, or medullated,
form of nerve-fibre. These fibres in the nerves, while running be-

' Bee Stricker’s Human and Comparative Histology, i, pp., 147 L.
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tween the eentral organs and the end-organs, become invested with
a delicate membrane, and are thus converted into nerve-tubes of
the well-known threefold structure. A fourth form of nerve-fibre
occurs in the peripheral nerves, and is distinguished from the fore-
going by the absence of the medullary sheath. This is the pe-
ripheral non-medullated fibre, or fibre of Remak, already alluded to.
As they appecar to the microscopist, then, on an examination of all
the kinds of nerve-fibres which are found in all the different parts
of the nervous system, the following table of varieties is proposed
by Schultze :

. Primitive filnils.

Fasciculi of primitive fibrils,

These last, with a sheath of Schwann.

Primitive fibrils with medullary sheath.

Fascieuli of primitive fibrils with such
sheath.

3. These last, with a sheath of Schwann.

I. Non-medullated
fibres.

.,

B 20 1D

II. Medullated fibres.

e e,

The exposition of Schultze, although of value in setting forth
the variety of forms in which the nerve-fibre is actually found by
the histologist, does not constitute an objection to the twofold di-
vision first proposed. On the contrary, it leads directly to such a
division. For it will be noticed that both of the chief classes of
fibres are regarded as composed of a number of primitive fibrils ;
both are also regarded as becoming invested in their peripheral
course with an outside membrane. The two classes, however, are
really derived upon the basis of the fact that some of the primitive
fibrils, whether they have already become invested with this mem-
brane or not, possess a medullary sheath, and others do not. It is
the presence or absence of this medullary sheath which constitutes
the one important difference between the different classes of nerve-
fibres.

§ 21. Medullated nerve-fibres, or nerve-tubes, have a threefold
structure. Such fibres, when separated by teasing with needles
from the fascicle of nerve-fibres and examined under the microscope
while still fresh, appear pellucid, with a central part and a border
on each side, like a translucent liquid in a tube of translucent
walls. The lines of this double contour are at first comparatively
sharp and regular; lengthening the focus of the instrument ob-
scures slichtly the central part, and causes the parts on the border
to appear brighter. Little by little the appearance of the fibres
changes. The contours becowme irregular, and the substance (myelin)



306 FORM OF THE NERVOUS ELEMENTS.

composing the borders becomes folded, striated, and granulated in
appearance. The myelin wells over the sides of the ends of the
fibres in irregular globular or contorted masses. Oceasionally a
pale filament may be seen projecting beyond the torn end of a
fibre. Owing to the fact that various solutions have different effects
upon the different parts of the nerve-fibres, it is
possible to prepare specimens which shall exhibit
clearly their threefold strueture. Thus, for ex-
ample, a solution of pierocarminate of ammonia
colors the central part of the fibre, or axis-cylin-
der, but not the myelin ; whereas osmie acid
stains the axis-eylinder slightly, the myelin thor-
oughly, but not the substance of the annular
rings. By use, then, of various reagents, to color
the nerve-fibres, and by numerous observations
of them under various cireumstances, their three-
fold nature in aliving state is thought to be dem-
onstrated. We distinguish, then, in the medul-
lated fibres: (1) An outer membrane, extremely
thin, pellueid, with nuclei in it, and ecalled the
primitive sheath or sheath of Sclwann ; (2) an in-
\ terior layer of dimly granular, white, and highly
Fia. 2—Medullated refracting substance, semiliquid during life, and

Nerwve-filires, with donb- £ 5

le and irregular contour after death undergoing a process resembling co-

showing. (Sehwalbe) g oulation—called the medullary sheath or white
substance of Schwann ; and (3) a cylindrical band of albuminous
material, transparent, but with marks of fibrillation—called the
axis-cylinder. Only the last is supposed to constitute the essen-
tinl nervous structure ; for, as we have already seen, many nerve-
fibres are simple naked axis-eylinders, and all fibres for a certain
distance from the cells in which they originate are devoid of the
medullary sheath. There is considerable evidence that the presence
of this sheath depends upon the need of insulation only.

§ 22, Besides the threefold longitudinal structure of the medul-
lated nerve-fibre, we have to notice certain struetural modifications
that occur at intervals in its length. The peripheral nerve-tube
does not run along as a regular eylinder, but places of constrietion
appear at certain points situated beneath the outer sheath ; these
constrictions are made at the expense of the medullary sheath or
myelin. They are called annular constrietions or nodes of Ranvier ;
the portion of nerve-fibre included between two of these constric-
tions is called an interannular segment. At the constrictions the
ends of the segments of the outer sheath are joined together by a
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Fig. 3.—A, Medallated Nerve-fibres from the Fig. 4.—Medullated Nerve-fibres, (Sehwalbe )

Solatic of & Rabhit, stained with osmic acid,
and dissociated in water. (Ranvier.)

B, Single Fibre Enlarged 9% . g a, An-
nitlar consteictions, or noedes of Ranvier,
nearly midway between which is n, the nu-
clens, with protoplasm, p, surrounding it ;
o, axig-cylinder,

a, Axizcylimder ;: 5, sheath of Schwann; .,
nuelens ; g, B, granilar substance at the poles
of the nuclens : v, #, Ranvier's nodes, where
the medallary sheath is Interropted  med
the axis-cylinder appears; 4, i, incisures of
Schmidt.
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thin layer of cementing substance which extends inward toward
the axis-eylinder. These interannular segments of the nerve-fibre
vary greatly in length, When several nerve-fibres lie parallel with
each other, the segments of four or five of them often seem to have
about the same length, and then the series appears interrupted by
some segment considerably longer or shorter than the rest.
Each interannular segment of a nerve-fibre has a flattened ellip-
tical nucleus, situated nearly equidistant between the two annular
| constrictions which limit the segment. This nueleus
often has a nucleolus ; between the nueleus and the
| myelin there exists a minute mass of protoplasm which
].- =t
ok
]

18 spread beneath the membrane of Schwann and fixed
“ ment are delicate lines or fissures which seem to run

to it.

Scattered irregularly along each interannular seg-
: obliguely through the medullary sheath from the mem-
A\ brane on the surface of the nerve-fibre to the axis-cyl-

—i.-@ inder. Their significance is not yet determined ; they
A are called the “incisures of Schmidt.” (See Fig. 4.)

§ 23, The complex mieroscopic strueture of the med-
ullated nerve-fibre, as described above—outer gheath,
medullary sheath, axis-cylinder, interannular segments
limited at each end by annular constrictions, nucleus
and nueleolus, and incisures of Schmidt—eannot be
eonsidered as “ultimate,” even in the restricted sense
Fie. 5.—Meaut. 10 Which we use the word as applied to what the eye

mted Nerve- - wan gee by the aid of optical instruments. Other still

tibre from the

Scintic of an ynape minute characteristies of its structure must be
Adult Hablbit.

00/, (Ran- hriefly mentioned, although with the understanding
vier.}) a, An- =

nular con. that their interpretation, and even their existence, is

cy, axis-cyl- more doubtful than are the characteristics already de-

inder with s

double con- Bﬂnhﬂd*

tourshowing. e faet, that isolated axis-cylinders, when submitted
to the action of picrocarminate of ammonia, are stained red along
their median line, while an extremely thin homogeneous border is
left comparatively uneolored, and the additional fact that minute
flakes or scales sometimes seem to appear upon their surface, have
led to the conjecture that the axis-cylinder has a double structure,
The clear homogeneous border probably corresponds to the so-called
“ sheath of Mauthner.” '

The “fibrillated ” appearance of the axis-cylinder under the mi-

croscope has already been referred to as undoubted ; but the exact

1 See Ranvier, Traité Technigque d'Histologie, 1., pp. 788, T42.
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nature and the interpretation of this appearance are still matters
of dispute. On account of the fact that the light must be passed
through two or perhaps three eylinders in order to reach the inte-
rior structure of the nerve-fibre, its examination under the high
powers of the microscope which are necessary to see this fibrillated
strueture is extremely difficult. In spite of this difficulty, however,
Hans Schultze ' claims that the fibrils of the axis-cylinder can be

Fra, i, —Fibrillnted Appearanee of the Axis-eylinders of Medullated Nerve-ibree. (Hans Schultze,)

distinetly traced in living fibres, when these are in process of form-
ing and are still naked, or where they issue from the cells without
a medullary sheath, or where they lose this sheath at the annular
constrictions or in the peripheral end-plexuses. Various prepara-
tions of dead nerve-fibre, treated with different reagents, seem to
demonstrate the same fibrillated strueture. Moreover, from the
fact that the nervous substance of the fibrils takes a carmine tinge,
while the interfibrillary nuecleated substance remains stained steel-
blue with the nitrate of silver, Schultze argues that the axis-cylinder
consists of two chemical substances. The fibrillated appearance
can, therefore, scarcely be counsidered as due to the arrangement of

! In the Archiv f. Anat. und Physiol., 1878, Anat. Abth., pp. 259-285.
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rows of granules in straight lines.! According to T. W. Engel-
mann,” in good preparations these fibrils appear distinet, and are
never seen to anastomose or form a plexus of fibrils. By actual count
the number of fibrils remains the same—at any rate, between any
two annular constrictions ; nor are they apparently interrupted in
their eourse by these constrictions. The fibrils, as found in different
nerve-fibres, seem not to differ in respect to size or closeness of
contact, but their number
differs in nerve-fibres of
different sizes. Engel-
mann counted about four
hundred in the thickest
fibres taken from the mo-
tor roots of the spinal
cord of the frog. The
closeness of their contact,
and the smallness of their
number, as compared
with that of the fibrils into
which the fibre breaks up
at its peripheral termina-
tions, make it diffienlt to
see how these subdivi-
sions of the axis-eylinder
can have any separate
function as the condue-
tors of nervous impulses.
Further information re-
garding them must be left
to subsequent researches.
(See Fig. 6.)

The striet continuity of
the axis-cylinder through
the annular constrictions
may be called in question.
Engelmann found that, on being treated with nitrate of silver, the
axis-cylinders, as a rule, were broken off at the annular constrie-
tions or nodes.* Out of a hundred cases of broken cylinders only
four appeared where they had not parted in the middle of these
constrictions, It is not to be inferred from this, however, that nor-
mal and living nerve-fibres are interrupted by a space of even mi-

! 8o article of H. D. Schmidt, in the Monthly Micr. Jour., 1874, vol. xii.
* Pfliiger’s Archiv, xxii., p. 26. ! Piliiger's Archiv, xxii., pp. 1-24,

|

Fra. T.—Fibrillated Axiscylinders broken at the Nodea
of Ranvier. (Engelmann.)
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eroscopic proportions at these nodes ; no such interruption appears.
But it is by no means impossible that these fibres are to be regarded
as composed of a number of annular segments cemented together—
each separate fibril placed exactly end to end with its fellow in the
adjoining segments, Such an arrangement
would accord with the theory which regards
the segments as elongated and developed
nerve-cells,

% 24. Non-medullated nerve-fibres, or fibres
of Remal, differ from those already described
in that they do not possess a medullary
sheath. They are grayish and translucent,
longitudinally striated, with flattened elon-
gated nuelei lying at frequent intervals upon
their surface. When gathered together within
a sheath of neurilemma, they are not placed
side by side as are the medullated nerve-
tubes ; they are rather formed in the interior
of the nerve, where they unite and divide and
make an intricate plexus or network of fibres.
They are grouped in larger bundles, some-
times alone, but more frequently in connec-
tion with medullated fibres. Their striated
appearance 1s probably due to the fact that
they, like the axis-cylinder of the medullated
nerve-fibres, are composed of numerous fibrils.
As has already been said, they belong to the
sympathetic system.

& 25. The size of different nerve-fibres in
the human body varies greatly, according to
their kind, position, and, perhaps, funetion.
As a rule the non-medullated fibres are
smaller than the medullated, the former be-
ing from l;r to &% of an inch in diam- |
eter, and the latter (in the trunk and branches Fie. 8 —Pibres of Remak from
of the nerve) from ;4 to 4+ of an ineh. 'J?fg,lfn:ﬁ:}::.'twmﬂﬂiiﬁfj h?f:
But this rule is not always followed. In the ::.!.','Flf,'.:;m:“ﬂi S“E!’.‘r’.“.i“i:'.‘,“
white matter of the cord the medullateq TePendinew fbns
fibres range in size from {354 to 3% of an inch, in parts of the
anterior columns, and about +; of an inch in those regions of
the lateral and posterior columns which are nearest the gray matter
of the cord. In the gray matter of the cord and brain the fibres are
much finer—being from = to ;7155 of an inch in diameter, or
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even of an almost immeasurable fineness ; they are finest of all in
the superficial layers of the brain and in the nerves of special sense.
In some instances the axis-cylinder may be not more than {545
of an inch in diameter. :

§ 26. The number of fibres which enter into the composition of
individual nerves also varies greatly. In the eommon motor nerve
of the tongue it has been estimated at about five thousand, in that
of the eyes at fifteen thousand, in the optic nerve at one hundred
thousand at least,

§ 27. So-called ganglion-cells, or nerve-cells, are the second of
the two struetural elements which can be more minutely deseribed
as undoubtedly belonging to the nervous system. These bodies
vary greatly in size and shape, but they all show, when subjected
to mieroseopic examination, certain well-recognized common charac-
teristics. Nerve-cells are irregular masses of protoplasm, finely
granular and delicately striated, with a large nuecleus which is well-
defined and vesicular in appearance, and which usually contains a
shining nucleolus ; they send off one or more processes. In the gray
matter of the cord and brain they are embedded in the neuroglia
or so-called “ nerve-cement ;" in the smaller nervous centres, such
as the ganglia of the sympathetic and the ganglia on the posterior
roots of the spinal cord, they are surrounded by a capsule of con-
nective tissue.

§ 28. Careful microscopic investigation of the nerve-cell with high
magnifying powers of the instrument reveals the great complexity
of its structure. In deseribing this complex structure the bipolar
ganglhon-cell of the fish may be considered as a common type., Such
a cell is ecalled by Max Schultze ' a *“ nucleated swelling of the axis-
eylinder.” When found in the course of a nerve-fibre it appears
at first sight as a complete interruption to the continuity of the
fibre. Further examination is thought to show, however, that,
when the fibre reaches the cell, the axis-cylinder loses its medul-
lary sheath, and the fibrils which constitute the substance of the
eylinder become dissociated, and continue their course over the
surface of the “ ganglionie globe” to its opposite pole ; here they
reunite and form a fibre identical with the one that approached
the nearer pole of the cell. The * ganglionic globe " itself appears
to be composed of granular substance. We may distinguish, then,
in such a ganglion-cell these two parts: (1) a fibrillary covering,
the fibrils of which are continuous with the fibrils of the axis-
eylinder on either side of the cell ; and (2) a granular globe con-
taining near its surface a nueleus, within which one or more nucleoli

! In Stricker, Human and Comparative Histology, i., p. 174
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appear.’ A repetition of these parts of the structure of the bipolar
cell, it is claimed, may be expected and found in ganglionie nerve-
cells in general.

A microscopic structure substantially like that of the bipolar
ganglion-cell of the fish, as already deseribed,
is found to belong to the multipolar cells of
the anterior horns of the spinal eord of man,
and of the ox, o of other mammals. Among
the many processes given out by such a cell,
the researches of Deiters and of others have
demonstrated that ordinarily only one be-
comes continuous with the axis-eylinder of the
peripherally running nerve-fibre. This one,
called the **prolongation (or process) of Dei-
ters,” has sometimes been distinetly seen fo
be fibrillated ; and it is supposed that its
fibrils are, as a rule, continnous with those
of the axis-cylinder of the nerve-fibre. Hence
it iz ecalled the * axis-cvlinder process.” The
other processes from the eell also seem to be
fibrillar ; but the quantity of interfibrillar
granular substance which they contain is
greater than that in the axis-cylinder process,
These fibrils ramify, anastomose with each
other, and become lost in an intricate net-
work of extremely minute nervous filaments.
Over the surface and within the interior of the
¢ ganglionic globe ” of the multipolar cell the
fibrils of all these processes run in every di- :
rection with bewildering complexity. Their iy
relation to one another, and to the various F16. . —Nervecell from the

Spinal Ganglion of tho

parts of the substance of the ecell, cannot be  Ray. *%,. (Ranvier.)

E 3 1 wig, Mednllary sheath of
sald to be determined with any degree of cer-  nervesivre, enciosing ca,

£ a the axis-cylinder, the fi-
tainty. Most of the fibrils appear only to tra-  brilsof which () separate
4§ X and run over the gangli-
verse the ganglion-cells, but some of them, onic glove, m; =, nn
FES e 1

perhaps, originate within the cells. In the case
of any thus originating, it is not as yet possible to say whether
or not they arise out of the nuelei and nucleoli, and so, whether we
may consider these parts of the cells as the special sources or cen-

tres of the nerve-fibrils, as Harless, Meynert, and others have done.”

! Bee Ranvier, Traité Technigue d'Histologie, i., p. T12.

* Bee, on this whole subject, Max Schultze in Stricker, Human and Compara-
tive Histology, i., pp. 172-187 ; Raunvier, Traité Technique d’Histologie, i., pp.
710 £, ; and Hans Schultze, Archiv f. Anat, u. Physiol., 1878, pp. 209-285.
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§ 29. The variety of shapes taken by the nerve-cells has already
been mentioned, as well as the fact that they may be classified as
unipolar, bipolar, and multipolar. Some are nearly round ; others
ovoidal, candate, stellate, or shaped like a flask or the blade of a
paddle. Still others appear somewhat like the foot of an animal
with claws; while the branching processes of others give them the
appearance of sprawling out irregularly in a half-score of different
directions. To a certain extent the shape of the cells is character-
istie of that region of the central nervous system where they are
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Pig. 10.—Multipolar Ganglion-cell from the Anterior Homn of the Gray Sabstance of the Spinal
Cord of the Ox. (After Deiters.) 1, Nuclens; 2, axis-eylinder process; 3, 3, branching
PrUCEsses,

found, in most abundant numbers, embedded in the neuroglia.
For example, large ganglion-cells of irregular shape, with branch-
ing processes, which have been called “ motor,” are found in the ante-
rior horns of the gray matter of the spinal cord ; pyramidal cells of
various sizes, with processes from both base and apex, are character-
istic of the cortex of the cerebrum ; and just at the inner edge of
the gray cortical matter in the cerebellum appear irregular globu-
lar or ovoidal cells, which send off one or two branching processes
toward the surface of the cerebrum. The ganglion-cells of the sym-
pathetic also are usually globular or ovoidal, and have one or more
processes which pierce their capsule and become non-medullated
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nerve-fibres. TUnipolar eells are found in the spinal ganglia of the
higher animals, bipolar in the spinal ganglia of fishes.

Nerve-cells vary in size as much as in shape ; the limits may per-
haps be given as from aboub 3l; to 345 of an inch.” No special
physiological significance can in any case be assigned to the shape
of the nerve-cell ; we are wholly ignorant of the meaning of such
a variety of forms, and of the value of any particlar form in a
given position. It is possible, however, that the large size of the
so-called ““ motor-cells” of the anterior horns of the spinal cord is
indicative of their special physiological function. We may also
fairly incline to interpret the multiplication of ganglion-cells in the
central parts of the nervous system as significant of the large
amount and high quality of work which must be done by them
within these centres. It is possible that the shape of the cells is
largely due to the mechanieal conditions which control their de-
velopment within the embryo; but upon this subject we have
scarcely any trustworthy information.

§30. The structure of the nerve-fibres and nerve-cells, and the
nature of the histological relations which apparently exist between
the two, have led to a captivating theory intended to reduce all the
elements of the nervous mechanism to modifications of a single
form. Extremely different in structure as the various parts of the
nervous system obviously are, we are told that modern histological
science refers them all, for their elements, to “one perfectly defi-
nite type ;” * this type is the ganglionie nerve-cell. The important
ecommon characteristie, that they send out prolongations which
become nerve-fibres, is assumed to belong to all such cells. The
fibres are, accordingly, considered to be prolongations of the cells,
and to be formed of substance like that of the source from which
they appear to arise. Nerve-fibres may then be described as nerve-
cells drawn out into an extremely long peduncle, which serves to
conneet them with other similar cells and fibres, or with certain
muscular fibres which the nervous matter commands. This mor-
phological theory of the nervous elements rests, however, upon a
doubtful basis, and certain strong objections may be brought against
it. We are probably warranted simply in asserting that both classes
of these elements, like the other primary structural forms of the
body, may be regarded as differentiations of one type (the cell)
under conditions of which we are almost wholly ignorant.

There is accumulating evidence in favor of the view that nerve-

1 See an article of J. Hoffmann in the American Journal of Neurology and
Psychiatry, August, 1883, pp. 432 ff.
* Ranvier, Traité Technique d'Histologie, i., p. 710
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fibres are, in general, connected, both histologically and physiologi-
cally, with the nerve-cells. One of the processes of each cell may,
therefore, as a rule, be regarded as continuous with the axis-cylin-
der of a nerve-fibre. It is true that this connection ean by no
means always be traced by the microscope. A score of years ago
one investigator' declared that, after having examined the gray
matter of the spinal cord a great number of times, he had demon-
strated this alleged connection only very rarvely. Repeated obser-
vations since, of the improved modern kind, have not done away
with the comparative infrequency of the desired demonstration.
But from the very nature of the case a great number of the nerve-
fibres must have their connection with the cells broken off by the
treatment they receive in preparation for examination. And the
positive cases where such connection has been traced may fairly be
said to have indicated the rule. Moreover, the facls of physiclogy
(to which reference will be made subsequently) seem to favor such
a view of the anatomical relation of these two elements of the ner-
vous system.

Additional evidence upon this subject may perhaps be derived
from the recent researches of E. A. Birge.” This investigator under-
took the gigantic task of counting the nervous elements in the gan-
glia and roots of the spinal cord of a large number of frogs. He
apparently discovered a general relation indicating some agreement
in the number of the so-called motor-cells and the fibres alleged to
originate from these cells. In one case (No.42) an actual count of
ten motor-roots gave 5,734 fibres and 5,777 cells on the right, and
5,740 cells on the left side of the cord. Other results of counting,
however, were by no means so favorable to the statement that the
number of the fibres in the roots agrees exactly with the number of
cells in the corresponding region of the cord. XNor could more
complete results of this kind form any sufficient warrant for the
conclusion that everywhere in the nervous system the number of
fibres corresponds with the eells, or that the nerve-fibres all spring
from the nerve-cells ; much less, that they may be reduced to one
form of such cells as to a perfectly definite type.

§ 31. The discussion of the chemical constitution and stroetural
form of the elements of the nervous system introduces the ques-
tion as to the Functions of these Elements. This question must
be answered, if at all, by the science of physiclogy. And in view

! Yulpian, see Lecons sur la Physiologie du Systéme Nerveux, p. 818, Lect-
ure of July 9, 1864.

* Archiv f. Anat. u. Physiol., 1882, Physiolog. Abth., pp. 485-479, espe-
cially p. 471.
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of our ignorance of the genuine nervous character of all other
claimants to a place among the elements of the nervous system, our
inquiry i1s narrowed to the following terms: What can nerve-fibres
and ganglionic nerve-cells do? With the activities of these ele-
ments, as combined into the complex organs of the human nervous
mechanism, the whole of our subsequent examination is designed
to deal. We speak here very briefly of certain fundamental prop-
erties of the two nerve-elements already described—that is, of the
nerve-fibres as gathered into bundles called nerves, and of the cells
as collected into ganglia and connected with these nerves.

Nerves and nerve-cells have certain properties in common ; that
is to say, within certain limits both can do the same things. DBoth
are capable of becoming the subjeets of a specific kind of molecu.
lar motion which we are entitled to consider as distinetively *neu-
7al,” but about whose nature and mathematical or physieal relations
to other modes of the molecular motion of matter we are still al-
most totally ignorant. Both are also capable of propagating this
distinetively “ neural commotion ™ from one portion of their struct-
ure to another. In a word, both nerve-fibres and nerve-cells have
the properties of Ercitability and Conduetivity ; and the excitation
and eonduection of excitation which these nervous elements display
are of a kind peculiar to themselves. It is the production, propa-
gation, modification, and distribution of this distinetive nerve-com-
motion which constitutes the one constant function, or property,
of the nervous elements, whether considered as isolated or as com-
bined into organs. It is customary with some writers to speak of
the production of psychical phenomena as the erowning funetion
of the nervous system. DBut whatever may be the view we shall
find ourselves compelled to take of the relations between the loca-
tion, quantity, quality, and combinations of this neural molecular
motion and the phenomena of self-conscious life, from our present
point of view the utterances of such writers—if designed as anything
other than fizures of speech which need to be explained in detail
to be even suggestive of those real facts and relations which they, in
truth, only symbolize—are of little interest or value. We arve speak-
ing of a material structure, which, although alive and standing in
altogether unique relations to psychical phenomena, is, nevertheless,
in itself considered, nothing but a very complex collection of moving
molecules. The peculiar form of molecular motion which charac-
terizes this structure—namely, so-called * nerve-commotion "—is
its unique function. Inasmuch as such nerve-commotion may be
considered as originally set up in a single nervous element or group
of elements, and then propagated from this initial point along cer-
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tain more or less definitely marked fracts to other elements or
aroups of elements, we may divide the one function into two—the
function of excitation and the function of eonduction.

§ 82, Nerve-commotion, or neural molecular action, is, of course,
never an uncaused évent. It begins at certain points in the ner-
vous elements, where it is set agoing by the application of appropri-
ate causes of excitation. The eauses of the exeitation of the ner-
vous elements are called ““stimuli” Stimuli are of two general
kinds—external and internal. External stimuli comprise all such
modes of the motion of matter as act upon the peripheral parts of the
nervous system, and so produce within it a state of excitation or
nerve-commotion ; among these arve light, heat, chemical changes,
efe. Internal stimuli are such as act upon the nerve-cells of the
central organs ; they consist, in general, of changes in the blood
produced by an increase or decrease of oxygen, the presence of
drugs, ete. The susceptibility of a nerve to any form of external
stimulus 1s called its “ irritability ;" and when a nerve will no
longer respond to such stimulus by being thrown into a condition
of excitation, it is said to have lost its irritability. As the word is
generally used, then, the irritability of a nerve is its property of
excitability under the action of some form of external stimulus,
When excited by such stimulus it is said to be irrvitated. We shall
use both sets of words, reserving the words * excitation ” and * ex-
citability ” for the general state and function of all nervous tissue
considered as capable of a specifie molecular commotion '—a nerve-
eommotion.

§33. But although all the nervous elements may be said to have
the properties of neural excitability and conduetivity, important
differences arise as to the conditions under whieh, and as to the
modes in which, they exercise their functions when combined into
a complex nervous system. In the normal eondition of such a sys-
tem it is by no means all of its parts which are directly excitable,
whether by external or by internal stimuli ; nor is the effect of the
excitation of both the elementary structural forms of such a system
exactly the same. A single nerve may, indeed, be separated from
the other parts of the nervous system, with a muscle attached, and
may then be made to exercise its neural function in moving the
muscle by being itself stimulated with different kinds of stimuli at
different points along its course. DBut in their normal place and
condition nerves are never excited by the direct application of

' It is a pity that we have in English no one word which can be vsed under
all conditions, and compounded ad lbifum, in order to designate a property, a
process, a state, etc., as can the German word Erregen, Erregung, ete.
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stimuli ; they are always excited indirectly by the propagation to
them of nerve-commotion which originates in the central organs or
in the end-organs. The distinctive office of the nerves is, then, to
act as conductors of molecular motion set up in themselves by the
direet excitation of the nervous elements in which they either cen-
trally or peripherally terminate. Moreover, large portions of the
central organs do not respond to the direct applieation of various
kinds of stimuli to their surface. We are obliged, then, to suppose
that many of the nerve-cells which compose these organs are excita-
ble only by stimulation through the nerve-fibres that run into them.
The case of the normal nervous system, with respect to its excita-
bility, may, then, be briefly described in the following terms : The
end-organs of sense are directly excitable by external stimuli, and
each specific kind of end-organ which is characteristic of a partien-
lar sense is excitable only by the specifie kind of stimuli appropri-
ate to that sense. The afferent or centripetal nerves are excited
only by the end-organs of sense ; their specific function is to con-
duet the nerve-commotion, started by the external stimuli in these
end-organs, toward the central organs. The efferent or centrifugal
nerves are not direetly excited by either internal or external stimuli,
but only by the central organs ; their specific function is to conduet
the nerve-commotion started in them by the central organs to the
muscles, glands, ete.—to the peripheral parts of the body which
are to be moved through their excitation. The central nerve-cells
themselves are excited either through the nerve-commotion brought
to them by the afferent nerves or by internal stimuli. Nerve-
commotions are also said to arise in them automatically ; but
the facts covered by the term * automatic ” require further distine-
tions to be made as to the funectional activity of the different nerve-
elements.

& 34. If the distinetive normal function of the nerves is the con-
ducting of neural molecular motion between the central organs
and the end-organs, the funection of the ganglion-cells can by no
means be pronounced so simple. These cells are, indeed, also con-
duetors of nerve-commotion ; within the eentral organs they form
important parts of the tracts along which such commotion passes.
They serve also as points for the division and redistribution of this
commotion ; they may be spoken of as switching-places in the sys-
tem or network of tracts. In these “shunfing-places” of the cell
many lines of conduction meet ; and the one of them taken by any
impulse entering the cell may depend upon the relative amount of
resistance offered by these lines. The work of the cell may then
be considered as “re-directive.” The office of the cell in distri-

4
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bution of the nerve-commotion may also be either to condense or
to disperse it ; in the former case the distribution might be spoken
spoken of as ““ associative,” in the latter as ““ dissociative.” ' They
may also intensify or diminish the nerve-commotion entering them.
But the nerve-cells have also other functions, or forms of the one
neural funetion, which have been classed as either (z) automatie,
() reflex, or (¢) inhibitory.

(2.) Automatism, or the power of initiating the peeuliar form of
molecular motion known as “vital impulses,” independently of
the action of any discoverable stimulus from without, is one of the
fundamental properties of protoplasm. An amceba, for example, is a
minute mass of such protoplasm ; it executes movements which can-
not be wholly explained by reference to any changes in its environ-
ment. The diffieulty of distinguishing automatic from reflex action
in the spinal cord, and muscular from nervous automatism in the
sporadic ganglin, need not concern us at present. According to
Eckhard* two kinds of this automatic function of the ganglion-cells
may be distinguished—viz., the automatic-tonie and the antomatie-
rhythmic. In the former case the control of the cells over the
muscular structures by means of the efferent nerves is irregular;
in the latter this eontrol results in the nearly simultaneous contrae-
tion of the same set of such structures, repeated at regular intervals ;
as is the case in the movements of the heart and lungs. In neither
case, however, can we form any clear conception of the origin within
the cells of this neural commotion, of the nature of the forces at
work to produce it, or of the changes in material that are involved
in it. We ean only say that as yet we know no reasons lying out-
side of the structure and activities of the living nerve-cells them-
selves which will account for the starting of the excitation. In this
sense, at least, such neural action is *“ antomatic.”

(b.) The reflex funetion of the ganglion-cells admits of a some-
what more detailed and satisfactory statement ; but the phenomena
and laws of reflex nervous action are properly discussed as belong-
ing to the central organs of the nervous system. It is enough, at
present, to note that the great changes which take place in the
character of nervous impulses, when, after entering the central
organs by the afferent tracts, they are, as it is said, “reflected”
from those organs along the efferent traets, are indubitable evi-
dence of the specific molecular activity of the ganglion-cells. For
the afferent impulses arve, in fact, not simply reflected in these cells ;

! Bee A. Hill, The Plan of the Central Nervous Bystem, p. 2. Cambridge,

1885.
? Hermann's Handb, d. Physiel., TL, ii., p. 19 £.
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they are greatly modified as to their number, intensity, character,
and distribution. This modification is proof of profound molecu-
lar changes that are instituted in the substance of the cells them-
selves. It is one proof, among others, that a large expenditure of
energy in the cells accompanies the transmutation of afferent into
efferent impulses.

(e.) The function of inhibition, as ascribed to ganglion-cells, must
be pronounced more doubtful in character than either of the two
foregoing. It was found by Wundt' that nervous impulses are
delayed on passing through the spinal ganglion. Such impulses
seem also to consume an amount of fime in travelling along or
through the cord that eannot readily be aceounted for as wholly
due to the length of the nervous tracts which they thus traverse.
But until our information is more precise as to the microscopic
strueture of the cord, and as to the tracts within it which the ner-
vous impulses follow, we cannot say with confidence how much of
this delay is due to molecular changes peculiar to the cells them-
selves, That the automatic and reflex functions of the medulla
oblongata may be compounded, as it were, in such way as either to
inhibit or to accelerate the action of the heart and lungs and mus-
cular walls of the arteries, is a well-known fact. It has already
been said that nerve-cells may diminish as well as intensify the
nerve-commotion entering them. When afferent impulses reach the
ganglion-cells of the centres, and find them already at work, such
impulses result, according to cireumstances, in either inhibiting or
augmenting this aetivity.* Moreover, the tone given forth by a
muscle, when tetanized by stimulating the nerve to which the mus-
cle is attached with repeated induection-shocks, has the same num-
ber of vibrations per second as there are of such shocks ; but the
tone given forth by musecle tetanized through the spinal cord, or
by action of the will, has a constant number of vibrations, namely,
about nineteen per second. It would appear from this, also, that
the central apparatus of nerve-cells controls the impulses which
tetanize the muscle, according to the molecular structure and
changes of those cells. In this sense, then, the cells may be said
to exercise inhibitory funections under certain conditions.

§ 35. A consideration of the different effects produced by the
conduction of nervous impulses along the different nerves of the
system would seem at first to justify the classification of the nerves
according to the varieties of their functional activity. In this way

! Untersuchungen zur Mechanik der Nerven, 1876, Abth. ii., pp. 43 ff,
* Comp. Foster, A Text-book of Physiology, fourth edition, p. 134. New
York, 1580,
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we should distinguish the following classes: (a) nerves of motion
controlling the muscular apparatus, whether of smooth or of striated
muscular fibres ; (&) nerves of inhibition ; (¢) nerves of secretion ;
() trophic nerves, or nerves which have a direet influence upon nu-
trition ; (e) centripetal nerves that have no sensory function ; and,
finally, (/') sensory nerves, or those the excitation of which may
result in conscious sensation.'

That the irritation of different nerves may have results so differ-
ent as are indicatedd by the foregoing classes must indeed be ad-
mitted ; but it is quite another question whether this difference is
not wholly due to the sources of origin for the nerve-commotions
sent along them, and to the structures in which it terminates, rather
than to any difference in the essential physiological function of the
nerves themselves, Just as the same electrical current may pass
along the same kind of wire, and write a message, or ring a bell, or
move the legs of a frog ; just so the irritation of certain fibres of the
pneumogzastric nerve results in eontrolling the motion of the heart ;
the irritation of other nerves seems to have an immediate metabolic
effect in directing the secretory processes ; that of still others pro-
foundly modifies the nutrition of the portions of the body to which
they are distributed. All these effects are in appearance greatly
unlike the movement of a muscle under stimulation from a nerve,
With regard to the influence of the nerves on nutrition (their fro-
phie function) it is not necessary, in order to account for if, that
some specific action of a particular kind of nerves should be as-
sumed. We should suppose, of course, that the chemical processes
in which nutrition consists would be changed in character by the
molecular changes in the tissue which irritating any of the nerve-
fibres running into it would mmevitably bring about.

Further consideration of the six possible classes of nerves given
above reveals the fact that they may all be reduced to two, accord-
ing to the direction in which their funetion of condueting nerve-
commotion is exercised. The first four conduct it outward from
the nervous centres, and are therefore called “ efferent;” the last
two conduet it inward toward the nervous centres, and are there-
fore called ‘ afferent.” Into these two kinds all nerves are eustom-
arily divided, so far as their physiological function is concerned.

§ 36. The further question now arises, Whether the general phy-
siological funetion of these two prinecipal elusses of nerves differs in
kind as well as in direction ; or are afferent and efferent nerves to
be identified so far as their specific neural function is concerned ?
Inasmuch as every nerve-fibre, in the normal eondition of the nexr-

! Comp. Sigmund Mayer, in Hermann, Handb, d. Physiol., IL., i., pp. 200 .



ATFERENT AND EFFERENT NERVES. H3

vous system, is a stretch of nervous matter between two termina-
tions—a point of origin and a point of issue for the state of excita-
tion—it might, at first, seem simpler to consider it as intrinsically
eapable of propagating nerve-commotion in one direction only. It
would be concluded, then, that the behavior of afferent and effer-
ent nerves, when stimulated, is essentially different with respect
to their molecular processes.  Certain phenomena are sometimes
urged in favor of sueh a conclusion.

The application of heat to an efferent (or motor) nerve causes no
contraction in the muscle which the nerve supplies ; heat does not
appear to be a stimulus of such nerves. On the contrary, Griitzner’
concluded that heating the different kinds of afferent nerves to
from about 115% to 125° Fahr. does excite them. The passage of
a constant current along an efferent nerve, so long as this cur-
rent does not suddenly change in strength, does not stimulate this
nerve so that the muscle contracts ; but such a eurrent does excite
nervous impulses in a sensory nerve. Moreover, certain chemical
substances are said to act as stimuli on efferent nerves which have
no such effect upon sensory nerves.

On the other hand, the rate of conduection in both afferent and
efferent fibres, under similar conditions, is about the same. The
laws which evince the behavior of nerves under stimulation by elec-
tricity, and which are most relied upon as a basis for a mechanical
theory of the nervous system, are largely the same for both kinds
of fibres. There is a large amount of scientific information, called
¢ general physiology of the nerves,” which looks in the direction of
identifying the molecular processes in the two classes of nerve-
fibres. This is true in particular of the remarkable phenomenon
known as the “negative variation” of the nerve-current. More-
over, the marked difference (referred to above) in the results ob-
tained by stimulating motor nerves on the one hand, and sensory
nerves on the other, is plainly, to a great extent, due fo the differ-
ence in the sources of the stimulation ; the former are excited by
the central organs, the latter by the end-organs of sense. The mo-
lecular structure of these two sets of organs, and their consequent
molecular motion when acted upon by the appropriate stimuli, dif-
fer widely ; we do not, then, need to assume a specifie difference
in the funetion of the conneeting nerve-strands in order to account
for a marked difference in the results. Thus it may be assumed
that molecular disturbances, which would be quite powerless to stir
the sluggish muscle-fibres when transmitted to them by a motor
nerve, would occasion profound changes in the more sensitive

! Plluger's Archiv, xvii., p. 215.
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structure of the ganglion-cells when transmitted to the latter by a
Sensory nerve.

Various attempts have been made to demonstrate, experimen-
tally, that motor and sensory nerves can perform each other’s fune-
tions. Such experiments have not yet been altogether successful.
They consist, in general, of attempts to unite by healing the cen-
tral part of a divided sensory nerve and the peripheral part of a
divided motor nerve, and then to show that the nerve thus united
discharges certain sensory or motor functions, as the case mav
be. Philipeaux and Vulpian,' after various rather unsuccessful
attempts of Flourens, Bidder, Schiff, and others, succeeded in
uniting the eentral portion of the lingual (or sensory gustatory)
nerve of young dogs with the peripheral end of the hypoglossal
(motor nerve of the tongue) on the same side. Stimulation of the
lingual nerve above the point of union then produced contractions
in the hypoglossal of the same side, and that even when the lin-
gual was divided high up so as to preclude any reflex action. But
the action obtained was found to be apparently due to the chorda
(motor) fibres present in the lingual, In 1863 Bert succeeded in
reversing the course of the nerve-fibres in the tail of a rat, by bend-
ing this appendage over and implanting its end in the animal’s
back. After healing had taken place, the transplanted tail was cut
off near its origin, and found to be sensitive—of course, in the re-
verse direction of the nerve-fibres from the natural one. This
experiment would seem, then, to show that sensory merve-fibres,
when reversed, can transmit sensory impulses in the direction
which was formerly centrifugal. The experiments of Kiihne * and
others upon the intramuscular ramifications of the nerve-fibres in
the sartorius muscle of the frog point in the same direction. If
the broad end of this muscle be divided by a longitudinal slit into
a forked shape, then stimulation of one of the two tines of the fork
beyond their division will stimulate the fibrils of the other tine ;
that is, the minute twigs of the motor nerve in the tine which is
directly stimulated have acted centripetally, and the excitation has
then descended the twigs of the other tine.

For all the foregoing, and for other reasons, we seem warranted
in assuming that there is no such specific difference in the func-
tion of the two kinds of nerves as is dependent upon the peculiar
structure or molecular processes of each kind. Both afferent and

! See Vulpian, Lecons sur la Thysiologie du Systéme Nerveux, ete., pp.
274 ff. ; and comp. the remarks of Hermann, Handb. d. Physicl., IL, i, pp.
10 ff., and of Foster, Text-book of Physiology, pp. 508-508,

? Archiv £ Anat., Physiol., ete., 1859, pp. 595 ff.
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efferent nerves are probably eapable of the same kind of molecular
eommotion called nervous excitation, and of condueting this commo-
tion in either direction. The marked difference in the results of the
exercise of this function in the two cases is probably due chiefly to
the difference in the organs from which the excitation of the nerve
starts, and into which it is discharged. With respeet to neural mo-
lecular disturbances, all nerves are excitable, conductors of exeita-
tion, and exciters of nerve-cells and musele-fibres. And if to this
desecription we add the statement that nerve-cells ean, acting auto-
matically, originate this nerve-commotion, can modify its character
profoundly as it passes through them, and distribute it in various
directions, we state, in the most general form, what is at present
known as to the functions of the nervous elements.



CHAPTER IIL

COMBINATION OF THE NERVOUS ELEMENTS INTO A
SYSTEM.

§ 1. Ix the last chapter the nervous elements were considered, as
far as possible, without reference to their combination for the ac-
complishment of a common work. Regarded as isolated, and as
possessed only of those properties which belong to all living mat-
ter of the peculiar echemical constitution and structural form which
are deseribed by the word * nervous,” these elements are of great
interest to physiological and psycho-physical researches. But in
their normal position and aetivity the nerve-fibres and nerve-cells
are always combined inte certain organs, which are then arranged
in a symmetrical whole. Thus combined they are dependent upon
each other for the parts which they play in the entire system. The
condition and function of each element are thus determined by the
condition and funetion of the rest. One part of this system excites
another, or modifies the execitation received from another. We are
unable to isolate perfectly any one of these elements, and so study
its normal functions apart. It is, indeed, possible to disseet out a
nerve with a muscle attached, to keep it alive for a time, and thus
to inguire what an isolated nerve will do. In this way many of the
most important discoveries in the general physiology of the nerves
have been made. But every nerve is itself a compound of nervous
elements which have been placed for purposes of experiment under
abnormal conditions. The aection of the nerve-cells, even when
gathered into small masses called ganglia, is not open to direct in-
spection. Moreover, when different tracts of nerves, or different
regions in the central organs where ganglion-cells abound, are par-
tially isolated by being laid bare for the direct application of stimu-
lus, just so far as they are separated from the system they are in
abnormal condition and show abnormal results ; and just so far as
they are normal in condition and function they are still connected
with the system. It is the mutual condition and reciprocal action
of the elements, when combined into this totality, which constitute
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the nervous mechanism. A brief deseription of the manner of this
combination is, then, indispensable at this point.

§ 2. It will be of great service toward understanding such a de-
seription if it is begun under the guidance of some appropriate idea.
Nerve-fibres and nerve-cells exist in enormous numbers within the
human nervous system, and are combined in different proportions
to make the different organs of this system. The significance of
the combination appears only in the light of reflection upon the
amount and kind of work which is to be done. The office of the
nervous mechanism has been said (p. 18 £.) to be that of “ concate-
nating " all the functions of the living body in accordance with the
complex internal and external conditions to which it is subject.
But in the case of any of the higher animals, and especially in the
case of man, this one office requires the doing of a quantity and
variety of work that are proportionate to the complexity of these
conditions, How shall such a quantity and variety of work be done ?
To answer this question may be said—speaking figuratively—to be
the problem before the nervous system. The actual arrangement
of the elements of this system, in the exercise of their reciprocally
conditioned activities, is the solution of the problem. As in all
very complex questions of this sort, so this particular problem is
solved by a wise division of labor.

The manner in which the human nervous mechanism is developed
asa response to the before-mentioned problem is made clear by con-
sidering, in the first place, a much simpler form of the same prob-
lem. The simple protoplasmic speck called an amoeba may be con-
sidered as a living molecular mechanism. It appears, even under
the higher powers of the microscope, as almost wholly, if not quite,
composed of undifferentiated protoplasm, in the midst of which, as
a rule, lies a single nucleus. If differentiated at all, it may be ob-
served to have a somewhat solid external layer, ecalled an eclosare,
and a more fluid granular interior, ealled endosare. But minute
and almost structureless as it appears, the ameeba is really com-
posed of a great number of molecules that are undergoing constant
change ; and it is capable of exercising several wonderful functions
that do not belong to any non-living collection of molecules. Its sub-
stance is metabolie, respiratory, reproductive. The protoplasm of
the ameeba is the subject of constant chemical alterations, by which
the old protoplasm is broken up and its products east off, while
new protoplasm is formed. Oxygen is assumed by this substance
and carbonie acid excreted. The unit which is constituted by the
amaba may, by fission (or by other means), divide into two parts,
each of which becomes a fresh unit. But more important for our
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purpose is the fact that the ameeba is irritable and antomatie. Tt
is almost unceasingly in motion. It is living matter ; and when
acted on by stimuli, it suffers an explosion of energy which gener-
ally results in a change of place and form. Inasmuch as these pe-
culiar “ amceboid ” movements seem substantially identical with
those which occur in a muscle and result in its contraction, the
animaleule may be said to be contractile. But inasmuch as some
of these movements eannot be aseribed to irritation of the external
molecules of the amceba by the surrounding medium, but seem
rather to be due to energy set free in consequence of unknown in-
ternal ehanges, we call it automatic. We say, ““it has a will of its
own.” Thus does the molecular mechanism of this small hit of
protoplasm, under the stimulus of changes in the pressure and
temperature of its medium, and in accordance with the unknown
laws of its internal self-originating changes, solve the problem pre-
sented to it.

Let it be supposed that the problem becomes more complicated,
and the animal structure which is to solve it eorrespondingly com-
plex. The metabolic funetion of the animal may then be assigned
to a separate system of structures; and the closely related secretory
and excretory funetions as well The reproductive funetion may
then also acquire its own peculiar organs. The muscles perform
movements in masses because they retain in an eminent degree the
*ameeboid " contractility. But the property of being irritable and
automatic becomes the special endowment of the nervous system.
All these different systems, in order that they may be moved in
united masses, are then adjusted to a mechanieal framework (of in-
different value so far as really vital changes are concerned) of carti-
Iage, bone, ete.

But the eminently irritable and automafic system of molecules
called nervous must undergo a further differentiation of function.
In the structureless protoplasm of the amceba, the external mole-
cules are, of course, the ones primarily to be affected by the exter-
nal stimuli. It iz with the internal molecules, on the other hand,
that the changes ealled ‘ automatic ” begin. But the econtinual
flux of its protoplasmie substance indicates that, in its simplest
form, any of the molecules of the animaleule may in turn act either
as irritable or as antomatic. The primary differentiation of this
substance info eclesarc and endosarc points, however, to a division
of labor.

By this primary differentiation of the substance of the animal,
one cell, or group of cells, becomes more eminently irritable,
another automatic. The former has thus been fitted for the spe-
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cial work of responding to external stimuli by vital impulses ;
the latter for that of initiating so-called automatic impulses. The
position of the former in the animal mechanism will then natu-
rally be at the surface, where it can be acted upon by the appro-
priate external stimuli ; the position of the latter will naturally be
withdrawn from the surface, where it can be protected from such
stimuli and left undisturbed for action that is either automatie
or excited by only internal stimuli. But if the two kinds of sub-
stance are to perform one work, although by division of labor,
they must be connected ; that is, the eminently irritable protoplasm
of the surface must be joined by irritable protoplasmiec material
with the eminently automatic protoplasm of the interior. Three
sets of organs are then called for in this rudimentary differentiation
of the nervous substance : (1) superficial eells suseeptible to exter-
nal stimuli ; (2) central and eminently automatic cells, also suscep-
tible to internal stimuli ; (3) a strand of irritable protoplasm con-
necting the two.

Yet one more step in the distribution of funections between the
irritable and the automatic protoplasm of the complex animal or-
ganism must be taken, in order to reach the fundamental triple ar-
rangement of a nervous system. The system of eminently contrae-
tile tissue ealled museular must be brought into connection with the
parts already deseribed. In order that the more highly organized
animal may, like the amoba, both have and exercise “a will of its
own,” certain of its muscle-fibres must be placed under the control
of the central and automatic eells. In order, also, that the entire
muscular system may feel the reflex influence of external stimuli,
and so, by co-ordinated confractions adapt the organs of the body
to the changes of its environment, the muscle-fibres must be indi-
rectly connected, through the automatic cells, with such superficial
cells as are sensitive to these stimuli. The nervous system, there-
fore, in its most fundamental form consists of these three sets of
contrivances with their respective functions: () sensitive cells
upon the surface of the body ; (B) central cells that are both auto-
matie and modifiers and distributers of sensory impulses; (') con-
necting cords, or strands, that can convey the nervous impulses
either centripetally from A4 to B, or centrifugally from £ to the con-
tractile muscular tissues of the body.

Higher developments of this triple-formed fundamental type of
a nervous system are reached by further differentiations of 4, B,
and C. If various kinds of stimuli are to act upon this system,
then the sensitive cells upon the surface (4) must be modified into
various external organs of sense; and with these organs the ter-
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minations of the centripetal or sensory nervous strands must be
variously connected. The terminations of the centrifugal or motor
nervous strands may also be variously modified so as to connect
with and control the contractile tissue of many sets of muscles.
The eentral cells may be variously grouped and arranged, with
functions more or less loealized, so as to receive, modify, and dis-
tribute, in manifold ways, the different sensory impulses ; and so
as to co-ordinate these impulses for definite results in the periph-
eral parts of the body. Other such ecentral eells may become more
particularly related to the phenomena of consecious sensation and
volition. Such a highly developed nervous system will then con-
sist of the following parts : (4) End-organs of Sense, like the skin,
the eye, and the ear ; (A") End-organs of Motion, like the so-called
motor end-plates and terminal nerve-bulbs; (B) Central Organs,
like the various peripheral and sporadic ganglia, the spinal cord,
and brain, in which may come to exist (b) certain portions more
distinctively automatie, (') certain others more concerned in re-
ceiving and distributing reflexly the sensory impulses, and (b") still
others more particularly connected with the phenomena of con-
seiousness ; and (') Conducting Nerves, which will be either (c)
centripetal, afferent, and sensory, or (¢') centrifugal, efferent, and
motor, designed to connect the central organs and the end-organs.
We are now to consider the details with which such a highly de-
veloped nervous system is actually constructed in the case of man.
Our guides will, of course, be anatomy and histology.

§ 3. In the manner already desecribed (Chapter L, § 19) the indi-
vidual nerve-fibres are collected and bound together in fascicles or
groups of fascicles, called nerves, and in larger bundles or nerve-
trunks. The nerve-cells are grouped into minute masses of nervous
matter, such as the sporadie ganglia found in the sinus, aurieular
walls, and aurienlo-ventricular groove of the heart; or they are
gathered into larger bodies, intersected with most intrieate ramifi-
cations of the nerves and interspersed with the finely granular sub-
stance called neuroglia, such as constitute the various parts of the
brain and spinal eord.

$4. The nerves and ganglionic masses of nervous matter in the
human body are arranged in two great systems, the Sympathetic
and the Cerebro-spinal. The Sympathetic Nervous System consists
of a pair of nervous cords, situated one on each side of the spinal
column ; of three main plexuses, situated in the cavities of the
thorax and abdomen ; of a great number of smaller ganglia, lying
in relation with the viscera of the same cavities, and widely distrib-
uted over the body, especially in connection with the vascular sys-
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tem ; and of a great multitude of fine distributory nerves. Each
of the two cords consists of a number of ganglia united by interme-
diate nerves. In the other regions of the spinal column the num-
ber of these ganglia equals that of the vertebra (sacral 5, lumbar
b, thoracic or dorsal 12), but in the neck (cervical) there are only
3. From this gangliated cord a communieating and a distribu-
tory series of nerve-branches are derived. By the communicating
branches—each of which contains not only non-medullated nerve-
fibres from the sympathetic system to the eerebro-spinal nerves,
but also medullated fibres from the eerebro-spinal to the sympa-
thetic—the two systems are brought into close anatomical and
physiological relation, and a kind of double interchange takes place
between them. The distributory branches of nerves in the sympa-
thetic system bring the gangliated cord into connection with the
blood-vessels and visecera of the body. The involuntary muscles
in the coats of these vessels and in the walls of the viscera are
thus bound together, and through the sympathetic fibres brought
under the control of the cerebro-spinal axis. The three main plex-
uses referred to are collections of nerve-cells and a dense plexiform
arrangement of nerve-fibres, One of them is situated at the base
of the heart, to which it gives off branches that wind around that
organ and penetrate its muscular substance ; another is placed at
the upper part of the abdominal eavity, and gives origin to numer-
ous plexiform branches that supply the viscera of the abdemen ;
the third is in front of the last lambar vertebra, and supplies the
vaso-motor nerves and nerves of the muscular coats and mucous
membranes of the various organs in that region of the body. Fur-
ther details in the anatomy of the sympathetic nervous system are
of little interest to psycho-physieal studies. To such studies it is
of great interest, however, to know that this system forms a bond
between the sensations, emotions, and ideas which have their
physical basis in the molecular condition of the cerebro-spinal
centres, and those various organs in the thoraciec and abdominal
regions whose condition 1s so closely related to suech psychieal
states. The effect of certain emotions, for example, upon the con-
dition of the ecirculation, digestion, etc., is too well known to re-
quire a lengthy statement.

§ 5. The Brain and Spinal Cord are the great centres of the cere-
bro-spinal system. These bodies are situated in the bony eavity of
the skull and spinal column, They have three Coverings or Mem-
branes, the innermost one of which is direetly united with the sur-
face of the nervous substance, and sends numerous processes into
its interior. (1) The Dura Mater, which is the membrane lying



Frg. 11.—View of the Cerebro-spinal Axis
(After Bourgery.) 1/, The right half of the
craninm and trunk has been removed, and
the roots of the spinal nerves diseected out
and laid on their severnl vertebre, F. T, O,
cerebrum ; C, cercbellum ; P, pons YVarolli;
tir o, medulla oblongata ; me & &, upper and
lower extremities of the spinal marrow. CL,
to CVIIL. are cervical nerves ; D, to DXL,
doreal ; LI to LY., lumbar: 8L to 8V, sa-
eral ; Col., coccygenl,
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next to the wall of the bony cavity, is tough, white, fibrous, and of
structure somewhat different in the cranial from the spinal eavity.
In the former position it is identical with the inner periosteum of
the bones of the skull ; on passing into the spinal column, how-
ever, the periosteum divides into two or more lamellw, the iuner-
most of which is prolonged into the eylindrieal tube that includes
the spinal cord. Three processes of the dura mater divide—only
incompletely—the cavity of the skull into two symmetrical halves
and into an upper and lower space: (¢) the fule cerebri, a sickle-
shaped process between the two hemispheres of the large brain ;

Fro. 12, —The Craninm opencd to show the Falx Cerebri and Tentorium Cerebelli, and the Places
of Exit for the Cranial Blosd-vessels. 1.  (Schwalbe) @, a, Falx &, & the tentoriom ; 3, 3,
Sinus transversus, and 2 to &, Binus rectng, recelving from in front the Veona magna Galena.
4, internal jugular vein ; 5, superficial temporal vein ; and 6, middle temporal vein.

() the fulx cerebelli, a similar process between the two lateral lobes

of the cerebellum, or small brain ; and () the enforium cerebelli,

an arched process over the cerebellum separating it from the back
portions of the large brain. The fluid necessary to fill up the gaps
and smooth over the surfaces of the closed area made by the dura
mater is contained in the intercommunicating spaces of the mem-
brane lying next inward and called (2) Arachnoid ; this membrane
is transparent and of delicate connective tissue. Toward the dura
mater it presents a smooth, firm surface, like that of a serous mem-
brane, and is covered by a layer of sealy endothelium ; this layer
is reflected on to the roots of the spinal and cranial nerves, and
becomes continuous with the lining of the dura mater when the
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nerves pierce the latter membrane. The space below this surface
iz called subarachnoid ; the subarachnoid or cerebro-spinal fluid (al-
ready referred to as filling the intercommunicating compartments
into which this space is divided by bundles of delicate areolar tis-
sue) is alkaline and poor in albumen. (3) The Pia Mater is a vas-
cular membrane, a minute network of fine branches of arteries
and veins held together by delicate connective tissue. These rami-
fications of the blood-vessels in the pia mater are on their way to
or from the nervous substance of the spinal cord and brain. The
membrane, therefore, closely invests this substance, being, how-
ever, more intimately attached to the cord than to the brain. Un-
like the arachnoid membrane, the pia mater dips into the fissures
between the convolutions of the cerebrum. It also sends its pro-
longations, not only into the fissures of the cord, but also, as slen-
der bands (frabecule) from its inner surface, into the columns of the
cord. These trabecul:e branch and anastomose within the white
substance of the cord like the midrib of a leaf. The pia mater
is well supplied with nerves.

By these three membranes the nervous masses of the cerebro-
spinal system are protected, held together and in place with a soft
and yielding but sufficiently firm pressure, and nourished by the
blood. This great nervous system, as a whole, eonsists of the cen-
tral organs—spinal cord and brain—and of various roots, divisions,
and branches of spinal and cranial, or encephalic nerves.

§ 6. The Spinal Cord, or Medulla Spinalis, extends in the spinal
canal from the aperture in the eranial cavity (foramen magnum),
above which it is continuous with the medulla oblongata, down-
ward to opposite the body of the first lumbar vertebra, where, after
tapering off, it is spun out into a slender thread of gray nervous
substance ( filum lerminale) that lies in the axis of the sacral canal.
Its length 1s from fifteen to eighteen inches ; its weight, when di-
vested of membranes and nerves, about an ounce and a half, or not
far from one thirty-third of that of the brain, It is nearly eylin-
drical in shape, its front and back surfaces being somewhat flat-
tened ; it has two considerable enlargements of its girth—an up-
per (cervical), from which arise the nerves that supply the upper
limbs ; and a lower (lumbar), which supplies the lower limbs with
nerves.

§7. The external structure of the spinal cord requires us to no-
tice (1) the Fissures which almost completely divide it for its whole
length into right and left (Iateral) halves, and are, therefore, fitly
called “median ;" of these fissures (a) the one in front (anterior
median) is somewhat broader than (b) the one behind (posterior



F1a. 13.—A, Anterior, and B, Posterior, View of the
Epinal Cord and Medulla Oblongata. B, the Filum
terminale, which has besn cot off from A and B 1,
Pyramids of the medulla. and 1/, their decussation,
2‘ olives ; 3, lateral strands of the medulln ® 4° enln-
mus seriptoring: 5, the foniculus gracilis ;: and &,
the funiculus coneatus: 7, the anterior, and 9, the
posterior, fissures ; 8, the antero-lateral fmpression ;
10, posteroednteral groove. C, the cervical, and L
the lhunbar, enlargements of the cord,
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median). Both are filled to their bottom with processes of the pia
mater ; and the sides of the posterior fissure are bound closely to-
gether by the same membrane.

Each of these symmetrical and nearly half-eylindrical halves of
the cord is subdivided by the lines of the entrance of the posterior
and anterior nerve-roots into (2) three Columus: (a) the anterior,
which lies between the anterior median fissure and the anterior
roots ; (b) the posterior, which lies between the posterior median
fissure and the posterior roots; and (¢) the lateral column, which
lies at the side of the eord between the other two columns.

(3) The Commissures of the spinal cord are two bands of ner-
vous matter which unite
its halves, thus prevent-
ing it from being com-
pletely separated into
two portions by the
fissures. The one in
front, at the bottom of
the anterior median
fissure, is composed of
transverse nerve-fibres
and is called (a) the
anterior while commis-
sure ; the one behind,
at the bottom of the
posterior fissure, is (b)
the posterior gray com-
missure. The gray
commissure is nearly

Fio. 14.—A, Anterior, and B, Latetal, View of a Portion of the UWice 88 large as the

Cord from the Cervieal Region. 2/,. (Schwalbe.) 1, Anterior .13
maedian, and 2, posterior muﬂin.n_l fissanres, r,t.:l."l ig the an- w hlt&, E.‘iﬂEptl Ilt the
tere-lateral impression, over which spread the anterior roota 1 =
(6), The posterior roots (B), with their ganglion (67), ariso EEI‘V[L&I Md lumbar en

from the postero-laternl groove, and uniting with the ante- IHTgE' ments of the cgrﬂj

rior roota form the compound nerve (7). & ]1&1‘& t]_le v,lllte ig
larger." Along its whole length the gray commissure incloses a
cireular or elliptical eanal (central canal), whose diameter is about
one-twenty-fifth of an inch and which is lined by ciliated cells. Near
the central canal lies a thin layer of gelatinous substance. The rest
of the gray commissure consists for the most part of extremely fine
nerve-fibres devoid of medullary sheath; while the white com-
missure is composed of medullated fibres. The thickness of the

! See Henle, Anatomie des Menschen, Text, p. 309,
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commissures is, as a rule, proportional to the size of the ecorre-
sponding nerve-roots ; their form, as they pass into the lateral
parts of the cord, varies in different sections of its length.

§ 8. Transverse sections of the spinal cord show us that, as its
external appearance would indicate, the substance of which it is
composed is arranged in two symmetrical halves, almost, but not
quite separated by the median fissures. This substance, like that
of all the nervous centres, consists of both white and gray nervous
matter. The former is external and composes the columns of the
cord ; while the latter is internal and is surrounded by the white.
The relative amount of the two kinds of nervous matter varies in the
different parts of the cord. At its beginning from the filum fermi-
nale scarcely any white matter appears ; the amount of such matter,
however, increases from below upward, and is largest in the cervi-
cal part of the cord. The amount of gray matter is greatest in the
upper and lower enlargements of the cord.

The gray columns on either side of the cord, together with the
commissures which unite them, form a figure somewhat like alarge
Roman X, with diverging
sides; but the lateral masses
of these crescent-shaped bodies
are narrower in the thoracie
(or dorsal) region, and broader
in the cervical and lumbar en-
largcements.  Sometimes the
fisure is rather like that of a
large X, or a pair of butterflies’
wings. The two limbs of each
side of the ficure into which _
the oray columns are thus Fra. 15, —Transverse Section throngh the Spinal

3 i« Cord. AF, antero-median, and PF, postero-median
fDITﬂEl:l. are called {J‘J Horns »  fissures ) PO, posterior, LO, lateral, and AC, anteri-

. 5 . 3 . K or columes ; AR, anterior, and PR, posterior nerve-
(a) the anferior horn is round- grrommns: Al anterior, s ok ool

I qrasleri o endotholial lining., I'he pin mater is shown invest-
Ed" {E} the -!}H sterior ]GHH 4“1{1 ing the cond, sending processes into the anterior

narrow. The division into an- and posterior Rssures, as well as delicate prolonga-
] : tions into the columne, The ereseenbic armnge-
termr, postnrmr, and lateral mentof the gray matter is shown by the darker
x 5 shaded portion.
columns, which is well marked
on the external surface of the spinal cord, is gradually lost as we
pass inward toward the central gray substance. Of the two horns
of each side, the anterior has the appearance of “spongy sub-
stance,” the posterior of a kernel of such substance surrounded by
gelatinous substance.
§ 9. Careful study of the spinal cord with the higher powers
of the microscope has enabled histologists to deseribe with further
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details the manner in which the nervous elements, both fibrillar and
granular, are arranged within the connective substance.

The White Substance of the spinal eord, besides connective tis-
gue and lymph- and blood-
vessels, is composed of
nerve-fibres of compara-
tively large or of medium
size. The essential constit-
uent of these fibres is the
axis-cylinder, the diameter
of which is generally one-
third or one-fourth of their
breadth., When fully de-
veloped, they are rarely or
never without a medullary
sheath, but probably have
no neurilemma. Their di-
ameter 18 not constant ;
the thickest fibres (5! to
g ©f an inch) are found
in the outer portions of the

Fio. 10,—Soctlan of Dorsal Part of the Spinal Cord show. 0ter10r  columns, - where
ing the Oray Matter of the Horns. 29 (Hemle) thelr size 1s trﬂerablj' 1111

T SN el e e eistanaaan, formni | T fhe: laberal 6ol

the pesterior horn, surrounded by g, pelatinons snul- -

stance ; Pr, reticular process; Ti, mtermedlon laternl UIOTS the nerve-fibres vary

T greatly in size, the finer
ones lying inward near the gray matter. In the posterior columns
they increase in thickness as they approach the posterior gray com-
missure, In the upper thoraeie, and through the whole of the cer-
vieal, region, there is found a wedge-shaped bundle of fine fibres
that is separated off from the posterior columns toward the middle
line of the cord by a strong septum ; this is called fasciculus gracilis,
or “ecolumn of Goll.”

The direction of some of the nerve-fibres in the white substance
of the cord is vertical, of others, horizontal, of still others, oblique.
The vertical fibres are most abundant, are united with a parallel
arrangement into fascicles of various sizes, and aseend toward the
brain. Horizontal fibres in the white substance of the spinal cord
are of two kinds—ecommissural fibres and fibres of the roots. The
fibres of the white commissure run horizontally along the median
border of the gray matter of the horns, and become interwoven with
the vertical bundles of the anterior columns. Most of them pass

from the substance of the anterior horn of one side across to the
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anterior eolumn of the other side. The fibres of the posterior spi-
nal roots run in a nearly horizontal direction inward ; they divide
into anastomosing bundles so minute and so intricately interwoven
with the vertical fibres of the posterior columm that their course
is difficult to trace. Part of them (the lateral ones) run directly
into the substantia gelatinosa of the posterior horns, and are, per-
haps, continuous with the axis-cylinder processes of the nerve-cells
of its spongy kernel ; part of them appear to enter the gray sub-
stance of these horns only after curving and running a variable dis-

Fia. 17.—Eection of the Spinal Cord at the Level of the Bighth Pair of Dorsal Nerves, 8/,
(Schematic, from Schwalbe.) s, anterior fissnre: sp., pesterior septum (or fissure) ; e,
anterior, and o, posterior, commissares ; c.¢., central canal | co.q, anterior horn ; eo b, lateral
horn ; co.p., posterior horn ; @, anterior lateral, and &, anterior median cells; e, cells of the
lateral horn: o, columng of Clarke ; & =olitary eclis of the posterior horn ; r.o., the anterlor,
and #.p., the posterior, roots ; f, bundle of fibres of the posterior horn ; and /), bundle of the
posterior column ; 7, longitudinal Abres of the posterior horn ; o9, K., gelatinous substance of
Bolando ; fo., anterior, 7.0, loteral, and Fp., posterior, columnes.

tance upward, or perhaps downward, in the posterior eolumns.
The fibres of the anterior roots of the spinal cord traverse its white
substance obliquely ; some of them enter the gray matter of the
anterior horns on the same side, where they probably become con-
tinuous with the axis-cylinder processes of its large ganglion-cells ;
others of them pass through the anterior commissure to the other
side of the cord ; still others pass into the lateral columns and the
posterior horns.

The Gray Substance of the spinal cord, in addition to the same
constituents as those of the white substance, has numerous nerve-
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cells. Its nerve-fibres, which form the chief part of its mass, and
are generally non-medullated, differ from those of the white sub-
stance in that they frequently subdivide and thus become attenu-
ated into extremely minute plexuses. The ganglion-cells of the
gpinal cord are multipolar, and give off two kinds of processes ; one
an unbranched axis-cylinder process and the others branching pro-
cesses, both being of a fibrillated character (comp. Chap. L, §§ 28
and 29). The unbranched proecesses of the ganglion-cells of the
anterior horns are probably continuous with the axis-cylinders of
the nerve-fibres of the anterior spinal roots. Of most of the simi-
lar processes from cells in the posterior horns we cannot yet make
the same affirmation. The branching processes of the nerve-cells
were traced by Gerlach ' until he thought himself able to affirm
that their finest ramifieations participate in those plexuses of nerve-
fibres which he regards as an essential constituent of the gray sub-
stance of the cord. Henle * and others consider the fate of these
processes to be still unknown.

Characteristic groups of ganglion-cells oceur at various places in
the sections of the gray matter of the spinal cord. In the anterior
horns of the eervieal and lumbar regions are three groups of large
cells ; one of these is on the side of the horn (lateral), one farther
to the front, one on its median border. They all coalesce in the
anterior horns of the thoracie region. In the anterior horns also
occeur isolated nerve-cells of different sizes. The middle part of
the gray lateral halves of the spinal cord contains, in parts of the
cervical and thoracie regions, isolated groups of eells ; one impor-
tant group is situated at the inner angle of the base of the posterior
horn, and is ealled the *“columns of Clarke.” The other nerve-cells
of the posterior horns are small, and are not collected into groups,
but are distributed through that part of the substance of the horns
which is also traversed by the above-mentioned fine plexuses of
nerve-fibres (see Fig. 17).

§ 10. By careful counting, . A. Birge® ascertained the number
of the elements in the spinal cords of several frogs. From his con-
elusions something may perhaps be gained toward forming a better
conception of this organ. Inseven cases Birge found that the num-
ber of fibres in the anterior roots varied from 5,954 in the smallest
animal to 11,468 in the largest ; the number increasing at the rate of
about one thousand four hundred and fifty motor fibres to each added
ounce of weight (51.5 to the gram), The diameter of the fibres was

! See in Stricker's Human and Comparative Histology, ii., pp. 352 ff.
* Anat. des Menschen. Text, pp. 810 ff.
# Archiv £. Anat. u. Physiol, 1882, Physiolog. Abth., pp. 435-470.
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also found to be much enlarged, according to the size and weight of
the animal ; and the average diameter widely different in the different
nerve-roots.  For example, it varied from 3,550 fibres, in the sev-
enth pair of nerves, to 14,133 in the tenth pair, for a cross-sec-
tion one twenty-fifth of an inch square. 5o, too, were the so-
called motor-cells of the anterior gray columns found to vary from
4871 to 11,517, according to the weight of the animal. It was
found that the large masses of cells lie in two principal groups,
corresponding to the cervical and lumbar enlargements of the
corl.

§11. It would be of great interest to our inquiries if it were
possible to give a complete description of the tracts of the nerve-
fibres in their passage along the spinal eord ; but 1t is impossible
for the microscope to unravel them, and the evidence of physiology
is (as we shall see subsequently), somewhat doubtful and even con-
flicting. Of late, however, certain of these paths have been traced
with considerable certainty by combining the methods of embry-
ologieal and pathological observation. In the development of the
spinal eord, the medullary substanee of the nerve-fibres along cer-
tain tracts of the white columns is formed later, so as to render
them distinguishable in eross-sections. Moreover, when the nerve-
fibres are separated from their place of origin, degeneration of their
elements takes place. The place of the degenerated nervous sub-
stance is taken by connective tissue, which behaves differently un-
der the influence of staining fluids. By following the course of
this degeneration toward their periphery, the paths of conduction
in the nerves may be traced. Some time ago, Tiivck ' attempted to
mark out certain motor tracts in the brain by using this process of
degeneration as his guide. Our great authority at present on the
paths of the nerve-fibres in the spinal cord and brain, as ascer-
tained chiefly by the former of these methods, is the work of
Flechsig.®

Two tracts in the antero-lateral columns, which extend along the
greater part of the spinal cord and into certain parts of the brain,
are thus quite certainly made out. From their upper connections
they have been named the pyramidal tract (or tracts) and the direct
lateral cerebellar tract. The former is directly traceable down from
the anterior pyramid of the medulla oblongata. Most of the fibres
of this tract cross over in the extreme upper part of the cord, and
pass down it in the back part of the lateral column as a compact

! Bitzgsb. d. Kaiserl. Acad., vi., pp. 303 fI.
? Die Leitungsbahnen im Gehirn u. Rilckenmark d. Menschen. Leipzig,
1876,
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This croszed (or lateral) parf of the pyramidal tract ean

be traced as far as the third or fourth pair of the sacral nerves
But some of the fibres from the pyramids of the medulla do not

-PS

Fia. 18, —Beetions throngh the
Spinal Cord at different ele-
vations, to show the tracts of
White Bubatance. [, cleava-
tion of the sixth cervical
nérves, JI, of the third;
IIT,, of the sixth; and IV,
of the twelfth, doreal nerves;
and 1, of the fourth lumbar
nerves: pr, uncrossed (or
anterior) pyramidal tract;
8, crossed (or Internl) pyra-
midal tract ; ks direct labe-
ral cerebellar tract ; g, tract
of Goll.

eross in the upper part of the cord. These
form the uncrossed (or anterior) part of the
pyramidal tract; this part gradually dimin-
ishes as it passes downward, and ceases in
the dorsal region of the cord. The direct
lateral cerebellar tract lies between the late-
ral pyramidal tract and the outer surface of
the cord. It disappears in the lumbar re-
gion. It isthought that the rest of the ante-
rior eolumn of the cord, besides the anterior
pyramidal tract, may be, for the most part,
commissural in nature—that is, it serves to
bind together the two halves of the cord on
the same level, or somewhat obliquely those
lying slightly below or slightly above.

In the posterior white column a tract can
be traced as far downward as the middle of
the dorsal region of the cord ; this is the
one already referred to as the “tract (or
column) of Goll.”

§ 12. The spinal cord is, therefore, shown
to be a mechanism composed by combining
the nervous elements so as to serve the
great purpose of conducting nerve-commo-
tion and acting as a series of reflex and auto-
matic centres. In it we find tracts of con-
nected nervous elements for the movement
of ascending and descending nervous im-
pulses. Itis also a column or pile of ner-
vous centres, each one of which may have a
particular value for particular funetions ;
but which are also all bound together, up
and down, right and left, and obliquely, so
as to act unitedly under a certain control
from each other and from the central organs
lying above. It is especially strong in nerve-

cells, just where it needs to be so—namely, at the enlargements,

where it sends off nerves to the upper and lower limbs.

Its paths

for the passage and diffusion of molecular disturbance are indefi-
nitely numerous, and their intricacy extremely great. It has groups
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of nerve-elements, such as belong to the central organs generally,
of ganglion-cells embedded in neuroglia ; it has special local mech-
anisms within, and yet connected with its general mechanism. Tt
is adapted to do a large amount and variety of work through its
pairs of nerves, without calling upon the higher nervous centres ; it
is constructed so as to act like a system of relays, not only trans-
mitting, but also modifying, inhibiting, enhancing, and distributing
the impulses which it receives, both from the more central and from
the peripheral portions of the cerebro-spinal system.

§ 13. The same clements of nerve-fibres and nerve-cells, in con-
junetion with conneetive tissue and neuroglia, and enveloped in the
three inclosing membranes (dura mater, arachneid, and pia mater)
already deseribed, are combined with an inereased variety and com-
plexity of arrangement to form those intercranial central organs
with which the upper end of the spinal cord is continuous. Here,
too, these elements are gathered into fasecicles of nerve-fibres
which converge, or diverge, and run their courses in various direc-
tions, and into ganglionic masses, in which, besides the nerve-fibres,
nerve-cells and diffused finely granular substance of a doubtful
physiological character are found. Uniformity of elementary parts,
together with the greatest intricacy of arrangement, prevails, above
all other regions of the body, in the structure of the brain. The
significance of the elements and elementary parts can, therefore,
only be understood when they are considered in the localities and
relations to other parts which are assigned them by this so intricate
arrangement.

§ 14. The Encephalon, or Brain, in the most extended sense of
the word, includes all that portion of the eentral nervous axis which
is contained within the cavity of the skull. This grand mass of
nervous matter may be divided into several parts, somewhat differ-
ently marked off according to the point of view from which the
division proceeds. The division proposed by Meynert '—to which
reference will be made later—is based upon the supposed physio-
logical significance of the different parts, and upon their arrange-
ment so as to discharge the functions of conduction and “suscep-
tibility to impressions.” For, as this authority rightly claims, “a
purely histological deseription” is of comparatively little service
in comprehending the meaning of the architecture of the brain.

‘e shall, first of all, however, describe briefly the contents of the
eranial eavity, as it appears both to the unaided eye and under the
microscope, without reference to theory.

! In Stricker, Human and Comparative Histology, ii., pp. 867 ff.
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On removing the entire brain from the skull, the following four
divisions of its mass engage the attention of even the inexperienced
observer. Immediately above the section by which it has been sepa-
rated from the spinal cord, and appearing as an enlarged prolonga-
tion of the cord, is (L) the Medulla Oblongata. Covering the upper
back part of this organ, and extending beyond it on both sides,
with its surface divided into small lobes by furrows, is (II.) the
Cerebellum, or little or hinder brain. Swelling out in front of and
above the medulla is (IIL) the Pons Varolii, or so-called * bridge ”
of the brain. While in two hemispheres separated by a deep fis-
sure, above both pons and cerebellum, and filling the larger part
of the cranial cavity, is seen (IV.) the Cerebrum, or large brain, or

Fra. 19.—View of the Brain in Profile. 25, (Henle) O, corebrum; OH, cerebellam ; Mo, me-
dulla oblongata ; £°, pons YVarolii,

brain proper. These divisions are all readily distinguishable on
the external surfaces of the Encephalon.

On laying the encephalic mass open, however, certain bodies of
nervous matter are disclosed that have been eoncealed beneath the
cerebellum and the cerebrum, and that—although ordinarily re-
garded as parts of the latter—are searcely to be included in any one
of the four main divisions of the brain. 'We shall deseribe in order
the organs just named.

§ 15. I. The Medulla Oblongata is somewhat pyramidal in form,
about one and one-fourth inch in length, from three-fourths to one
inch broad in its widest part, and one-half inch thick ; it extends
from the spinal aperture of the eranial cavity (foramen magnum) to
the lower border of the pons Varolii. It is continuous with the
spinal cord, and somewhat resembles it in the divisions of its ex-
ternal surface. Its anterior pyramids appear superficially continu-
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ous with the anterior columns of the cord ; its lateral area shows
upon its upper end an oval-shaped elevation called the * olivary
body ; © its posterior tracts also appear continuous with the poste-
rior columns of the cord. Just outside the upper portion of each
posterior tract, and behind the olive, ascends to the cerebellum a
strong tract named
the “restiform body.”
That portion of the
posterior eolumn of
the upper cord (al-
rendy referred to, p.
68) which is marked
off from the rest by a
septum of pia mater,
is continued up into
the medulla oblonga-
ta, and becomes more
strongly marked. It
is known as the fu-
wiculus gracilis ; and
when traced still far-
ther upward is seen to
broaden out into an

v )
E.\]}ansmn En]lt’d thﬁ Fra. 20.—Back View of the Medulla Oblongata, the Cerebellum
clava. A lﬂ-ﬂ.]_;_}nmliiﬂu being removed, (Henle.) Cg, corpus quadrigeminom ; Le,
2 = locus ewrulens; F, flocculus of the cerebellum; Ac, ala ci-
of the posterior luteral  nerea ; and Ac' Stilling's nucleus accessorius; Cl, clava ; Fe,
funiculus cuneatus ; Fg, funieulns gracilis

column also gradually
expands as it ascends, so that it acquires a “wedge-shape™ form,
and 1s accordingly known as the euneate funiculus.

The medulla oblongata, like the spinal cord, is composed of white
and gray nervous matter ; it differs from the cord, however, in hav-
ing its gray matter not confined to the central part, but gath-
ered more into special masses or nuclei. A redistribution of the
nerve-elements takes place in the medulla, and their arrangement
beecomes more complex. An important part of this redistribution
18 accomplished by the divergence of the posterior tracts and resti-
form bodies, which opens up the central gray mass, and lets it
come to the surface between the sides of the surrounding white
matter. Looking at this redistribution as it appears from below,
the elements of the cord may be said to be spread out and increased
by the addition of new elements ; looking at it as it appears from
above, the two great nerve-tracts of the cerebrum (fegmentum and
crusta of the crus cerebri), and the tract of the cerebellum, may be
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said to be gathered up in the medulla, and compressed so as to
form in the cord a continuous and symmetrical medullary invest-
ment for its central gray matter,

The intimate strueture of this organ is exceedingly complicated ;
much of it is doubtful, and as yet impossible to make out satis-
factorily. The two important considerations are (1) to trace the
nerve-fibres as they ascend through the medulla from the various
columns of the cord, and (2) to locate the particular collections
of gray matter, whether as continuous with those of the cord or as
consisting of independent masses.

The various tracts of White Matter in the medulla oblongata,
although they superficially appear to be prolongations of the col-

Fra. 21.—8Bection showing the Deenazation of the Pyramidz at the point where the Spinal Cord
passer into the Medulin Oblongatn, 9. (Schwalbe.) rla., longitmdinad anterior f=sare,
through which the bumdles of pyramidal fibres {pg, p"), are crossing over at 4, F, anterior,
nnid & Interal pyramide: e, anterior horn with gronps of ganglion-cells, & and & ; ec, con-
tral canal; fir., formatio reticnlariz; ce the neck, and g, the head, of the posterior horn ;
nen, nuclens of the funtonlos conentus; and 2.0, of the fenicolus gracilis ; A5 funiculus gea-
cilis ; M ¥, funiculus cuneatns ; &, group of ganglion cells,

umns of the spinal cord, are really so to a small extent only. This
fact is most clearly made obvious by a comparison of successive
transverse sections. A large bundle of fibres, which in the cord
lies in the posterior part of the lateral column (see p. 71 £.), pushes
its way obliquely through the gray matter of the anterior horn, and
passes in front of the central canal to the pyramid of the opposite
side. The crossing of this bundle, as seen in the anterior median
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fissure at the lower part of the mednlla, is called the *decussation
of the pyramids.” The abrupt passage of so many fibres through it
breaks up the anterior horn, separates part of it from the rest, and
pushes this separated part over to one side, so that it comes to lie
close to a part of the posterior horn. The latter also becomes gradu-
ally shifted sidewise by an increase in the size of the posterior
tracts, so that it comes to lie almost at right angles to the posterior
median fissure ; its head enlarges and approaches close to the sur-
face, where it forms a projection ( funiculus of Rolando), and, higher
up, a distinet swelling (fubercle of Rolando). Traeing the prinei-
pal bundles of fibres on their course from the eolumns of the spinal
cord upward through the medulla oblongata, we find (in aceordance
with what has already been said) that the posterior column forms the
substance of the three posterior funiculi of the medulla—namely,
gracilis, cuneatus, and funieulus of Rolando: a considerable part
of the lateral columm (the lateral pyramidal tract, see p. T2) passes
into the opposite pyramid of the medulla, and aseends in it toward
the cerebrum in company with a small part of the anterior column
of the same side ; while another part of the lateral eolumn (the
direct lateral cerebeilar tract) passes at about the middle of the
medulla obliguely backward to the restiform body, and the rest of
it dips under the olives, and is continued toward the corpora quad-
rigeminum and optic thalamus. Most of the anterior column dips
under the pyramid, and passes upward toward the cerebrum, but
part is continued into the pyramid of the same side.

Curved fibres may also be seen running their eourse in the plane
of the different transverse sections—some superficial, some deep
(arciform or arcuate fites).

As the medulla is a bilateral organ, its halves are bound together
by commissural fibres, which run obliquely and decussate in the
mesial plane, forming a well-marked band ecalled raphé. In addi-
tion to the fibres of the medulla oblongata which are continnous
with those of the spinal cord, others originate within the organ
itself. It is a centre of origin for several pairs of encephalic
nerves.

The Gray Matter of the medulla oblongata is, in part, continu-
ous with that of the cord, and in part eonsists of independent masses.
The former part is, as we have seen, broken up and rearranged by
the decussation of the pyramids. The fate of the posterior horns
and of the central gray substance has already been described. The
substance of the anterior horns becomes divided into many little
masses by the nerve-fibres that traverse it, so as to form a coarse
network of nervous matter ( formatio reticularis) containing nerve-
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cells, and intersected by bundles of fibres. In the upper part of
the organ its interior gray matter appears upon the floor of the
fourth ventricle, into which the central canal dilates. Four special
kernels or nuclei, of gelatinous
appearance and containing few
multipolar nerve-cells, are to be
noted in each half of the me-
dulla. These are (1) the nucle-
us arciformis, which is situated
just beneath the pia mater, at
the front of the anterior pyra-
mid ; (2) the nucleus olivaris, or
dentate body (corpus dentatum),
which is within the inferior
olive, a mass of gray matter
folded in a zigzag or denticu-
lated manner, forming a sort of
A capsule through the openings
fle. " om of which closely packed masses
Fi6. 22 —Section showing Gray Matter of the of fibres run into the surround-
Medulla Oblongata, in the reglon of the npper

crossing of the Pyramids. 1), (Schwalbe,) IDZ space ; (3) the nucleus oli-

AL terior, 1 s.lp.. ior, B q 5 - -
TAEE and meTT mucicl of the vagus acocssort. VATIS accessorius, a smaller gray

us and hypoglosssl nerves ; d.a.. so-called npper . = =
crossing of the pyramids; gy, snterior pyra- Iniss l.}lng on ﬂlE outside of

mid in which is sgr, the nuclens arciformis ; the dentate bﬂﬂf - and (_1_} the
3

o, beginning of the olivary nuelens: o, aeces- : :
gory olivary nuclens: For., formatio reticularis; i'i‘till'.‘trff't{S IH}'?'{IHI?{'?{I[FH {mmﬁtimes

i, sibstantia gelatinos ; fa,, fa.l, fa% arc-

form fibies, also called ““inner accessory nu-
elens” of the olive), lying on the inside of the same body. Another
kind of collections of gray matter in the medulla consists of those
eroups of multipolar cells to which the nerves that have here their
so-called roots of origin ean be traced. These cells resemble those
of the gray columns of the cord—the larger ones apparently being
connected with the roots of the motor nerves, the smaller with
those of the sensory. It may be assumed that some of their pro-
cesses are continuous with the axis-eylinders of the fibres of the
nerve-roots, and that others serve to place the medulla in direct
connection with the cerebrum ; positive demonstration of these as-
sumptions, however, requires further histological researches. The
nerve-nueclei in the medulla receive their name from the nerves
whose fibres originate in them.

§16. II. In the Cerebellum, or Little Brain, the general arrange-
ment of the two kinds of nervous matter is the reverse of that of
the spinal eord and the medulla oblongata : the gray matter is
external, the white internal. More precisely, the cerebellum is
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a white or medullary mass rising out of three large bundles or
stalks of nerve-fibres on each side, and enveloped with a covering
of gray nervous matter. Like the other organs of the cerebro-
spinal system, it 1s a bilateral strueture. These stalks of nerves
connect the cerebellum with three other organs, with parts of
which they are continuous. Considered as connections, they are
called the “ peduncles” or erura of the cerebellum. Of the three
peduncles, (1) one (inferior peduncle) on each half of the organ is
identical with the restiform fascicle which ascends from the me-
dulla to the cerebellum ; (2) another (superior peduncle), similar to
the first in size, passes forward over the anterior end of the fourth
ventricle, and connects the cerebellum with the tegmentum of the
crus ; (3) a third (middle peduncle) passes down on each side into
the pons. This middle peduncle forms the larger portion of the
white core of the organ. In addition to the fibres from these three
sets of peduncles, this core is in part constituted by others which
arise in the cerebellum itself; some of the latter connect together
the different rezions of the organ lying above or below each other,
some unite the oppeosite and symmetrical regions of its hemi-
spheres.

The interior relations of the fibres from the three peduncles are,
on account of the extreme intricacy of their course, not yet fully
made out. United in the white core of the cerebellum, they form
a rather uniform mass, which is interrupted, however, by certain
nuclei of a gelatinous appearance. Within either hemisphere, and
to be disclosed by cutting through it a little to the outer side of the
median lobe, is a mass of nervous matter arranged like the den-
tate body of the medulla oblongata ; it is the corpus dentatum of
the cerebellum. Other smaller, round, or oblate masses of gray
matter are found toward the middle of the core from the dentate
body.

The arrangement of the gray matter which forms the rind or
cortex of the cerebellum is somewhat peculiar; its characteristics
are best seen by examining a eross-section. It is thus found that
this cortical gray substance is arranged in thin plates, or lamelle,
which are penetrated by prolongations of the white matter of the
core ; these prolongations branch off into the interior of the lamel-
lz, and give to the cortex the arborescent appearance known by
the name of “arbor vitw.” The primary branches of this tree-like
prolongation of the white matter of the core within the gray mat-
ter of the cortex stand either perpendicular or a little inclined to
the surface of the core. The smaller branches run from one side to
another transversely or forward in coneave curves.
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The external surface of the cerebellum presents two hemispheres,
or lateral lobes, united by a central lobe called the vermiform pro-
cess.  This central lobe on its upper (or tentorial) surface is a mere
elevation, but the “vermiform ” character of its lower (or oceipital)
surface is well defined. The process here lies at the bottom of a
deep fossa (vallecwla). TFrom the middle pedunele of each hemi-
sphere a large horizontal fissure extends backward along its outer
border, and divides the hemisphere into its tentorial and occipital

Fra. 28 —Lower Burface of Cercbellum. %25, (After Bappey.) 1. inferior vermiform process;
2,8, valleculn : 5, flocealus ; 6, pons Varolii; & middle pedatele of the Cerchellum : 9, medulla
oblongata, Various pairs of nerves are seen thns : 12 and 138, roots of fifch pair: 14, sixth
pair ; 15, facial nerve ] 17, anditory; 18, glosso-pharyngeal ; 19, pnoumo-gastric; 20, spinal
aecceasory & 21, hypoglosaal,

surfaces. Each of these surfaces is divided by fissures into smaller
lobes or lobules.

In the gray matter of the cortex of the cerebellum three distinet
layers of nervous substance may be distinguished. Of these the
pure gray layer is the most external ; it is sometimes called the
“ molecular layer.” It consists of an extremely delicate framework
of connective tissue, in which, together with nuelei of the connec-
tive tissue, a few roundish eells and minute fibres of nervous struet-
ure appear. The middle layer is eellular and composed of a single
irregular row of large ganglion-cells, ealled * eells or corpuscles of
Purkinje.” Comparatively large processes from these cells branch
into and ramify within the outer layer. Aceording to most observers
(Kélliker, Deiters, and others) each of the cells sends a single me-
dullated and unbranched process inward, which becomes continu-
ous with the axis-cylinder of a fibre of the medullary portion of this
organ ; but according to Stilling there are several branches from
each, which divide to form a network in the internal layer. This
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layer is rust-colored and merges gradually into the white substance
of the core ; it appears to contain multitudes of granules, with a
well-defined nueleus surrounded by branching protoplasm. The
nature of the granules is not known ; they have been considered
by some as elements of sustentacular tissue, by others as lymph-
corpuscles, by others as multipolar nerve-corpusecles.

The cerebellum is thus constituted by a complex arrangement
of the nervous elements as a kind of side mechanism of the nervous
system, lying out of the course of its direct tracts and yet bound
by mnervous cords (the peduncles) in all directions to the other
organs of the brain,

§ 17. IIL. The Pons Varolii, or Bridge of the Brain, has its princi-
pal office in the mechanism of the eentral organs of the cranial
cavity as a meeting- and switching-place of nerve-tracts between
other organs; but it is also itself a central organ, as well as a cen-
tre of origin for certain nerve-fibres. The pons is really a thicken-

Fio. 24, —Median Section throngh the Stem of the Brain, (After Reichert.) M mqr_qlnﬂn ablon.
gata ; of whichPa are the pyramida, decnssating at g © ¢, central manal ; pe, restiform body ;
Pp, poms Varolii; V4, fourth ventricle. aw, arbor vite of the cercbellim : p, pyramid; u,
nvuln: ®, nodnle ; as, agqueduct of Bylvins; Cr, crus cerebri; @) corpora gualdrigemina ; P,
pineal gland ; T4, optic thalamus, Commissures ; oq, the anterior; om, the mollis ;. and o, thae
posterior. V3, the third ventricle; A, corpus albicans | ic, tuber cinereum ; #, infuondibolom,

ing of the ventral wall of the fourth ventricle, composed of the mid-

dle peduneles of the cerebellum encireling and partly blending with

the continuation upward of the medulla oblongata. Its superficial

fibres on the ventral surface are transverse in their general diree-

tion ; but the middle fibres pass directly across, the lower ascend

slightly, and the superior are more curved, and descend obliquely
6
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to reach the crus cerebelli. On removing these superficial fibres
the prolonged fibres of the anterior pyramids are exposed to view.
These, as they ascend through the pons, are intersected by the
transverse fibres. At the lower part of the organ, behind the fibres
from the anterior pyramids, a speecial set of transverse fibres (fra-
pezium) begins at a collection of gray matter (superior olivary
nucleus) on one side, and crosses the middle line to ascend to the
cerebellum on the other side.

Nuelei of gray matter with small multipolar nerve-cells are found
everywhere between the fibres of the ventral part of the pons.
Many of its transverse fibres are probably connected with these
cells. The posterior portion of this organ is ehiefly constituted by
a continuation upward of the formatio reticularis, and of the gray
matter of the medulla oblongata. In the reticular formation two
or three important collections of nerve-cells lie embedded. One
of these is the * superior olivary nuecleus,” which lies behind the
outer part of the trapezium and gives origin to some of its nerve-
fibres. Of the other nuelei in this region, one gives origin to the
seventh or facial nerve, and others to portions of the fifth nerve.

§ 18. IV. The Cerebrum, or Large Brain, much exceeds in size all
the other contents of the eranial eavity ; but it surpasses them more
especially in the variety and complexity of the mrrangement here
given to the nervous elements ; while its significance for the in-
quiries of Physiologieal Psychology is altogether unique.

As ordinarily deseribed, this nervous mass ineludes a consider-
able number of organs, which vary in structure, relations, and
physiological functions. Besides the hemispheres of the cerebrum,
and the great ganglia (eorpora striata and optie thalami) which lie
at their base, custom includes in this term certain bodies that ap-
pear connected with the lower surface of the mass, viz., the corpora
quadrigemina, pineal gland, erura cerebri, ete.

§19. The Cerebrum is of ovoid shape and is divided—above, in
front, and behind—into two hemispheres by a deep median longi-
tudinal fissure. If these hemispheres are drawn asunder by open-
ing this fissure, they are seen to be connected at its bottom by
a broad white band of nervous matter, the corpus callosum. The
outer surface of each hemisphere is convex and fitted to the con-
cave inner side of the bones of the skull ; the inner surface along
the median fissure is flat, and separated from the corresponding
surface of the other hemisphere by a process of the dura mater
(falx cerebri) ; its under surface is separated from the cerebellum
and the pons by another process of the same membrane (fentarium).
From the front of the pons the large white nervous cords, called
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eerebral peduneles, or erura eerebri, pass nupward and forward to
connect the cerebrum with the organs lying below it. Around
each crus winds a flat band, the epfic ¢ract ; these tracts come to-
gether in front to form the optic commissure from which the two
optic nerves arise. The lozenge-shaped space enclosed by the
erura cerebri, the optic tracts, and optic commissure, contains a

Fi1c. 2. —TUnder Aspect of the Brain. (Henle.) B, basis of the erura cerebri; Cen, corpora al-
bicantia : 11, olfactory bully; T1Y, optic tract: Te, tuber cinercum ; Lpp, posterior perfomtbed
space ; Ccl, corpus callosum : Let, laming cineren terminaliz ; Spa, anterior p:-rl'nl-ntud Epace §
T, tegmentum ; Tho, thalamus opticus ; P, pons; Mo, medulls oblongata ; 1. to VIIL, first to
cighth pair of eraninl nerves,

gray layer (posterior perforated space), two small white bodies (cor-
pora albicantia), and a gray nodule (fuber cinereum) which is joined
to a small reddish-gray oval mass (pituitary body) by a conical pro-
cess of gray matter (infundibulum). In front of the optic commis-
sure is a thin layer of gray substance (lamina cinerea) ; and on each
side of the deep longitudinal fissure stretches the olfactory tract,
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with its bulb. The intercranial part of this “nerve ” is now known
really to be a projecting portion of the brain. All these structures,
toocether with the cut ends of the several pairs of cranial nerves,
nay be seen upon the under surface of the cerebrum.

§ 20. The upper surface of the cerebral hemispheres presents the
appearance of gray nervous matter arranged in folds which are
called “ convolutions " or gyri. These convolutions are separated by
“fissures ” or sulei of varying depth, some of which are so constant
and strongly marked that their presence is employed to divide the
surface of the hemispheres into lobes, while others, less strongly
marked, separate from each other the convolutions of the same
lobe. It is the arrangement of the convolutions, with their sep-
arating fissures, which gives the hemispheres of the brain their
characteristic appearance, and which fits them for their unigue
functions in the economy of the nervous mechanism,

Fig. 96, —=To show the Right Ventricle and the Tefl Halfl of the Corpus Calloenm. &, transversa
fibres, and &, longitwlinal fibres of corpus callosum ;¢ anterior, and d, posterior cornns of lit-
ernl ventricle ; &, septum lncidoam ; F, corpus stristam ; g, tenin semicirenlaris ;. &, optic thala-
mus;: &, chorold plexos: § tenin hippoecampd ; m, hippocampos major ; n, hippocampus
minor ; o, eminentia collateraliz.

§ 21. By cutting off suecessive slices from the upper part of the
hemispheres their general internal structure may be seen. It re-
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sembles the plan upon which the cerebellum is constructed. A
core of white nervous matter is surrounded by a shell or cortex of
gray ; the two lateral halves of the core are bound together by a
strong band of fibres,
usually deseribed as
commissural (corpus
callosiim), which is
" itself overlapped by
one of the most
marked convolutions
of the brain (gyrus
Sfornieatus). By eut-
ting still deeper it is
found that the cor-
pus callosum forms
the roof of a space in
the interior of each
hemisphere (fhe lafe-
ral venlricles). These
two cavities or ven-
tricles are moistened
by a serous fluid and
separated by a thin
transparent wall (sep-
tum lucidum). The
roof of another eav-
ity, the third ventri-
cle, is formed by an
expanded fold of the
pia mater (velum in-
terpositum), the mar-
oins of which are
frinced by the so- )

: : Fi6. 27.—Dasal Ganplia of the Corebrum seen from above, {(Henle)
called “ choroid Plﬂ'.{— Cel, genn of the corpus callosam : s, corpus siriatum ; Vel,
uses;” the latber livia terminaiis; Tho, optic talsmus and T its anterior o

» : bercle : Com, middle commisaure heltween the thalemi and over
contain the minute the third ventricle; Pv, polvinar; Cn, conarinm or pineal

Ill‘tﬂl‘i&.’i which sup- gland ; Cop, corpns quadrigeminnm,

ply the nervous structures of this region. Each lateral ventricle is
divided into a central space and three curved prolongations or cor-
nua ; of the cornua, one (the anferior) extends forward and outward
toward the front part of the cerebrum ; one (the posterior) curves
backward, outward, and then inward ; and the third (the descending)
curves backward, outward, downward, and then forward and inward,
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On the floor of each lateral ventricle the exposed portions of the
great basal eanglia of the cerebrum are visible. A large pear-shaped
body of gray color is here seen with its broad extremity directed
forward into the anterior cornu of the ventricle and its narrow
end outward and backward.! This body, on account of the striped

Fia. 28 --A Deeper Dissection of the Lateral Ventricle, and of the Velam Interpositom. a, un-
der surface of corpus callosum, turned bock : &, b, posterior pillars of the fornix, turned back ;
¢, ¢, anterior plllnrs of the fornix ; o, velum interpositium nnd veins of Galen ; &, ffth ventricle ;
L. F corpus striatum ; g, ¢, tenia semicircolaris: &, &, optic thalomus: &, chorold plexos ; [,
taenia hippocampd ; m, hippocawpus major in descending cornn; n, hippocunpus minor ; o,
eminentia collateralis.

appearance which it presents when cut open, is called a “ striate
body ™ (corpus striatum). It consists of two masses, the upper one
of which (nucleus caudatus) projects into the lateral ventricle ; the
lower one is embedded in the white substanee of the hemisphere and
forms the principal part of the body (nucleus lenticularis). The two
are separated by a layer of white matter called the *“ internal eapsule.”
Between the diverging portions of the striate bodies are the oblong

! Dalton (Topographical Anatomy of the Brain, Philadelphia, 1885, ii., p.
T6) and others speak as though the caudate nucleus alone were to be ealled
corpus striatum, the nucleus lenticularis by this name ; and the two corsidered
as separate bodies.
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or somewhat ovoid masses of the * optic thalami.,” Haeh thalamus
rests upon and partially embraces one of the erura cerebri ; its me-
dian surface forms the side wall of the third ventricle, and upon its
outer and back part are two small elevations, one on each side of
the optic tract (corpora geniculata, infernum and exfernum). In the
depression between each striate body and the optic thalamus is a
narrow, whitish, semitransparent band of medullary substance
(teenia semicirenlaris). Along the entire length of the floor of the
descending cornu of the ventricle is a white eminence (hippocanpus
major or cornu Admmonis) which is the inner surface of the gyrus
fornieatus doubled upon itself like a horn. An areh-shaped band
of nerve-fibres, consisting of two lateral halves, which, in front,
form two pillars that descend to the base of the cerebrum and be-
come the corpora albicantia, and which diverge behind into two pil-
lars that descend with the descending cornu of the ventricle and
connect with a convolution of the brain (gyrus hippocampi), is situ-
ated beneath the corpus eallosum ; it is called the forniz. Behind
and between the optic thalami, and resting on the back surface of
the crura cerebri, are four rounded eminences in two pairs, called
corpora quadrigemina ; the front pair are the nates, the back pair,
lestes,

§ 22. Without mentioning other more minute subdivisions, super-
ficial or internal, in the structure of the cerebrum as seen by the
unaided eye, we now consider the arrange-
ment of the nerve-fibres and nerve-cells in
the more important organs already named.

Of the fascicles of nerve-fibres belonging
to the cerebrum, some connect it with the
lower organs of the encephalon ; some con-
nect together its hemispheres ; some join
different structures in the same hemisphere ; F'ﬂ}fﬂﬁfﬂ'}ﬂ ;::;1:%11 ﬂL;}n
some are roots of origin for certain nerves.  aqueduct of Sylvius ; #.1., sube-

The fibres of the erura cerebri—those Eﬁ::ﬂ:-’:ﬁri"::xf_j{ﬂ::ﬁ:ﬂ;tﬂ
strong peduncles of the brain that ascend ™™™
from the pons to the optic thalami and the striate bodies—are
arranged in two groups (crusta and fegmenfwm) separated by the
gray matter of the substantia nigra. An important part of the
fibres of the erusta, or front part (pes) of the crus, is eontinuous
with the longitudinal fibres of the pons which come from the
pyramids of the medulla ; it receives some fibres from the gray mat-
ter of the substantia nigra. Many of the fibres of the crusta ter-
minate in the nuclei of the striate bodies ; but some radiate upward
through the internal capsule directly to the gray cortex of the
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cerebrum. (Comp. Fig. 24.) Some of the more diffused fibres of
the tegmentum, or back and deeper part of the erus, are probably
continued from the anterior column of the cord, and may be traced
above to the optic thalami. Others of its fibres are collected into
more well-defined traets; one of the most important of which
comes from the superior peduncle of the cerebellum, and has al-
ready been traced as it passes forward over the anterior end of the
fourth ventricle (see p. 79). The formatio reticularis is continued
into the tegmentum ; the latter, therefore, has a considerable
amount of gray matter containing nerve-cells. Some of its fibres
arise in these cells, The superior peduncle of the cerebellum as-
scends, crosses over to the other side beneath the Sylvian aque-
duct, and terminates in a collection of large pigmented cells (the
nucleus of the tegmentum or red nucleus).

The intimate structure of the striate bodies is not as yet entirely
made out. On its deeper side, which is turned toward the internal
capsule, the nucleus caudatus receives from the capsule several
bundles of fibres. Aeccording to Meynert, some of these bundles
serve to connect this nucleus downward with the peduncle of the
cerebrum, some upward with its cortex; but, according to Wer-
nicke, it is doubtful if any of them pass to the white matter of the
hemispheres, or eome direetly (that is, without traversing the len-
ticular nueleus) from the erusta. All parts of the nuecleus lenticu-
laris are pervaded with white fibres. Some pass into its inner zone
from the adjacent part of the internal eapsule ; some conneet it with
the eaudate nueleus ; some pass from it into the eorona radiata,
and then to the cerebral cortex. These nuclei appear to have a
special connection with the frontal and parietal lobes, but also with
some convolutions of the temporal lobe and the island of Reil. The
gray matter of this organ is composed of delicate connective tissue,
with “free nuclei sparingly distributed through it.” The nerve-
cells of the nuclens caudatus are multipolar and of two sizes ; some
are about 1, inch in diameter with many processes, but most are
much smaller (1,5 inch). Between the fibres of the gray matter
of the nucleus lenficularis are many cells with yellow pigment in
them.

The three collections of gray matter—the locus niger, and the can-
date and lenticular nuclei of the striate body—with the nerve-fibres
which originate in them and bind them together, have been held to
eonstitute a connected chain of nervous organs, to which the name
“ganglia of the crusta” has been given by Meynert. Recently,
however, this relation of the corpora striata as *‘ basal ganglia,” or
“middle-men ” between the spinal cord and the cerebral cortex, has
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been called in question by Wernicke and A, Hill. The latter argues,’
chiefly on morphological grounds, that the nucleus eaudatus should
be separated from the optic thalamus, and connected immediately
with the cortex. This connection, he thinks, is favored by the na-
ture of its development, by its minute strueture, which differs from
that of the thalamus, and by its resemblance to another nucleus
(the amygdaloid) which has an undoubted origin from the cortex.

§ 23, Another chain of nervous organs, leading between the pons
Varolii and the hemispheres of the
brain, consists of the tegmentum of
the erus and its ganglian—the red
nucleus (already deseribed), corpus
subthalamicon, the corpora genicu-
: : lata, and the optic thalami.
coudotus R - The arrangement of the nervous
' ' ; elements in the extermal corpus

(I8
Clerirpd Fietl =
Thalawm. opl

Nuclrug

[emeif. P,
L[] T—

ﬁl'p{hﬂﬂdlu'

Fre. 30, « Fra. 31,

These and the following two Fipnres chow the nrrangement of the white and gray substance in
the interior of the cerelbrum.  (All four are from Gegenbaur. )

Fis. 30.—Horlzontal Section throngh the Right Hemisphere.
Fia, 1. —Frontal Section through the Cerebrum in front of the Fornix,  Posterior snrface of the
gection displayed.

genteulatum is peculiar : it consists of alternate layers of white and
gray matter, as though oeceasioned by laying a lamina of the gray
between two medullary laminse, and then folding them in a zigzag
manner. The nerve-cells of this organ are from .1, to 41, of an
inch in length, and ;755 of an inch in breadth ; they are coarsely
granular and pigmented.

The optic thalamus is a mass of gray matter, with multipolar and
fusiform cells, traversed by nerve-fibres. This gray matter is par-
tially subdivided into two parts, an inner and an outer nucleus.

! The Plan of the Central Nervous System, pp. 25 £,
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Its free surface (inner and upper) is covered by a layer of white
fibres. On its ounter surface is the white matter of the internal
capsule, formed by fibres diverging from the ecrusta into the hemi-
spheres.  All along this surface fibres radiate from the interior of
this organ, and mingle with those of the internal eapsule on their
way to the cerebral hemispheres. Those in front pass to the frontal
lobe ; those in the middle pass to the back part of the same lobe
and to the parietal lobe ; those behind to the temporo-sphenoidal
and oceipital lobes.

“The external and under surfaces of the thalamus are not free,
but are united with the other parts of the brain. The under sur-
face is united with the tegmental part of the crus cerebri, while
the external surface is covered by white substance, that i1s formed
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Fra. 32.—Frontal Section through the Right Hemisphers of the Cerebrum in front of the Com-
missura Mollis, Posterior surface of section displeyed,
Fiz. 3. —Frontal Section through the Cerebrnm back of the Commiseura Mollie. Front surface
of section displayed.

of fibres of the ernsta, which here diverge into the substance of the
hemisphere and pass between the thalamus and the lenticular nu-
cleus, forming the so-called ‘internal capsule’”' (comp. p. 87 f.).
The cells of its substance average about ¢}; inch in length and
svn in breadth ; their long axis is parallel to the course of the
nerve-fascicles. According to a recent authority,” the thalamus
is the primary centre of the optic nerve, and is also connected with
the olfactory nerve—originally by way of the fornix.

The nervous substance of the corpora quadrigemina consists
mainly of gray matter covered externally with a thin layer of
nerve-fibres, In the interior of the upper or front pair the most

! Quain’s Anatomy, ninth edition, ii., p. 324,
¢ A. Hill, The Plan of the Central Nervous System, pp. 20 ff,
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characteristic portion of this organ is found; it is a layer of fine
nerve-fibres running longitudinally, between which are small, seat-
tered nerve-cells. In the external strata of these bodies multipolar
cells are abundant ; in their interior, at the sides of the Sylvian
aqueduct, is a collection of gray matter which forms a continuation
of the lining of the third ventricle. The nerve-cells in the corpora
quadrigemina vary greatly in size. Most of those in the superficial
strata are small; but in the deeper strata some of them reach the
maximum of nearly 51; of an inch. The centres of origin for the
third and fourth nerves are in that nervous structure of fine fibrils
and fusiform cells which lies along the Sylvian agueduct.

§ 24, The arrangement of the nervous elements in all the basal
ganglia, as connected with the cerebral peduncles, indicates the na-
ture of the mechanism of this region of the brain. It is construeted
so as to co-ordinate all the nerve-tracts of motion with those of
sense, and thus give to these ganglia important reflex and auto-
matic powers over the sensory-motor apparatus, while subordinating
them to the control of the nervous centres of the cerebral cortex
that lie farther above.

To the highest and dominating nervous centres in the cerebral
hemispheres the paths of nervous impulse are laid from the basal
ganglia by that blossoming out, as it were, of the nerve-fibres on
their way to the white core of the cerebrum, which is called the
“corona radiata.” The corona is formed by the fibres that radiate
from the striate bodies, from the optic thalami, and the internal
capsule, into the convolutions of the lobes of the hemispheres.

§ 25. The combination of the nervous elements into the pre-
eminently complex mechanism of the convolutions of the human
cerebrum may be described from two points of view ; the first is
that from which their various external surfaces may be regarded by
the unaided eye, the second that which histology assumes when it
examines under the microscope various sections made from layers
of their substance.

The details of the external aspect of the convolutions vary so much
in each individual, and even in the two hemispheres of the same brain,
that the only chance of bringing order out of this apparent confusion
is to discover what is general, and for the most part constant, in the
midst of what is particular and subject to change. In making such
discovery the study of embryology is especially important. Certain
sulei and their correspending gyri appear with a marked regular-
ity in the earlier and more fundamental stages of the development
of the feetal brain. So, too, does the examination of the surfaces
of the hemispheres of the adult brain show certain degrees of
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strength with which the sulei and gyri are distinguishable, and
thus enable the investigator to divide them into so-called pri-
mary, secondary, and even tertiary classes. Bischofl, Ecker, and
others have aptly compared the primary gyri to the large mountain
ranges whose sinuosities give to an entire region its characteristic
features ; the secondary gyri are like those subordinate ranges
whieh are brought into existence through the formation of longi-
tudinal valleys (secondary sulei) in the main ranges; while the ter-
tiary convolutions may be compared to the small spurs which run
out into the valleys between the principal ranges and from their
sides. Only the primary gyri are, as a rule, pretty regularly dis-
posed.

It is by means of the primary sulei that the surfaces of the hem-
ispheres of the brain have been divided by modern anatomy into
five territories or Lobes." The frontier lines of these lobes, how-
ever, are clearly laid down only on some of the surfaces, while on
other surfaces the lobes encroach on each other without distinet
boundaries. The five lobes are called Frontal, Parietal, Temporo-
sphenoidal (also Temporal or Sphenoidal), Oceipital, and Central,
or Insula, or Island of Reil ; the latter does not stand in immediate
relation with the walls of the skull. The Frontal Lobe is divided
from the parietal on its upper and lateral surface by the Fissure of
Rolando (sulcus centralis) ; and on its lower surface from the tem-
poral lobe by the horizontal braneh of the Fissure of Sylvius. The
Parietal Liobe is divided from the temporal for the greater part
by the Fissure of Sylvius, and from the oceipital —on its median
surface completely, but on its upper surface only very incompletely
—Dby the parieto-oceipital fissure. The Temporo-sphenoidal lobe
is distinetly marked off from the frontal and parietal, as already
described ; while the boundary line between it and the oceipital
lobe is ill defined. The Island of Reil lies concealed between the
frontal, parietal, and temporo-sphenoidal lobes; its surface, when
exposed by drawing aside the margin of the Sylvian Fissure, shows
a few short convolutions which radiate forward, upward, and back-
ward from a central spot on the lower surface. The oceipital, tem-
poro-sphenoidal, and frontal lobes, all have three prineipal convolu-
tions arranged in parallel tiers (superior, middle, and inferior) ; in
the frontal lobes these three spring from the anterior part of the
ascending convolution just in front of the Fissure of Rolando (that
is, from the gyrus centralis anferior) and run forward to the front
end of the cerebrum.

! The convolutions are here described in dependence npon the work of
Ecker, The Convolutions of the Human Brain, London, 1873,
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§26. A few of the most important of the sulei and gyri need
separate mention ; the accompanying diagrams will make clear

Fia. 5.

Frog. 3 and 35.—=Proflle and Vertex Views of Cerebium, F¥, the frontal lobe ; Par, parietal ;
Oc, occipital ; Ts, temporo-sphencidal lobe ; 85 Sylvian fiseure ; RRE, fissure of Rolando ; PO,
paricto-oecipital flasure ; 1P, inten-parietnl fizsure : PT, Parallel fssore; 8F and TF, supero-
and infero-frontal fissnres ; 1, 1, 1, inferior, 2, 2, 2. middle. and 3, 3. 3, superior fronial convo-
Intions ; 4, 4, ascending frontal convelntion @ 5B, &, 5, arcending parietal, B posterc-parictal;
and 6, fi. angular convolution2 ; A, supra-marginal, or convolution of the parietal eminenee ; T,
T, supeerior, 8 8 8 middle, and B, 8, 1 inferior tempore-sphensidal convolutions; 10, superior,
11, middle, amd 12, inferior occipital convolutions ; «, B, ¥, &, four annectent convolutions.

further details (see Figs. 34, 35, and 36). Among the sulei which
bound the main territories of the cerebral hemispheres the Fissure
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of Sylvius is much the most important. “If can,” says Ecker,
“in nowise be considered in the same eategory as the rest of the
sulei on the surface of the brain.” The other sulei may be re-
garded as mere folds of the cerebral cortex ; the Fissure of Sylvius,
on the contrary, is made by folding the entire hemisphere into an
arch, with its concave surface downward, about the point of en-
trance of the crus cerebri.  This fissure exists in the feetal brain at
the third month. * It arises,” say Foster and Balfour,' * at the time
when the hemispheres, owing to their growth in front of and be-
hind the corpora striata, have assumed somewhat the form of a
bean.” The Fissure of Rolando is also always present in the human
brain. It makes its appearauce in the feetus as early as the end of
the fifth month. It is rarely, if ever, bridged over by a secondary
eyrus ; it, therefore, forms a point of departure in the examination
of all the convolutions. It is bounded for its entire length by two

Fia. 86, —Convolntions of the Inner and Tentorial 8urfaces of the Left Hemisphere, i i, 4, cal-
logo-marginal fissure, §, {, cnlearine fiseure ; m, m, hippoampal flssore ; w8, #, collateral fis-
gure ;. PO, parieto-oecipiial fissure; 17, 17, marginal convolution ; 18, 18, gyrus fornfcatus ; 18,
quadrilateral lobale ; 19, hippecampal gyrus ; 19, its recurved end ; 25, occipital loonle ; 9, 8
inferior tempore-sphencidal convolution,

important convolutions (the anterior and posterior central or as-
cending frontal and ascending parietal), which at both of its ends
connect together in the form of an arch. The fissure which sepa-
rates the parietal from the oceipital lobe (parielo-cecipital) and the
one which runs from before backward through the parietal lobe
(tntra-parietal) arve also to be mentioned among the more important.
The intraparietal fissure, on the convexity of the parietal lobe, in-
eludes, between it and the median line, the upper parietal convolu-
tion, and embraces in its downward and outward bend the angular
convolution, The latter convolution, and the marginal convolution
form the inferior parietal lobule.

! Elements of Embryology, p. 384. London, 1833,
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Besides the superior, middle, and inferior convolutions of the
frontal, temporo-sphenoidal, and occipital lobes, and the two cen-
tral convolutions on each side of the Fissure of Rolando, the follow-
ing, which belong to the median aspect of the hemispheres, are
to be noted i particular. The convolution which arches around
the corpus callosum, and is separated from the median aspect
of the first frontal convolution by a deep and constant fissure
(the suleus calloso-marginaliz) is called from its shape, gyrus forni-
catus., The back end of this convolution curves downward and then
forward, under the name of gyrus hippocampi, to the inner tip of
the temporal lobe. The passage of the former eonvolution, without
break, into the latter, Ecker considers one of the most important
differences between the hemispheres of the brain of man and those
of the ape.

§ 27. Although the general arrangement of gray nervous matter
upon the surface, and of white matter within, is adhered to in all
parts of the cerebral cortex, the form and disposition of the cells
in the gray matter differ in different regions, and also in different
layers of the same regions. But its most eommon form, which is
that seen in the convolutions of the parietal lobe, corresponds to
what Meynert' has ealled “ the general or five-laminated type of
the cortex of the cerebrum.” There are, as a rule, that is to say,
five layers or lamins to be discovered in the gray matter of the
cerebral cortex. The thickness of the entire cortex, thus com-
posed, is, in the adult, from 5 to 1 of an inch. The first of
the layers consists of a matrix, in which delicate nerve-fibrils run
parallel to the surface and interlace with a few small globular er
elongated branching nerve-cells scattered here and there. The na-
ture of this matrix has been the subject of dispute ; by some it is
looked upon as connective tissue (Kolliker), by others as neuroglia
(Virchow). The second and third layers contain a large number
of pyramidal, or spindle-shaped cells ; of these layers the third is
the broadest, and contains the largest (but fewest) cells. The cells
of the second layer are about 54,4 of an inch in diameter, and are
closely pressed together to form its substanee ; but in the third
layer they augment gradually in size until they reach a diameter of
to5o to perhaps ;}; of an inch, with their long axes perpendicu-
lar to the eortical surface. The fourth layer contains large num-
bers of small, globular, and irregularly-shaped and branching cells ;
the fifth, spindle-shaped bodies with long tapering processes, and
also a certain number of smaller irregular ecells. This innermost
layer consists chiefly of a compact accumulation of cells which give

! In Stricker's Human and Comparative Anatomy, 1i., p. 481
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off lateral processes. Gerlach discovers here, as in the spinal cord
(see §9), a very minute network with which these processes are
apparently continuous. It is also an assumption, verified by direct
observation of some ecases, and by the general analogy of the nervous
system, that many of the extremely attenuated nerve-fibrils which
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Fis. 37.—Hection thromgh the Cerebral Cortex of Man, prepared with Osmie Acid 5%/,
(Schwalbe. ) F, principal external, and I, internal, layer ; @, layer lying as a limit between the
twao ;o wn, medullary rabstancs sending ont bandles of nerve-fibres into 1] 1, layer poor in cells,
but with an extornal plexes of nervedfibres (Iajp ; 2, layer of small, and 3, of large, pyramidal
cells ;L) inner layer of small nerve-calls,

radiate from the white core of the convolutions are continuous with
the basal axis-cylinder processes of the cells in the layers of gray
substance, Small rounded corpuscles and small stellate cells, so
pellucid that they seem to be only free nuclei, are contained in the
neuroglia of the gray substance of the cerebral cortex. It is doubt-
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ful whether these are true nervous elements or not. The number
of nerve-cells in the cortical substance is very great. In a portion
of this substance, only one millimeter square and J; millimeter
thicl, 100 to 120 have, on an average, been counted.’

Modifications of the arrangement which prevails in most of the
oray substance of the hemispheres of the brain are found in certain
regions. In the cortex of the occipital lobe the number of layers
is increased by the intercalation of additional granule layers to
seven or eight. In the cortex of the Island of Reil, and of the con-
volutions bounding the Fissure of Sylvius, a large proportion of
fusiform cells is found. In the fourth layer of the cerebral cortex
of the dog, in the region which Hitzig considered to be motor,
Betz discovered certain cells lying in secatfered groups, with two
large and several small processes ; these cells, on acecount of their
great size, he called * giant-cells.” Similar cells, have been found
by him in eertain regions of the human cerebral cortex—namely, in
the entire anterior central, and the upper end of the posterior cen-
tral convolutions, and along the lobe which is prolonged backward
from the two.

§ 28, The white substance of the hemispheres of the brain may
all be considered as originating in its eortical gray substance ; but
the nerve-fibres of which it is composed constitute three classes,
according to the destination of the fascicles into which the fibres are
cathered. These three are the down-going or peduncular, the com-
missural, and the areuate (or jibree proprice). It is the business of
the peduncular system to conneet the cerebrum with the lower parts
of the encephalon. This system, called the corona radiata, is nar-
rowed into the internal eapsule and continued downward to the
erura cercbri ; its diminished size shows that a considerable por-
tion of its fibres have entered into the optic thalami and striate
bodies. But it is also probable that many fibres of the erusta pass
directly into the brain’s medullary eentre, and through this to its
cray cortex, without entering these ganglia. Of such tracts the
best known is the pyramidal (probably mofor). According to
Flechsiz and others, this is traceable through the internal capsule
and corona radiata to certain frontal and parietal convolutions.
Another tract, traceable directly to the convolutions of the cortex,
passes from the external part of the erusta into the white matter
of the occipital lobe (so-called direct sensory tract). The fibres
which come from the tegmentum, and are lost, for the most part, in
the thalamus and the subthalamie region, stream outward from the
other side of this organ, join the general system of the corona radi-

! See¢ Luys, The Brain and its Functions, p. 17. New York, 1882,
7
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ata, and diverge to nearly every part of the hemispheres ; but espe-
cially to the temporo-sphenoidal and oecipital lobes (probably sen-
SOIY).

The commissural system of fibres has hitherto universally been
supposed to connect the two hemispheres of the brain ; but Pro-
fessor Hamilton, of Aberdeen, and others, have recently ecalled this
statement in question. The prineipal tract of such fibres is in the
corpus callosum. BSince this commissure lies in a plane above that
of the corona radiata, the two systems of fibres intersect each other
on their way to the convolutions of the cerebral hemispheres. A
smaller commissure (the anterior) passes below the lenticular nuclei
of the striate bodies and connects the convolutions around the Syl-
vian fissure—binding together the right and left temporo-sphen-
oidal lobes; it also furnishes a root of origin for the olfactory
nerve,

The arcuate fibres extend over more or less territory on the
same side, and conneet the gray matter of adjacent, or more or
less distant, convelutions in the same hemisphere—* a garland-like
interweaving ' of two convolutions around the suleus between them.
In certain localities, where the fascicles into which these fibres are
gathered are strongly marked, they have received special names ;
such are the fasciculus unecinatus which crosses the bottom of the
Svlvian fissure and connects the convolutions of the frontal with
those of the temporo-sphenoidal lobe ; the fillet of the gyrus forni-
catus, extending longitudinally in that convolution ; the longitudi-
nal inferior faseiculus, connecting the convolutions of the oceipital
and temporo-sphenoidal lobes. Such fibres are sometimes called
lomgitudinal or collateral fibres. It is by the commissural and areu-
ate fibres that the innumerable ganglion-cells and nerve-granules of
the cortex are bound into a unity of form and of function. The pro-
cesses of the cells anastomose, and are thus united with immedi-
atelv adjoining cells by means of a gray fibre-plexus. The axis-
eylinder processes become continuous with the medullated fibres,
which, gathered into bundles (the fasciculi of the arcuate fibres),
line as a continuous layer the inner surface of the ecortex. In this
manner the nervous elements of that erowning mechanism, which
is known as the chief glory of man’'s nervous system, are made to
exhibit a manifoldness, and at the same time a unity of structure,
suggestive of a common service joined with diversity of mode in
which the service is rendered.

§29. The view of Meynert—to which reference has already been
made (p. 73)—regards the gray masses and converging and diverg-
ing tracts of the cerebro-spinal nervous mechanism as a * Projec-
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tion System ” (or rather as a series of * projection systems”), which
is capped and dominated by the hemispheres of the cerebrum. The
sensory nerves may thus be figuratively described as the * feelers,”
and the motor nerves as the “arms” of its cortical gray matter,
This matter is both a “ sensory shell,” upon which the centripetal
nerve-commotions gather and dispose themselves ; and is also the
“motor shell” in which certain centrifugal motions originate. It
is, therefore, an internal ““ Projection Field ” for the muscular sys-

cel® Com g Cop

Fyp

F1a, 88.—Aedinn 2ection of the Bealn, A, aqueduact of Sylvins ; Cha, white commissnre ; Chl,
cercbellum ; Coa, corpus albicans ; Cel, corpuos eallosum, of whiich the different parts are Cell,
rortrnm, Cel2) the genn, Cel?, the body, and Celd, spleninm @ On, conariem, of pineal glond ;
Con, anterior, Com, middle, and Cop, posterior, commizsares; FM, foramen of Monre; Fia,
the anterior, and Ftp, the posterior, {ransverse fissures ;. Let, lamina cinerea terminalis: and
Ty, lamina of the corpora quadrigeming ; Mo, medulle oblongata ; P, pons Varolii; Bl septum
Incidum ; SM, sulome of Monro: Te, tuber cinerenm : Vma, anterior velom mednllare ; 'V,
fourth ventricle; I, optic nerve ; 11!, chinsm of the optic nerve,

tem. The gray masses of the brain below its hemispheres (with
the exception of the internal tubular mass) may—aceording to
Meynert—Dbe described as either (a) « Interruption Masses " of the
projection system, or as belonging to (b) the “ Region of Redue-
tion  of the mass of this system. It is in these lower gray masses
that the great bulk of the nerve-tracts (the corona radiata) coming
from the cortex of the cerebrum are not only broken and infer-
rupted in their eourse, but are also greatly reduced in size." The

| For a clear and concise summary of Meynert's entire view, see Quain's
Anatomy, ninth edition, ii., pp. 870 ff,
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functional significance of this relation in which the eerebral cortex
stands to all the rest of the nervous mechanism will appear more
clearly further on in the discussion.

£ 30. The cerebro-spinal axis, or central nervous mechanism of
the cavity of the spinal column and skull, is connected with the
end-organs of motion and of sense by thirty-one pairs of Spinal,
and twelve pairs of Cranial or Encephalic Nerves.

The thirty-one pairs of Spinal Nerves originate in the spinal
eord and pass out of the spinal canal through the openings called

Fra, 3. —Posterior View of the Bpinal Cord with its Nerven, X. (After Sappey.) I-VIIIin A
are cervical : T IT, and ITT in A. and IV=-XII in B, dorsal : the last in B, and down to V in C,
lnmbar: I-V in O, saceal ; 10, 19, origin of the posterior roots; 11, 11, posterior median ts-
gnre ; 12, 12, spinol ganglin ; 13, 13, united nerve ; 15, tapering of the lower end, becoming 16,
16, the filum terminale ; 17, canda equina.

“ intervertebral foramina.” Of the entire number—enumerating
from above—eight pairs are cervieal, twelve thoracic or dorsal,
five lumbar, five sacral, one coccygeal. Each nerve arises from the
side of the cord by two roots, an anterior and a posterior. The
posterior root has a swelling or ganglion upon it, the anterior has
none ; the former is composed of sensory nerve-fibres, the latter,




THE TWELVE PAIRS OF CRANIAL NERVES. 10

of motor nerve-fibres. The ganglion of the posterior roots eontains
unipolar nerve-cells. The roots themselves vary, in the different
regions of the cord, both as respects direction and length. Imme-
diately outside the ganglion the anterior root joins the posterior,
and the united nerve—econtaining a mixture of motor and sensory
fibres—soon after separates into two divisions, that are formed of
elements from each root and that are distributed, one upon the
back and the other upon the front and sides, to all parts of the
trunk and limbs,

Of the twelve pairs (adopting the Continental instead of the
English division) of Cranial Nerves, which arise from the base of
the encephalon and pass through the openings (foramina) in the
floor of the eranial cavity, three groups may be distinguished : (a)
the sensory nerves, or nerves of special sense ; (b) the motor nerves ;
(c¢) the mixed nerves, which contain both sensory and motor fibres.
To the first group belong the olfactory nerve (first pair), the optic
(second pair), and the auditory (eighth pair); to the second group
belong the nerves that sapply the prinecipal musecles of the eyeball
(oculo-motor, third pair), the superior oblique (trochlear, fourth
pair), and external rectus (abduecent, sixth pair), muscles of the eye,
the muscles of facial expression (seventh pair), the museles of the
tongue (hypoglossal, twelfth pair), and the spinal accessory nerve
(eleventh pair) ; to the third group belong the three nerves which
are so widely distributed over the mucous membranes and muscles
of the face, tongue, pharynx, and internal organs—namely, the tri-
geminus (fifth pair), the glossopharyngeal (ninth pair), and the pneu-
mogastric or vagus (tenth pair).

§ 31. It is, then, by a process of differentiation of a few compara-
tively simple elements, and of infinitely varied arrangement and
combination of the elements thus differentiated, that the elaborate
mechanism of the human nervous system is constructed, and made
fit for the great variety of interconnected funetions which it is
called upon to perform. Material atoms are chemieally united into
the eomplex and unstable molecules of which nervous matter is com-
posed. These molecules are arranged into the structural forms of
nerve-fibres and nerve-cells ; and the latter, at least, are modified
in form aecording to their loeation, and perhaps also function.
The elements are eombined into conducting cords, end-organs, and
central oreans, according to the threefold plan of a nervous sys-
tem ; and the organs are arranged, in the case of man, with an in-
tricacy of relations which can be only very inadequately deseribed.

The description of the mechanism being finished, we consider
more in detail what it can do.




CHAPTER III.
THE NERVES AS CONDUCTORS,

§ 1. Ix that threefold economy of organs which characterizes the
developed nervous mechanism, the office of propagating the neural
process between the central organs and the end-organs has been
assigned to the nerves. The power to originate this process under
the action of external stimuli, although experiment shows that it
belongs to the nerves, is not exercised by them while in their nor-
mal place within the mechanism. It is the office of the end-organs
to transmute the physical moleeular processes, which are their stim-
uli, into the physiologiecal and neural proeess, and hand it over, as it
were, to these conducting cords. But the office of the nerves as
conductors is, of course, not like that of a tube which conducts along
its channel some kind of fluid, nor is it like that of the wire or bell-
metal which is thrown into vibration throughout. It is a molecular
commotion which, when started at any point in the nerves, moves
in beth directions from point to point along its course. The
intimate connection between the two funetions of excitation and
conduetion becomes, then, at once apparent. Indeed, excifafion
may be considered as the setting up of the process of eonduetion ;
conduction as the uninterrupted continuance, or propagation from
point to point, successively, of the process of excitation. Each
minute subdivision of the nerve, then, must be regarded as consti-
tuting, in some sort, a source or centre of stimulation with respeet
to its neighboring subdivisions, If the nerve-commotion is to
move along the nerve N, between two distant portions of its struet-
ure, a and z, then « must act upon its neighbor b as a stimulus, b
upon ¢, and so on sueccessively until y is found stimulating z, and
the proecess of progressive excitation or conduction is eomplete.

§ 2. Tt follows from what has just been said that, in considering
the nerves as conductors, the conditions and laws of the origination
of that process of exeitation which they conduet must be taken into
account. It is neither necessary nor convenient, however, to earry
throughout a distinetion between the two functions—the exeitabil-
ity and the conductivity—of the nerves; it is better to regard them
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as one process from somewhat different points of view. The arising
and progressive movement of a unique molecular commotion con-
stitutes the distinetively neural action or function of the nerves.
And since this so-called nerve-commotion has eluded all the at-
tempts hitherto made to discover its more intimate nature, and to
bring it under a strict theory, we must be content with describing
the following three classes of facts: (1) The Conditions of the pro-
cess ; (2) the Phenomena evoked with it, or as part of it, by differ-
ent kinds of stimuli; (3) the Laws of its propagation.

What is called *the general physiology of nerves” attempts to
consider their action while excluding the influence upon it from
the central organs and the end-organs, That is, the funection of the
nerves, as we now consider it, 18 exercised under abnormal conditions.
It has been objected to the view which regards each element of
the nerve as the stimuluz of neighboring elements, that the ef-
fects of direct artificial stimulation must differ in important respects
from those obtained by stimulation in the normal way. For exam-
ple, Ziemssen and others have shown that the erushed nerve of an
animal, or the paralyzed nerve of a man, may be made to set up a
nerve-process by reflex stimulation when it will no longer respond
to stimulation applied directly to its trunk. And Griinhagen af-
firms that after a stretch of nerve has been reduced by the effects
of carbonic acid to a lower degree of excitability under direct stim-
ulation, it will still propagate through itself the excitation set
up elsewhere with undiminished force. Such facts, however, only
prove that the application of stimuli to the nerve for purposes of
experiment is a very rough and ineffective way compared with nat-
ure’s method of preparing the stimuli by the modifying influence
of the nervous tissues themselves, They do not prove that the
neural process is not fundamentally the same in whatever way it is
brought about. On the contrary, there is abundant evidence to
show that this abnormal aectivity, when ecarefully studied, will give
us the key to the normal function of the nerves. The advantages
of simplifying the problem by experiments upon isolated nerves
are too great, and the fund of valid information thus obtained is
too important for us to neglect the method proposed. The science
called “ general physiology of the nerves” is, indeed, very largely
built upon experiments with the motor nerves of frogs; and, of
course, it may be said that frogs, with respect to their nervous sys-
tems as otherwise, are very unlike men. But with respect to the
character of that specific molecular process which is set up in the
nerve when excited, frogs appear to be essentially the same as men.
At any rate, we have no physical means adequate for detecting any
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essential differences. In other words, nerves are nerves the world
over ; and what they do as nerves simply, is essentially one thing in
all cases.  What they do in their vastly different arrangements and
eonnections with central organs and end-organs differs vastly in
different cases,

§ 3. The view that each element of every nerve, irrespective of
its kind or specific place in the animal mechanism, ean only stimu-
late its neighbor and be stimulated by its neighbor, suggests an-
other interesting inquiry. Is this stimulus of the nerve-elements,
this effect in exciting contiguous elements, anilogous to any of the
so-called external stimuli? Or, in other words, the inquiry may be
raised : Is the process of nerve-commotion in the nerves similar to,
or identieal with, any of those molecular processes which aet as in-
direct stimuli upon the nerves through the end-organs? In answer-
ing this question it has long been customary to ally nerve-commo-
tion with electricity. In a posthumous work by the mathematician
Hausen, in 1743, it was first proposed to consider the efficient
principle of nervous action as identieal with that of the electrieal
machine.' Exactly a century later (1843) du Bois-Reymond an-
nounced the discovery of an electrical current in unexcited nerves
(the so-called “ current of rest ™). Since then the phenomena of this
current, of the negative variation of the nerve, and of electrotonus
—all discovered almost simultaneously by the same investigator—
have been the subject of mueh painstaking research. This researeh
has resulted in showing that important differences exist between
the neural process and that of the electrical eurrent, and in making
more and more clear the impossibility of forming a purely electri-
cal theory of the nervous functions. On the other hand, it has also
revealed many important similarities between the two. It is by
experiment with the effect of electrical currents, of different kinds
and directions, and under varying econditions, that the science of
general physiology of the nerves has been built up.

4. In order to understand the general results of experiment
upon the nerves, the nature and use of the so-called Nerve-muscle
Machine must be understood.

A “mnerve-muscle preparation ” consists of muscle freshly taken
from the living animal with its attached nerve dissected out; for
example, the gastrocnemius muscle of the frog with the attached
geiatic nerve. Such a preparation may be kept alive for some time
in a moist chamber. By the simple contrivance of connecting the

! Bee in du Bois-Reymond’s great work, the history of opinions on this
point : Untersuchungen itber thierische Electricitit, 11., i, pp. 200 fi. Berlin,
1549,
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end of the musele with a lever, arming the lever with some means
of making a mark—either pen, or bristle, or needle—and bringing
its point thus armed to bear on a rapidly travelling surface (plain
paper, or smoked paper, or glass), the time and amount of the con-
tractions of the musecle may be recorded. The most refined means
for noting the exact instant when the stimulus is applied, and also
the state of the effects produced at every succeeding instant of their
duration, are of first importance. The nerve may be stimulated
with different kinds, degrees, and directions of the electrical cur-
rent (or with other forms of stimuli) at any points preferred in its
stretch, and under a great variety of conditions with respect to tem-
perature, moisture, mechanical pressure or stricture, integrity and
vitality of its structure, ete. ; and the effects of such stimulations
upon the contractions of the musecle may be noted and compared
as they have been recorded. Means for testing the most delicate
and rapid changes in the eleetrical or thermometrie conditions of
the nerve may be applied to it at any point of its stretch. Varia-
tions and refinements of experiments essentially the same may be
almost indefinitely multiplied ; the experiments may be repeated,
and verified or corrected, by the same observer or by others. In-
asmuch as the preparation is both muscle and nerve, an acquaint-
ance with the behavior of the muscle, and with the laws of its con-
traction, is necessary in order that it may be known how much of
the complex phenomena is to be aseribed to the functional activity
of musele, how mueh to that of nerve. Dut into a statement of the
general laws of contractile tissues, and of the nature and explana-
tion of the behavior of muscle when irritated, we cannot enter.’
Certain terms in constant use to deseribe the methods and results
of experiments with the nerve-muscle machine also require a brief
explanation. The line traced by the armed end of the lever, as it
rises and falls with the contractions of the musele, is known as the
“ muscle-curve.” In so far as it shows changes that are due to the
condition of the attached nerve, or to the guality, intensity, and
order of the stimulations applied to that nerve, this curve 15 a
measure of the process of neural exeitation and conduction. If
the electrical current flows with the course of the motor nerve-
stretch—that is, from the central toward the meripheral parts—it
is called “descending,” or direct; if in the opposite direction

-

“ascending,” or inverse. The current to be detected in an unex-

! For a deseription of the method and results of experimenting with the
nerve-musele preparation, more accessible to the general reader than the books
to which reference will chieily be made, see Foster's Text-book of Physiology,
pp- 43 fE,
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cited nerve (a nerve, that is, whose funetional activity is not at the
time in exercise on account of the application of any kind of stim-
lus) is called a * natural eurrent,” or a “ current of rest.” The cur-
rent produced by stimulating the nerve, and so calling into exer-
cise its physiological function, is a “current of aection.” When
a single induction-shock, or a number of such shocks repeated
at sufficient intervals, is sent through a nerve-stretch, the contrae-
tile spasm of the musele in response to each shock shows that
a single “nervous impulse ” is passing along the nerve. When the
single stimulations are repeated with sufficient rapidity, the single
spasms fuse into one apparently continuous effort, known as “ tet-
anus,” or *““tetanic contraction.” The term *tetanus” aplms
piimarily to the muscle only; but the application of rapidly re-
peated shocks to the nerve, such as would produce *tetanic con-
traction ” of the muscle, may be called the “ tetanization of a nerve.”
The contraction which follows the closing of the current is called
the “ making contraction,” or *closing contraction ;” that which
follows its opening, the “breaking ” or “opening ” eontraction,

§ 5. Of the conditions under which alone the nerve is eapable of
exercising its function of neurility the most important are these
three : Vitality, G.H:gen, and Recovery from previous exhaustion.

A nerve eannot act as a conductor of the neural process unless
it is vital ; but the death of the nerve is not necessarily simultane-
ous with that of the body from which it is taken, or of the muscle
to which it is attached. On the contrary, by careful freatment with
respect to moisture and temperature, and by guarding it from
mechanieal or chemical injury, it may be preserved alive for some
time after exeision. The indirect irritability of the muscle through
the excised nerve attached to it frequently continues in warm-
blooded animals and in high temperature not longer than about
an hour ; in the frog and in a low temperature it may last for sev-
eral days. The nerves of the summer frog are much more perish-
able than those of the same animal in winter., A nerveis, of course,
alive as long as it will excite the musecle to contract. But the nerve
is not necessarily dead when the attached muscle no longer responds
to its excitation ; the failure may be due to the death of the very
sensitive and perishable end-organs which connect the two. Her-
mann ' eonsidered that the existence of electrical phenomena in the
nerves of rabbits showed the nerves to be alive for several hours
after they would no longer stimulate the musele, and also after the
muscle itself could not be irritated direetly. Nerves may even be
alive after they cease to exhibit electrical phenomena that can be

! Handb. d. Physiol., 1L, i., p. 120,
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detected by the most delicate tests available. Tt is possible that
the capacity for excitation may linger after the capacity for con-
ducting the excitation is lost. Since the nerve, unlike the muscle,
has no death-rigor, we cannot say just when it is wholly dead.

During the stages of dying, nerves exhibit two interesting changes
of excitability. Immediately after it is severed from the body |
the irritability of the nerve increases temporarily, and afterward
diminishes by sueccessive degrees until it is wholly lost. The
cowrse of these changes in its irritability is found to be different
for different parts of the same nerve-streteh. It was discovered by
Valli and Ritter * that a nerve which has once ceased to stimulate
its attached muscle to contract will again excite muscular contrac-
tion if the electrodes be applied farther down its stretch; there-
fore the lower portion of the nerve-stretch seems to preserve a
given degree of vitality for the longest time. From this fact * Valli's
prineciple ” has been derived : Nerves die from the centre to the
periphery. The temporary inerease of the irritability of the ex-
eised nerve belongs indeed to its entire streteh ; but it appears first
in the upper part. This fact is connected with the important in-
fluence which the cross-section of a nerve has upon its eleetrical
and neural condition. As to the reason for this increase of nervous
excitability which accompanies the first stage in the dying of the
nerve, we are quite in the dark.

§ 6. Closely allied to the foregoing changes are those which take
place in the structure and funetional aetivity of a nerve that re-
mains in the living animal organism after having been separated
from the central organs. Such a nerve, after a time, completely
loses its irritability. Two investigators, Giinther and Schiin,” found
this time to be, in the case of rabbits or dogs, about three or four
days ; in a cold-blooded animal like the frog, the time may be pro-
longed to a week, or even more. The law of increased irritability,
produced in the entire nerve-stretch, but first manifested in the
portion nearest the cross-section, immediately after separation from
the central organ, holds good for most observations on nerves cut
in sifu ; its application is obvious, however, only to the ease of the
motor nerves. In 1850 Waller announced * the discovery that the
anatomical changes (a fatty or granular degeneration) which take
place in the nerve-fibres after being severed from the central organs
proceed from the place of section to the extreme peripheral portion

1 Bee in du Bois-Reymond’s Untersuchungen, ete., i, pp. 321 ff

? See the Archiv f. Anat. Physiol., ete., 1840, p. 270,

* In Philosophical Transactions, 1850, ii., p. 423; and see, also, Archiv f.
Anat. u. Physiol., 1852, p. 392.
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of the fibre ; and that the sensory nerves do not degenerate in their
peripheral, but in their central portion, when the posterior roots
arc cut above the ganglion. The central portion of the nerve, when
cut at a point lying toward the periphery from the ganglion, may
be shown (in the ease of the sensory nerves, which alone admit of
being experimented upon for this purpose) to retain its irritability
for a long time, although it finally loses it through lack of exercise.
A cut nerve remaining in sifu may be regenerated, and so regain its
functional powers. Regeneration takes place by the axis-eylinders
growing out from the central portion and running into and between
the sheaths of Schwann of the peripheral portion ; it is accom-
plished, then, by the influence of the central organs. The irrita-
bility of the nerve returns as its structure is regenerated. Aeccord-
ing to some investigators its conduetivity is regained earlier than
its power of loeal irritability. Duchenne ' and others claim that
the influence of the will is the first form of stimulus to regain con-
trol of regenerated motor fibres.

§ 7. Oxygen, as furnished by the cireulation of the arterial blood,
. is the second condition for the performance by the nerves of their
' distinetive funetions. DBut nerves, as compared with the ecentral
organs or end-organs of the nervous system, or even with the mus-
. cles, are relatively independent of the presence of oxygen. Indeed,
sinee the muscle is so much more sensitive to changes in the gual-
ity of the blood, and is supplied by the same arteries that supply
the attached nerves ; and since the irritability of the nerve is tested
by the vital contraction of the muscle—it is diffienlt to determine
by experiment the exact effect upon the nerves of withdrawing
from them the oxyzen of the blood. The irritability of the nerves
continues about as long in a moist vacuum, or in indifferent gases,
as in the air. What little is known of the echemical processes
which take place iz the nerves confirms the view that they are rel-
atively independent of the presence of oxygen; and the experi-
ments of Severini, who thinks that he has discovered a restorative
effect of ozone (if not of ordinary oxygen) upon these organs when
dying, are not yet fully confirmed. It may be argued, however,
from the marked dependence of the other forms of nervous tissue
upon a supply of arterial blood, as well as from the general theory
of the nervous system, that the presence of some oxygen is a nec-
essary condition of the funetional activity of the nerves,

§ 8. Exhaustion is a condition of the nerves recovery from which
is necessary in order that they may exercise their normal functions ;
but exhaustion of the nerves is difficult to distinguish experimen-

! Traité de Pélectrisation localisée, second edition. Paris, 1861,
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tally from exhaunstion of the central organs or of the end-organs.
The experiments of du Bois-Reymond upon the negative varia-
tion of the nerve-current under repeated irritation give us the
first item of the desired proof. The variation under these cirenm-
stances becomes constantly weaker. By ingeniously separating the
proofs of exhaustion in the muscle from those of exhaustion in the
nerve, Bernstein ' has shown that the latter comes on muech more
slowly than the former; and that by far the greater amount of
the effects attributed to exhaustion in the nerve-muscle macline
belong to the musecle-element of this machine. When tired, how-
ever, the nerve recovers more slowly than the muscle. Nerve-
cells—and therefore the central organs and end-organs of the ner-
vous mechanism—tire mueh more easily and quickly than nerve-
fibres. Indeed, according to Hermann,® it is conceivable that all
the phenomena of exhaustion which take place in the normal expe-
rience of the nervous system belong really to the organs connected
with the nerves rather than to the nerves themselves. When we
are tired nervously, it is not ordinarily the nerves that are tired.
And yet the law of the exhaustion and recovery of functional ac-
tivity doubtless belongs to normal, as it does to excised, nerve-fibres.

§ 9. The various classes of phenomena which are evoked in con-
nection with the starting and propagation of nerve-commotion
along a nerve-stretch will be considered from two points of view :
First, as regards their dependence upon the character, amount, and
method of the application of the stimuli which are used ; and, sec-
ond, as indieative of certain processes—chemical, thermie, electri-
cal, etc.—set up in the nerves themselves. We shall thus, as far
as possible, avoid repetition.

§ 10. The mechanical properties of the nerves are of little inter-
est to psycho-physical researches; and comparatively little con-
cerning their physiological functions has been learned by the ap-
plication to them of mechanical stimuli. The elasticity of nerves
in the dead body was found by Wertheim to follow the same laws
as that of the musele—their absolute duetility is less than that of
musele ; their eohesion greater. All kinds of mechanieal attacks on
the nerves excite them, and are followed by pain in the case of
sensory nerves, contraction of the museles in the ease of motor
nerves. By rapid shocks of this kind—for example, with a toothed
wheel or a hammer—tetanus may be produced. A certain sudden-
ness of influence is, in general, necessary to the effect. Yet Fon-
tana succeeded in eutting nerves very quickly with a sharp knife
without produecing any muscular contraction. FPressure of a nerve

1In Pfliger's Archiv, xv., p. 280 1. Handb. d. Physiol., IL, i., p. 185,
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may be inereased very gradually to a high degree without exciting
it ; but its power of conduectivity is thus temporarily suspended.
Very moderate pressure or slight traction of the nerve has been
found by several investigators to increase, at least for a moment,
the irritability of the nerve ; and perhaps, also, the speed of con-
duetion in it.  All neural funetion is, of course, destroyed by any
considerable mechanical injury of the nerve, such as often happens
by stricture or pressure from a swelling.

§ 11. Thermic influences upon the phenomena of the neural pro-
cess are very marked and important. On the other hand, almost
nothing is known as to the specific heat of nerves or as to their
power to eonduct heat. Hermann thinks it probable that the
latter is different in the two main directions of the fibres. The
results of experiment differ as to the degree of heat which is neces-
sary to act upon the nerves as a stimulus. Valentin, the first ob-
server in this line, found that dipping the motor nerves of frogs
in water heated to about 100° Fahr. (38" C.) caused contractions ;
but Eckhard obtained such results only from femperatures above
150.8° to 154.4° or below 25° to 22°—that is, temperatures that
are either deadly or permanently injurious to the nerve. Nor,
according to the latter, is the nerve excited by changes in tempera-
ture as it is by changes in the electrical current, Slighter changes
near the dead-line may have an effect to excite the nerve ; but con-
siderable changes in the medium temperatures, as a rule, have no
such effect. It is the opinion of some, however, that such thermie
changes, when marked and sudden, may aet as a stimulus to mo-
tor nerves. It was shown by IE. H. Weber'® that heat and cold have
no effect in producing sensations when applied directly to the sen-
sory nerve-trunks of man.

While there is little evidence, then, to show the direct excitatory
effect of heat upon the nerves, there is no doubt whatever as to
the importance of thermic influences upon their exeitability and
conduetivity. High degrees of temperature may destroy the pow-
er of the nerve to perform its functions, but without killing it.
Warmth inereases the immediate expenditure of energy in an ex-
cised nerve, and so hastens its death ; cold delays this expenditure,
and so conserves the nerve. The limit of this inereased irritability

\ of the nerve under the influence of heat is reached at about 122°

Fahr. ; as the degree of heat applied rises from this point toward
150°, its effect is rapidly felt in causing the death of the nerve.
Sudden cooling from about 68° down to 50° may produce a tem-

'Tn Wagner's Handworterb, d. Physiol., IIL, ii., pp. 496, 578 ; and Archiv
f. Anat., Plhysiol., eto., 1847, p. 842, 1849, p. 273.
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porary rise of irritability ; but, in general, cooling below 59° di-
minishes the irritability of nerves. The effect of temperature upon
the speed of conduction will be referred to elsewhere.

§ 12, Chemical influences have, for the most part, surprisingly
little effect upon the irritability and conduetivity of the nerves,

especially in view of their great sensitiveness to other external in-

fluences. Such indifference is probably due to the protection of
the nerve by its membranes. The effect of most chemical agents,
when long continued, is to destroy the nerve without irritating it ;
but some agents in a concentrated form act upon it as stimuli
The researches of Eckbard, Kolliker, and Kiithne have given us
most of the information we have upon this matter. Only two
points need mention here. First : Changes of the amount of water
in the substance of the nerve affect its functional activity. Drying
the nerve produces contractions ending in tetanus; although, ac-
cording to some authorities, these effects do not follow if the dry-
ing be very sudden. A slight amount of drying raises temporarily
the irritability of the nerve. The amount of the decrease of water
necessary to produce contractions in the attached musele is given
by Birkner at four to eight per cent. of the weight of the nerve;
irritability ceases, although the dried nerve is not dead, with a
loss of forty per cent. Others, however, give the latter fizure as
between eight per cent. and nineteen per cent. Swelling the nerve
in water or other indifferent fluids decreases its irritability slowly
to the point of entire cessation.

Second : The effect of certain acid and alkaline solutions upon
the nerve is much like that of drying it. Various neutral salt so-
lutions, and free alkalies in solution, produce strong museular con-
tractions, ending in fetanus and death. Certain organic sub-
stances in concentrated solutions—for example, urea, sugar, and
glycerine—irritate the nerve ; so, according to most observers, does
aleohol of from ninety per cent. to eighty per ecent. The law seems
to be, that all chemiecal stimulation of the nerves is closely conneeted
with the destruection of the nervous tissue.

§ 13. The phenomena evoked by applying the stimulus of elee-
tricily to the nerve-musecle machine are very numerous and diffi-

\

|

-

cult of disentanglement, since they depend upon such a variety of |

changing conditions. TFollowing is a very brief statement of some
of the more important of such phenomena, in as far as they relate
to the direct excitatory effect of this stimulus, and also to its effect
in modifying the excitability of the nerve.'

! Here, as throughout the subject of the general physiology of the nerves,
the chief reliance has been placed upon Hermann, Handb. d, Physiol., 1L, i.
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The resistance which living nerves offer to the eleetrical eurrent
does not differ much from that of living musele ; it is given by
most authorities as somewhat greater. Aeccording to Weber's in-
vestigations its resistance is about 50,000,000 times as great as
that of copper wire. Acecording to Harless, the conduectivity of the

. nerve is on the average about 14 86 times that of distilled water.
HErmmm found the econduetivity to be much greater in the longi-
], tudinal than in the transverse direction of the nerve.

As to the direct excitatory effect upon the nerve of constant
currents and of their variations, the main principle is that formu-
lated by du Bois-Reymond in 1845." This prineiple may be stated
as follows: The excitatory effect of the constant current, as judged
by the contraction-curve of the musele, does not eorrespond to the
absolute value of the intensity of the current at each moment,
but to the change in this value from one moment to another ; and

" the effect is greater the less the time in which changes of the same
magnitude in the current occur, or the greater their magnitude in
the same length of time. The essential fact is that constant cur-
rents, while they remain constant, do not irritate the nerve ; vari-
ations in such currents do irritate it. The variation may be either
from zero or fo zero (the making or the breaking of the current),
but it must have a certain degree of suddenness to be of any effect.
Hence induction-shocks are, relatively to their actual strength,
much more effective than the constant current in exeiting the
nerve. Great difficulties, however, stand in the way of stating
definitely the relations that exist between variations in the strength
of the constant eurrent and changes in the excitation of the nerve
produced by these variations; Hermann, indeed, pronounces the
difficulties ““insuperable.”

| It is not absolutely certain that the constant current itself, apart

| from variations in its strength, has any excitatory effect upon the

* sensory nerves. The sensory effects produced by such a currvent,—
for example, pain in the skin, roaring in the ears, sensations of
light and color, electrical taste, giddiness (as when the current is
passed transversely through the head at the mastoid processes),
efe.—are due to the end-organs and the central organs. It is per-
haps probable that such a current itself may produce tetanus in
certain merves; but the effect is very small compared with that
produced by variations of this current. Pfliiger found tetanus pro-

'In o paper communicated to the Physiological Society in Berlin, August
8th, of that year ; see, also, his Untersuchungen iiber thierische Electricitit,
L, p. 258.
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duced by weak currents of about the order of the so-called muscle-
" current ; but not by strong ones,

§ 14. The excitatory effect of the constant current is dependent
upon its direction. If three grades of strength are assigned to all
such currents—namely, weak, medium, and strong—the results of
all the experimenters will be found to agree as to the dependence
of the effect of medium and strong currents upon their direction ;
as to the case of weak currents, authorities differ. The following
table, given by Ptliiger," states the conclusion agreed to by the

larger number of observers:

Azcending Current, | Descending Curvent.,

STRENGTH OF (URRENT. | T T =
Making,. Breaking. Making. DBreaking.
L T e R Contraction. | Test. Contraction. | Rest.
Mediim . .uoees suue .| Contraction. | Contraction. | Contraction. | Contraction.
BRTOOE i a2 | Rest, Contraction, | Contraction, | Hest or weak
| | | contraction.

The results here tabulated are obtained by experimenting with
the excised motor nerves of frogs. In experiments with the sen-
sory nerves, or with any of the nerves while remaining in the liv-
ing animal, the conditions become so complicated that satisfactory
results in confirmation of Pfliiger's conclusions have not yet been
reached.

§ 15. The excitatory effect of the constant eurrent is also depend-
ent upon its absolute strength. Du Bois-Reymond, after discovering
his law, proceeded to raise the inquiry, whether the height of the
current upon which the variation is piled up, as it were, has any
influence upon its effect. Various attempts to answer the inquiry
have been made ; but the discovery of Pliiger's law of electrotonus
has, according to Hermann,” changed the form of the question to
the following : What influence upon the excitatory effect of in-
creasing catalectrotonus and diminishing anelectrotonus:does the
absolute amount of existing electrotonus have? In this form it will
be referred to again.

§ 16. The excitatory effect of the electrical current is influenced
by the length of the nerve-streteh through which it flows. From
the beginning of electro-physiology the opinion has prevailed that
the excitatory effect is inereased by the length of the nerve-streteh.
This view accords theoretically with deduetions from Pfliiger's law
of electrotonus. The experimental proof, however, is somewhat
vacillating ; in part, doubtless, on account of the admixture of

! See Untersuchungen iiber die Physiologie d. Electrotonus, p. 453. DBer-
lin, 1859, * Handb. d. Physiol., 1L, i., p. T6.
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different local conditions where different considerable lengths of a
nerve are passed through. Different investigators have found the
increase of irritability in the nerve, as dependent upon its length,
confined within different limits; one has fixed the limit at from
s to } inch, another at from | to £ inch. Willy found the rule,
in general, to hold good only for descending currents.

§ 17. The excitatory pﬂ‘p{:t of a constant ewrrent is influenced by
the angle between the axis of the nerve and the direction of the
eurrent.  After considerable experimentation, with varying results,
the more modern researches have, according to eareful experiments
made by Albrecht and A. Meyer, in the laboratory of Hermann,'
confirmed the opinion of Galvani: The electrieal current does not
excite the nerve when it flows precisely at right angles to the
nerve's axis.

§ 18, The duration of the current also influences its effect as a
stimulus.

Attention has already been called to the exhausting effects of
long-continued stimulation of the nerve, whether by electricity or
otherwise. But can a shock be so brief as not to stimulate the
nerve at all? The reason why very brief currents, on breaking the
circuit, are not followed by a contraction of the muscle is obwi-
ously to be found in the fact that the condition of anelectrotonus,
on which the breaking contraction depends, has not had time to
develop itself. But J. Kinig, working under Helmholtz's direc-
tion, found that eurrents whieh would produce the making but not
the breaking contraction, provided they had sufficient duration, pro-
duced no contractions at all if they lasted only 0.001 of a second.
On increasing the duration of the current the strength of the con-
tractions increased also, until at 0.017-0.018 of a second they
reached the same height as that of the contraction produced by the
eorresponding constant eurvent. It may be said, then, that the
electrieal scurrent must aet upon a nerve for at least about 0.0014
of a second in order to exeite it. The nerve on being cooled
becomes more sluggish in its response to the stimulus; at the
freezing-point it requires a duration of nearly 0.02 of a semnd for
the stimulus to start it into action.

§ 19. Besides the direct excitatory effect upon the nerve of elec-
trical eurrents, we have to consider their effect in modifying the
action of the nerve under stimuli, whether electrical or of some
other kind. If a nerve-stretch is under the influence of a constant
eurrent which is being passed through it, the effect of stimuli,
when applied to any part of the nerve and judged by sensation or

| See his Handb, d. Physiol., IL, i., p. 81 £
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museunlar contraction, is inereased. This changed condition of the
nerve with respect to its exeitability, which the electrical eurrent
produeces, is called © Eleclrotonus.” The term was introduced into
physiology by du Bois-Reymond, who was preceded in his in-
vestigations by Ritter, Nobili, and Matteucecl, and followed by
Valentin, Eckhard, and others. It is Pfliger, however, who is en-
titled to have his name permanently attached to the law of elee-
trotonus; for it is he who most thoroughly analyzed the facts,
separated the variables from the constants, and gave scientific form
to the result. It is found that the modified excitability of the
electrotonized nerve (that is, of the nerve which has been thrown
by the passage of the electrical current into this modified condition
of excitability) is not uniform through its entire streteh, but is
greatest in the immediate region where the electrodes are applied.
Moreover, it differs at the two electrodes—the condition af the
anode (or positive pole) from that at the cathode {or negative pole).
It differs, also, for that part of the streteh which lies between the
electrodes as compared with that which is outside of the electrodes.
Pfliiger’s law states the whole case as follows: T'he excitability of a
nerve under the aclion of the conslant current is increased in the
catelectrotonized region (that is, on both sides of the negative elec-
trode), and diminished in the anelectrotonized vegion (that is, on both
sides of the positive electrode). This law is declared by Hermann '
to hold good of all kinds of stimulus, and in all cases—with the only
apparent exception of the suprapolar region of an ascending current.

This electrotonic effect of the constant eurrent, like ifts direct
excitatory effect, is influenced by the strength of the current, by its
making and breaking, and by the length of the stretch through
which it flows. The change in the excitability of the electrotonized
nerve increases with the strength of the current, from the low-
est observable point until it soon reaches a maximum ; after this
maximum is reached, further inerease of electrotonus is to be ree-
ognized only by the expanding of this condition over the extra-
polar parts of the nerve-stretch. Eleetrotonus inereases also with
the length of the nerve-stretch affeeted; but this relation also
finally reaches a maximum. FEleetrotonie changes in the catelec-
trotonic region oceur immediately upon making the current ; they
then speedily but slightly increase, and more slowly diminish again.
The anelectrotonie condition develops and extends itself compar-
atively slowly, reaches a maximum, and then gradually falls off
again. The immediate consequence of breaking the current is to
inerease the electrotonic condition of the nerve in the aneleetrotonie

| Handb. d. Physiol., IL, i., p. 43.
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region, and very briefly to decrease it in the catelectrotonic region ;
the former increase gradually vanishes; the latter decrease is fol-
lowed, after a few seconds, by an increase which lasts from one-
half a minute to fifteen minutes.

The so-called ““laws of electrotonus™ are almost wholly based
upon experiments with the motor nerves of frogs. Great and even
insuperable difficulties stand in the way of proving experimentally
its application to sensory nerves, or to the nerves of living and self-
conscious man. The conditions of influence—from the central
organs and end-organs, from sensation and will—upon the nerves
in such cases are so complicated as to baffle all attempts to analyze
them by means of direct experimentation.

Further consideration of electrotonus, and of its bearing upon
a mechanical theory of the nerves, must be for the present post-
poned.

§ 20. The phenomena evoked in econneetion with the starting
and propagating of nerve-commotion along a nerve-stretch may be
presented—in the second place (see § 9)—as indicative of certain
Processes set up within the nerves themselves. That the effect
of a constant current 1s not exhausted in direct excitation of the
nerve is proved by the changed condition of execitability which it
also produces.

No mechanical process that can be made directly appreciable by
the senses or accurately measured by mechanical means, like that
which takes place in the contracting muscle, oceurs in the nerve
when excited to its physiological aetivity by means of appropriate
stimuli. Whatever changes then take place in it are invisible and
impalpable.

§ 21. Nor are we much better able, on the ground of experi-
mental tests, to affirm the existence of any thermic process in
connection with the excitation of the nerves. If any rise of tem-
perature in the nerve is caused by the application of stimulus, it
is exceedingly small. Helmholz,' in connection with his investiga-
tions info the heating of the muscle when in a state of tetanus,
could detect no development of heat in the nerve, although his
means would have revealed a change of only a few thousandths of
a degree. On the other hand, Schiff and Heidenhain both de-
tected a rise of temperature in the brain due to nervous excitation.
But it is still a question how far this fact indicates anything more
than change in the distribution of the arterial blood. Moreover,
the former of the two observers failed to obtain any evidence of
heating in the cerebellum by sensory excitation. The ease of the

! Archiv f. Anat., Physiol., ete., 1848, p. 158,
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conduecting nerve-cords and that of the cellular tissue of the cen-
tral organs may very likely be different in this regard.

§22. Nor have any chemical processes been indubitably proved
to oceur in the nerves as an accompaniment or result of the exer-
cise of their physiological function. The only experimental evi-
dence of such a process is the change of reaction which some ob-
servers have found. Funke and others have asserted that, not only
a certain time after death, but also after exertion as eaused by
cramping produced with strychnine-poisoning, the nerves show an
acid reaction. But Heidenhain and other observers contest this
alleged fact. Other assertions of chemical changes set up in the
nerves by exciting them are even more uncertain. Ranke’s theory
of a “respiration of the nerves” is gquite without any sufficient ex-
perimental proof ; and so is his claim that an absorption of the
water of the nervous tissue results from tetanus. If any chemiecal
changes are produced in the nerve by exciting it, they are like the
thermic—exceedingly small. This fact is proved by the almost
complete independence of the nerve with respect to the oxygen
of the arterial blood, and by the absence of any observable changes
in its temperature when functionally active. DBut here again we
must distinguish between the case of the nerves as conduetors and
that of the nervous tissue of the central organs.

§ 23. Evidence of the electrical process in nerves functionally ae-
tive is not wanting. It was not, however, until the discovery of du
Bois-Reymond, announced in 1843, that any experimental evidence
had been obtained to show the existence of electrieal currents in
the nerves, although it had previously been conjectured that the
distinetively neural process is a phase of electricity, This ex-
perimenter found that in the ease of the nerve, as in that of the
muscle, the cross-section artificially made is negative toward the
longitudinal surface of the nerve-stretch. Weak longitudinal eur-
rents also show themselves between the two cross-sections of a
nerve-stretch thus prepared. The eurrent ontside the nerve-stretch
may be considered as completed by a current in the nerve-stretch
from its cut end to the equator. This current (called *natural
nerve-current,” or *ecurrent of rest”) is the same in the sensory,
the motor, and the mixed nerves of the same animal ; but its elee-
tro-motive force is greater the lavger and thicker the nerve. Its
absolute strength in the sciatic nerve of the frog is given by du
Bois-Reymond as 0.022 of a Daniell’s cell, but by Engelmann as
0.046. It gradually becomes extinet in the merves of the dead
body, but it continues for some time after their irritability is lost.

The same discoverer, du Bois-Reymond, found that the current



118 THE NERVES AS CONDUCTORS.

of rest is diminished in energy by tetanizing the nerve-streteh with
an electrical eurrent. That is, if when one of the electrodes is placed
at the equator, and the other at the cut end of a nerve-streteh, the
needle of the galvanometer indicates the passage of a so-called enr-
rent of rest, and then the muscle to which the nerve is attached be
tetanized by passing an interrupted eurrent through the nerve, the
needle will swing back toward zero. This variation is ealled the
“negative variation " of the nerve-current. It may be produced by
chemical and mechanieal, as well as by eleetrical, stimulation ; and
when the nerve is no longer irritable the negative variation sinks
to zero. It shows, therefore, that the electro-motive foree of the
nerve is diminished by the nerve being exeited ; and the degree
of the negative variation is a measure of this diminution, although
it does not wholly nullify the so-called current of rest. The nega-
tive variation of the electrical current in the nerve is closely con-
nected with the nerve-commotion which is started and condueted
in the nerve. Since the execitation of the nerve is known to be
progressive, or of a wave-like character, the nature of this connec-
tion, according to Hermann, may be more definitely stated as fol-
lows: The electrical condition of each excited place in a nerve-
stretch is negative toward all the places of the same nerve-fibre
that are unexcited. Hence, between any two points in a nerve-
fibre, while the nerve-commotion is passing over the distance, two
phases of the current of action occur ; the first phase is in the
same direction as the course of the wave of excitation, the second
15 in the opposite direction.

§ 24. The Laws which are known to govern the starting and prop-
agation of nerve-commotion along the nerves as conductors arve
few in number ; they deal chiefly with relations between the mag-
nitude of the stimulus and the amount of the resulting impulses,
and with the eonditions for, and speed of, the unbroken propaga-
tion of these impulses.

The relations which exist between the magnitude of the stimulus
applied to the nerves in their normal eondition and the amount of
resulting nervous impulse ecannot be given with aceuracy. For, in
the first place, there is no absolute measure for either of the two
values which it is desired to compare. Of the various stimuli
which act upon the nerve-fibres, eleetricity is the only one that ad-
mits of even a fairly approximate measurement as an execitant of
these fibres ; and the excitatory effect of electricity does not vary
in direct proportion to the strength of the current, but in propor-
tion to the changes in its strength. With reference to attaining a
direct measurement of the amount of the process set up in the
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nerve by the stimulus, we seem to be in a yet more helpless con-
dition. The effect of this process is almost wholly manifested in
the organs with which the nerve is connected rather than in the
nerve itself. There is evidence in the case of the nerves, however,
as in that of the muscles, that their exeitation consists in the set-
ting free, by the stimulus, of potential energy due to the molecular
constitution of the nerve itself. DBut the exact nature of this en-
ergy, and of its mathematical relations, both to the stimulus and to
the resulting energy ealled forth in the organs connected with the
nerve, we shall probably never discover. Still further, as Griitzner'
and others have shown, the same kind and degree of stimulus pro-
duces different effects when applied to different nerves.

§ 25. Allowing for the uncertain factors, however, some approxi-
mate statement may be ventured as to the relation between the
magnitude of the stimulus and that of the resulting nerve-commo-
tion. Measuring the amount of the process in the nerve by the
resulting contraction in the musecle, Hermann® found that this
amount increases, at first rapidly and then more slowly, with the
increase of the stimulus. According to Fick,® the height to which
the lever is raised by the contractions of the muscle varies, within
certain limits, in direct proportion to the amount of the stimulus.
The last-mentioned observer also noted two remarkable phenom-
ena: (1) On inereasing the amount of the stimulus beyond the
point necessary to produce the first maximum contraction, another
stage is reached in which the effect further inereases, in proportion
to the stimulus, until a second maximum is gained. (2) In some
eircuamstances, after reaching the first maximum, the effect dimin-
ishes with the increase of the stimulus, then rises on further in-
erease, until it attains a second maximum.

The effect of several exeitations may be supposed to pass along
the nerve as separate waves of nerve-commotion ; but in order to
keep the waves separate the interval between them must be more
than about {1 of a second (the fraction differing for different
nerves, different animals, ete.), otherwise they fuse in the muscle
and tetanus results. The combined effects of stimulations having
the requisite interval may be piled up, or summed up, in the
nerve, and be seen in superimposed contractions of the muscle.
Two simultaneous excitations of the same place of the nerve-stretch
are thus “summed up” as long as the maximum of excitation is
not reached ; the two are, in fact, one. If the cathodes of the two

! Piliiger’s Archiv, xvii., pp. 215 ff.; and xxv., pp. 255 ff.
? Bee Archiv £. Anat. u, Physiol., 1861, p. 392
i Untersuchungen iiber electrische Nervenreizung. Braunschweig, 1864.
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exciting currents unite, the same effect takes place. A similar re-
sult may be gained by combining the effects of two different kinds
of stimuli—as, for example, electricity and the drying off of the
nerve.

§ 26. In a rough way the specific excitability also of different
nerves, or of different localities in the same nerve, may be dis-
covered. Harless found that the exeitability of the nerves of the
frog is twenty-two times as great in winter as in summer. In the
eut merve it is greater near the artificial cross-section. Many
observers have contended that the excitability of the normal nerve
diminishes toward its peripheral portion. Matteueeci investigated
the subject of loeal differences of excitability in the sensory nerves;
more recently Rutherford®' discovered that the reflex effects of
stimulating a sensory nerve are greater the nearer the central
corgan the stimulus is applied. Finally, Helmholtz* and Hermann *
observed that the lower part of the nerve-stretch is more exeitable
under the action of an ascending, the upper under that of a de-
‘seending induction-eurrent.

§ 27. The Speed with which the process of conduction takes
place in the nerves has been determined with considerable accu-
racy, under a variety of circumstances; this, notwithstanding the
fact that the physiologist Joh. Miller* declared it to be forever
impossible no longer ago than 1844. In only 1850, however,
Helmholtz* announced that he had suceceeded in measuring the
speed of nervous impulses in the motor nerves of the frog. The
rate he found to be 26.4 meters, or about 56.6 feet, per second.
Another series of investigations, in which the pendulum-myograph
was used, gave a result about 3 feet larger (27.25 m.). Subsequent
investigators have substantially confirmed the figures of Helm-
‘holtz.  Bernstein, by astill different method of measurement, found
that the speed of conduction in the nerves varies between 25 and
33 meters. In the motor nerves of man the number was still later
fixed by Helmholtz and Baxt at 33.9 meters, or about 111 feet, per
second. Von Wittich found it to be about 98.5 feet per second.
The complexity of the elements which enter into the measurement
of the speed of nervous impulses in the sensory nerves malkes it near-
ly impossible to obtain satisfactory results by experiment. And so
far as the caleulations take into account changes produced in the

1 See Journal of Anat. and Physiol., 18%1, v., pp. 329 ff.

* Archiv £. Anat. u. Physiol., 1850, p. 337.

! Plliiger’s Archiv, viii., p. 261; and xvi., p. 262.

*See his Handbuch der Physiologie, i., pp. 581 ff. Coblenz, 1844,
® See Archiv £ Anat. u. Physiol., 1850, pp. 270-304,
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nervous centres with accompanying phenomena of sensation and
attention, their discussion belongs elsewhere. Of the four factors
that enter into the entire time (* reaction-time ™) which elapses
between the application of stimulus to a sensory nérve and the
resulting contraction of the musele—namely, (1) time of conduction
in the sensory nerve ; (2) processes in the central organs ; (3) time of
conduction in the motor nerve ; and (4) latent period of the muscle
—it is difficult to disentangle the factor (No. (1)) required by
the attempt at analysis. Hirsch, by experimenting with stimuli ap-
plied to the skin at different distances from the brain, found the
speed of conduction in the sensory nerves of man to be about 111.5
feet per second—a result in exceedingly close agreement with the
figure obtained by Helmholtz for the motor nerves. Schelske
used another method of measurement; by applying the stimulus
to the groin and the foot, and recording the difference of time in
the two classes of cases, he obtained results varyving between
25.294 and 32.608 meters per second. Others have given figures
differing more or less widely from those just stated. The general
conclusions, however, favor numbers lying between 98 and 131
feet per second as giving the speed of conduetion in the sensory
nerves of man.

The speed of conduction in all nerves depends upon several va-
rying conditions, such as their tempevature, the strength of the
stimulus, length of the nerve-stretch, and its electrieal condition.
Experiments in winter give different results from those in summer,
In the motor nerves of man the rate can be made, by changes of
temperature, to vary from about 98 feet to 295 feet per second,
It has been disputed by different observers whether the speed of
conduction is dependent in any degree upon the strength of the
stimulus ; and even Hermann considers the question undeecided.
But Vintschgau ' has recently shown, as the result of a large number
of eavefully econducted experiments, that as soon as the stimulus
rises above a certain limit of intensity, the speed of the nervous
impulses increases with the inerease of the intensity of the stimulus.
This limit depends, however, upon the direction of the current, upon
whether it is a making or a breaking current, upon the animal
chosen for experiment, etc. Whether the speed of the nervous im-
pulses is directly dependent upon the length of the nerve-stretch
is scarcely decided beyond doubt. The effort of the science, gen-
eral “nerve-physiology,” is directed toward showing how these
variations in speed, as experimentally determined, may be explained
from the laws of Electrotonus,

! In Plliiger’s Archiv, 1883, xxx., pp. 17 if
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§ 28. Finally, it should be remembered that the fact of any
propagation of nervous impulses whatever presupposes the con-
tinuity, integrity, and isolation of the nerve tract along which the
impulses move. The slightest separation of the substance of the
nerve by cross-section, even when the eut ends are left in the
closest mechanieal contact, destroys the unity of the nerve’s
physiological funetion. The ancients knew that tying the nerve
prevented its action ; they explained the fact by saying that the
flow of nervous fluid was thus hindered. So also does the fineness
of the localization which belongs to the organs of motion, but
especially to those of sense, as well as the fact that partial section
of a nerve only lames part of the field ecared for by that nerve,
indicate the physiological isolation of the nerve-fibre during its
course between end-organs and central organs. Since the result of
stimulating a given nerve is in quality invariably the same, it would
seem that the law of the “ specifie energy ™ of each nervous element
(to which we shall refer elsewhere) is connected with the assump-
tions necessary to explain the phenomena attendant upon the
starting and propagating of nervous impulses in the conducting
nerves,

§ 29. Inasmuch as the central organs are to a large extent com-
posed of nerves, a complete account of the nerves as conductors
should include a description of the nature of that nerve-commotion
which is propagated from point to point along the nervous ele-
ments within these organs, and of the paths or tracts along which
it passes. DBut unfortunately our knowledge upon these matters is
exceedingly scanty and uncertain. This is in part due to the fact
that the influence of the ganglion-cells, with which the nerve-fibres
are mixed to form the central organs, profoundly modifies the
neural processes of excitation and conduction. The subject be-
longs, then, to a consideration of the funetions of the central or-
gans rather than of the nerves alone. Certain statements, how-
ever, may most fitly be given in this connection.

When speaking of conduction in the spinal cord or brain we
are not to think of a nerve-commotion as always moving along one
fixed path, after the analogy of the far simpler case of the nerve in
the nerve-musele machine. It is true that the nerve-fibre in its
normal place in the body runs insulated, as it were, between the
spinal cord and the end-organ at the periphery. But the spinal
cord itself does not act as a perfeetly isomorphic medium. The
very complex structure of this organ, in which nerve-fibres and
nerve-cells are intricately interwoven, has already shown us that it
is not adapted to act as such a medium. The case of the brain is
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even clearer. It accords, therefore, with the structure of all central
organs, that we should find the speed of conduétion slower in them
than in the peripheral nerves. Exner' caleulated, from the delay
which sensory impulses experience in the cord of man, that their
speed there is not more than about 261 feet (8 meters) per sec-
ond. The speed of the motor impulses in the cord he gives doubt-
fully as varying between 36 feet and 49 feet (11 to 12 and 14 to 15
meters). These numbers are substantially confirmed by the con-
elusions of Burckhardt (8 to 14 meters). The latter also maintains
that the speed of the impulses which occasion sensations of touch is
greater than that of those which occasion pain (as 27 to 50 meters
compared with 8 to 14). It has also been observed that, in some
eases of persons with disease of the posterior strands of the spinal
cord, sensations of pain arise in consciousness notably later than
those of touch. But the interpretation of all these phenomena is
complicated with questions of the cerebral funetions ; for sensations
of pain are pre-eminently of cerebral origin. Moreover, we can
have but meagre confidence in our ability to tell with any pre-
cision the length of the paths by which nervous impulses travel in
the spinal cord of man. The fact observed by du Bois-Reymond,
that the vibrations of the muscle tetanized through the cord are
less than would be expected from the number of shocks given by
the stimulus, and the fact discovered by Helmholtz, that muscle
when tetanized by an act of will has a uniform tone indicating
nineteen vibrations to the second (the rate of vibration into which
the musele is thrown by direet stimulation of the motor nerve, on
the contrary, corresponding to the number of shocks), show the
profound effect of the central organs over the nervous impulses.
Although, then, the experimental evidence is not perfectly conclu-
sive, it, on the whole, confirms what we should expect from the
anatomieal structure of the spinal cord, as to the complexity and
relative slowness of conduetion in this organ.

§ 30. Various attempts have been made by experimental physi-
ology to demonstrate the paths of conduetion in the spinal cord.
The evidence from histology on this difficult subject has already
been given (p. T1£.). It is not always easy to make the two lines
of evidence coineide. As to one point of experimental physiology,
however, no doubt has existed since the * epoch-making discov-
ery " of Sir Charles Bell and Magendie. The sensory fibres en-
ter the spinal cord by the posterior root, the motor fibres by the
anterior. The demonstration of this fact is performed by dividing
these roots, respectively, and observing the results. When a pos-

! Piliiger's Archiv, vii., pp. 632 ff. ; and compare Ibid., viii, pp 582 ff.
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terior root is divided all the struetures supplied by the same nerve
lose their sensibility ; while the musecles supplied by its correspond-
ing anterior root continue to be thrown inte action by the will
and by reflex stimulation. Moreover, stimulation of the central
end of the posterior root thus divided produces sensory effects, but
stimulation of its peripheral end produces no motion. When an
anterior root is divided, on the contrary, the muscles supplied by
its nerves cannot be made to act either by volition or by reflex
stimulation ; but no sensory paralysis is produced. Moreover,
stimulation of the peripheral end of the nerve will now throw the
musecles into eontraetion, but stimulation of the central end will
produce no effects. An exception to the exclusively motor effects
of the peripheral end occurs in certain cases of so-called “recurrent
sensibility; ” the sensibility shown in these cases is probably due
to the fact that a few sensory fibres from the posterior root, after
running a short distance in the mixed nerve, turn back and run
upward in the anterior root. The proof is then eomplete, so far
as the direct motor paths to the striated muscles, and the specifi-
eally sensory paths which conduet impulses to the cerebral hemi-
spheres, are concerned. Aceording to Sigmund Mayer® it does
not necessarily follow, however, that only centripetal impulses are
conducted by the posterior, and only centrifugal by the anterior
roots,

§31. The general arrangement of the motor paths in that part
of the spinal ecord, on the same side, where they enter by the an-
terior roots of the nerves, and of the sensory paths in the posterior
part of the cord, is maintained throughout. In man, that is to
say, the impulses pass up or down the cord in that region of it
at which they leave, or by which they enter with, the anterior or
the posterior roots. But histology shows that the two halves of the
cord are anatomically connected by the commissures, and that every
part of each half is bound with other parts of the same half, both
up and down and to and fro. Physiology, too, indicates that the
paths of sensory impulse undergo a partial erossing from right to
left, and from left to right. For, after complete section of one lat-
eral half of the cord, complete loss of sensibility of either side in
that part of the body which is supplied by those nerves of the same
side that enter the cord below the place of section does not re-
sult. The effects that do result depend upon the animal chosen
for experiment, and upon the height at which the section is made.
Experiments upon the lower animals seem also to show that in
their case a partial erossing of the motor paths takes place in the

! Hermann's Handb. d. Physiol., IL, i., p. 217,
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spinal cord ; the evidence from pathology makes it doubtful whether
in man any crossing from side to side oceurs in the voluntary
motor paths, at least below aspoint very high up in the neck. All
the evidence shows that in the lateral columns both sensory and
motor paths are to be found.

§32. In addition to the general statement just made, experi-
mental physiology has little to say confirming or correcting the con-
clusions of histology (see p. 71 £.) as to the paths of neural impulses
in the spinal eord of man.' Experiments which attempt to make
a section, either of all the fibres in the anferior columns, leaving all
the other fibres intact, or of all the other columns, leaving the fibres
in the anterior columns intact, can never, indeed, be quite sure of
their success. But, on the whole, their results are confirmatory of
the statements made 1‘11 the last article. Some investigators have
endeavored to solve the same problem by directly stimulating the
fibres of the different columns in such manner as to confine, as far as
possible, the influence of the excitatory emrrent (or other stimulus)
to certain definitely selected fibres, and so to exclude all reflex ac-
tion. It is found that no reaction, indicative of any sensory im-
pulses whatever, follows the stimulation of the central ends of the
anterior white ecolumns of the spinal cord ; but stimulation of the
peripheral ends of these same columns may be followed by museu-
lar contraction, sometimes (so Longet and Kiirschner found) when
mechanical stimuli are used, but oftener with weak electrical eur-
rents. Careful eutting of these columns is followed by no signs of
pain.

On the other hand, stimulation of the central eut ends of the
posterior columns produces signs of pain, and other sensory effects ;
for this purpose Longet has used electrical, and Eigenbrodt and
Schiff mechanical stimulation. According to Schiff and others the
entire cord can be eut through from before back to the posterior
columns, and if these are left the animal will retain the sense of
feeling. As to a further differentiation of the sensory function of
these columns, different experimenters do not agree.  Some would
confine their function to impulses that give rise to sensations of
touch, on the ground that animals, the substance of whose cord has
beeu entirely eut through with the exception of the posterior eol-
umns, retain their sensations of touch, but loose their susceptibil-
ity to pain from impressions made on the surfaces whose nerves
enter the cord below the place of section. Impulses which give

! Comp. the generalizations of Eckhard in the chapter on ** Verlanf d. mo-
torischen u. sensiblen Innervationswege im Rilckenmarke,” Hermann, Handb,
d. Physiol., IL,, ii., pp. 148 ff.



126 PATHS OF NERVOUS CONDUCTION.

rise to sensations of pain must therefore pass elsewhere than by
the posterior strands ; that is, ehiefly by the gray matter of the
cord. According to others, however, these strands conduect sen-
sory processes only in so far as they serve for the passage through
them of the nerves from the sensory roots ; it is, then, the gray sub-
stance of the cord which conducts these processes along upward.
In addition to the more marked sensory effects of stimulating the
posterior columns, some experimenters get effects which they in-
terpret as showing the presence of motor, and even of voluntary
motor, paths in these eolumns. Stilling, for example, found that
voluntary motions occurred after one entire anterior half of the
cord had been cut through. But in the absence of proof that
no motor paths in the lateral columns were left intact by his ex-
periments, and in view of the fact that a crossing of such paths
may take place in some of the animals, the evidence is not conclu-
sive. Moreover, Tirek and others have found that the posterior
white columns may be entirely cut through without causing motor
disturbances.

In the lateral columns of the ecord, paths of both motor and sen-
sory impulses are probably to be found. As to the case of motor
paths there is, indeed, no reasonable doubt—at least there is no dis-
pute. Ludwig and Woroschiloff found that, in the case of the rab-
bit, voluntary movements of the hinder extremities tock place even
after section of the anterior and posterior strands, and of the gray
matter of the cord in the cervical region. As to the proofs of sen-
sory paths in the lateral colummns, the evidence is somewhat con-
flicting. Longet and Stilling discovered no proof of their existence ;
Sehiff pronounces the matter doubtful ; Tiirck found that unmistak-
able signs of pain followed the cutting of these portions of the cord.
Fxperiments upon animals and pathological observaticn, however,
on the whole, confirm the view that the sensory are mixed with the
motor paths in the lateral colomns. As Wundt ' expresses the ap-
parent truth—in the side strands of the cord a part of the system of
motor fibres is shoved off toward the limits of the posterior columns
and surrounded on all sides by branches of the sensory tract.

It must be borne in mind that the function of neither the motor
nor the sensory tracts is such that a nerve-commotion, when started
in one of the columns, must necessarily run its course by the short-
est path in that one column, or else not be propagated at all to its
destination. Both histology and physiological experiment indi-
cate that the interlacing of the nerve-fibres, and the interruption of
their course with nerve-cells, provide various secondary paths in

I Grundziige d. physiolog. Psychologie, i., p. 101. Leipzig, 1850,
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addition to that which may be called the primary or chief More-
over, the gray substance of the cord not only distributes, but also
earries forward the nervous impulses. After entire half-section of
the cord the sensory tracts of the other half still seem able, in a
partially substitutionary way, to acecomplish the work normal to
both sides. And even in the case of the voluntary motor tractsin
man's spinal cord, though such a work of substitution does not take
place, we cannot affirm that the paths of voluntary innervation
for a definite set of museles are invariably the same through their
entire length. A certain latitude of movement from the straight-
forward course of the impulse undoubtedly exists even in such a
ease,

§ 33. Difficult as it is for experimental physiology to deal with
the tracing of those paths along which the sensory and motor
impulses flow in the spinal cord, it is much more so within the
nervous mass which fills the eranial eavity. Both the structure and
the functions of the cerebrum, as a group of chief central organs,
make it nearly impossible experimentally to distinguish between
paths of voluntary and paths of merely reflex motion ; or even to
conjecture where, within its substance, impulses that have been
moving along some more clearly defined tract may not divide and,
subdivide indefinitely, or—conversely—impulses that enter along
several converging paths be concentrated, as it were, into one or two
that are more definitely fixed.

The evidence by which histology has sueceeded in tracing cer-
tain tracts through the brain, from the medulla oblongata to the
convolutions of the cerebral cortex, has been presented at sufficient
length in the last chapter (see pp. 76 £, 87 f., and 97 £.). The fuller
discussion of the evidence from experimental physiology concerning
the same subject will more properly appear in subsequent chapters
upon the automatic and reflex functions of the eentral oreans and
upon the localization of cerebral funetion. Certain tracts which pass
directly from the erusta through the internal capsule, without en-
tering the basal ganglia, into the frontal and parietal convolutions
have already been referred to as probably motor. Others which
come from the tegmentum, enter the thalamus and subthalamie
region, and emerge after being redistributed to find their way es-
pecially to the tempero-sphenoidal and oceipital lobes, have been
declared, in all probability, to be sensory. With this statement,
so far as the motor tracts are concerned, we shall see that the con-
elusions of experimental physiology accord very well.

§34. Butour assured knowledge from experiment concerning the
paths by which sensory impulses travel in the brain is exceedingly
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meagre. These paths are probably much more numerous and in-
tricate than those along which the motor impulses are propagated.
Moreover, we can seldom draw conelusions with safety concerning
the sensations of the lower animals ; we therefore largely lose our
help from experiment upon them to determine these sensory paths.
The phenomena connected with all sensory disturbances are exceed-
ingly complicated, and the eonclusions they seem to warrant are
often conflicting. For example, the effect of destroying a sensory
nerve-tract in the head does not consist simply in the destruction
or laming of some one definite function. On the contrary, if a
sensory eranial nerve is severed, the various different functions of
feeling pain, of pressure, and temperature, and the power of localiz-
ing, in the region supplied by the nerve are all lost. But disease
of the cerebro-spinal axis may impair one or more of these func-
tions, and leave the others intact, in a given region of the periph-
ery. Ansesthetics also may obliterate the sense of pain while leav-
ing that of contact relatively unimpaired.

Still more difficult of comprehension from the point of view fur-
nished by the general physiology of the nerves are the degrees of
tenacity with which different sensory functions, even when adminis-
tered by the same sensory nerve, are combined. Loss of the sense
of temperature and of the museular sense rarely or never occur
separately ; but muscular sense not infrequently disappears and
the sensitiveness of the skin to pressure is retained. Upon such
phenomena we have little clear light tothrow. It can simply be said
that the distribution of the sensory nerves within the central or-
gans must be enormously complieated, and that we have absolute-
Iy no knowledge as to any differences in the kinds, or velocity, or
paths, of the nerve-commotions there, that will help us to account
for the facts. Yet such differences in the sensations doubtless rest
upon differences in the nerve-commotion that causes them, within
that inner projection-system of sensory impressions which is fur-
nished by the cortex of the cerebrum.

It has already been seen that the paths of sensory impulses cross
over more or less completely within the spinal cord. They also,
like the paths of motor impulses, cross in the region where the
nerve-fibres in general decussate—namely, in the pons varolii and
medulla oblongata. Experiment and pathology both show that
the principal paths of sensory impulses from all the peripheral
parts of the trunk of the body and from its mucous membrane lie
close to those of the motor impulses in the white nervous substance
swrrounding the basal ganglia.  Effusions of blood in this region
not only cause hemiplegia, but also produce more or less impair-
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ment of the different modifications of touch, both in the skin and
in the mueous membrane. According to some authorities, lesions
in the same region often so impair the museular sense that the
contraction of the muscles which is produced by electrieal stimula-
tion is no longer felt. Veyssitére and others suppose that injuries
to the white fibrous matter of the crura cerebri, the internal cap-
sule, and the foot of the corona radiata, invariably produce a loss
of sensibility on one side of the body ; while those which are more
definitely confined to the striate body have this effeet only imper-
fectly and for a time—the amount of the effect depending upon the
amount of the adjoining white substance which is involved in the
injury. This view, like many others on the general subject, is
doubtful,

§ 85. Attempts have been made to loealize the paths of sensory
impulses in the optic thalami and those of motor impulses in the
striate bodies ; and in connection with this view it has been held
that the former are chiefly concerned in the elaboration of sensory
impulses (as sensory ganglionic centres), and the latter in the
elaboration of motor impulses (as motor centres). This theory has
been wrought out (with much rhetoric and econjecture) by J.
Luys.' Luys finds in the optic thalami four centres which—Ilying
in order, one behind the other in an antero-posterior line—conduct
and “condense” respectively the olfactory, the wvisual, the tact-
ual, and the auditory impressions; the corpora striata perform
a similar office for the motor impulses. The sensory impressions
which come from the periphery, therefore, all run through the op-
tic thalami, according to this theory, in order that they may be
“intellectualized ” (whatever that may mean); the motor through
the striate bodies, in order that they may be “materialized.” It
is enough in this connection to say that no such complefe dis-
tinetion of funetion in the basal ganglia, whether as conductors
or as central orcans, has vet been made out. It is true, however,
that the paths in the crusta and in and surrounding the striate
bodies are probably mainly motor, while those in the tegmentum
and in and around the optic thalami are mainly sensory. The
tendency of the most recent investigation is toward placing more
emphasis upon the fibrous nerve-matter surrounding these organs
as furnishing paths for the conduction of both kinds of impulses.

! Recherches amatomiques, physiologiques, et pathologiques sur les Centres
Nerveux, 1865 ; and The Brain and its Functions, New York, 1892,
9



CHAPTER 1IV.

AUTOMATIC AND REFLEX FUNCTIONS OF THE CENTERAL
ORGANS.

§ 1. When a physiological function is oceasioned in a peripheral
nerve, independently of a so-called act of will, by the stimulation
of some other peripheral nerve, this function is said to be * reflex.”
Such a reflex function of the nerve is regularly brought about, how-
ever, by the mediation of a colleetion of ganglion-cells and inter-
lacing nerve-fibres, known as a cenfral organ. In other words, the
secondary stimulation of one peripheral nerve, through a central
organ, as a result of a primary stimulation of some other periph-
eral nerve, is a reflex action of the nervous elements. The entire
cerebro-spinal axis is a pile of nervous centres, increasing, on the
whole, in complexity of structure and of function from below up-
ward, which, with the nerve-fracts running into and out of it, con-
stitutes a complicated mechanism capable of an indefinite variety
of such reflex functions. But the spinal cord and the medulla
oblongata are the special seat of many such functions. On the
other hand, all excitations of the nervous system which originate
in the nervous centres themselves—that is as distinguished from
being called out there by the nerve-commotion brought to them
through the afferent nerves—are called *automatic.” The word
automatie must doubtless often be used to conceal our ignorance
of the real origin of a neural process. And doubtless, also, many
processes which, on first inspeetion, appear to be automatie, may
be discovered, or suspected, to be in reality reflex. But, as far as
our informafion goes at present, not only movements of the mus-
cles through the stimulating of the efferent nerves connected with
them, but also the inhibiting of such movements, and the rise of
sensations, must be ascribed to the automatic action of the central
organs. Changes in the vital conditions to which these organs are
subjected by their immediate surroundings, and especially changes
in the condition of the blood with which they are supplied, ordina-
rily constitute the internals timuli to which they respond by exer-
cising their peculiar funetions. Automatic activities belong dis-
tinctively to the central ganglia of the brain ; it is more difficult to
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vindicate their existence in the spinal cord. In general, it is by no
means easy confidently to distinguish between the purely reflex
and the purely automatie action of particular central organs. The
two forms of action are doubtless uniformly blended ; so that what
is accomplished by any central organ depends both upon its own
internal condition and molecular activity at the moment when the
sensory impulse reaches it, and also upon the character of that im-
pulse. Inasmuch as it is a vital moleeular mechanism connected
by an indefinite number of ties with other similar mechanisms, the
central organ constantly acts both reflexly and antomatically.

§ 2. It follows, therefore, that several kinds of reflex action are
theoretically supposable in the nervous system. When motor
nerves are stimulated in a secondary way through a central organ,
by applying stimulus to the sensory nerve-endings, the effect may
be called reflex-motor. If an excitation of a motor nerve were
transferred, without aetion of the will, to one or more senscry paths,
such a conversion of nervous action might be called reflex-sensory.
In this way the attempt has been made to explain the feeling of
weariness in the museles when they have been overexerted, or the
feeling which we describe as that of a limb being ““ asleep.” It has
also been proposed to speak of *co-motor reflexes,” in cases where
two motor nerves are assumed to be reciproeally combined in their
influence, through a central organ; or of * co-sensory,” in cases
where the same relation is sustained by two sensory nerves. As an
example of the latter, attention has been ealled to the sensation
which is felt in the nose when trying to look at the sun. Examples
of the three last classes of alleged reflex functions of the nervous
system are, however, for the most part very doubtful; or they
admit of explanation by recognized causes in another way." It is
only concerning the laws of the first class of reflex actions—the
reflex-motor or sensory-motor—that we have assured scientific
evidence. The reflex funetion of a central organ may be defined,
then, as being (at least in its simplest form) the * conversion ” or
“reflexion” of a sensory impulse into a motor exeitation. We
must guard ourselves carefully, however, against the misconeeption
that lurks in these words: the effect of the central organ is never
that of merely converfing or reflecting a nerve-commotion from one
perfectly definite sensory path to an equally definite motor path.
No such simple figure of speech will serve to describe its function.

§ 3. The spinal cord—complex as ifs structure and funetions
are—is much the simplest and most accessible for experimental
purposes of any of the organs of the cerebro-spinal system; it is

I Comp. Eckhard in Hermann’s Handb. d. Physiol., 1L, ii., pp. 23 ff.



132 THE CORD AS A CENTRAL ORGAN.

pre-eminently the seat of unconseious reflex-motor functions. It is
a column or pile of centres, bound together for the reception of
sensory impulses by its posterior roots and for redistributing them,
ns mml]iu d by its own molecular structure and condition, throu ch
the efferent fibres of the anterior roots. Such is its office as an
organ of retlex action in distinction from its office as an organ for
conduecting neural impulses. We consider, then, in the first place,
the Spinal Cord as a Central Organ.

§ 4. As the “nerve-musele machine ” is a preparation for testing
experimentally the laws of the action of the nerves as conductors,
so preparations may be made for testing the laws of the reflex and
automatic functions of the spinal eord, by separating that orean
from the brain by section below the medulla oblongata. For the
purpose of experiment, the “brainless frog ” is the most convenient
of such preparations and the most fruitful of results.’ If the flank
of such a frog be lichtly touched, the resulting reflex motion will
be limited to a slicht twitching of the muscles that lie immediately
beneath the spot on the skin thus stimulated. If its legs be
stretehed out and one of them pinched, all the segments of the
limb thus irritated will be rapidly flexed in the definite purposeful
way necessary to withdraw it from the irritation. If the skin of
the region near the anal orifice be pinched, a new combination of
muscular contractions will take place and a different form of defen-
give movements will result : the feet will be drawn up toward the
spot irritated and the legs brusquely extended, as though to push
away the irvitating agent. If the stimulus applied to the skin of
one hind leg be inereased by forcibly pinching it, the resulting
reflex motions may involve the fore leg of the same side, then the
hind leg and fore leg of the opposide side, and finally almost all
the muscles of the body. Moreover, changes in the character of
these reflex motor activities take place which are plainly adapted to
provide for changes in the animal's eircumstances. Tor if the
right flank of a brainless frog be irritated with a drop of aecid, and
at the same time the right leg be held (the member which, if un-
hindered, would be, almost without exeeption, used in the attempt
to remove the irritation), or the right foot cut off, the left foot
may be used for the same purpose of defence.

Phenomena, similar to those obtained in the ecase of the frog,
are obtained from other brainless animals. Thus the decapitated
salamander, when the skin of one of its sides is pinched, will bend
this side into coneave shape in order to withdraw it. Not succeed-

! For detailed information see Vulpian, Lecons sur la Physiologie du Sys-
téme Nerveux, pp. 811-460.
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ing in this way, it will make a movement with its foot as though to
push away the eause of the irritation. In the case of the higher
animals the reflexes of the spinal cord appear, on first inspection,
to be comparatively feeble and lacking in purposeful character.
The mammal, for a relatively long time after the division of the
cord from the brain, exhibits only very imperfect reactions in parts
of the body supplied by nerves which spring from the cord below
the point of its section. But if the animal be kept alive for some
time, and even without any physiological union of the severed parts,
more strong, varied, and complex movements will follow upon the
stimulation of the sensory nerves of those parts. Immediately
after the spinal cord of a dog is divided low down in the dorsal
region, the hind limbs hang limp and motionless ; irritating the
skin ealls forth only feeble and irregular movements, or none at all.
But after some weeks or months have elapsed, reactions resembling
those already deseribed in the ease of the frog (taking into account,
of course, the difference in the structure and normal functions of the
two animals) begin to appear. The hind limbs, instead of remain-
ing motionless, will, when the animal is held so that they are pen-
dent, be drawn up and let down again with a kind of regular rhythm,
as a result of the constant stimulation of their motor nerves by the
sensory nerves, through the spinal cord, Moreover, it is found that
the breed, age, sex, and training of the animal determine the charae-
ter of these brainless reflex movements. That is to say, the spinal
cord, as a nervous mechanism, embodies in ifs very structure and
funetions all the peculiarities due to these causes. And when its
activities are elicited through the stimulus which, arising in many
various regions, flows in upon it along the sensory nerve-tracts, or
throngh some stronger but limited impulse oceasioned by the ap-
plication of stimulus to a particular spot on the skin with a definite
degree of energy, these activities bear the character both of the
stimulation and of the mediating central organ.

§ 5. Little need be added to what has already been said (Chap.
IL, § 9), in deseription of that mechanism of the cord to which
the foregoing remarkable functions are referred. Earlier investi-
gators ' assumed the existence of a special system of sensory and
motor nerve-fibres, with connecting nerve-cells, designed and appro-
priated solely for executing these reflex-motor activities. That the
motor tracts for reflex movements are to a certain extent distinet
in the spinal cord from those devoted to specifically voluntary ac-
tivities, there seems to be good reason for affirming ; but the older

| For example, Marshall Hall, in his New Memoir on the Nervous System.
London, 1843,
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supposition, that there are double tracts,—one connected with con-
scious and voluntary reaction upon sensation, and one connected
with unconscious and involuntary, or merely reflex-motor, reac-
tion,—between the spinal cord and the end-organs of sensation
and motion, is almost certainly incorrect. It seems antecedently
very improbable that every spot of the skin should be equipped
with such a twofold outfit of both kinds of nerve-fibres. No par-
ticular nerves which serve merely for reflex-motor functions, and
which have no connection either with conscious sensation or with
voluntary motion, ean be pointed out.

What happens with respect to conscious sensation—the rise of
it or its faillure to rise—depends rather upon the effect of the
stimulus on the end-organ, and upon the condition in which that
stimulus finds the central organ on its arrival there. In consider-
ing that mechanism of the spinal cord which comes into use when
it acts as a central organ in all the reflex-motor activities belonging
to it, the office of the ganglion-cells is usually made prominent.
And it can be definitely proved that these cells are an important
part of the reflex mechanism of the cord. But the extremely del-
icate network of interlacing nerve-fibres in which the processes
of these cells lose themselves also bears an important part in the
same functions. Precisely what elements of the central substance
alone act, and precisely how the elements act that do act, it is im-
possible to say.

§ 6. The following laws embody the most important general re-
sults of experiment upon the reflex-motor funections of the spinal
cord, as applied to a variety of animals under a great number of
changing conditions and circumstances,

The primary stimulation of the sensory nerves niust have a cer-
tain degree of strengih and suddenness in order fo produce a sec-
ondary excitation of the motor nerves through the centres of the
gpinal cord. This is frue of all the different kinds of stimuli by
application of which spinal reflexes can be obtained. Continuous
irritation of the skin, if very slowly inereased, may be carried to
the extent necessary fo destroy its sensifive surface, without giving
rise to any reflex movements; but a less degree of stimulus, if
suddenly applied, will eall forth such movements. Different chem-
ical substances, when used as irritants, produce effects dependent
upon the strength of the solution. Thus a weak solution (} -4 %)
of sulphurie acid is recommended by some experimenters; and
it is asserted that in this way exaetly the same reflex move-
ments, as respects kind and degree, can be repeatedly got from the
same nerve-preparation, with a machine-like regularity. Each chem-
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ical stimulus has its lower limit of concentration which will produce
any reflex movement, and also its latent period. The time of the
latent period for weak solutions of sulphurie acid is said by Baxt'
to increase nearly in geometrieal ratio, while the concentration of
the acid diminishes in arithmetical ratio. The chemiecal stimulus,
like the mechanical, can be so slowly inereased in strength as to
produce no effect. The same thing is also true of thermie stimu-
Ius. A decapitated frog may be placed in water, and the water
oradually heated to the point at which heat-rigidity sets in, without
showing any reflex activity. This fact, however, may be in part
ascribed to the direet effect of the heat, diffused from the skin
upon the central organ. The same law which renders stimulus
inoperative, when very gradually inereasing in strength, applies to
the use of the electrieal eurrent. Repetition of the shocks is much
more effective than a slow increase in the strength of the current.
Single induction-currents are relatively powerless, and produce no
effect unless they have a high degree of strength. Frequent inter-
ruplions greatly increase the efliciency of the comstant current in
producing reflex movements. It would seem, then, that a kind of
summation of afferent impulses may take place in the spinal cord ;
that is to say, the repeated excitation of the nervous centre starts
a nerve-commotion in its substance, which gathers intensity until
it breaks over, as it were, into the adjoining motor tracts. We can
scarcely affirm, however, that such summation of many impulses is
necessary to start off the nervous centre, as it were, since the sin-
gle making of the constant current, or a single strong induection-
shock, may be followed by a number of reflex movements.

§ 7. The speed of reflex processes is apparently inecreased by
increasing the strength of the stimulus. We have already spoken
(p. 123) of the delay which the process of conduction suffers in the
spinal cord when passing longitudinally. The time of cross-con-
duction also in the cord seems to be a function of the strength of
the stimulus. Exner® caleulated by an experiment, which con-
sisted in causing one eyelid to move by stimulating the other, that
the time consumed in the specifically central operations of the re-
flex act can be made to vary between 0.055 and 0.047 of a second
by increasing the strength of the stimulus, Rogenthal * and others
have found that the time for any reflex act diminishes considerably
with the inerease of the strength of the stimulus ; is greater in trans-
verse than in longitudinal conduetion ; and is much inereased by ex-

! Quoted in Hermann, Handb, d. Physiol., IL, ii., p. 29.

* Bee Piliiger's Archiv, viii., p. 530 fI.
3 Monatsbericht d. Berlin, Acad., 1873, p. 104.
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haustion of the eord. With very strong stimuli it becomes almost
too brief for observation. Wundt,' however, denies that the time of
the reflex act is dependent upon the strength of the stimulus ; on the
contrary, he affirms that the time is either very little or none at all
affected by changes in strength of the stimulus, or else is even
changed in the contrary direction to that required by the alleged
law of Exner and Rosenthal,

§ 8. The condition of the spinal cord, at the time when it re-
ceives the impulses of the sensory nerves, undoubtedly determines
to a large extent the character of the resulting reflex motions.
Liesion increases the excitability of the part below the lesion, and
this—for example, in the case of reflex movements of the posterior
limbs—according to the amount of the cord removed from the por-
tion of it lying anterior to its nervous connections with these limbs.*
Marked effects are also produced by certain drugs, as strychnine,
chlovoform, aconite, quinine, ete. Of these drugs, some heighten
and some depress its excitability. In an animal slightly poisoned
with strychnine, the excitability of the cord is more or less height-
ened ; and in cases of strong poisoning with the same drug, the
least stimulation may eall forth a condition of tetanus or convul-
sive eramping extending to the whole body. Two ways of explain-
ing this effect upon the mechanism of the central organ are pos-
sible : one, that the excitability of those portions of this organ
which mediate between the sensory and motor impulses is so much
increased by the poison that, on being stimulated, they explode
their molecular energy, as it were, and eause it to be diffused with
oreat strength into unaceustomed paths ; the other, that the effect
of the poison is to diminish the resistance along all the network
of paths, both habitual and unaccustomed, in the spinal cord.
Between these two explanations Fekhard * will not deeide ; Rosen-
thal seems fo prefer the former, Foster ' and others the latter.
Chloroform and various other anmstheties diminish the reflex ae-
tion of the cord. As to the effect of changes in temperature, and
in electrical condition, upon the spinal reflexes, the conclusions of
different experimenters are somewhat divergent. This power of
the nervous mechanism is, as we have already seen, retained longer
in low than in high temperatures. According to Cayrade, when
the temperature of the whole cord is raised, the reflex movements,
however produced, become more energetic and the single con-

! Mechanik d. Nerven, abth, ii., pp. 14 ff. Stuttgart, 1570.
! Vulpian, Lecons, ete., p. 438,

#In Hermann, Handb. d. Physiol., IL, ii., p. 42,

* Text-book of Physiology, p. G602,
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tractions last longer. Another observer found a temporary rise of
excitability, followed by a depression, on heating sections of the
cord between 76° and 1558° Fahr. On the other hand, some observ-
ers are of the opinion that cold increases the execitability of the
cord. In experimenting with the eleetrical ecurrent it is very difli-
eult to distinguish between its effect upon the central organ as the
mediating mechanism and the effect of the same stimulus upon
the nerve-roots and nerve-paths between which the mediation
QCCUrs.

§ 9. The locality to which the stimulus is applied has a marked
influence in determining the extent and character of the resulting
reflex movements. The most important difference of all is that
found by stimulating some spot of the skin, and then comparing
the resulting reflex action with what follows upon the application
of the same stimulus to the trunk of the nerve which is distributed
to that region of the skin, The simple nervous impulses, which
result from stimulating the afferent nerve-fibres dirveetly, call forth
irregular spasms in a few muscles only ; the complieated nervous
impulses, which result from applying the same stimulus to the
skin, are followed by extended movement of many muscles direeted
toward definite ends. Moreover, it is much more easy to produce
reflex action by a slight pressare on the skin than by even strong
induction-shocks when applied to the nerve-trunk. By separating
a small bit of skin from that surrounding it on the back of a brain-
less frog, while taking care not to injure the nerves that attach it
to the body, the foregoing difference may be made strikingly clear
in an experimental way." Whai particular reflex actions will
be evoked by the stimulus is, in each case, dependent upon the
particular locality of the skin to which the stimulus is applied.
Such facts suggest the truth that the enfire mechanism of the cord
is broken up into ecentres of activity, which, however, are in close
moleenlar relation with each other, and which are of a somewhat
expansive nature.

In view of the foregoing truths Pfliiger® has formulated the fol-
lowing laws of relation between the stimulation and the resulting
reflex action: (a) In the case of a spinal cord from which the
medulla oblongata is whelly severed, all reflex motion confined to
one side of the body is due to stimulation of that side. (4) Reflex
movements of both sides never oceur in a diagonal direction ; that
is to say, stimulating one hind limb ean never evoke reflex move-

' See the article of Fick and Erlenmeyer in Piliiger's Archiv, iii., p. 326,

* In his work, Ueber d. sensorischen Funetionen d. RDuckemmnarks, Berlin,
1853,
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ment of that limb and of the fore limb of the opposite side.’ (c) If
reflex action is called out in the limbs of both sides, and such action
is stronger on one side than on the other, then it is stronger on the
side stimulated. () 1f the motor effects of the stimulation show
that the excitation has been *irradiated,” as it were, from one
centre to another, then such movement of irradiation is always
downward toward the medulla oblongata in the brain, and upward
in the cord toward the same organ. It is by no means certain,
however, that these formulas (especially the second—XNo. ) admit
of no exceptions which are involved in the peculiar structure and
funetions of the ecords of certain amimals. DBut the general rule
appears to be, that the excitation of a sensory nerve with a slight
degree of stimulus gives rise to reflex movements which originate
in the cord on the same side, at about the same altitude as that at
which the sensory impulses enter the cord ; with an increased amount
of stimulus, it gives rise to those also that arise in the other half of
the cord at the same altitude ; with a still greater amount, to those
which arise above and below on both sides of the cord, with the
preference given to the same side. That is, the molecular disturb-
ance, as it is dispersed or radiated, passes from the cells and net-
work of fibres situated near together on the same side of the cord,
first to those on the other side of the eord at the same altitude, and
then diffuses itself on both sides up and down the cord.* Accord-
ingly, it is only after allowing for a difference in the obstacles to be
overcome along the different paths anatomically open to any nerve-
commotion in the spinal cord, that we can adopt the declaration
of Luchsinger:* When an excitation is started anywhere in the
spinal cord, it radiates from this point in all directions, but with
diminishing intensity. Hence the title which Flourens and Vul-
pian,’ following him, have given to the spinal cord—* the organ for
the dispersion of irritations.”

§ 10. Besides such undoubted reflex action as the foregoing,
other cases where the spinal cord controls the museles of the body
are less certainly of a purely reflex character. Indeed, for some
such cases the title of “auntomatie ” has been employed. The cord
is not capable of “irregular automatism "—that is, of spontaneous
excitation like that which takes place in the higher nervous centres

I Bee the observations of Luchsinger, which seem to show that in some ani-
mals—as, &.¢., the salamander, turtle, and even dogs, when under the influ
ence of ether—eross reflexes in violation of Pfliger’s law do sometimes oceur
Piliiger's Archiv, xxii., pp. 179 ff.

? Compare Wundt, Grundziige d. physiol. Psychologie, i., pp. 103 and 109,

* Pllitger’s Archiv, xxii., p. 178.

# Legons sur la Physiologie, ete., p. 404.
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on volition. If a brainless frog, for example, be kept in a condi-
tion of perfect equilibrium with respect to stimulus, it will remain
wholly motionless. DBut the cord of such an animal will eontinue
to influence certain muscles of the body through the motor nerves,
even in cases where sensory impulses are difficult or impossible to
trace. What is called the *tonic action” of the cord upon the
skeletal and sphineter muscles, or the smooth muscles of the ar-
teries, is a chief illustration of this influence. The fact that such
tonic action does not contract all the muscles connected with the
cord at the same time, or any one set of them with the same en-
ergy as any other, throws some suspicion on its alleged automatic
character. A careful sifting of the evidence rather induces us to
ascribe this influence to the constant retlex action of stimulus from
subtle changes in the external circumstances in which the animal
is placed. DMoreover, the sensory nerves in the muscles and ten-
dons, as well as in the skin and organs of special sense, may oeeca-
sion the rise and continuanee of such reflex action. Different in-
vestigators, almost without exeeption, have failed to notice any
lengthening of a muscle (or loss of its tone) when the nerve going
to it is severed from the cord. That this so-called * tonie ™ influ-
ence is largely reflex-motor is also shown by the fact that the tone of
the muscles is lost when the skin covering them is removed, or when
the posterior root which furnishes sensory impulses for the motor
nerves connected with them is cut. Brondgeest has shown that,
when a decapitated frog is hung up after having the sciatic plexus
cut on one side, the leg i1s more flexed (that is, the muscles have
more of tone) on the other side. But the same flaceid condition of
the muscles can be produced by cutting only the posterior (or sen-
sory) roots of this plexus. This observer is satisfied that the con-
traction of the muscles in the uninjured limb is due to stimulation
from the nerves of the skin; the tonic action of the cord on the
skeletal musecles is, therefore, reflex. The only objection to consid-
ering the tone of the sphineter museles reflex lies in the fact that this
tone continues to exist after all other reflex-motor action has been
suppressed by narcotics ; but our knowledge of the nervous mechan-
ism which controls these museles is not sufficiently complete to make
it certain that we have excluded all possible forms of reflex influence.

Of the marked influence of the nervous system upon the cali-
bre of the arteries, and through this upon the character of the
eirculation of the blood, there is abundant evidence. Besides the
main vaso-motor centres in the medulla oblongata, certain parts of
the spinal cord are eapable of acting as such centres. Cireulation
may continue with regularity in a beheaded frog ; but the removal
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also of any considerable part of the cord affeets the eireulation
through the loss of tone in the blood-vessels which it oecasions.
The mechanisms for expanding and contracting the arteries are
apparently interlaced with those for contracting the skeletal mus-
cles, in all portions of the cord. But their chief work undoubt-
edly consists in transforming afferent impulses into efferent vaso-
motor impulses directed toward the dilatation or constriction of the
arteries. Whether they are capable of antomatic action—in the
sense in which the medulla oblongata seems to be thus capable—
is a gquestion we need not discuss in detail here.

§ 11. The facts already alluded to, and others similar, form the
basis for the assumption of “ Centres ™ in the spinal cord. In general,
the application of a given amount of stimulus to a definite group of
sensory nerves calls forth reflex-motor activities in definite groups
of muscles by means of a certain region of the cord. What groups
of muscles are thus moved depends upon the amount of the stimu-
lus and the loecality of its applieation. This faet is due to disper-
sion of that nerve-commotion which is set up at different points
in the course of the cord by the excitation of those points through
the sensory nerves. That is to say, the mechanism of this central
organ 1s so constructed as to connect the sensory with the motor
tracts, more favorably in some regions than in others. Such re-
gions are the so-called refler centres of the spinal cord. 1If, how-
ever, n more or less constant flow of motor impulses takes place
from any region, and this flow is due to molecular activity not
oceasioned by the sensory mnerve-fibres of the region, then such
region may also be called an auwfomatic centre. Nothing would
seem to prevent the same region from acting as both a reflex and
an automatic centre. The general principle may then be formulated
as follows: “The spinal cord is the proximate centre, the proximate
physiologieal fiearth of excilation, for all the nerves that originate
from it.” This prineiple has been defended and illustrated with many
researches by Legallois, Volkmann, Pfliiger, Goltz, Luchsinger, and
others. In accordance with it, and especially since the “epoch-
making * experiments of Goltz upon the spinal cord of dogs, many
functions which were formerly ascribed to the brain have been
shown to have their proximate centre in the spinal-cord. In ae-
cordance with the same prineiple, it is discovered that different
animals have different spinal centres varying in relation to their
peripheral structure and their habits.'

'Compare the results of the researches of Langendorff in the Archiv f.

Anat. u, Physiol., Physiolog. Abth., 1880, pp. 518 ff., and 1881, pp. 519 ff,;
and of Luchsinger in Pliger's Archiv, xxii., pp. 158 ff., and xxiii., pp. 308 ff.
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In illustration of the last point the following facts may be men-
tioned : By the sufficiently long-continued and strong stimulation
of any portion of the skin of a decapitated frog, reflex movements
may be induced in all of its musecles. With rabbits, however, a reflex
action of one hind leg can be caused by stimulating the sensory
nerves of a fore leg, only in case a portion of the medulla oblon-
gata (at least about one-third) be left attached to the ecord. With
the cord alone, the stimulation of one hind leg fails to excite ac-
tion in either of the fore limbs. By using great care and artificial
respiration, Luchsinger' succeeded in obtaining what he calls a
“trotting reflex " from the spinal cord—after being completely sev-
ered from the medulla oblongata—of several young animals with
which that form of movement is natural. Thus the diagonal op-
posite extremities of goats and eats were moved in response to
even such weak stimulation as passive motion of the fore leg, gen-
tle pressure, and weak eleetrical eurrents. In general, then, it
would seem that the spinal cord of every animal is a series of con-
nected mechanisms, which are arranged so as to move the muscles
of the body, either under the control of the higher nervous centres
or in response to stimulation entering it at any point through the
gensory peripheral nerves, in aceordance with the specific structure
and habits of the animal.

Many of the chief special centres connected with the organic and
vital functions are loeated in the medulla oblongata; those con-
nected with the co-ordination of impressions of the special senses
and muscular action belong to the still superior portions of the
cerebro-spinal system. But the spinal cord also contains mechan-
isms which serve as centres of both these kinds.® Their location,
however, is so much a matter of the special physiology of particular
species of animals, and is so indirectly connected with the inquiries
of physiologieal psychology, that it is unnecessary to add anything
further upon the subject.

§ 12. The question whether the spinal cord is excitable as a
whole, and in its several parts, by artificial stimulation, has been
much debated. Its direct excitability as a whole is denied by

1 See Pfliiger’s Archiv, xxviii., pp. 65 .

 Besides the vaso-motor centres already referred to, those for micturition,
defecation, ercetion, parturition, etc., may alzo be mentioned. Goltz, in his
celebrated researches in 1874 (see Pfliger’s Archiv, viii., pp. 474 ff.), showed
that normal micturition may take place in a dog in which the lumbar region
has been completely severed from the dorsal region. The influence of the
cerebral centres seems, however, to be necessary to eause a steady increase or

decrease of the action of the sphincter ani. The cilio-spinal centre, located by
Budge at the seventh and eighth cervical roots, is more doubtful.
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Schiff,' who declares that the motions obtained by stimulating any
part of the eord with electricity comprise only those muscles which
are physiologieally related, to the exclusion of those which are ana-
tomieally eonfignous through the stimulated part of the cord. A
strong local stimulus, he affirms, produces just the same reflex mo-
tions as those which are aceustomed to arise on oceasion of an ex-
tended irrvitation of the skin at the places to which the nerves is-
suing from this locality of the cord are distributed. It is inferred,
then, that the resulting motions are obtained only reflexly, by in-
volving the sensory nerve-roots. But that certain longitudinal parts
of the cord can be directly stimulated seems eapable of demonstra-
tion. TFor Fick and Engelken® found that movements of the mus-
cles were obtained when the anterior columns were isolated from
the rest of the cord for a considerable distance and then stimulated.
Luehsinger's® experiments, moreover, contradict the conclusions of
Schiff; and Mendelssohn* found that the reaction-time of the an-
terior half, and especially of the anterior eolumns of the cord, was
uniformly less than the reaction-time of its posterior columns. The
latter also found that weaker stimuli would suffice to excite motion
when applied to the anterior columns. But, according to Schiff’
again, the cord contains no motor elements that are directly exci-
table except the central paths of the nerve-roots. He also agrees
with van Deen in denying that the gray matter of the cord can be
made, by direet stimulation, to originate either motor or sensory
impulses. It affords paths, however, for the transmission of both
these kinds of impulse when once started by the other nervous ele-
ments.  Schiff accordingly speaks of the posterior gray columns,
and of those parts of the posterior white columns which are not
direct prolongations of the nerve-roots, as “wsthesodic.” The corre-
sponding parts of the anterior cord he ealls “kinesodic.” The sen-
sitiveness of the posterior columns which others disecover on experi-
ment he regards as only indireet. Vulpian,” on the contrary, agrees
with Bell, Magendie, Flourens, and Longet, in holding that, while
the gray matter is absolutely inexcitable and the posterior columns

very excitable, the anterior columns possess only a moderate degree
of excitability.

! Bee, especially, articles in Pfliiger’s Archiv, xxviii., pp. 537-555, and xxix.,
pp. H3T-555.

? Du Bois-Reymond's Archiv, 1867, p. 198 ; and Pfliiger's Archiv, ii., p. 414.

* Plliiger’s Archiv, xxii., pp. 169-176.

4 Archiv . Anat, u, Physiol., 1883, Physiclog. Abth., pp. 282 £

* Pfliiger’s Archiv, xxix., p. 598

® Legons sur la Physiologie du Systéme nerveus, p. 862,
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By an ingenious arrangement for applying the mechanieal stimu-
lus of pricks from an extremely fine needle-point to definitely cir-
cumseribed spots in the spinal cord of the frog, E. A. Birge ' seems
to have demonstrated the suseeptibility of the ganglion-cells to di-
rect stimulus. Pricking these cells produces movements in defi-
nitely located groups of musecles; and the te tanusis invariably
confined to the muscles of the same side as that of the cells stimu-
lated, unless (as microscopie examination shows) the effect of the
needle has reached certain cells on the other side. Birge also
found that different regions of a single cross-section of the cord arve
excitable in different degrees ; the region from the posterior fissure
to the median line of the gray matter being most inactive, and that
of the large ganglion-cells in the anterior horn sinvariably being
able to produce tetanus,

In view of such conflict of testimony it ean only be said that
certain longitudinal parts of the spinal cord are plainly susceptible
to direct stimulation, but at present it is difficult to deecide which
parts, exclusively, are sensitive.

§ 13. Thus far the spinal cord has been considered as a series of
related centres, that act automatically or reflexly when separated
from the brain. But in its normal condition the cord always acts,
of course, under the influence of the brain. The brain thus exer-
cises a profound modifying influence over the automatic and reflex
activities of the inferior organ. The cord alone can be depended
upon, as it were, to respond with great regularity, in the form of
definite reflex movements, to a given amount of stimulus, when
applied at a given loeality. But the aetion of the brain, when at-
tached to the cord, interferes with this regularity, so that the ex-
pected muscular movements may not result when the stimulus is
applied. They are then said to be inhibifed by the action of the
brain. The phenomena of ‘“inhibition,” when eonnected with vo-
lition, are familiar enough ; for example, one may voluntarily re-
strain those movements of one's legs which the cord, if left to it-
self, would produce as the result of tickling the soles of the feet.

But the brain without conscious volition exercises the same in-
hibitory action over the spinal cord. If a frog is suspended by the
head, and its legs allowed to dip into a vessel of dilute acid, the in-
terval between the contact of the acid and the withdrawal of the
legs is considerably lengthened when the spinal cord remains un-
divided below the medulla oblongata ; that is to say, the cord alone
withdraws the legs quicker than the cord when influenced, or in-
hibited, by the brain. The interval between the application of the

! Archiv f. Anat. u. Physiol,, 1882, Physiolog. Abth., pp. 481-480.
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acid and the contraction of the museles ean also be prolonged, when
the brain is still connected with the cord, by applying chemieal
irritation at the same time to the optic lobes; that is to say, the
cord is hindered from performing its reflex-motor function by the
stimulation, and consequent influence upon itself, of the higher
nervous centre. Moreover, if at the time that one leg of a brain-
less frog is dipped into the acid, the seiatic nerve of the other is
strongly stimulated with an interrupted current, the same prolon-
gation of the period of ineubation will be observed ; in some cases,
indeed, the reflex act will not take place at all. In discussing the
reciprocal relations of the higher centres of the brain, we shall dis-
cover many phenomena similar to the foregoing. All these centrés
may exercise this so-called “inhibitory ” action upon other centres,
according to their several physiological connections. The phenom-
ena of inhibition are not, therefore, confined to the influence of the
brain on the spinal cord.

Flaborate attempts have been made to point out a special mech-
anism of inhibition. Thus Setschenow' has advoecated the view
that localized inhibitory centres exist in the brain, and that the de-
pressing effect travels by certain definite tracts in the spinal cord.
But on this subject our doubts are entitled to go even beyond the
remark of Ferrier : * “The nature of the inhibitory mechanism is
exceedingly obscure.” We cannot be said to have sufficient grounds
for assuming the existence of any such specific mechanism. In
general, nerve-commotions modify each other within the central
organs ; they either facilitate and inerease, or inhibit and diminish,
each other’s effect, according to the structure and functions of the
organs, the amount and kind of stimulus thrown in upon them from
withouf, and the exact condition in which this stimulus finds them.
The inhibition of the cord by the brain is, then, only a special case
under the general molecular theory of the nmervous mechanism.
The factors entering into every such case will very likely always
prove too varied and complex to be analyzed with complete sucecess.

& 14. On passing from the spinal cord into the brain, the diffi-
culty of defining the specific functions—whether automatic or re-
flex—of the different central organs becomes greatly increased.
The phenomena are vastly more complicated, and the methods of
analyzing them experimentally much less readily applied. The

1 Teber d. Hemmungsmechanismen f, d. Reflexthitigkeit im Gehirn d.
Frosches, Berlin, 1868 ; and other papers.

*Functions of the Brain, London, 1876, p. 18, where he refers to the
elaborate paper on Inhibition in the West Riding Reports, vol. iv., by Dr. L.
Brunton.
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most complex portions of the nervous substance, in respect both
to strueture and to funetion, are most completely withdrawn from
the use of strietly scientifie methods of research. What is known,
however, of the anatomical strueture and connections of the dif-
ferent organs of the brain, and of the paths along which the ner-
vous impulses are propagated between them, prepares the way for
the more specific physiology of each organ. The methods of such
physiological research are in general these two : Observation of the
results which follow the application of stimulus to each of the en-
cephalie organs, or to any definite locality in each ; and observation
of the results which follow the total extirpation or lesion of these
organs, or of any portion of each. Of course, both of these
methods are almost wholly applicable only to the lower animals.
In using the method of stimulation, the stimulus cannot be ap-
plied to the nervous substance of the brain without a certain
amount of injury to that substance. To stimulate any of the eranial
organs with precision they must be exposed ; those that lie deepest
cannot be exposed without injury to other organs and the death of
the animal. Moreover, it is difficult precisely to circumseribe the
application of the stimulus. Just that form of stimulus which is
most convenienf, effective, and fruitful in resnlts—namely, the
electrical current—is liable to diffuse its direct effects beyond the
region which it is desired fo cireumseribe. When no result follows
the application of the current to a definite loeality of the nervous
substance, the failure may be due to the weakness of the stimulus,
or to the fact that this particular centre is at the moment inhib-
ited by its condition or by the activity of some connected centre.
When a result does follow, it may be that this particular result is
due to the direct or indireet stimulation of some other so-called
centre, or fo the stimulus hitting, by diffusion or otherwise, some
of the contiguous sensory or motor nerve-tracts.

Objection may also be raised against the nature of the argument
by which an inference is drawn from the facts gained by the sec-
ond of the above-mentioned methods. Such argument not only as-
sumes that the activities which remain, when some of the organs
of the brain are partially or wholly destroyed, belong to those
organs that remain, but also that those activities which have dis-
appeared belong to the organs that have disappeared. DBoth of
these assumptions are, however, doubtful, when we come to apply
them to the organs in their normal condition and econnections
under the action of natural stimuli ; the latter of the two is partic-
ularly doubtful. In a word, the different mechanisms of the human
brain, in their normal condition and relations, counstitute an in-

10
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ter-dependent and intimately related system ; what each so-ealled
organ or centre does, or can do, depends not only upon its own
structure and eondition at the time, but also upon the condition
and behavior of the other organs and ecentres at the same time.
Such interdependence extends not only to those divisions which
gross anatomy can mark off and consider under the name **the
organs of the brain,” nor simply to those minuter subdivisions
which histology can distinguish by aid of the mieroscope ; it doubt-
less also extends to the last details of that moelecular mechanism
which the brain-substance is. These details are different for
every individual animal, and for every individual ease. Specifie
differences belonging to the different species of animal life, as well
as those idiosynerasies with which pathology is familiar, must alike
be recognized. It is by no means strange, then, that the physi-
ology of the brain is able only very slowly and imperfectly to win
from nature the truth, and to remove the reproach of apparently
conflicting facts.

In spite of the above-mentioned difficulties certain results may
be elaimed as resting upon more or less of clear evidence regard-
ing the specific automatic and reflex-motor functions of those inter-
eranial organs that lie inferior to the cerebral hemispheres. The
case of these hemispheres themselves will be subsequently consid-
ered in detail. For they are those portions of the nervous mechan-
ism about the immediate correlation of which with the phenomena
of eonsciousness there ean be no doubt. Since we are now con-
sidering the nervous system and its central organs merely as a
physical mechanism, we definitely rule out, as far as possible, all
allusion to any special relation between it and the phenomena of
self-conscious mind.

8§ 15. Besides the spinal cord, the Medulla Oblongata is the cen-
tral organ concerning whose auntomatic and reflex-motor functions
the largest amount of precise information exists. The reflec-mofor
funetions of this organ are more intricate and of a higher order
than those belonging primarily to the cord. They are especially
such as stand related to the vital functions of the heart and blood-
vessels ; to respiration and its allied movements of the organs in
coughing and sneezing, ete.; to the movements of the muscles in
swallowing and vomiting ; to the mimetic movements of langhing,
weeping, ete.  Among the different movements in the execution of
which the medulla oblongata is concerned, some are more purely
reflex and some less so. Thus one cannot swallow if the sen-
sory tracts from the throat to this eentral organ are broken; but
the movements of the heart and lungs continue after the reflex-
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motor paths to them are destroyed. Sensory stimulations of the
medulla oblongata, as a rule, oceasion reflex movements by second-
ary stimulation of a number of motor tracts, Swallowing, sneezing,
eoughing, shedding of tears, changes in respiration and in the
movements of the heart, contortions of the countenance, may all
be oceasioned, through the mediation of this organ, by one and the
same sensory impulse. There is also a marked difference in the
extent of the domain over which the motor results of stimulating
the different sensory paths connected with the medulla spread
themselves. Stimulation of the optic nerve occasions only very
limited reflex movements, such as the winking of the eyes, the se-
cretion of a few tears, and a slight tendency to sneeze. Stimula-
tion of the nerves of taste extends over a wider area of motor
tracts ; that of the palate and larynx still wider.

§ 16. The most important reflex centres of the medulla oblon-
gata are also aufomatic ; of such centres he chief are those con-
nected with breathing, the movements of the heart, and the inner-
vation of the blood-vessels, The excitation in these eases must be
considered as a neural process arising within the central organ
itself. The cause of its origin is doubtless to be found in the
changes that occur in the supply and character of the blood. Not
only all abnormal conditions of respiration, like dyspneea and
apneea, but also the rhythm of normal respiration, are dependent
upon the changing condition of the blood with respect to its more
or less perfect oxidation. The stimulus to action of the respiratory
centre in the medulla, from the condition of the blood, may be in
part reflexly applied through the peripheral ends of the afferent
nerves in various parts of the body ; but the main effect is doubt-
less produced by the direct action of the blood on this eentre. TIts
rhythmie nervous action may then very well be dependent upon the
rhythmic action of the lungs, and upon the resulting periodie re-
oxidation of the blood. IFor the nervous substance of the medulla
oblongata seems to be peculiarly susceptible to the condition of
the blood.

§17. This small central organ into which the spinal cord ex-
pands on entering the skull may then be said to be thickly
erowded with reflex and automatie centres. To speak of the more
important will best serve to exhibit what is known of its mech-
anism.

The respiratory centre was first Jocated by Flourens in that part
of the medulla oblongata which serves as the place of origin for
the vagus nerve, and then more definitely in the V-shaped apex
of the fourth ventricle, or beak of the calamus scriplorius. Since
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extirpation or injury of this small portion of the nervous sub-
stance, when all other parts of the body are left intact, causes
immmediate and final cessation of respiration, Flourens called it the
“vital knot " (neeud vital). TFoster' locates this centre below the
vaso-motor centre, and between it and the calamus seriplorius.
Schiff coneludes that it 1s double, and lies on either side in the
region of the anterior part of the ala cinerea ; the function of each
side, he thinks, is separate. In case of need 1t may be shifted
slightly backward toward the spinal cord. The efforts of Gierke*
to fix it in a definite group of ganglion-cells were not sueccessful.
With this same centre all the modifications of respiration in sigh-
ing, sobbing, yawning, erying, laughing, coughing, sneezing, and
hiceoughing are connected.

A unervous centre intimately connected with the wvasc-mofor sys-
tem of the different parts of the body exists in the middle part of
the medulla oblongata. Since we cannot examine experimentally
the effect upon the action of this centre which would be produced
by severing all the afferent nerves that lead into it, we cannot
demonstrate direetly how much of its action is automatie, how
much reflex. It is probably both automatic and reflex. But the
removal of the parts in front of the medulla, inclusive of the cor-
pora gquadrigemina, exercises no perceptible influence on the blood-
pressure. The prineipal vaso-motor eentres in the brain are then
found in this portion of the medulla oblongata. Through it reflex
motions are called forth of the most different kinds, and involving
museles widely separated from each other and from the region of the
skin where the stimulus is applied. Witness the effect of a draught
of air upon the cirenlation of the blood. The arteries of a rabbit’s
ear can be made fo contract by stimulating any one of more than a
half-dozen different sensory nerves, including the seciatic plexus. In
this same central organ must be located the so-called eardio-inhib-
itory centre. In cases where the heart is stopped by sudden and
ereat emotion, or by severe pain, the stimulus probably reaches the
medulla from the hemispheres of the brain.

The centre of deglutition lies in the medulla higher up than that
of respiration. If this part of the organ be destroyved, swallowing
is impossible. This centre has been loecated in the floor of the
fourth ventricle. In the floor of the same ventricle, and in the
adjoining region, are probably located centres for different seere-
tions—as, for example, of spittle, or sweat, of tears, and possibly
of the pancreatic and other digestive juices. The connection of

' Text-Book of Physiology, p. 370
* Bee Plluger's Archiv, vii., pp. 585 ff,
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various sensations and emotions with these seeretions is too famil-
iar to need deseription. A central mechanism for winking the
eyes Exner would place near the beak of the calamus seriptorius.
The central mechanism for the reflex movement of the musecles of
the cesophagus and stomach also lies in the medulla oblongata, Of
the centre for the production of artificial diabetes, and of other
more conjectural centres which are packed within this small bit
of nervous matter, scarcely more than an inch in length, we do not
need to speak.

§ 18. The alleged funefions of the medulla oblongata in the co-
ordination of the movements of the skeletal museles ally this organ
more closely with certain other inferior parts of the brain. The
preparation of a frog which has retained this organ, in addition to
the spinal cord, although without any of the rest of the brain, will
execute movements of the museles that are not possible for the cord
alone. It will nof, indeed, move spontaneously; it still requires
external stimulation to start the mechanism of such a preparation.
Under such stimulation, however, it will assume a position natural
to it in an uninjured state. When laid on its back it will make
efforts—generally unsuccessful—to turn over. The movements of
the limbs with which it responds to various sensory impulses are
more complicated than those executed by the spinal cord alone ;
they even resemble erawling motions or short leaps. Placed in the
water, what is left of the animal will swim ; and if its motions are
less perfect than those of the perfect frog, they are much more so
than those of the cord alone. If is doubtful whether, when placed
beneath the water, it will ascend to the surface to breathe, or
make efforts to escape from water gradually heated to about 104"
Fahr.,—as will the animal that retains its cerebellum and optic
lobes.

Reflex movements of considerable complexity can also be exe-
euted by mammals that have been deprived of all the encephalie
centres above the medulla. Vulpian elaims that a young rat in
this condition will emit a ery, as of pain, when its toes are pinched.
Such a mechanism will swallow and execute certain co-ordinated
movements of the limbs. Infants whose nervous centres above the
medulla are undeveloped will perform the assoeiated movements
of sucking when put to the breast. Moreover, the effects of le-
sion of the centres of the medulla are very marked in respect to the
co-ordination of motion. Rolando observed that convulsive move-
ments followed extensive injury of this central organ. More recent
researches seem to show fhat the seat of these epileptiform move-
ments is at the place of union between the medulla and the pons ;
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it ecan, therefore, scarcely be located in either alone.” One-sided
lesions are followed by certain so-called * foreed " and rotary move-
ments of the head, and eyes, and trunk. Such effects are most
likely to be produced when the injury affects the region of the
tuberculum acusticum, In the opinion of Bechferew * the olivary
bodies are in relation with the gray matter of the third ventricle,
and with the semicirenlar canals, as central organs for the co-or-
dination of the musecles used in balaneing according to impressions
of touch. It would then be one chief function of the medulla to
secure equipoise through these sensory impressions. On the
whole, it appears certain that considerable work in eo-ordinating
the muscular movements falls upon its mechanisms. Of such work
it is probable that the movements concerned in articulate speech
are o part. Any indirect relation which it may have to the produe-
tion of those sensations and images which are woven into our
dreams does not belong in this connection.

§19. The associations among the different centres of the me-
dulla oblongata are curious enough ; they involve an extremely
intricate physiological apparatus. Some of these centres are in-
directly connected with psychical activities. They are not all alike
excitable ; they are not all voluntarily so. Thus we can volun-
tarily control, within certain limits, the movements of the lungs,
but not those of the heart and blood-vessels ; we ean cough, but
cannot sneeze, at will. Some of their functions are associnted
together regularly ; some of them seldom ; some never. Swallow-
ing is not necessarily connected with the aetivity of the other cen-
tres, unless it be with that for the secretion of saliva ; it takes
place, however, during arrest of respiration. The excitation of no
other centre necessarily affects this centre. The secretion of saliva
is constantly connected with a change in the cireulation through
the submaxillary glands.

§ 20. An animal which possesses all, or a considerable part of
the other nervous mechanisms of the brain that lie below the cere-
bral hemispheres is capable of executing movements which differ
oreatly from those already deseribed as belonging to the spinal
cord and medulla oblongata. Very few of the movements of such
a preparation are, indeed, even apparently sponfancous; for al-
most all of them a definite form and degree of stimulus acting on
the sensory surfaces can be assigned. 'We are inclined, then, to sus-
peet that those movements which are apparently spontaneous ave
really due to some stimulation from without the eentral organs

' 8ee Bckhard, in Hermann, Handb, d. Physiol., IL, ii., p. 98,
? Pliiger's Archiv, xxxi,, pp. 479 ., and xxix,, p. 2081
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which has eseaped our observation. But the rance of reflex-motor
activities which an animal deprived simply of its cerebral hemi-
spheres will execute, in response to appropriate stimuli, is very
oreat ; it may be said to include every form of movement possible
for the uninjured animal. The statement is, therefore, warranted
by all our knowledge of the facts, that the medulla, pons, crura
cerebri, cerebellum, corpora quadrigemina (or optic lobes), and
basal ganglia generally are the special mechanism for co-ordi-
nating the movements of the muscles with the various impulses of
sense.

A frog from which the cerebral lobes have been removed will
respond to appropriate stimuli with all the movements of which a
perfect frog is capable. It will swim, leap, and crawl. When
placed on its back, it will easily and at onee regain its natural posi-
tion. When placed on a tilting board, it will constantly adjust
the position of its body so as to maintain an equilibrium. It will
croak with the regularity of a musie-box when its flanks are gently
stroked. Thrown into the water it will swim with great regularity
of motion until it is exhausted or finds something—as a small piece
of wood placed in contaet with it—upon which it can erawl. When
submerged in the water, it will rise to the surface for air; it will
not, like a mere spinal cord, remain quietly in water the temper-
ature of which is gradually raised, but will make violent efforts to
escape. It is guided by the light, for it avoids objects that cast a
strong shadow. On the other hand, it appears stupid ; it pays no
attention to the flies that are placed near it; by eareful exelusion
of all stimuli it may be kept motionless for hours. We ecannot
argue from this, however, that it is without sensations, for it may
not be hungry ; and Heubel ' asserts that a sound frog may, with
careful manipulation, be made to lie still upon its back for a long
time,

Similar phenomena oceur in the case of the mammal whose cere-
bral hemispheres have been removed. The rabbit or rat thus
operated upon will stand and run and leap. Placed on its baclk,
it will regain its feet. It will follow with its head a bright light
held in front of it ; it will start and tremble, or run, at a shrill or
loud noise. It will utter a prolonged ery when pinched. Its mus-
eular motions are obviously co-ordinated in response to sensory
impulses from the organs of touch, hearing, and sight. The bird
thus operated upon will easily regain its feet when Iaid upon its
side or back, and will stand in a natural and easy posture. It will
tuck its head under its wings, clean its feathers, and pick up corn

| Pfliiger’s Archiv, xiv., pp. 162 fI,
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or drink water presented to its beak. Thrown into the air, it will
fly with considerable preeision for some distance, and in its flight
will guide itself, though imperfectly, so as to avoid obstacles in its
way. It will start at sharp sounds or flashes of light. Such ani-
mals have on the whole the appearance of being sleepy and stupid
rather than of being deprived of any of their powers for co-ordi-
nating sensation and motion. We conelude, then, that the organs
which such animals possess are funetionally ecapable of exercising
all these powers of co-ordination ; we do not at present raise the
question whether this implies the existence of psychieal phenomena
or not. The phenomena which follow the partial loss of the cere-
bral hemispheres in the higher mammals confirm the same conelu-
sion. -

It is much more difficult, however, to assign the special place
which belongs to each of the organs that lie between the medulla
oblongata and the cerebral hemispheres, under their general fune-
tion as already stated. They are all very infimately related ; act
to a large extent dependently ; ean, within ecertain limits, assume
each other’s functions ; and have largely the same connections with
the peripheral organs of sense and of motion, and the same work
to do as mediating between the two.

§21. It is impossible to determine the special funetions of the
Cerebellum, so conflicting is the testimony of different experiment-
ers. A high degree of probability, however, attaches itself to the
statement that this organ is largely concerned in the co-ordination
of motion ; although such statement cannot be held to exhaust its
functions. The more specific theory of Wundt '—#1t is the central
organ that brings such movements of the animal’s body as are ex-
cited by impulses from the cerebrum, into accord with its situation
as a whole in space "—is more doubtful, precisely because it is
more specific.  Comparative anatomy seems to show that the office
of the cerebellum in some animals differs from its office in man :
reasoning from the former fo the latter is, therefore, especially pre-
carious. Moreover, its functions are so closely connected anatom-
ically with those of the pons, the crura cerebri, and the medulla,
that it is difficult precisely to separate its work from that done by
these organs.

Testimony as to the result of the extirpation or lesion of the cere-
bellum is very conflicting. Apparently almost the entire length
and breadth of its surface (in the direction of the posterior bones
of the skull), and not only the gray matter, but also the white, as
far as near the bifurcation of its strands, may be removed without

! Grundziige d. physiologische Psychologie, i., p. 201.
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any observable result." On approaching the middle of its thick-
ness and removing the strands connected with the middle peduncles,
disturbances of motion begin and inerease rapidly in proportion to
the amount of substance removed. Most of these disturbances, if
the animal recovers well, prove to be only temporary; they are,
therefore, probably due largely to tranmatic exeitation. Permanent
disturbances, however, oceur when the injuries reach the lower
third of the organ, or when they are confined to this third, Vulpian
accordingly concludes that the disturbance of gait which results
from injury of the cerebellum, is due to the irritation of its more
profound white parts or of the adjoining cerebral isthmus. DBut
Schiff believes that the mass of the organ, apart from loeality, has
a definite influenee upon the co-ordination of the bodily movements ;
though what that influence is ecannot yet be clearly defined. The
influence of locality seems to be considerable upon the effect which
results from lesions in a given amount of the cerebellar substance ;
but since this influenece is much more marked near the connections
of the cerebellum with other contignous organs, some observers
attribute it largely or wholly to the injury—by extension of the
lesion, by pressure, or by inflammation—of these organs. Thus
the place of its union with the medulla oblongata and the regions
near the erura cerebri are especially important. But Schiff found,
in experimenting upon mammals, that complete vertical section of
the cerebellum, in the exact median line of the vermiform process,
and removal with the knife or pincers of the entire substance, with
the exception of the flocculi and the parts external to the peduncles,
produced no appreciable loss of the power of co-ordination.

The effect of one-sided lesions of the cerebellum in the disturb-
ance of motion seems to be, as a rule, much more certain and
marked than that of symmetrical lesions of both sides, Schiff, in-
deed, asserts that when a bilateral lesion i1s perfectly symmetrical
it produces no impairment whatever of the functions of motion.
But the entire evidence from experiment shows that sudden lesion
of one hemisphere of this organ is almost uniformly followed by
at least temporary impairment of the motor functions. Section of
the middle peduncle of the cerebellum of a bird or mammal almost
always occasions so-called forced ” movements ; the animal rolls
around its own longitudinal axis, generally, though not invariably,
toward the injured side. Nystagmus, or the peculiar rolling move-
ment of the eyes suggestive of vertigo, and strabismus, take place

! Compare Vulpian, Lecons sur la Physiologie, ete., pp. 608 ff.; Eckhard, in
Hermann, Handb. d. Physiol, IL, ii., pp. 102 ff.; Schiff, in Pfliiger's Archiv.,
xxxii., pp. 427 f£.; and Ferrier, Functions of the Brain, pp. 85-128.
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in such cases. One eye may be moved inward and downward, the
other outward and upward. Hitzig ' and Ferrier® found the same
results to follow injury of the lateral lobe. The latter observed that
strong stimulation of the ecerebellar surface with the interrupted
eurrent causes associated movements of the eves and head and
limbs, in cats and dogs and monkeys. But these effects may
be largely due to the counection of the cerebellum with the me-
dulla oblongata.

The evidence from pathologieal eases in man conflicts, to a con-
siderable extent, with the eoneclusions which we might hasten to
derive from experiment upon the animals. According to Vulpian *
it is by no means rare to have unilateral lesions of the cerebellum
followed by no paralysis of either side. In a great number of such
cases no genuine hemiplegiaresults ; the resulting enfeeblement of
motion, moreover, is as often on the same as on the opposite side.
M. Andral is said to have made a colleetion of ninety-three cases
of diseases of the cerebellum, in only one of which ataxy was ob-
served in any marked way. In most ecases where erossed hemi-
plegia does result, Vulpian thinks it due to the destruction or
compression of the adjacent parts, especially the roots of the cere-
bellar peduncles. The same authority denies that the superficial
parts of this organ are excitable, or that lesion of them is followed
by pain or by convulsions of the body, face, or eyes. Such results
do, however, follow excitation and lesion of its deeper parts, in
proportion to the degree of approach to the peduncles. The dis-
erepaney between experiment and pathology may perhaps be re-
moved, at least in part, by remembering that the injury is sudden
in the one case and not in the other. Moreover, few of the patho-
logical cases are clearly enough defined to serve as a sure basis for
conclusions. Some of them, however, would seem to warrant cer-
tain inferences. More than fifty years since, the well-known case of
the girl Alexandrine Labrosse was reported by Combette," and after-
ward made known to students of physiology generally by Longet.®
This girl was found, on post mertem, to have no cerebellum; in its
stead was a gelatinous membrane attached to the medulla by two
peduncles of like construction. A true pons was also wanting, but
no loss of substance seemed to have taken place here. Yet she
could co-ordinate all the limbs voluntarily, and had the full use of

1 Untersunchungen iiber d. Gehirn, pp. 198 ff,

? Funetions of the Brain, p. 106 f.

® Lecons sur la Physiologie, ete., p. G07 1.

* Revue médicale, IL., p. 57 (1881).

® Anatomie et Physiologie du Systéme nerveux, I, p. 764 (1842).
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all the senses. She was, however, subject to falling (se laissait
tomber sourvent) and spoke imperfeetly. DBouillaud has reported
another case of an adult whose entire cerebellum was changed into
a brown purulent mass ; this patient could walk, though in a tot-
tering and insecure way. Vulpian' also describes a case which
came under his own observation. A woman, dying at the age of
sixty-nine, after twenty years in the hospital of La Salpitritre, was
found to have suffered an entire atrophy of all the eortical gray
substance of the cerebellum. This patient preserved great muscu-
lar vigor, and eould co-ordinate all the muscles ; but her “locomo-
tion " was disordered and difficult.

On the whole, then, it must be admitted that the evidence con-
cerning the specifie funetions of the cerebellum of mammals, and
especially of man, is not such as to warrant us in making definite
affirmations. Searcely a single case can be adduced in which it
is not possible to maintain that the motor disturbances which fol-
lowed lesion or excitation of this organ should be aseribed to an
indireet effect upon contiguous organs. Yet the coincidence of
evidence from several different lines gives sufficient support to the
view that the functions of the cerebellum are in some way con-
nected with the balancing, and therefore with the precise and se-
cure locomotion of the body in space. More definitely, with refer-
ence to the nature of this connection, it is not possible to speak
confidently. No disturbance of the senses of hearing, of sight, or
of muscular feeling, ean be shown to follow injuries of this organ
where other parts of the brain are not involved; on the contrary,
all these senses appear fo have been perfect in certain eases of the
complete absence of this organ. The only disturbance of sensi-
bility which frequently follows affections of the cerebellum is ver-
ligo ; the same symptom can be produced by passing a current of
electricity through the back part of the head, or by the effusions
of blood in this region which are sometimes oceasioned by alechol.
Vulpian and others are, however, probably right in helding that
the result is only indirectly to be aseribed to this organ. Indeed
the view of Schiff has much in its favor: this view maintains that
the aberration of motion due to lesion of the cerebellum should
not be called a loss of co-ordination af all, since all the limbs may
be moved in exactly the right relations necessary to carry the body
forward or to maintain its equipoise ; but the precision of the mo-
tion is impaired, because the nervous impulses from this organ
that innervate the neighboring groups of muscles are not rightly
adjusted to each other in amount along the different tracts. The

! Lecons sur la Physiologie, ete., p. G20,
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balance of the innervating eells is destroved ; and the result is a
loss of nice adjustment of the amount of innervation sent to the
particular muscles employed in equipoise and locomotion.

It scarcely need be added that modern physiology distinetly dis-
proves the hypothesis of Gall, who conneeted the sexual instinet
with the cerebellum. There is no good evidence that the hinder
brain directly participates in any way in those activities of the
nervous system which are immediately correlated with psychieal
phenomena, whether of emotion, instinet, or intelligence.

§ 22. The functions of only three other parts of the encephalon
require consideration in this connection ; these are the corpora
quadrigemina, the optic thalami, and the corpora striata. The
erura cerebri and the pons Varolii are, as we have already seen,
significant chiefly as organs of conduction. So far as they have
also the intermediating functions of central organs, it is not possi-
ble to treat of them otherwise than as concerned in that general
reflex-motor mechanism which occupies all this rezion of the brain.

§ 23. Experiments upon the Corpora Quadrigemina are rendered
especially diffiecnlt by the small size and deep situation of these
organs ; they cannot easily be exposed for stimulation without
great effusion of blood, or subjected to lesion without extending the
injury to contignous parts. These diffieulties render conclusions
from the effect of stimulating or extirpating the corresponding
organs (optic lobes) of the frog more than usually preearious.
There is no doubt, however, as to some special connection between
the corpora quadrigemina and sensory impulses of sight ; such eon-
nection is, then, of course, to be extended to those motor activities
that are dependent upon the sensory impulses of sight. Flourens
and many subsequent observers have found that one-sided extirpa-
tion of the optic lobes of birds, or of the eorpora quadrigemina of
mammals, with the cerebral hemispheres intact, produces blindness
in the opposite eye. The amount of this blindness is different in
different animals, as the decussation of the fibres in the optie ehi-
asm is more or less complete in different animals. In the rabbit
such decussation appears to be complete ; in the cat and dog in-
complete. The fact that hemianopsia in both eyes is connected
with disease of one side of the brain is an evidence that it is incom-
plete in man also. Moreover, when the brain is removed in front
of the corpora quadrigemina, and these organs left intact, the ani-
mal can still guide and co-ordinate its motions in response to visual
impulses. (We do not in this place consider whether we are war-
ranted in calling these impulses  sensations "—not to say “ percep-
tions "—of sight.) These organs are, then, in some sort, central
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organs of sight. Sinee they are connected by nerve-tracts with the
cortex of the cercbrum, motor innervation in response to stimulus
from the optic nerve may arise either immediately in the corpora
quadrigemina themselves or in the gray matter of the cortex. We
may therefore suppose, with Wundt,' that destruection of the cere-
bral substance abolishes only those movements of the muscles, in
response to the stimulus of light, which invelve eomplicated eo-or-
dinations with other excitations of sense, or with earlier established
experience. It is scarcely allowable, however, to locate this speeial
relation to visual impulses definitely in the substance of the corpora
quadrigemina considered as isolated from the optic thalami, the
optie tracts, and the gray matter at the floor of the third ventricle.
There is sound sense in Eckhard’s® remark that the functions
commonly attributed to these bodies should rather be aseribed to
the region in which they lie. The nales (or anterior pair) seem to
be more especially connected with the sensory, and the fesfes (or
posterior pair) with the motor activities of sight.

Abnormal movements of a *“forced ” nature, and impairment of
the power of co-ordination, follow the injury or extirpation of the
corpora quadrigemina. These phenomena may be due in part to
the loss of guidance by visual impressions ; but they are probably
due chiefly to the extension of the effects of the injury to the erura
cerebri and other suwrrounding parts. The optic lobes, according
to Goltz, are the prineipal eentral mechanism for the croaking of
the frog deprived of its hemispheres. Vulpian® makes a distinetion
between a merely reflex-motor ery and the plaintive utterance of
an animal (e.g., the rabbit) which retains these organs and the pons
Varolii. Ferrier," however, was unable to make the distinction so
clearly. The latter observer found that very marked phenomena—
such as dilating the pupils, clenching the jaws, retraction of the
ears and angles of the mouth, extending the legs, ete.—followed
the stimulation of these organs with an electrical current, in the
case of cats and dogs. But his experiments do not enable us to
say how much of all this belongs to the specific function of the
corpora quadrigemina as central organs, and how much to the irri-
tation of the nerve-traets in all the surrounding region. While we
seem warranted in connecting these organs with the cerebellum,
medulla, and pons, as concerned in the co-ordination of motions
necessary for equipoise and locomotion, it is not safe at present to
attempt a more precise localization of function.

! Physiologische Psyehologie, i., p. 184.

! In Hermann'’s Handb. d. Physiol., IL., ii., p. 131.
# Legons sur la Physiologie, ete., p. 541 £,

¥ Funetions of the Brain, p. 76.
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§ 24 The office of the so-ealled basal ganglia—Optic Thalami
and Corpora Striata—in that “ projection-system ” which connects
the cerebral hemispheres with the periphery of the body, has
already been spoken of; one chief function of these ganglia has
usually been held to be that of acting the part * of middlemen be-
tween the cerebral convolutions and the rest of the brain.”' But
they both have further functions as specifically central organs in co-
ordinating the movements of the body according to impressions of
sense, 1t i1s difficult, if not impossible, however, to define precisely
what these functions are. Some special relation of the optic
thalami to impressions of sight must be admitted. The fact that
animals deprived of the cerebral hemispheres are eapable of com-
plex eo-ordination of their museles as reflex effeets of visual im-
pressions, seems to indicate that the mechanism of the optie
thalami is associated with that of the corpora quadrigemina in
performing this function. In mammals complete extirpation of
the posterior portion of one thalamus results in permanent ex-
pansion of the pupil of the opposite eye ; and Renzi was confident
that injury of the upper surface of the anterior portion oecasioned
blindness. Lussana and Lemoigne found blindness in the opposite
eyve to be the invariable result of lesion of one thalamus. Cases of
the disturbance of vision, or even of complete blindness, have been
observed in human patients as the apparent result of disorgani-
zation of this organ. It must be admitted, however, that the sig-
nificance of the optic thalami for vision may be due simply to the
fact that certain fibres of the optic nerve have their origin in it,
and are rendered inoperative by injuring it. Experiments and
pathological cases conneecting the optie thalami with the sensations
of smell and taste are more doubtful and conflicting. Ferrier* con-
cludes that lesions in and around this organ destroy the cutaneous
sensation of the opposite side of the body in the monkey ; Veyssiére
found the same thing true in dogs. Buat Nothnagel found that no
effect upon sensation followed the destruction of these organs in
the rabbit. Not a few cases of disease of the optic thalami in man
seem to point to some connection with tactile impressions ; other
cases, however, are decidedly unfavorable to this view. On the
basis of this rather meagre evidence Wundt® is willing to rest the
theory that the optie thalami are special centres for the reflex-
motions of touch ; by the same theory he also aceounts for the dis-
turbances of motion which follow injury to these organs. He

1 Bee Foster, Text-Book of Physiology, p. 653.
? Funetions of the Brain, pp. 238 ft.
2 Physiologische Psychologie, i., p. 188,
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thinks it probable, nevertheless, that their funetion is not exhausted
by this deseription. “‘Forced” positions and movements, and various
other marks of impaired motor activities, follow the experimental
lesion of these organs. But such disturbances largely or wholly
vanish after a brief time, although they can be again called out by
stimulation. They ocecur, as a rule, only when the lesion affects
the posterior part.of the thalamus, or the edges of the opening
leading from above into the third ventricle. Most of the phenom-
ena may be explaine:d as due to the working of a mechanism that
has been stimulated to abnormal activity by the mechanical irrita-
tion due to the extirpation." We can scarcely, then, be any more ex-
plicit than to quote the remark of Vulpian, made some years sinee :
** We know nothing of the special funetions of the optie thalami.”

§ 25. The special motor significance of the Corpora Striata is
undoubted ; although we cannot go to the length of holding that
these bodies are concerned enly in the elaboration and downward
transmission of efferent impulses. Ferrier* and others have ob-
served that stimulating these bodies with an interrupted eurrent
produces strong convulsive movements of the opposite side of the
body; with a very powerful stimulus the whole side is drawn
into an arch. No such effect could be produced by stimulating
the optic thalami. Ferrier holds* that “in man and the monkey
there is little, if any, difference perceptible between the complete
destruction of the cortical motor-centres and destruction of the
corpus striatum.” Vivisection of this organ is sometimes followed
by hasty forward running motions. Lesions of the striate bodies, in
the case of the animals, are usually followed by laming of the limbs
of the opposite side ; sometimes, however, no pathologieal symp-
toms result. As a rule, in the case of man, paralysis of the arms
and legs of the opposite side follows disease of these organs. Here,
as elsewlere in this region of the nervous system, a certain sud-
denness of the disturbance appears necessary to secure any marked
result. Some experiments seem to point to a difference in the
effects of injury to the two main nuclei of the corpora striata.
Nothnagel asserted that all mechanical injury to the nucleus len-
ticularis of one side results in laming of the opposite side: destrue-
tion of this nuclens on both sides brings the animal into nearly
the same condition as the removal of the cerebral hemispheres.
But voluntary movements persisted after complete destruction of
both the nuclei caundati of the rabbit.

! Comp. Eckhard in Hermann, Handb. 4. Physiol., IL, ii., p. 123 {.
* Lecons sur la Physiologie, ete., p. G5,
# Functions of the Brain, p. 161. *Ibid., p. 249.
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There is much evidence, then, to show that the corpora striata
are, as compared with the optic thalami, more especially connected
with motor activities. Wuandt * considers them to be pre-eminently
significant as ganglia for the co-ordination of those motor impulses
which are derived from the cerebellum and the eerebrum. The
relative importance which they seem to have in the higher, as com-
pared with the lower, animals (the monkey and man as compared
with the rabbit, ete.) he thinks is like that of all the anterior por-
tions of the brain ; such portions are in general, more significant
in man than in the other animals. Wundt's view has considerable
in its support—among other things, the fact that, in case of lesions
of the striate bodies, volunfary motions, or those motions whose
motor innervation originates above these organs, seem to suffer
most. DBut we positively must not adopt without qualification the
statement * that the corpora striata are exclusively motor, and the
optic thalami exelusively sensory. In addition to what has already
been said (p. 129) to caution one against this view, it may now
be added that numerous cases are recorded where injury, appar-
ently confined to one corpus strintum, has resulted in loss of feeling
on the opposite side ; and other cases where disease, apparently
confined to one optic thalamus, has eaused loss of motion as well
as of sensation. Moreover, the chief motor effects of injury to the
striate bodies (if not all of them) may be due to the fact that the
descending motor tracts are necessarily involved in the injury,
rather than to any special motor function belonging to these
bodies as a central organ. Another theory of the office of the
striate bodies rejects entirely the view which regards them as in
any true sense basal ganglia, with either specially motor or specially
sensory funetions ; and regards them as belonging to the cerebral
hemispheres, rather than subordinate to the hemispheres in fune-
tion.* But inasmuch as this theory has its principal support, of a
physiological kind, from a single case of an idiot's brain, in which
these bodies were of nearly normal size, while the cortex was defi-
eient in the motor regions and the base of the brain in general
small, it can scarcely be regarded as sufficiently confirmed.

§ 26. The researches of the last few years have tended to show
that some special relation exists between the nervous substance of
the organs lying at the base of the cerebrum, and the temperature

! Physiologische Psychologie, i., p. 193 f.

‘As propounded by Carpenter and Todd, and apparently adopted by Fer-
rier, Functions of the Brain, 252 f.

“Bee A. Hill, The Plan of the Central Nervous System, p. 276; and Jour-
nal of Anat. and Physiol., July, 1885,
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of the body. The earlier observations ' pointed out the limits be-
tween the medulla oblongata and the pons as a region, lesion of
which was followed by a sudden and large rise of temperature.
Still later, other observers ascribed vaso-motor functions to the
optie thalami,” or asserted the existence of vaso-motor fibres in the
erura cerebri (so Budge). In 1884, J. Ott pointed out that cutting
the corpora striata is speedily followed by a marked rise of tem-
perature. Yet more recently two experimenters,” working together,
have arrived at certain conclusions based upon a large number of
experiments, chiefly on rabbits, but also on guninea-pigs and dogs.
They discover that, while the cortical substance can be subjected
to the most severe and extended lesions without producing a fever-
ish rise of temperature, puncturing the brain at the juncture of the
sagittal and coronal sutures, down to the level of the striate bodies
or deeper, invariably produces a marked rise of temperature. If
the lesion only hits the striate bodies (especially the medial side,
near Nothnagel's nodus cursorius) the coming-on of the fever is
slow and gradual ; but if the needle is earried further toward the
base of the brain, the fever springs up at once and reaches a max-
imum in two to four hours. In what way these organs act as
‘ fever-centres,” or precisely what nervous elements are chiefly in-
volved in the action, has not yet been made clear.

§ 27. Eckhard ® is inclined to lay down the law that in all verte-
brates the mechanisms for a change of place lie rather in the ante-
rior part of this general region—corpora quadrigemina, ete.; while
those for maintaining the upright posture and the equipoise of the
body are loealized in the region of the pons, cerebellum, and me-
dulla oblongata.

§ 28. It should be added that almost all observers have hitherto
failed to attach sufficient importance to the central functions of
the gray matter which lines the floor and walls of the third ven-
tricle. Bechterew * has recently confributed the results of very
important experiments to determine the specific function of this
central nervous substance. He finds that frogs retain the function
of balancing even when the optic lobes are erushed, if no injury is
done to the gray substance of the third ventricle or to the erura

! By Tschetschichin, in Archiv. f. Anat. u. Physiol., 1866, pp. 151 ff.; and
Schreiber, Pfliiger's Archiv., viii., pp. 576 ff.

* Lussana and Christiani (No. 16 of the Verhandlungen d. physiolog. Gesell-
schaft zu Berlin, 1883-84),

4 Ed. Aronschn and J. Sachs: See Pfliiger's Archiv., xxxvii. (1885), pp.
232 ff.

*In Hermann's Handb, d. Physiol., IL, ii., p. 138

" Plliiger’s A[mhh' xxxi. (1883), pp. 479 L

1
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cerebri ; they lose this function, however, when a section is made
into the third ventricle. Birds (hens and pigeons), also, show the
same loss of function when a lesion is produced by running a very
fine needle into the cavity of this ventricle. In the case of dogs,
Bechterew considers himself able to loealize the funetion of equi-
poise precisely, and to point out the special effect of injury done
to different definitely fixed loealities. Tor example, bilateral lesion
of the lateral or postero-lateral parts of the wall of the third ven-
tricle results in the impairment or loss of equipoise and co-ordi-
nated motion on both sides of the body: the lost funection is re-
gained only after a long time, and then but partially. In none of
these cases were any of the phenomena of motor laming of the
extremities apparent, or any very marked disturbance of sensation.
This gray matter of the third ventricle operates, Bechterew thinks,
in connection with the olivary bodies for the eo-ordination of motor
impulses in response to sensations of touch, and with the semi-
circular canals in response to sensations of sound. It is especially
important also in equipoise through visual impulse conneeted with
the changes in the axial direction of the eyes. Thus all the above-
mentioned organs operate with the cerebellnm as complex and
correlated mechanisms for keeping the body balanced in response
to changing sensory impulses.

We stop at this point in our ascending review of the automatie
and reflex-motor funections of the central mechanisms. For dis-
tinetly psycho-physieal and psychological questions the most im-
portant of the activities of the nervous mechanism still await our
examination ; these are the activities of the cerebral hemispheres.
But nothing is known as to the moleeular structure of these hemi-
spheres, or as to their antomatie and reflex-motor centres and aetiv-
ities, which adds anything of importance to the deseription of the
nervous system as a mechanism, or to the mechanical theory of its
action. It is with such deseription and theory that we are now
concerned. The correlations which exist between the structural
condition, or physiological funetion of the nervous system, and the
phenomena of mind, are chiefly (if not wholly) capable of study as
illustrated in the cerebral hemispheres. But the nature of the
nervous molecular machinery, and of its working as mere machinery,
is understood, as far as our present information will permit, by an
examination of the physiology of the spinal cord and of the inter-
eranial ganglia lying below the hemispheres. As to the alleged
psvehieal functions of these inferior organs we shall adduce further
considerations when we come to consider such functions as belong-
ing to the brain proper.



COHAPTER V.
END-ORGANS OF THE NERVOUS SYSTEM.

§ 1. Ix order to understand the end-organs it is necessary to
refer again to the place which they hold in the threefold arrange-
ment of the nervous mechanism (compare Chapter IL, § 2). In the
general division of labor among its orgauns, certain cells situated
at the surface of the body become especially sensitive to external
stimuli. The special function of these cells accordingly becomes
that of receiving the action of such stimuli, of modifying this action
in accordance with their own peculiar structure, and thus of set-
ting up in the condueting nerves the neural process which is prop-
agated to the central organs. It is obvious, then, that the struct-
ure and grouping of the superficial cells must bear some definite
relation both to the external stimulus and also to the nerve-fibres
which convey inward the nervous impulse occasioned by it. The
end-organs of sense may then all be described as special adapta-
tions of the superficial cells to the different kinds of stimuli. With
such special adaptations the peripheral terminations of the nerve-
fibres must be connected. For the end-organs, as it were, look both
outward and inward. They act as mediators between those different
modes of external molecular motion which can oceasion sensations
in us, and the nerves which convey the results of this motion, when
it has been changed into a nerve-commotion, onward to the central
Organs.

§ 2. In the end-organs of the special senses the fibrils of the
sensory nerves, as a rule, terminate in cellular structures which have
the morphological significance of metamorphosed epithelial cells. The
end-organs of smell and taste show this characteristic development
most clearly. These end-organs are, in general, made up of cells
which, posteriorly, pass into nerve-threads that are gathered to-
gether into the sensory nerve of the special sense ; and which, an-
teriorly, pass into coniecal or fusiform processes. The simplest type
of an end-organ may then be deseribed as follows : A hair-like pro-
cess extending outward, and connected by a sensitive cell with a
nervous filament extending inward. Such processes are probably
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extremely sensitive to external stimuli ; and perhaps peeuliarly so
to the chemical changes which, at least in the case of three of the
special senses (smell, taste, and sight), are their immediate exeit-
ants,

All the end-organs of sense may be regarded as modifications of
the type described above. Only a small part, however, of what are
ordinarily ealled “ the organs of the special senses ™ (e.g., the nose,
the mouth, the ear, the eye, the skin) belongs, strictly speaking,
to the nervous system. By far the greater part consists of me-
chanieal contrivances, designed to prepare the external stimuli and
conduet to the true nervous apparatus the impulses they oececasion.
These non-nervous mechanical contrivances, however, modify the
nature of the stimulus in so important a manner as to merit some
brief description in our consideration of the nervows mechanism.

§ 8. Besides the end-organs of sense, histology points out another
kind of terminal apparatus. The efferent nerves, in order that they
may stimulate the muscles, must have some special form of attach-
ment to them. Special contrivances for connecting the motor
nerves and the muscles are actually discoverable. We distinguish,
then, two classes of end-organs: first, End-organs of Sense, and,
second, End-organs of Motion.

§ 4. Among the end-organs of sense, those of Smell have been
least successfully investigated. That portion of the mucous mem-
brane of the nose which clothes the upper region of the nasal cavity
and is marked by a brown-yellow color—the region of the expansion
of the olfactory nerve—is ealled * regio olfactoria;” it contains the
end-organs of smell. Here Ecker and Eckhardt (in 1855) discovered
two different kinds of eells ; but we are indebted to Max Schultze for
the first detailed deseription of them. The epithelial portion of the
olfactory organ is supposed to be constructed upon the same type in
all the vertebrate animals. Of the two kinds of eells which the last-
mentioned investigator deseribed, one is called ** epithelial,” the other
“olfactory.” The epithelial cells are the larger, have an oval nuclens
of considerable size, and extend through the whole epithelial layer.
Their external half appears more or less cylindrical or columnar (at
least in the Triton and Proteus), and is described by some observers '
ag striated longitudinally. The form of the inner half of these cells
is varied. The olfactory cells are spindle-shaped, with a large,
round nucleus, and very long, fine processes. The external process
is elongated into a stiff hair, at least in many cases, although
Schultze considers that in man the olfactory cells have no cilia.

! S8ee Professor Babuchin in Stricker's Human and Comparative Histology,
jii., p. 207 £,
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These cells are surrounded by the epithelial cells. Most physiol-
ogists follow Schultze in holding that the two kinds of cells are dis-
tinct both in form and in funetion, and that only the * olfactory ™
cells are connected with the end-fibrils of the nerve of smell ; Ex-
ner ' and others, however, believe that the distinetion is not a fixed
one. In his opinion the structure of one is merged into that of the
other, and both are connected, though in a different manner, with
the subepithelial net-work in which the fibres of the olfactory nerve
are lost. The exact histological relation of the fibrils of the ol-
factory nerve to the epithelium of the regio
olfactoria is not yet made out. It is probable,
liowever, that the finest of these fibrils, after pen-
etrating the epithelial layer, closely embrace the
large epithelial cells and enter into connection
with the inner extremities of the olfactory cells.
According to Exner, the fibres of the nerve do
not pass over directly into the processes of the
end-organ cells, but are lost in a net-work whose
interstices are filled up with granules of nervous
matter. The first pair of cranial nerves, the ol-
factorius, which, as we have already seen on p. 54,
is really a lobe of the brain itself, is the specifie
nerve of smell.

& 5. The contrivance for applving the stimulus
to the end-organs of smell is very simple ; in gen-
eral it is only necessary that a current of air, in
which the stimulating particles float, shall be 1 40 _oitactory cons
drawn through the nasal passages over the mu- §hd Feithelial Uells
cous membrane of the regio olfactoria. Even am- Fﬂl’f&ﬂ:ﬂﬁ‘;ﬁ”ﬁ .
monia and camphor, when placed under the nos-
trils, have no smell so long as the breath is held or drawn through
the mouth. In quiet inspiration much the greater part of the cur-
rent of air is condueted to the pharynx dirvectly, and comparatively
little reaches the ridge situated above the nasal dam at the back of
the nose, where the end-organs of smell are placed. In full inspir-
ation, and still more when short and deep draughts are drawn
through the nasal passages, a considerable amount of the air
is forced over the seunsory parts. DBy snuffing we increase the
amount of air drawn into the region by first creating a partial vae-
uum inits eavity. In expiration the breathing passage is so located
as to earry nearly all the air past the sensory parts without striking
them. For this reason smelling is almost exclusively confined to

! Sitzgsber. d. Wiener, Acad., Ixiii., p. 44 f. and lxv., p T L
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inspiration ; it has been disputed whether the eurrent of expiration
can be smelled at all.  But Debrou showed that the odor of crange
blossoms, when water tinetured with them has been drunk, can be
detected in the expired air. The current which passes through
the anterior part of the nasal passages seems to be the more impor-
tant. This is probably the reason why the loss of the nose is so fre-
quently attended with loss of the sense of smell.

§ 6. The end-organs of Taste are situated in certain papille,
found on the upper surface of the root of the tongue, on the bhor-
ders and apex of the tongue, and in some cases on the anterior por-
tion of the soft palate. These papille of the tongue, are the papil-
lee circumuvallate and the papille fungiformes.  The lateral portions
of the former are pre-eminently the regions of the mucous mem-
brane of the tongue where the end-organs of taste are found. The
same organs are also found more sparsely distributed in the fungi-
form papillee. The circumvallate papillee are composed of connective
tissue, which is invested by a pavement epithelium arranged in
laminge, The epithelial layer is thinner than elsewhere at the sides of
the papillee, in which the end-organs of taste (gustafory jflasks or
bulbs) form a zone that extends upward to about the level at which
the papillze are no longer protected by their lateral wall. In the
fungiform papillze the end-organs appear in the epithelinm which
covers their upper surface, and in the side surfaces. A. Hoffmann
also found them in the papillee of the region of the soft palate. It
is more doubtful whether they exist, as has been alleged, on the epi-
glottis. The papille filiformes, which are sometimes classed with
the two others, probably have nothing to do with sensations of
taste.’

Methods of experimenting to discover what surfaces are sensitive
to taste are not easily made exact, because the stimulus must be in
golution to excite the end-organs, and because the nature of the ex-
citatory changes is chemieal. There is searcely a spot from the lips
to the stomach which some physiologist has not deseribed as be-
longing to the organ of taste. But the regions where the above-
deseribed papillse, with their gustatory flasks, are found, are doubt-
less the principal—and probably they are the only—sensitive
surfaces. Considerable differences exist, however, among different
species of animals, and even among different individual men—es-
pecially as to the sensitiveness of the tip and edges of the tongue,
and of the anterior surface of the palate. All the evidence tends to
show that the gustatory flasks are the sole end-organs of taste.

! Comp. Brilcke, Vorlesungen fiber Physiologie, ii.,, p. 257; and von
Vintschgaun in Hermanu's Handb, d. Physiol., 111, ii., p. 147.
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& 7. The microseopic strueture of the end-organs of taste is de-
seribed in substantially the same way by all investigators, al-
though these structures vary
considerably, according to
their position, and aceord-
ing to the different species
of animals. In general they
are like a glass knob with a
short neck, and with its
length somewhat greater
than its greatest width.
Hence they are called * gus-

* H Tl o 4H g 7 = niosE from the l.a r
Eziogenigf&;r, bZ::ter,E::L{iE::s- hﬂ;::'ﬁ o i T
tatory flasks " (so M. Schultze). They oceupy flask-shaped ecavities
of the epithelium, which they completely fill. Their lower or inner
part rests on the connective
tissue of the mueous mem-
brane ; their upper and more
slender part is surrounded by
epithelial cells and has an
opening, or pore, of from L
to 7y of an inch in diameter,

at the surface of the epithe-
Fia. 42, —Transverse Section through a Papilla

- Clrenmvallata of a Calf. Showing the areange lium. The margin of this pore
ment and distribotion of the gustatory boib. iﬂ- 11511&113' fﬂl‘t]’lﬂd h}’ placing

18/, (Engelmann. )
several cells together, but
sometimes by a single cell which appears perforated with a round
hole. Each of the gustatory flasks consists of from fifteen to thirty
long, thin cells, arranged like the leaves of a bud in closely com-
pressed rows around the axis,

All the gustatory flasks are composed of two kinds of eells:
some are, essentially, epifhelial cells, and have probably no direct
connection with the nerves; the others are highly differentiated
structures, are probably direetly continuous with the nerve-fibrils
and are thought to be true gustatory cells. The epithelial or in-
vesting-cells are long, narrow, spindle-shaped, bent, with a nucleus
well marked ; the outward end is pointed, the central end branch-
ing. The gustatory ecells are thin, long, and highly refractive of
light, with nearly the whole body of the strueture occupied by an
elliptical nueleus. The body of the cell is elongated into two pro-
cesses, of which the upper or peripheral is tolerably broad and
bears a short and fine point like a hair or penecil-point. This point

[T
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lies in a eanal, in the epithelial layer, and rarely projects from the
pore of the flask. The lower or central process of the cell is much
attenuated, and usually divides into two branches. A direct con-

Fi1a. 43, —Isolated Gustatory Fra. 44—, Tsolated Guostatory Cells, from the Latersl

Buolk, from the Latoral Organ of the Rabbit { &, an Investing and Two (Gusta-
Gustatory Organ of the tory Cells, isolated but atill in connection. &%, (En-
Rabbic, ¥, (Engelmanu, ) gelmann, )

nection of these processes with the fibrils of the gustatory nerve is
assumed by all investigators. The manner in which the nerve-fibres
terminate within the papille is different in different animals.

The glosso-pharyngeal nerve is the prifcipal nerve of taste. It is
distributed to the back of the tongue, enters the cireumvallate pa-
pillee, where it forms a minute plexus, interspersed with nerve-cells,
from which both medullated and non-medullated fibres pass to the
base of the gustatory flasks. The lingual branch of the trigeminus
has also some claims to be, in a minor degree, a nerve of taste.
Schiff * considers it as designed for sour taste, with a slight sensi-
tiveness to bitter also,

§ 8. In considering the end-organs of Touch, attention should
be directed to the great variety of semsations which are grouped
together under the word *touch,” in the broadest meaning appli-
cable to 1t. The question 1s thus raised whether any histologieal
difference is to be detected in the nervous apparatus which may
serve as a physical basis for the difference in the sensations. We
may set aside for the present all consideration of the feelings of
puin, of exertion and fatigue, and the so-called *“ common feeling *
and “muscular sense.” The question is thus reduced to this nar-
row form : Can histology point out two specifically distinet kinds of
end-organs in the skin, one of which serves for sensations of tem-
perature, and the other for sensations of pressure ?

§ 9. Histologieal examination shows that the sensory nerves dis-
tributed to the skin—the general organ of touch—terminate in two

' Molesch. Unters., X., p. 406 f., as referred to by von Vintschgau in Her-
mann's Handb, d. Physiol., 111, ii., p. 171 1.
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ways, either in free end-fibrils or in special construetions ecalled
“tactile corpuscles” or “end-bulbs.” The different varieties,' all,
however, essentially alike, of these special end-organs of touch have
been named after as many different investizators. Their general
office is that of modifying and multiplying the effect of the stimu-
lus upon the nerve-fibres which terminate in them. The so-called
“ corpuscles of Pacini ” were the first end-apparatus to be discovered
in conneection with the peripheral termination of the sensory nerves ;
they were seen more than one hundred and fifty years ago by Vater.
In man they are constantly present in the subcutaneous connective
tissue of the palms of the hand and of
the soles of the feet; but are most
numerous in the palmar surfaces of
the fingers and toes, especially the
third phalanges, although they occur
in the neck, arms, ete. In some places
they are visible to the naked eye as a
minute grain of from ; to } of an
inch in diameter. They may be said
to be nothing more than the ends of
medullated nerve-fibres remarkably
thickened.* KEach corpuscle consists
of layers of conneetive tissue, arranged
concentrically and more elosely packed
near the centre ; these surround a cav-
ity containing a soft nueleated mate-
rial, into the interior of which the

nerve penetrates. Here the serve- i & -Ocrpuclo of Pacinl (or Vater)
fibre, having become a naked axis-cyl- Frey.) &, nerve with its sheaths: b,

eyetem of tunics constituling the cap-

inder, appears to terminate in a little e of the corpuscle s ¢, axial canal,
bulb. Examination with the highest '
powers of the microscope shows that the axis-cylinder of the fibre
is fibrillated, and that the terminal bulb consists of finely granular
substance.

Closely allied to the foregoing structures are the so-called “ end-
bulbs of Krause.” These are small capsules of connective tissue in
which nuclei can be detected. In them the nerve-fibrils of touch
terminate either in a coiled mass or in a bulbous extremity. They
are from s}, to % of an inch in diameter, and exist in the con-

I On the different kinds of terminal corpuscles, a prineipal monograph is by
Fr. Merkel, Ueber die Endigungen der sensiblen Nerven in der Haut der
Wirbelthiere, Rostok, 1880,

8o Biesiadecki in Stricker’s Human and Comparative Anatomy, ii., p. 232,
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junetiva of the eye, in the tongue, the lips, the floor of the buceal
cavity, ete. The * corpuscles of Wagner ” (or Meissner, who has
furnished most of the details) may be described as oval-shaped
bodies, made up of superimposed lamine and
bearing some resemblance to a miniature fir-
cone. The medullated nerve-fibres, like
“ ereeping roots,” wind beneath the cutane-
ous papillze, and here and there penetrating
them, terminate in the corpuscles. Within
the corpuscles,
according to

ollik t
Fia. 4f.—End-bulbs from the Kolliker, the

Conjunctiva of the Homan fibrils form two
Eye, (After Kolliker.) I, .
haa two nervefbres which OF three mllﬂg
form a coil within the end-

bull; # has a fatty core, and ﬁua,ll;-’]om

The nervefibre of 3 cnda .
within in the form of a knot, to ge ther in

loops. These
tactile end-organs are most constant
and numerous in the terminal pha-
langes of the fingers; they oceur in
smaller numbers on the palm and
back of the hand, on the sole and
back of the foot, and sometimes on
the nipple, lips, ete. They are seated
in the papillee of the skin, Meissner
counted four hundred papille in 45 Fro. 47, —Corpuscles of Touch. (After

- ; Frey.) e, from the soft skin of the
of an inch square on the third pha- auck'svill; & and e, from the papilise

lanx of the indes-finger, and found °fthetonsue of the sume animal
these corpuscles in one hundred and eight of them. Their long
diameter lies in the direction of the papille and extends from 415
to 17 of an inch ; they are about -1 of an inch in thickness.

§ 10. Since the surface of the skin is in general sensitive to press-
ure and to temperature, it follows that the special structures de-
- seribed above as oceurring in parts of this surface, cannot be the
sole end-organs of touch. Modern histology has demonstrated
the presence of an intricate plexus of non-medullated nerve-fibres
which end in free extremities between the cells of the mueous
layer. This terminal plexus of nerve-fibres is also the end-organ
of so-called general sensibility and of touch.

None of the attempts hitherto made to establish speeific relations
between the varieties in the structure of the tactile end-organs and
the varieties of the sensations which they administer can be pro-
nounced successful. Krause has tried to deduce from the construe-
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tion of the corpuscles of Pacini their fitness to aet as the end-
organs of pressure ; but these corpuscles are wanting in many
parts of the body that are sensitive to pressure. Wagner con-
sidered the corpuscles which bear his name to be special organs of
touch. DBut it has been shown by Merkel that these corpuseles are
nothing but aggregates of more elementary forms, the so-called
“tactile cells.” Some have argued that the end-bulbs of Krause and
the corpuseles of Pacini are the organs of general feeling (sensus
communis) ; but others, with more probability, assign this funetion
to the free nerve-endings ; while Merkel is of opinion that the latter
are specifically concerned in sensations of temperature. Nothing
is known on this point beyond the fact that the skin, within which
the sensory nerve-fibres terminate, either in free ends or in special
tactile corpuscles, is the organ for all the varieties of sensation
brought under the most general meaning of the word * touch.™

The more precise manner in which the terminal fibres of the
nerves of touch stand related to the individual taetile cells is also
still in doubt. Some investigators consider that the fibres enter
into the very protoplasm of the cells (Merkel, Frey) ; others that
they spread themselves on end-plates superimposed on the cells
(Retzius, Ranvier).

§ 11. With the exception perhaps of the ear, the Eye is by far
the most elaborate and complicated of the end-organs of sense.
This is true of those portions of it which are designed merely to
bring the external stimulus to bear upon the nervous structure, as
well as of this structure itself. Considering it as a whole, we
may say that the peripheral organ of sensations of light and color
is an optical instrument constructed on the plan of a water camera
obscura, with a self-ndjusting lens, and a concave, sensitive, nervous
membrane as a sereen on which the image is formed.

£ 12, The eyeball consists of three coafs or tunies inclosing
three translucent refracting media. Since, however, the front part
of the outer one of these coats is itself translucent and refracting,
the number of refracting media in the eye is really four. (1) The
first or external coat consists of two parts: (a) the Sclerotic or
posterior five-sixths part (“ white of the eye”), which is a firm,
fibrous membrane formed of connective tissue intermingled with
elastic fibres ; and (b) the Cornea, or translucent anterior one-sixth
part, which is cireular and convex in form, and covered with con-
junctival epithelium. The cornea rises and bulges in the middle
like a watch-glass. (2) The second coat, or tunic of the eye, also
consists of two parts: these are (1) the Choroid coat, which com-
prises much its larger portion, is of a dark brown color, due to its
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pigment cells (except in the case of albinos), and is abundantly
provided with nerves and blood-vessels ; and (b) the Iris, a circular,
flattened, disk-shaped diaphragm in front of the lens (the colored
part of the visible eyeball), bathed with aqueous humor, and hav-
ing in its centre a circular aperture ecalled the ** pupil ® of the eye.
The anterior border (corpus ciliare) around the iris consists of the

Fio. 458, —Horizontal Section through the Left Eye, 4, (Schematic, from Gegenbaur, )

ciliary musecle and the ciliary processes. (3) The Retina is the
third or inner coat of the eye. It is a delicate membrane of ex-
quisite transparency and almost perfect optical homogeneity ; it
has a highly complex structure, consisting of nine or ten layers, the
truly nervous portions of which contain nerve-fibres, nerve-cells,
and speeial end-organs, together with connective tissue and blood-
vessels. The inner surface of the retina is moulded on the vitreous
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body, and it extends from the entrance of the optic nerve nearly
as far forward as the ciliary processes.

& 13. The eyeball has four translucent refracting media. The
first of these—enumerating inward from the outside front—is (1)
the Cornea, already spoken of as the auterior one-sixth of the
outer coat of the eye. (2) The Aqueous Humor fills the space
between the cornea and the lens, and is divided by the iris into
two chambers, of which the front one is much the larger. Tt is
limpid and watery ; it holds in solution the salts of the Dblood-
serum, with traces of organie substances, (3) The Crystalline Lens
is situated between the iris and the vitreous body. It is a transpar-
ent biconvex lens, with its antero-posterior diameter about one-third
less than the transverse diameter. It consists of a eapsule and in-
closed body. It is of “buttery consistency,” composed, like an
onion, of a number of easily separable layers. Fach layer consists
of fibres which, within the layer are, as a rule, radial. Between
the entire ciliary part of the retina and the corresponding part of
the vitreous humor is interposed a structureless membranous body,
to which the edge of the lens is attached, and which radiates out-
ward and maintains the lens in tension. It is ecalled the suspen-
sory ligament, (or Zonula of Zinn) and its office is very important
in the accommodating of the eye to different distances. (4) The
Vitreous Humor consists of a number of firm sheets or layers
(lamell), between which fluid is eontained, built into a body that
is, optically considered, transparent and homogeneous. It occupies
most of the space inclosed by the tunies of the eye. It is thought
to be a gelatinous form of connective tissue, and is composed most-
ly of water with salts in solution, of proteids and mucin, fats and
extractive matters—especially urea. Its peculiar structure is of
little significance for the physiology of the eye.

§ 14 Of the appendages or accessory parts of the eye—such as
the eyebrows, the eyelids, lachrymal apparatus, museles of the eye-
ball—only the mechanism by which the eye is moved in its or-
bit has any special significance for physiological psyehology.
The building-up of a world of wvisible objects, and even the forma-
tion of a so-called * field of vision,” is dependent upon the great
mobility of the eyve. The eyeball is mn‘i in its bony socket,
where it is embedded in a mass of fat as T a socket-joint, by six
muscles, which are attached to it somewhat like the bridle to the
horse’s head. Four of these muscles spring from the bony wall
near the point where the optic nerve enters, extend through the
length of the socket and pass directly to the eyeball, where they
are attached to it, one above, one below, one on the outer, and one
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on the inner side, (the recti ; infernus and externus, superior and infe-
rior). In moving both eyes up or down, the same musecles in both
contract simultaneously ; in moving the eyes to the right, the outer

! : 1
i ril”
F1c. 40.—Muscler of the Left Human Eye,
seen from above. #4, Pectus superior ; Fro. 60, —=Muscles of the Left Human Ege, sten
e, rectus externnus; and pi, rectus from the cutside. I, leeator of the apper eye-
internus ; o, enperior  obligoe, with lid, which covers the rectus superior, rs, re, of,
its tendon, f, which runs throngh the as in the preceding figure ; rif, rectus inferior ;
membranons  pulley, %, at the inner of, inferior obligue.

wall of the cavity of the eyeball.

muscle of the right eye and the inner of the left, contract simul-
taneously (and vice versa) ; in turning both eyes inward to converge
them upon a near objeet, the two inner muscles contract together.
We cannot move the eyes so that the optieal axes do not either
meet or remain parallel ; we eannot look with one eye upward and
the other downward, nor with one eve to the left and the other to
the right ; nor ean we voluntarily turn the eyes farther apart than
when their axes are parallel.

The other two of the six muscles of the eye are called obligue. Of
these one 1ssuperior and internal ; 1t does not pass directly forward
from its place of origin, at the posterior aperture through which
the optie nerve enters to the eye, but first runs through a ring, then
turns around, and is attached obliquely to the upper surface of the
eveball. The other oblique muscle begins at the inner wall in the
socket, passes under the eye-ball, and is attached to it opposite to
the superior oblique #@uscle. The two oblique muscles combine
with the four recti to move the eyes in various directions which
would be impossible for the latter alone.

§ 15. The problem which is to be solved by the end-organ of
vision may be stated in a general form as follows: A mosaic of
loealized sensations must be so constructed that changes in the
quantity, quality, local relation, and sequence of these sensations
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shall be quickly interpreted as indieative of the size, shape, lo-
eality, and motion of external visible objeets. The most important
part of the solution of this problem falls upon the nervous struct-
ure of the retina. It is itself a mosaic of nervous elements, the
excitation of which may vary in quality, quantity, loeal coloring,
and sequence of the different elements excited. But in order that
the retina may exereise its funetion with the precision and delicacy
of detail for which its structure fits it, the rays of light reflected
from a single point of the surface of the visible object must excite a
single one, or at most a small and definite group, of the retinal
nervous elements. The sensations thus ocecasioned can then un-
dergo a systematic arrangement by the mind. It is the work of
the translucent refracting media of the eye to apply the stimulus to
retinal elements exactly discriminated, and in an order correspond-
ing to the object ; that is to say, the cornea, the humors of the eye,
and the lens must form an image on the retinn. To show the pos-
sibility of this by ealeulating how the general laws of opties apply
to the special structure of the eye, as anatomy describes it, and to
make the caleulations accord approximately with the facts, has been
the labor of a number of investigators, especially of Helmholtz and
his pupils. To the results of this labor ounly a brief allusion must
suffice.

§ 16. The four media of the eve constitute a system of refracting
surfaces, each of which is separated from the one adjoining by a
circular cut, as it were, in the whole refraction-substance. Espe-
cially is thistrue of the lens with its concentric layers. The ““i{mage ”
formed upon the first member of this system of surfaces, by its re-
fraction of such bundles of rays, from the object, as all lie in a plane
at right angles to the axis of the system, thus becomes an “object
for the second refracting surface of the system ; and the image
formed by the second an object for the third ; and so on. The re-
sult of any number of such refractions will accordingly always be
an image whose points lie in a plane at right angles to the axis of
the system of refracting surfaces, and which, as a whole, is in true
perspective to the original object. The last image and the object
are geometrically similar.

In tracing the course of the rays of light through the refracting
media of the eye, two things must be taken into the account: (1)
the indices of refraction of these media, and (2) the geometrical
form and position of all the limiting surfaces. (1) The means for
attaining a knowledge of the former is by taking the average result
of an examination of a number of eyes supposed to be normal
Fortunately for seience, death has, for the first twenty-four hours,
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little or no effect in changing the indices of refraction of the eye.
Krause ' found the mean index of refraction of the cornea to be =
1.3507, of the agueous humor = 1.3420, of the vitreous body =

Fio. 81.—Median Section throogh the Axis of the Lens of the Eye. (Schematic, after Babuchin)

1.3485. But Helmholtz (subsequent observers have agreed better
with Lis result than with Krause's) found the two latter indices of
refraction to be = 1.3365 and == 1.3382,
respectively. The lens of the eye, espee-
ially, 18 not homogeneous throughout as
toits index of vefraction. Each layer has
its own index, and the amount of the
index of each layer increases regularly
toward the kernel of the lens. The work
of refraction done by the lens is, there-
fore, greater even than that which could
be done by a homogeneous lens with an
index of refraction equal to that of the

Fio. B2.—View of the Lens in Kernel, or most highly refracting part of
Prodle. 5. (After Amnold.) the lens.

(2) The position and form of the separating surfaces of the re-
fracting media can be only approximately determined in the living
eve. Three of these surfaces are of chief importance—the anterior
surface of the cornea, and the anterior and posterior surfaces of the
lens. The convexity of the first of these three is found to depart
perceptibly from a sphere ; it is greater toward its edge than at its
vertex, where it resembles rather a section of an ellipsoid. The
advantage of such a shape is seen in the fact that the images

! Krause's experiments refer to rays of the wave-length to which the bright-
est place in the solar spectrum corresponds; that is, to the place at the end of

the first third, or gquarter between D and B, The refraction-index of water for
these rays he assumed at =1, 33424,
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formed when the pupil is expanded are thus made sharper than
they could otherwise be. No observable refraction takes place on
the posterior surface of the cornea, because the difference between
the indices of refraction of the cornea and of the aqueous humor is
so slight that the faint images from this surface vanish by proxim-
ity to the stronger ones refracted from the front part of the cornea.

§ 17. The power of altering the refracting conditions of the eye,
so as to enable the media to form a single perfect image on the
retina, for varying distances of the object, is called its power of
“accommodation ” or adjustment. Plainly such adjustment of the
eye cannot take place, like that of a camera obscura, by changing
to any appreciable extent the distance of the lens from the screen
on which the image is formed. It must therefore take place, either
by inereasing the indices of refraction of the media of the eye, or
by inereasing the curvature of one or more of the refracting surfaces.
It is now known to be due to changes in the convexity of the lens,
principally, if not wholly, of its anferior surface. The posterior
apex of the lens remains unmoved. There are several methods of
experiment which demonstrate that in accommodation for near dis-
tances the front of the lens becomes more strongly arched. When
accommodation is taking place, the pupil may be seen not only to
contract, but also to draw its edge forward., Helmholtz caleulated
the amount of this forward movement for two cases at about .J; and
#5 of an inch, respectively. Moreover, by an ingenious contrivance
the image reflected from the anterior surface of the lens may be
watched as it becomes smaller and more distinet on adjustment
for near distances, thus showing that the surface from which it is
reflected has inereased its eurvature.

It is obvious that the mechanism for adjusting the eye must be
under the brain's control, since adjustment is voluntary ; and that
it must consist of muscles which lie within the eyeball. The ae-
cepted hypothesis concerning the nature and action of this mechan-
ism was first proposed by Helmholtz. This investigator assumes
that the lens, when the eye is at rest, does not have the form which
corresponds to a condition of equilibrium in its own elastic power.
If it were not held in by its surroundings, it would be more arched
than it is both before and behind. But it is kept flattened by the
radial tension of the suspensory ligament ; when this tension is with-
drawn the lens becomes curved by the action of its own elastieity.
The withdrawal of the tension is accomplished by the action of the
ciliary musele, the fibres of which have their point of fixation at the
edge of the cornea, and run from here in the direction of a merid-
ian toward the equator o fthe eye. When the ciliary muscle con-

12
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tracts, the free ends of its fibres are drawn toward its fixed ends
on the edge of the cornea ; the radial tension of the suspensory lig-
ament is thus relaxed, and the lens is allowed to assume its natural
form under the equipoise of its own elastic forces.

Conjuneliva —
Eorigae
Cune. Sememmdi \ W 3 A
A
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Fro. 53.—Scctional View of the Connections of the Cormnea, Ciliary Muscle, Ciliary Processcs, cto.
Wi . (Gegenbanr. )

The oceulo-motor nerve furnishes the fibres that serve the ciliary
muscle ; these fibres run in the posterior strands of its roots, Their
central place of origin is in the posterior part of the floor of the
third ventricle ; stimulating the front division of this part produces
accommodation of the lens ; stimulating the back division of the
same part produces contraction of the pupils. Stimulation still
further back, where the third ventricle passes into the aqueduct of
Sylvius, produces contraction of the internal rectus musecle of the
eye ; and the innervation of this muscle is, of course, regularly con-
nected with adjustment for near distances. Thus all the mechan-
ism of accommodation, both that of the central organs and that of
the end-organs, is made to work together for the production of an
image upon the retina.

§ 18. Given the formation of the image upon the retina, it is fur-
ther required in order to vision that this physical proeess should
be changed into a physiclogical process. We now examine briefly
the mechanism by which such a change is accomplished. [The
reader is referred to the larger specific treatises for the detailed
theory of the schematic, the emmetropic, the myopie, and the hy-
permetropic eye.] The retina, or inner tunie of the eye, contains
the nervous elements by whose action the system of refracted rays
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is changed into a mosaic of nerve-commotions, But light does not
aet as a stimulus to the nervous substance, either fibres or cells,
unless it have an intensity which is nearly deadly to that sub-
stance. Since we are able to see the feeblest rays of the moon as
reflected from white paper, the nervous execitation which is the con-
dition of vision cannot be produced by the direct action of light on
the nerve-fibres or nerve-cells of the eye. A photo-chemical sub-
stance and process, as well as a special end-apparatus, seems there-
fore to be necessarily involved in the problem which is given to
the retina to solve.

§ 19. The nervous and other elements of the retina are arranged

Onter surface.

10 _ R ; z : 10, ... Layer of pigment cells,

i of ] I. F rlr 3!. ;'l, If'p
!
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... Membrana limitans externa,

« o« . Omter nuclear layer.
««Outer molecular layer.

oo . Inmer nuclear layer.

.. .. Ioner molecular layer.

.. Layer of nerve-cells,

... Layer of nerve-fibres,

oo . Membrana limitans interna.

Inner surface,
Fiq. 54 —Iagrammatic Section of the Human Retina,  (Schunltze.)

in the following ten layers, counting from within outward and
backward : (1) the membrana limitans inferna, which is the retinal
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border toward the vitreous body ; (2) the
layer of optic nerve-fibres distributed from
the papilla where this nerve breaks in
through the tunies of the eye; (3) the
ganglion-cell layer ; (4) the inner molecular
layer ; (5) the inner nuclear layer ; (6) the
outer molecular layer ; (T) the ouler nu-
clear layer ; (8) the membrana limitans
externa ; (9) the bacillary layer, or layer
of rods and cones ; (10) the pigment-epithe-
lium layer. The membranes (Nos, (1)
and (8)) are not really uninterrupted
layers, but an extremely fine networlk.

By no means all the retinal substance
is nervous. Indeed, the numerous radial
fibres (fibres of Miiller) which seem to
penetrate its entire thickness are now held
to be in great part elements of the sup-
porting tissue ; moreover, the whole con-
nective substance is a kind of sponge-like
tissue, in the gaps of which the true ner.
vous elements lie embedded. The gaps
thus filled are especially large in the
second, third, fifth, and seventh layers.

A description of the undoubtedly ner-
vous elements of the retina includes the
following particulars : (a) The. retinal
fibres of the optie nerve lie parallel to the
surface, are non-medullated, and extreme-
ly fine ; in general, they are arranged in
ray-like bundles, radiating on all sides
from the place of the entrance of the
nerve. The arrangement is special at the
yellow spot, so as to surround, and not
cover it. This nerve-fibre layer is thickest
at the papilla of the retina, and diminishes
continuously from this spot toward the
ora serrata; at about one-third of the

2 distance it becomes single. (b)) The gan-
fm

e glion-cells, which form the principal part

Fia. h5.—Diagrammatic represcn- Of lﬂ}’El." Nﬂ. 3, llkE the I]llllt-ipﬂ-}ﬂl‘ EEHH ﬂf

tation of the Connections of tho s
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lucent appearance. This process subdivides into fibrils of vanishing
fineness, that enter and are lost in the next layer. At the yellow
‘spot these cells are eight or ten deep ; from this centre they dimin-
ish toward the ora serrata, where spaces are found between the
cells. (¢) The nervous elements of the inner molecular layer (No. 4)
are not clearly made out. They probably consist of extremely fine
filaments, which are connected with the external processes of the
ganglion-cells.  (d) Most of the nucleus-like bodies of the inner
nuclear layer (No. 5) are probably nervous. Each such body has
two processes—one directed inward, the other outward. The
former is thought to be connected with the filaments of the
inner (No. 4), and the latter with those of the outer (No. 6) molec-
ular layer. (e) In the outer molec-
ular layer (No. 6) are nervous fila-
ments, like those in No. 4, which are
probably econnected with the external
proecesses of the inner nuclear layer.
Here are also found numerous star-
shaped cells probably not nervous
(/) In the outer nuclear layer (No.
7) the undoubtedly nervous elements
preponderate.  Fach nucleus-like
body in this layer is connected by a
radial fibre with one of the nervous
elements of the rod-and-cone layer
(No. 9). These nuclear bodies are
called rod-granules and cone-granules
respectively, and are to be distin- Fre. 56.—Diagrammatic Section of the

. 2 : Posterior Part of the Retina of a Pig,
cuished, not only by their conneetion =0, (schuitze.) 7, part of outer nu-

- clear layer ; 8, membrana limitans ex-
with these elements, but also by terna; 9, rods and cones, Each of the

their size and position ; the latter are  Sonesins in its inner sesmtnt o ety re.
larger, and lie on the more external !Mcte body, the Tunsion of which ls
gide of the layer. (g) The layer of

rods and cones (No. 9) consists of a multitude of elongated bodies
arranged side by side, like rows of palisades, with their largest ex-
tension in the radial direction. These bodies are of two kinds—
one cylindrical, and called “rods of the retina,” the other rather
flask-shaped, and called “ cones of the retina.”

The rods extend the entire thickness of the layer, and are about
sy inch in length, but the cones are shorter ; the rods are
about 734y inch in diameter, the smallest cones of the central
depression qg}gy inch. The inner ends of both are continuous
with the rod-fibres and cone-fibres of the outer nuclear layer.

n
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Each rod or cone is composed of an inner and outer segment
or limb ; the latter is highly refractile, the former only feebly so.
The inner limbs appear under the microscope like a mass of pro-
toplasm. The appearance of a most delicate longitudinal line in
the inner and outer segments has led to the belief that a nerve-
fibril is, as it were, drawn through their axis. The description

Fro. 68.—Rod and Cone from
the Human Reting, preserved

F1g. 57.—Rods and Cones of the Human Retinn,  (Schultze.) H" S g:"i'ﬁ 'h“"'r"l“i!
A, showing inner segments of the rods, & # 8, and of the 'ﬂ l::" difterent ]“ 5"'I= “ﬁ
cones, 287 the latter in connection with the eone-nuclei and atla:\ i € Gl IEN“ '3'“5".1'30
fibres as far as the outer molecular layer. *09). B, inner tE;h“lI:fm? "?::“E‘“t;: =
spogment of o cone with o conenuclens, 1200, ¢, lsolated (Schultze. e onter seg-

mont of the cone is broken
At yockas Blla ont; into disks which are still ad-

herent.

of the two shows that there is no essential anatomiecal difference
between the rods and cones ; nor are we able to distingnish any
difference in their physiological significance. The distribution of
the two elements is different for different parts of the retina. In
the yellow spot only cones appear, but these are of more slender
form, and of increased length, so that not less than one million are
supposed to be set in a square {/; inch ;' while not far from this

' See Le Conte, Sight, p. 8. New York, 1881.
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spot each cone is surrounded by a erown-shaped border of rods.
Toward the ora serrata the cones become continually rarer. In
close connection with the
rods and cones stand the
cells of the pigment-epithe-
linm. These cells form a
rezular mosaie of flat, six-
sided eells, which send out
pigmented processes be-
tween the outer limbs of the

Lo
CO T 0, o (=Y
Q2 5o Foctodog T
Fras. 6 and 60, —Superficial Aspectof the Arrangement
rods and cones. of the Rods and Cones in the Retina, %09, (Schultze,)

The fibres of the GI}tiﬂ E;':‘a:n] f;:rgitf-rm:tia ::;um the I:I'ﬁ'j!..'ll!l of the macula Intea
© lutte n the peripheral region.

nerve are supposed to be
connected with the rods and cones by means of the ganglion. cells,
and of the radial fibres in which the granules of the outer and inner
nuclear layers are embedded.

£ 20. Two minute portions of the inner surface of the retina re-
quire to be distinguished from the rest of its area ; the yellow spot
(macula lutea) and the “ blind spot ™ ( papilla optica). The yellow spot
is of oval shape, about - of an
inch in its long diameter, and has
in the centre a depression called
the fovea centralis. It is the place
of clearest vision, and the physi-
ologieal centre of the eye. About
1 of an inch inside the eye from
the middle of the yellow spot is
the middle of the papilla, or place
where the optic nerve breaks into
the retina. The UWlind spot, or
portion of the retina which can
be experimentally shown to be

Fra. 61.—Equatorial 2ectlon of the Right Eye, . H 5 s
showing the Papilln of the optic nerve, the lllﬂpﬂl‘ﬂ.tl?ﬂ n ViSO, II:I'I,H IJEE:TI.
Blood-vessels radiating from i, and the
Macula litea. 2. (Honle) 8, sclerotic; proved by Helmholtz to corre-

b

Ch, choroid ; and H, retina

spond in both size and shape to
that covered by this papilla. Its diameter is about 15 or ;i of an
inch, varying considerably for different eves. It is wanting in all
the nervous elements.

§ 21, In answer to the question, What elements of the retina are
directly affected by the light ? both anatomy and physiology refer
to the layer of rods and comes. This layer alone possesses that
mosaic nervous structure which appears to correspond to the de-
mands made upon the end-apparatus of vision. It can be demon-
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strated that the waves of light pass through the strueture of the
retina, and that the nervous process must begin in the back part of
this structure. Indeed, it is possible, by an experiment (devised by
Purkinje), to perceive with one’s own retina the aborescent figure
formed by the shadow of the blood-vessels expanded upon its front
sart.

! & 22, We have already seen (Chapter L, §§ 14, 15) that a chemi-
cal process may reasonably be conjectured to accompany the action
of the nerves in general, Undoubtedly a photo-chemical process
is eoncerned in vision. But after all the careful researches of many
observers, especially of Kithne ' and his pupils—it is difficult to
point to any results of chemical investigation which serve better to
define the exact nature of the physiological action of the end-or-
gans of the eye. The relation of the light to any chemical pro-
eesges which may take place in the gray substance of the retina can
be only indirect. The opto-chemical hypothesis must, therefore,
regard the epithelial cells, with which the end-fibrils of the optie
nerve are in physiological eonnection, as the bearers ( Trdger) of cer-
tain photo-chemiecally decomposable materials or visual substances
(Sehstoffe) ; these substances, however, cannot excite chemically
the irritable part of the visual cells—the protoplasm of the inner
limbs of the rods and cones—without being themselves decomposed.
Visual substance is necessarily some kind of matter easily decom-
posable by light, or chemieally sensitive to light. The first process,
then, in the execitation of the optic nerve, is the decomposition by
the light of some substance found in eertain epithelial elements of
the retina. The second process is the action, as visual excitants
(Sehreger), of the decomposition-products of the epithelial ecells
upon the protoplasm of the end-organs. But in order that such
decomposition-products may act as excitants of the end-organs of
vision, the visual substance must be rightly placed—that is, it must
be in local eonnection with the protoplasm of the outer limbs of
the rods and eones. The relation of the two last layers of the
retina i1s such as to secure this necessary connection. We are as
yet unable, however, to say what are the visual substances which
the successful working of the opto-chemical hypothesis demands.
The location of the pigmentum nigrum, and the changes produced
in it by light, favor the conjecture that this substance is of the
most fundamental and general importance for visual sensations.
Visual purple may also be supposed to be a visual substance. The
fact that light of diflerent wave-lengths effects changes in this pig-

! The few statements here given are taken for the most part from the article
of this investigator in Hermann's Handb. d. Physiol., IIL, i., pp. 235 ff.
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ment with different degrees of speed, suggests the view that it is
related to the susceptibility of the eyve for different colors. But
since invertebrates do not have the visual purple ; since the cones
(a thing which no one doubts) see without this purple, and since
the rods of some animals, such as hens and doves, and the rods of
the ora serrata, perform their functions without it, this pigment
can scarcely be said to be the only visuval substance. The opto-chem-
ical hiypothesis, then, seems to require several ecolored visual sub-
stances. Moreover, since animals ecan see with bleached retinas,
and albinos have the power of vision, we are compelled to assume
also a eolorless visual pigment. As to the nature of the chemieal
changes necessary to be produced in the protoplasm of the outer
limbs of the rods and cones by the action of the decomposition-
products of the visnal substances, we are quite ignorant.

§ 23. The end-organ of hearing is the Far. But in this case, as
in that of the eye, a very large part of the apparatus of sense is sig-
nificant simply as a contrivance for applying the stimulus to the
true end-organ, to the differentiations of epithelial eells and nervous
cells connected with the terminal fibrils of the sensory nerve. The
entire human ear consists of three parts, or ears; namely, the ex-
ternal ear, the middle ear, or tympanum, and the inner ear, which
is also called the * labyrinth,” from its complex construction.

I. The External Ear—exclusive of the eartilaginous plate which is
extended from the side of the head—consists of (a) the concha, a
deep hollow, and () the external meatus, or passage leading from the
bottom of this hollow to the drum of the ear. The concha is prob-
ably of little or no use in sharpening our perceptions of sound ;
for if a tube be inserted so as to secure a canal for the air to the
drum of the ear, the entire concha may be filled with wax, and the
result is to increase rather than diminish the sharpness of the
sound. It is possible, however, that vibrations of more than one
thousand in a second are concentrated by reflection ' from the con-
cha. The external ear appears to be of some service in perceiv-
ing the direction of sound. Rinne’s experiments seem to show
that—as Harless * thonght—the cartilage of the ear can be thrown
into sympathetic vibration with certain acoustic waves, and so re-
inforce the sound. At best, however such work done by the con-
cha 1s small.

The most patent office of the external meatus is the protection
of the ear-drum ; the passage is so curved that the drum cannot be

! Ses Henszen, Physiologie d. Gehirs, in Hermann's Handb. d. Physiol.,
IIL, ii., p. 23.
? Article Horen, in Wagner's Handwdérterbuch d. Physiol., IV, 1853,
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reached {rom the outside in a straight line. Helmholtz ecalled at-
tention to the fact that certain tones of a high piteh resound
strongly in the ear when the meatus is of normal length, but cease
80 to resound when its length is inereased artificially. The meatus
probably, therefore, modifies certnin tones by its own resonant
action—strengthening the high ones, and deadening the low, in
some degree.

Various simple experiments—such as placing a resounding body
in contact with the teeth—prove that the surrounding cranial hones
conduet sound to the ear. It is probable, however, that the path
of such conduction is not, for the most part, as was formerly sup-
posed, directly to the inner ear by way of the eranial and petrous
bones, but indirectly, through the ear-drum and bones of the middle
ear to the fenestra ovalis. The amount of direct conduction pos-
sible, has not as yet been determined precisely.

§ 24, II. The Middle Ear, or Tympanum, is a chamber irregu-
larly cuboidal in form, and situated in the temporal bone, between
the bottom of the meatus and the inner ear. Its outer wall is (a)

Lig. mallei
B,

Processis

Jol.
Tuserdip musc.
Tens. fymip.

Cherda tympant

Fra. 62.—Dirom of the Right Ear with the Ham- ;
mer, seen from the inside. %, (Henle,) 1, Fra. 63.—8ide Wall of the Cavity of the Tym.
chorda tympani : 2. Euslachinn tube; *, ten- panum, with the Hammer (M) and the Anvil
don of the tensor tympani muscle ent off olose {J). The former ehows the connection of its
to its ingertion ; m a, anterior lipament of the handle with the drom. T, Bustachian tube.
mallens: Mep, ite head ; and ML s long .. (Gogenbaur.)
process, Bt p, Sping tympaiica posterior,

the membrana tympani, which consists of three layers—an external
tegumentary, an internal mueous, and the intermediate membrana
propria, composed of unyielding fibres arranged both radially and
circularly. In the inner wall, which separates the tympanum from
the labyrinth, are two openings or windows—the fenestra ovalis,
which corresponds to the vestibule of the labyrinth, and the fenestra
rotunda, which corresponds to the tympanic passage in the cochlea,
Near its anterior part the tympanum opens into () the Eustachian
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tube, a canal which eommunicates with the nasal compartment of
the pharynx.

() The auditory bones are three in number, ecalled Malleus,
Incusz, and Stapes, and arranged so as to form an irregular chain
stretched across the cavity from the outer to the inner wall of the
tympanum. The malleus has a head, separated by a constricted
neck from an elongated handle ; its handle is connected with the
centre of the membrana tympani ; its head articulates with the in-
cus. The incus has a body and two processes. On the front sur-
face of the body is a saddle«sshaped hollow, in which the head of
the malleus fits ; the short process is bound by a ligament to the
posterior wall of the tympanum ; the
long process ends in a rounded pro-
jection (os orbiculare) through which
it articulates with the stapes. The
stapes, or stirrup-shaped bone, has
a head and neck, a base and two
crura. The head articulates with
the incus ; from the eonstrieted neck
the two ecrura curve inward to the
base, which is attached to the fenes-
tra ovalis. These bones are moved
on each other at their joints by (d)
two or three small muscles—the fen-
sor tympani, the stapedius, and, more

F16, (id. —Bones of the Ear, a8 secn in their
connection from In front. 4, (Hemnle )
I, Incus (anvil), of which Tb is the short,
and Il the long, proeess; o, ita body, amnd

doubtfully, the laxator tympani. The
first of these is inserted into the
malleus, near the root, and serves to
tighten the tympanic membrane by

pl, the process for artienlation with the
stapes (Preocdssns ertdcularis, ) M, Malleua
{(hammer), of which Mc is the neck, Mcp
the hend, Ml the long process, and AMm the
mannbrinm ; 2, stapes (stirrup), with its
capitulnm, op,

drawing the handle of the malleus

inward ; the stapedius is inserted into the neck of the stapes,
but its funetion is doubtful—apparently it draws the stapes from
the fenestra ovalis, and so diminishes the pressure of the chain
of bones in that direetion. The laxator tympani is inserted into
the neck of the same bone, and its action has been supposed by
some to be antagonistic to that of the tensor tympani; but its
muscular character is now denied by most observers.

§ 25. The general office of the tympanum may be deseribed as
that of transmitting the acoustic waves to the inner ear, while at the
same time modifying their character. Some modification is neces-
sary in order that these waves may occasion such vibrations in the
elements of the inner ear as shall be adapted for the excitation of
its end-organs. The acoustic motion of the molecules of air, in the
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form in which it reaches the ear-drum, has a large amplitude, but
a small degree of intensity. This motion must be changed into one
of smaller amplitude and greater intensity ; and it must be trans-
mitted, with as little loss as possible, to the fluids of the labyrinth.
The transmitting vibrating media must also have the power of an-
swering to the different tones of any pitch perceptible by the ear.
The deseription of the manner in which this apparatus of membrane
and bones solves so complicated a mechanical problem belongs to
the physies of anatomy ; it has been worked out with great detail
by Helmholtz and others, although certain points still remain un-
solved. 'We can here only indieate one or two particulars.

A flat membrane, evenly streteched, whose mass is small in pro-
portion to the size of its superficies, is easily thrown into vibration
by the impact of acoustic waves upon one of its sides Such a
membrane responds readily fo tones which approach its own funda-
mental tone ; but if divergent tones are sounded the membrane is
unaffected. A motion which consists of a series of harmonious
partial tones cannot then be repeated by such a membrane in the
form in which the air brings it. If, then, the membrane of the
tympanum were not so arranged and eonnected as to have no pre-
ponderating tone of its own, it eould not be the medium of our
hearing a great variety of tones. The property of taking up with
the vibrations, as it were, of a large scale of tones is secured for the
tympanum by its funnel-shaped form and by its being loaded. It
is contracted inward into a depression of the right shape by means
of the handle of the hammer ; it is therefore unequally and only
slightly stretched, and has no fundamental tone. It is also load-
ed with the audifory bones, which deprive it of every irace of such
a tone and act as dampers to prevent long-continued vibrating.
Moreover, since the apex of its funnel bulges inward, the force of
the vibrations from all sides is concentrated in vibrations of greater
intensity in the centre, where it is spent in setting the chain of ear-
bones in motion.

The acoustic vibrations of the anditory bones, which are occa-
sioned by the movements of the ear-drum, are not longitudinal,
but transverse ; they do not, however, resemble the vibrations of a
stretched cord or a fixed pin. They do not vibrate by reason of
their elastieity, but like very light small levers—vibrating as a sys-
tem, with a simultaneous motion around a eommon axis. Direct
observation of these bones in motion shows that their sympathetic
vibrations vary greatly for tones of different pitch and similar in-
tensity, from a scarcely observable motion to a surprisingly great
elongation.
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The effect of the muscles of the tympanum upon the transmis-
sion of tones of different pitch is not as yet elearly demonstrated.
In general, the stretching of the tensor muscle, within the limits
which have thus far been investigated, seems to weaken the higher
much less than the lower tones, But the tension of the drum un-
der the influence of this muscle does not indicate the slightest
change on passing from low to high tones. The stretching of the
tendon of the stapedius muscle has no observable influence on the
acoustic vibrations of the tympanum.

& 26, The Eustachian Tube, when in its normal position, is neither
closely shut nor wide open. Its office is to effect a renewal of the
air in the tympanum, to maintain the equilibrium of atmospherie
pressure on both sides of the tympanic membrane, and to convey
away the fluids which collect in the tympanic cavity. If it re-
mained open, so as to permit the acoustic waves of the air from the
mouth to enter, our own voices would be lLeard as a roaring sound,
and the passage of air inward and outward during respiration
would affect the position and tension of the tympanie membrane.
That it is opened, however, on swallowing, Valsalva proved two
centuries ago. TForif we keep the nose and mouth closed and then
swallow, with the cheeks blown violently out, a feeling of press-
ure is felt in the ears and the hearing is weakened. These effects
are due to the forcing of the air throungh the Eustachian tube into
the tympanic cavity. The tube is thus of indirect service in re-
spect to the physiological funetions of the middle ear.

§ 27, III. The Internal Ear, or Labyrinth, is the complex organ
in which the terminal fibrils of the auditory nerve are distributed
and the end-organs of hearing situated. It lies in a series of cav-
ities channelled out of the petrous bone. It consists of three parts
—the Vestibule, the Semicireular Canals, and the Cochlea, In each
osseous part a membranous part is suspended, corresponding to it
in shape, but filling only a small portion of the bony cavity which
contains it. It is in the labyrinth that the acoustic waves trans-
mitted by the tympanum are analysed and changed from a physi-
cal molecular process to a nerve-commotion, by the special end-
apparatus of hearing.

(A) The Vestibule is the central cavity of the internal ear ; it is
the part of the labyrinth which appears first in animals and is most
constant. The membranous vestibule is composed of two sac-like
dilatations—the upper and larger of which is named wfriculus, the
lower sacculus. In its outer wall is the fenestra ovalis ; its anterior
wall communicates with the seala vestibuli of the cochlea, and at its
posterior wall the fine orifices of (B) the Semicircular Canals open
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into the utriculus. These canals are three in number, are bent so
as to form nearly two-thirds of a cirele, and are about an inch in
length and ;' of an inch in diameter. They are called the supe-

No. 8.

Ho. 1. Ko. 2.

Ype

Fia, 65. No, 1, Osseons Labyrinth of the Left Ear, from below ; No. 2, of the Right Ear, from
the inside ; No. 3, of the Left Ear, from above. (Henle.) Av, agueduoet of vestibole ; Fe, forsa
of the cochlen ; Fec, its fonestra (rosunda) ; Fv. fenestra of the vestibule (epaliz): ha, external
nmpulla ; b, external semicircular ennal ; ‘Tsf, fracees spiralis foraminests ;. vas, ampulls of
the superior semicircular canal ; ve, posterior semicirenlar cannl ; and vpa, its ampulla.

rior, the posterior or vertical, and the external or horizontal canals.
The contiguous ends of the superior and posterior eanals blend to-
gether and have a common orifice into the vestibule. They all

Fec

Fra., 67.—Cross-section throngh the Aconstio

Fi1a. 66, —0Omeons Cochlen of the Right Ear, ex- Nerve amd the Cochles. 3,. (Henle.) XNc,

posed from infront. 4. (Henle,} +, section
of the divislon-wall of the cochlea ; ++, npper
end of the same. Fee, Fenestra: H, hamulus ;
Md, mediolus ; Le, laming spiealie,

nerve of the cochlen ; Wv, nerve of the vesti-
bule ; 5t sealn tympani ; B, sosln vertibnli ;
and between them the ductus cochlearis, De,
La and Md, as in preceding figure,

have a regular relative position, their planes being at right angles

to each other.

Near the vestibule they dilate to about twice their

average diameter and form the so-called ampullee. Both the osseous
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vestibule and the osseous canals contain a fluid (the periymph), in
which the membranous vestibule and canals are suspended ; the
membranous labyrinth is also distended with a similar fluid (the
endolymph).

(C) The Cochlea is by far the most complex part of the laby-
rinth ; it is about } of an inch long, and is shaped like the shell of
a common snail. It too, eonsists of a membranous sac embedded in
the osseous cavity. The whole passage of the cochlea is imperfectly
divided into two canals by a partition-wall of bone, which is wound
2} times around an axis (the modiolus), from the base to the apex,
somewhat like a spiral stair-case. It is called the osseous lamina
spiralis.  Of the two canals or passages thus formed, the one which
faces the base of the cochlea is called the scala tympani; since it
has its origin in the eir-
cular aperture (fenestra
rotunda) which leads to

the tympanie cavity. The e

other, which faces to- [y spirale
ward the apex, opens sebcalarte
into the wvestibule, and

18 called the seala vesti-

buli. At the apex of the

cochlea these two scale Fandite
communicate with each basitaris

other through a small
hole (helicotrema). The

division of the mem-

v S . Fic. BB.—Section through one of the Coils of the Cochlea
branous eochlea is com 2, (Schematic, from Gegenbaur.)

pleted by a membrane
(the basilar membrane, or membranous spiral lamina), which bridges
the interval between the free edge of the osseous spiral lamina and
the outer wall of the passage ; it is attached to this wall by the spiral
ligament. Another membrane (the membrane of Heissner) arises
from a spiral crest (limbus, or erista spiralis) attached to the free
edge of the osseous lamina, and extends to the spiral ligament, so
as to form a small aqueduct between it and the basilar membrane
(the scala intermedia, or ductus cochlearis, or canal of the cochlea).
It is in the vestibule, in the ampullie of the canals, and in the secala
intermedia that the nervous end-organs of hearing are to be found.
§ 28. The auditory nerve, on approaching the labyrinth, divides
into a vestibular and a cochlear division. The former enters the
vestibule and subdivides into five branches—one for the utriculus,
one for the sacculus, and one for each of the three ampulle. In



192 THE HUMAN EAR.

each of these dilatations the membranous wall forms a projecting
ridge, called the erisia acoustica. The endothelial investment of
the erista 1s elongated into columnar cells, intercalated between
which are fusiform cells. Fach of the latter, according to Max
Schultze, and others, has the peripheral and the central process
with which we are already familiar in the nerve-cells of other end-
organs of sense. The peripheral process projects into the endo-
lymph as an auditory
hair ; while the central
extends into the subendo-
thelial tissue where the
nerve-plexus of the audi-
tory nerve ramifies, with
the terminal branches of
which it is probably con-
tinuous. Acecording to
more recent observers
(Retzius and others) the
auditory hairs are con-
nected with the columnar
cells, and do not project
into the endolymph, but
into a soft material of in-
distinetly fibrillar struet-
ure. The inrer surface
of the epithelinm of the
erista 15 thus clothed with
a thick-set *wood"” of
Fitier Badimger.) 1. mombranout wall of the smpulle, these hairs. Max Schultze
Horo, & senta Iis axtcylinder. 4 B piexitorm omection found their length to be
{IT1rll'_rll-rt'a--ii_hn-:; 6, anditory cells ; T, supporting ceils ; :Ithﬂll'- :!I . inch—their ul-
&, nuditory hairs =4
timate ends, however, be-
ing too fine to diseriminate. Caleareous particles, called “ ear-
stones ™ (ofoliths) appear in both saccule and utricle, embedded in
a soft matrix and lying in contact with the nerve-epithelium. In
the vestibule the hair-like prolongations of the epithelial cells are
more scanty than in the ampullwe.

§ 29. The terminal nerve-apparatus of the cochlea is even far
more complicated and remarkable. The cochlear branch of the
auditory nerve pierces the axis of the cochlea (modiolus) and gives
off lateral branches which pass into the canals of the osseous spiral
membrane. Here they radiate to the membranous spiral lamina,
and are connected with a ganglion of nerve-cells ; beyond the gan-
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glion they form a plexiform expansion, from which the delicate
fibrils—losing their medullary sheath and becoming extremely
fine axis-cylinders—pass through a gap in the edge of the lamina
into the organ of Corti. The connection of their ultimate fibrils
with the cone-cells of this organ may be assumed, but is difficult to
demonstrate.

The organ of Corti is situated on that surface of the basilar
membrane which is directed toward the ductus cochlearvis. Its
structure is a wonderful arrangement of cells. Some of these cells
are curved, elongated, and placed in two groups—an inner and an
outer. They are called the “rods,” or “pillars,” or * jibres of

Y] Zf MIorCORY
: ! "'.‘:i‘

] v

Fig. T0.—Organ of Corti in the Dog, =00, (Waldeyer.) b—e homogencons Inyer of {he basilne
membrane ; w, its vestibnlar layer ; », its tympanal layer; o, blosd-vessel ) f, nerves in spiral
laminn; g, epithelium of spirnl groove ; &, nerve-fibres prssing towand inner hoaireells, 4 k¢ L
suditory hairlets on inner hair-cells ; (—I, hvnins reticalaris ; m, heads of the rods of Corti
jointed together ; the inner rod seen in its whole length ; the onter one broken off ; n, cell at
base of inner rod | p, 4. #, onter hair-cells ; 5, a outicolar process probably belonging to a cell
of Deiters @ £, lower ends of hair.cells, two being attached by enticular processer to the basilar
membrane ; 0, & nerve-fbril passing inte an outer hair-cell ; ¢, a sustenticular cell of Deiters,

Vortt.,”  The eells of the inner group rest by a broad foot on the
inner part of the basilar membrane, project obliquely forward and
outward, and expand into a dilated head; the cells of the outer
group rest in the same way, incline forward and inward, and fit
into a depression in the head of the cells of the inner group. The
two thus make a bow, which arches over an exceedingly minute
canal (the canal of Corti) formed between them and the basilar
membrane. These rods of Corti inerease in length from the base
to the apex of the cochlea. The basilar membrane is composed
of fibres arranged in a transverse direction, so that each rod rests
upon one, or upon a pair of these fibres. Internal and almost
parallel to the inner group of rods is a row of compressed conical
13
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cells with short and stiff hair-like processes (inner hair-cells).
External and almost parallel to the outer group are four or
five vows of hair-cells (ouwler hair-cells) which are attached to the
basilar membrane, while their other extremity projects as a brush
of hairs through the reticular membrane (membrane of Killiker).
This latter membrane is a very delicate framework, perforated
with holes, through which the hairs of the outer hair-cells project,
and which extends from the inner rods to the external row of hair-
eells. It acts as a support for the ends of these cells. The inter-
val between the outer hair-cells and the spiral lizament is oceupied
by cells of a columnar form (the supporting cells of Hensen). The
organ of Corti is covered over and separated from the endolymph
of the ductus eochlearis by the so-called membrana fecloria.

§ 30. The problem before the labyrinth of the ear is in part the
same as that solved by the tympanum, namely, the problem of con-
veying the acoustic waves to the true end-apparatus of hearing.
The repeated shocks of the stirrup at the fenestra ovalis—and per-
haps, in far less degree, the pulsations of air at the fenestra ro-
tunda—produce waves in the Huid of the labyrinth. Any mole-
cular osecillations of this fluid, thus oceasioned, eannot, however,
act directly as the appropriate stimulus of the sensations of sound.
Since the dimensions of the whole mass thrown into vibration are
so small in comparison with the length of the acoustic waves that
the extension of the shock from the stirrup would be practically
instantaneous thronghout, and sinee the surronnding walls may be
regarded as absolutely immovable by any suech impact, the laby-
rinth-water would act as an incompressible fluid. It would, there-
fore, be unsuitable for the transmission of various kinds of acoustie
waves. But different parts of the labyrinth are capable of yielding
to the waves in the fluoid caused by the repeated shocks of the
stirrup. Four such places, into which, as they yield, the flmid of the
labyrinth can retreat (as it were) are designated by Hensen ; ' these
are the two openings of the aqueduct of the vestibule, the mem-
branes of the aqueduct of the cochlea, the pores of the blood-vessels
in the bone, the membrane of the fenestra rotunda by bulging out
into the tympanic eavity, Impulses started in the fluid of the
labyrinth would thus result in its movement back and forth, so as
to produce a friction of the end-apparatus. This frietion would
be inereased by the action of the otoliths, or minute caleareous
particles, found in the fluid. Thus the waves started at the fenes-
tra ovalis would be diffused over the vestibule and into the scala
vestibuli of the cochlea, where they would flow to its head, being

! In Hermann's Handb, d. Physiol,, IIL,, ii,, p. 106.
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prevented by the separating membrane from entering the secala
tympani. To what extent these waves flow through the helico-
trema, or small hole at the apex of the cochlea, into the seala tym-
pani, and what are the exact relations between the waves in this
latter scala and those in the seala vestibuli—eannot be stated con-
fidently. Nor can the exact part of the basilar membrane at which
the excitation of the end-organs by the oscillations of the structure
begins, be indicated with certainty. This membrane is, however,
undoubtedly thrown into vibration through the unequal pressure
of the moving fluid ; and by its vibration it excites the nervous
structures with whieh it 1s intimately connected.

§ 81. A still more difficult problem for the labyrinth to solve
may be deseribed in one word as a problem of “analysis.” The
inner éar 1s not, indeed, contrived so as to reproduce changes in
the form of the acoustic oscillations, as such, after the manner in
which these changes can be made apparent to the eye or to touch.
But all our analogies for the analysis of composite tones—the
“ clangs " or musical notes of ordinary experience—are derived from
the process of sympathetic vibrations. We are led, then, to inquire
whether any part of the structure of the ear is capable of enough
such sympathetic vibrations to account for the experience which
we have in recognizing all the possible degrees of pitch in the scale
of musical sounds. The strueture must also be such as to receive
the impressions produced by a number of simultaneous tones, com-
posing a harmony. Moreover, it must be such as to represent
tones that follow each other in rapid sucecession, as do the notes of
a melody. The sympathetic vibratory apparatus of the labyrinth
must therefore cease its vibrations immediately upon the cessation
of the sounds in sympathy with which it vibrates. In other words,
it must either have a damper, or be so constructed as to return
at once to a state of rest without such a damper. It must be capa-
ble of being thus excited, and of returning to a state of rest, no
fewer than five hundred fimes in a second, since the erackling
of electric sparks, between which the interval is no more than .00
of a second, ean be heard as distinet noises.  Still further, the end-
apparatus of hearing must suffice for all Linds of noise, as distin-
guished from musical fones ; and it is extremely difficult to see how
the same apparatus which serves for the analysis of the clang can
also suffice for all the various sensations of noise.

The manner is not known in which the auditory hairs and stones
and cells of the vestibule and ampulle, and the rods of Corts, the
fibres of the basilar membrane, and the conical hair-cells of Dei-
ters, in the cochlea, actually discharge the required functions. The
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structure of the end-apparatus in the vestibule and semicireular
canals is plainly not adapted to the analysis of musical tones. The
otoliths found in the vestibule, and the hairs of the ampulle, are
not capable of regular sympathetic vibrations ; moreover, they form
no seale of structures corresponding to the scale of sensations of tone.
This fact has led to the assumption that these organs are designed to
act as the end-organs of noise instead of musiecal sound. The more
complicated structures of the ductus cochlearis do seem, on the
contrary, to be adapted for the required analytic functions. It was
first argued by Helmholtz that the bows formed by the rods or
fibres of Corti are enough in number to constitute such a scale of
structures that this work of analysis can be assigned to them.
Some three thousand of these fibres, arranged in rows upon the
basilar membrane like the keys of a piano-forte, if distributed over
seven octaves would give about thirty-three for a semitone. They
might then be supposed to be elastic; and since they differ in
size, to be tuned for particular sounds, so that the sympathetic
vibration of each one of them corresponds to the sensation of a
given tone. But the rods of Corti are stiff and not easily vibratory ;
and their office is probably simply to constitute a support for the
hair-cells. Moreover, birds, which are undoubtedly ecapable of ap-
preciating musical notes, have no rods of Corti.

Hensen has shown ' that the basilar membrane is itself in a good
degree graded to piteh ; its continuous strueture and expansion in
size from the beginning to the end of the ductus cochlearis en-
courage the assumption that its individual radii act like stretched
strings to respond to the different tones, from the lowest to the
highest. The ealeulations of Helmholtz have tended to confirm the
view of Hensen. It is assumed, then, that the parts resting upon
this membrane would be moved up and down, and that the exeita-
tion of the conical hair-cells—with which the terminal fibrils of the
auditory nerve are supposed to be connected—is thus brought
about. The number of the acoustic cells is claimed to be about
great enongh to eorrespond to the demands made upon the organ
which ghall be instrumental in the physical analysis required as a
basis for the sensations of musical tones. The claim is at best
doubtful. As Hensen himself remarks,* the possibility is by no
means excluded that the working of this complicated and delicate ap-
paratus may be altogether different from that conjectured by all such
theory. In other words, the physiology of the peripheral mechanism
of hearing is as yet in a very incomplete and unsatisfactory state.

! Zeitschrift f. wiss. Zool., XIIL, p. 481 f.
! In Hermann's Handb. d. Physiol., IIL, ii., p. 104 £,
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§ 32. A brief deseription of the End-Organs of Motion, or motor
end-plates, will suffice for our purposes. In general, the termina-
tions of the efferent nerves are connected either with electrical
organs (as, for example, in the torpedo), or with seeretory glands,
or with the muscular fibre. We consider only the last of these
three cases.

After an efferent nerve has entered the substance of the so-called
voluntary or striated muscle, it subdivides among the individual
muscular fibres, separating these fibres from each other. Such
nerve-twigs usually lose their medullary sheath, and their axis-
eylinder splits up into fibrils, whose exact mode of termination has
been much debated. It appears now to be demonstrated (by
Kiihne, Margo, Rouget, and others) that the axis-cylinder itself
pierces the sarcolemma or sheath of the muscular fibre ; that the
neurilemma becomes continuous with the sarcolemma ;' and that
the fibrils, into which the axis-cylinder divides, form a flat, branch-
ing mass within certain peeuliar, disk-shaped bodies situated inside
the sarcolemma, and ealled *“ molor end-plates.” In the non-striated
(or non-voluntary) museles, the nerves divide and subdivide to form
more and more minute plexuses of nerve-fibres, which are distrib-
uted in the connective tissue that separates the museular fibres from
each other. The exact relation between this extremely minute in-
tramuseular network of fibrils and the puclei of the cells of mus-
eular ““fibre ” is not yet made out.

The shape and structure of the motor end-plates are different for
different animals, and even for different muscles of the same ani-
mal. Indeed, the mode of the termination of the motor nerves in
the muscle appears to be somewhat distinetive of the different
parts of the muscular structure. Sometimes the axis-eylinders are
somewhat enlarged, with strongly granular corpuscles attached or
adjacent. Sometimes a granular mass with its nuclei forms a kind
of base or floor for the terminal nerve-fibres ; and this eminence
may be elongated, elliptical, or cireular. But the character and
variety of these forms are of no particular interest to psychology,
even as approached from the physiological point of view.

! The question of histology is debated, whether the neurilemma actually
becomes continuons with the garcolemma. BSirietly speaking, according to
Kilhne, it does not ; but then, strictly speaking, it is not continuous with it-
gelf. It is, as we have seen (p. 36 f), divided by the annular constrictions into
members which are separate structures. It is to be considered as fringed
out on its edge and cemented to the sarcolemma, [See on this subject the
monograph, Die Verbindung 4. Nervenscheiden mit dem Sarkelemm, Sepa-
ratabdruck aus der Zeitschrift fiir Biologie, by Kiilhne. ]



CHAPTER VL
THE DEVELOPMENT OF THE NERVOUS MECHANISM.

§ 1. Tae life of the individual man, so far as it can be made an
object of immediate observation and scientific deseription begins
as an undifferentiated germ, without apparent distinetion of bodily
organs or of physical and psychical activities. This living germ
undergoes a development. Before it can be subjected to ordinary
inspection it has unfolded itself into an elaborate organism ; and,
in its normal relation to the other systems of this organism (mus-
cular, respiratory, metabolie, reproductive, ete.), the nervous system
has acquired all its complex mechanism, eonsisting of an indefinite
number of parts. What are the different stages of the development
of this nervous system, and what are the laws according to which
its different factors and organs become differentiated, it belongs to
the science of Embryology to describe. But it belongs to psychology
to make such doubtful inferences as suggest themselves concerning
the psychical activities that are to be ascribed to the unfolding
mind of the embryo. Psychology, indeed, attempts in such a case
to form a picture of those earliest and most obscure mental states,
the elements of which can no longer be reproduced or recombined
in the developed consciousness of the adult. To this fact is due,
in part, the doubt which clings to all such inferences. But this
doubt is also due to the fact that embryology itself is so incomplete,
even in respect to its possession of single facts, and yet more in-
complete in respect to its power to set forth any system of general
truths and laws.

Our knowledge of all the earlier states and changes of con-
seiousness is wholly a matter of the interpretation of states and
movements of the bodily organism, in terms of our own consecious
mental experience. If, then, it were found that certain physical states
and motions of the human embryo need for their interpretation
the assumption of preceding or accompanying mental states, we
should have the right to earry our psychological prineciples back to
the life of this embryo—even back to its beginning in the undif-
ferentiated germ from which the whole development proceeds.
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But as the ecase now stands, the proper physical science ecannot
claim to have furnished us with the requisite deseription of these
antenatal-physical movements and states. Little use for the main
purposes of Physiological Psychology, therefore, can be made of
facts nccessible as to the embryonic development of man. We
might even seem warranted in passing by the whole subject with
two or three general observations like the following : The two-fold
life of man, both nervous mechanism and mind, begins in what is
apparent only as a physieal unity, in that system of moving mole-
cules which constitutes the living germ. Out of this unity, and in
indissoluble connection with it, the two-fold human life then pro-
gressively develops. The mechanism unfolds itself, increases the
complexity of ifs molecular activities, runs its course of changes, and
is broken up again into its material elements. The mind manifests
itself in primitive activities, unfolds itself, increases the complexity
of its psychical life, and then ceases to make itself known through
the physical mechanism, when the mechanism itself is dissolved.
And all the while the molecular mechanism and the mind are most
closely and mysteriously correlated in their development as a to-
tality, and in their particular activities,

But in spite of the fact that embryology furnishes psychology
with scanty material for any extended and trustworthy conclusions
with regard to the earliest activities and development of the mind,
at least a sketeh of its prineipal outlines, so far as the nervous sys-
tem is concerned, seems desirable. Of knowledge from direct ob-
servation concerning the early development of the Auman embryo
there is exceedingly little. Yet the comparatively few facts which
are indisputably known, throw considerable light upon the nature
and functions of the llaman nervous mechanism. Moreover, in cer-
tain most important particulars there is good reason to believe that
the earliest history of the development of the embryos of other
animals is substantially like that of the human embryo. The very
first things in the life of the chick—or better, one of the mammals
—for example, may be deseribed as probably holding good in all
important respects for the life of man. And when those differences
which are most strikingly human begin plainly to appear, they
show what parts of the nervous system are most worthy of em-
phasis as distinetively connected with man’s mental life.'

§ 2. The immature ovarian ovum of the common fowl—like that

! The following deseription is taken to a large extent, and in some places
almost zerbatém, from Foster and Balfour's Elements of Embryology, London,
1883, and F. M. Balfour, Comparative Embryology, vol. ii., pp. 177 ., Lon-
don, 18351,



200 EMBRYONIC LIFE OF MAN,

of every other animal—presents the characters of a simple cell. It
is seen to consist of a naked protoplasmic body which eontains in
its interior a nucleus (the germinal vesicle) and within this a nucle-
olus (the germinal spot). It is enclosed in a capsule of epithelium,
called the “follicle,” or “follienlar membrane.” As the ovum ma-
tures, the body of it grows in size and a number of granules make
their appearance in the interior ; while the outermost layer of the
protoplasm remains free from them. But as the granules grow
larger in the centre, other granules appear also in the periphery
of the ovum, The germinal vesicle, during the growth of the ovum,
travels toward the periphery where the protoplasm surrounding
it remains comparatively free from granules. Accessory germinal
spots make their appearance. The cells of the follicular membrane,
which were at first arranged in a single row, now become two or
more rows deep; and, whereas the immature ovum is naked, its
superficial layer is now converted into a radiately striated mem-
brane. Still later, a second membrane appears between this striated
membrane and the eells of the follicle; and the former disappear-
ing as the ovum approaches maturity, the second membrane (ealled
the “vitelline”) remains alone. Other changes which take place
after the ovam has ripened and has been discharged into the ovi-
duct, it is not necessary to describe. They result in the formation
of the accessory parts of the egg. The only essential constituent
of the body of the ovum is an active living protoplasm.

& 3. Impregnation takes place in the upper portion of the oviduet,
and consists in the entrance of a single spermatozoon into the
ovam, followed by the fusion of the two. The spermatozoon itself
may be considered as a cell, the nucleus of which is its head. On
entering the ovum, the substance of its tail becomes mingled with
the protoplasm of the ovam; while the head enlarges, moves to-
ward and fuses with a part of the substance of the ovum, thus
constituting the nueleus of the impregnated egg. In this manner
the physical and mental peculiarities of both parents are trans-
mitted or carvied over to the offspring by means of the actual fu-
sion of substance derived from the bodies of both.

& 4. A process known as segmentalion or “yolk-cleavage ” follows
the fecundation of the ovam. This process consists in a succes-
sive division of the ovum into a number of eells, from which all the
cells of the full-grown animal are, as it were, the lineal descendants,
This process has many variations among the different animals,
The chief peculiarity among the mammals is that the whole mass of
the volk is subject to this change.

By segmentation the germinal disk of the ovam is broken up
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into a large number of rounded segments of protoplasm, ealled the
blastoderm. Of these segments those that lie uppermost are smaller
than those beneath. The beginning of the two layers into which
the blastoderm divides is thus made. The behavior of the nucleus
formed by the union of substance from the male and the female,
during the process of segmentation, has not been so satisfactorily
traced ; it appears probable, however, that a process of division goes
on in it also. Other nuclei, thonght to be derived from the primi-
tive nuclens, make their appearance immediately below the blasto-
derm. The distinction between the upper and lower layers of the
blastoderm now becomes more obvious, for the segments of the
former ArTange themselves side 11_‘].' :'-.'-it].{*, with their llmg axes vertical,
as a membrane of columnar nucleated cells; while those of the
latter continue granular and round, and form a eclose, irregular
net-work of cells, whose nuclei are not easily seen.

§ 5. The prineipal difference between the ovum of a mammal and
that of a bird depends upon the amount and distribution of the
food-yolk. The ovam of the mammal is small—the human ovarian
ovum being only from
1= to ;14 of an inch
in diameter—because
it contains so little
food-yolk ; but this
small supply is dis-
tributed uniformly
throughout. In con-
sequence of the above-

mentioned difference, F1a. 7L Fia, T2,

the ovum is able to F1as. 71 and 72 —Fructificd Haoman Bge of 12-13 days, seen
B il il e DI e st

5 ¥

ments through the

whole of its protoplasmic mass. As the process of segmentation
goes on, the differences among the ova of different species of ani-
mals become more clearly marked. For example, in the rabbit,
although the details are differently deseribed by different observers,
at the close of the process of segmentation the ovum appears to be
composed of “an ounter layer of ciibical hyaline cells, almost en-
tirely surrounding an inner mass of highly granular, rounded, or
polygonal cells.” In a small cirenlar area, however, the inner mass
remains exposed. The outer cells soon close over the exposed spot
(called by van Beneden, blastopore), and thus form a superficial
layer, A narrow cavity then appears between the two layers,
which extends so as to separate them completely, except in the
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region near to the spot originally exposed. The enlargement of
the ovum and of the cavity together, soon give the whole structure
the appearance of a vesicle with a thin wall and a large central
eavity. This vesicle is called the blastodermic vesicle, The greater
part of its walls is composed of a single row of outer flattened
cells ; while an inner lens-shaped mass of cells appears attached to

Fra. 73.—Vascular Area and Embryonie Area of the Embryo of a Rabbit, seven days old. 28/,
(Kalliker.) o o, the vaccular or opague area ; dg, embryonic arca; pr, primitive streak and
groove ; #f, medullary groove.

a portion of the inner side of the outer layer. The * blastodermic
vesicle " enlarges rapidly ; its inner mass of cells loses its lens-like
shape, becomes flattened, and spreads out on the inner side of the
outer layer. Its central part remains thicker and forms an opaque
eircular spot on the blastoderm, which is the beginning of the area
where the embryo is to form (the embryonic area).

§ 6, The immediately subsequent history of the development of
the mammalian ovum, until the appearance of the so-ealled “ primi-
tive streak,” is less perfectly understood : Foster and Balfour ' speak
of the following description as * tentative.” In the embryonic
area the cells of the inner mass become divided into two distinct
strata, an upper one of rounded cells which lies close to the
flattened outer layer, and a lower one of flattened cells (the * hypo-

! Elements of Embryoclogy, p. 816 £.
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blast"”). The former becomes fused with the outer layer, and
thus gives rise to a layer of columnar cells (the “epiblast™). In
this way the embryonic area consists of two layers of cells; the
upper one of which is the epiblast, and the under one the hypoblast.

The blastoderm at first, then, consists of only two layers, which
constitute a double-walled sae (the gastrula) ; but a third layer
soon makes its appearance between the other two. These three
layers—epiblast, mesoblast, and hypoblast—are ealled * germinal
layers " and are found in the embryos of all forms of vertebrate,
and most forms of invertebrate animals. The middle one, or meso-
blast, arises from certain parts of the other two primitive layvers, in
a manner which need not be deseribed. From these three germi-
nal layers, all the different parts of the organism of the animal are
developed. The history of the development of every animal in its
earlier stages is, therefore, a narrative of the changes which take
place in the three layers of the blastoderm. The hypoblast is
the seeretory layer ; and from it almost all the epithelial lining
of the alimentary tract and its glands is derived. The mesoblast
is the source of the skeletal, muscular, and vascular systems, and
of the conneective tissue of all the parts of the body. DBut it is the
epiblast which produces the central and peripheral nervous system,
the epidermis, and all the most important parts of the organs of
sense. It is to the development of the epiblast exclusively, then,
that we now direct our attention.

§ 7. The process of differentiating the layers of the embryo is
intimately connected with another, which results in forming a

L e

Fra, 74.—Primitive Stroak of the Fmbryo of a Rabbit, eight days and nine hours old. 220/,
(Kolliker.) No medollary groove has yet been formed. o, primitive streak ; pr, primitive
wroove ; pf, primitive fold ; ect, ectoderm (or epibiast) ; mes, mesederm (or sesobiast) | end, on-
Bl e A i paenlelenat ),

structure known as the primitive groove. This process is substan-

tially alike in mammals and in birds. A short sickle-like thickening

of the blastoderm, which afterward becomes a * narrow strap-like

opacity "—due to a forward propagation (linear proliferation) of
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epiblast cells in a straight line—arises near the junction between
the pellueid and the opaque areas of the blastoderm, and stretches
inward upon the embryonic area; it is ealled the primitive sireak.
The median line of the primitive streak then shows a shallow fur-
row, running along its axis. This furrow is called the primitive
groove. (Compare Fig. 73.)

§ 8. Now oceurs the formation of the medullary groove. In that
portion of the embryonic area which is in front of the primitive
streak, the axial part of the epiblast thickens ; two folds arise along
the boundaries of a shallow median groove ; the folds meet in front,
diverge behind, and then enclose between them the front part of the
primitive streak. These are the medullary folds, and they constitute
the first definite features of the embryo. The part bounded between
these folds is ealled the ‘ medullary plate ;7 its supreme impor-
tance in the embryo appears in the fact that it is the portionof the
epiblast which gives rise to the central nervous system. Af about
the time of the development of the medullary groove (a little earlier)
an important change is taking place in the constitution of the
hypoblast in front of the primitive streak. An opaque line ap-
pears, as seen from the surface, and is eontinued forward from the
front end of the streak, but stops short at a semicireular fold near
the front part of the pellucid area. This fold is the future head-
fold of the embryo. The opaque line is due to a concentration of
cells in the form of a cord ; it is the beginning of what is knownas
the nolochord. Tt is to subsequent changes in connection with the
notochord that we are to look for the dewlupmeut of the distinet-
ively vertebral structure of the animal.

§ 9. From this point onward the shaping of recognizable parts
of the embryo proceeds rapidly. The pellueid area, which was at
first quite flat or slightly curved, has, in the process of its growth,
suftered a *“tucking in "—as it were—of a portion of the blasto-
derm, in the form of a erescent. It is this tuck which, when viewed
from above, appears as a curved line marking the margin of the
medullary groove. Thus the blastoderm is at this spot folded in
the form of the reversed letter 8 ; the fold is the one already re-
ferred to as the “head-fold.” Of the two limbs of this 2-fold,
the upper is continually growing forward and the lower is contin-
ually growing backward. As the head-fold enlarges rapidly, the
erescentic groove becomes deeper ; and at the same time, the over-
hanging margin of the groove rises up above the level of the blasto-
derm. The medullary folds meantime inecrease in height and lean
over from either side toward the middle line. They soon come in
contact in the region which will afterward become the brain, and
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thus form a tubular eanal (the medullary or neural canal), although
they do not for some time coalesce. As the upper limb or head of
the embryo becomes more prominent, the medullary folds close
rapidly, and, in the region of the head quite coalesce. The open
medullary groove is thus converted into a canal or tube, which is
closed in front but remains open behind. The front end of this

Vi

Fra, Th-—Embryo of a Habbit, cight days and
fourteen hours old. 283, (Kaolliker.) ap,

F1i. T5.—Fore-part of an Embryo-chick at the
end of the second day, viewed from the Dorsal

gide. 79/, (Kdlliker.) Vh. fore-brain: A b,
acculne vesick s ME, mid-brain: &% hind-
brain ; /, part of the heart seen bnlging to
the right side: Fom, vitelline veine; #r,
medullary canal, spinal part ; W, medallary
wall of the mid-brain; Uw, proto-vertebral
somites,

pellucid area ; v, anterior edge of the circuit
of the head; A% fore-bmaing & region of
Iater mid-brain ; &, position of the hinder
braln ; &2, position of the heart | #f, medillary
groove ; reo, medollory ridee; wee, meso-
blastic somite] pe, lateral zone @ s, verteboral
BN,

neural canal—having a more rapid growth than the rest—dilates
into a small bulb or vesicle, the ecavity of which remains continuous
with that of the rest of the eanal, while its walls are similarly formed
of epiblast. This bulb is the so-called first cerebral vesicle ; and the
lateral processes which goon grow out from its sides are called optic
vesicles. Behind the first vesiele, a second, and afterward behind the
second vesicle, a third is soon formed. Thus these three brain-buds,
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or germinal brains, are made. At the level of the hind end of the
head, two shallow pits appear (the audifory pils) which are the rudi-
ments of the organ of hearing. Thus the closing-up of the medul-
lary ecanal has converted the original medullary groove into a
neural tube ; and three eerebral vesicles have been grown which
are to develop into the fore-brain, the mid-brain, and the hind-
brain.

§ 10. The most important changes which now fake place in
the development of the nervous mechanism, are connected with
the growth of the three cerebral vesicles and with the flexure of
thé medullary canal. The front portion of this canal—that is, the
fore-brain with its vesicles—in consequence of inequalities of
growth in the different
parts of the brain, be-
Hinasran  COMes bent downward ;

Rudimentary this is the commence-
cerabellnm

A . Mid-brain

Plexus
choricides :

Communica- ™, & meantte Mment of the cranial flex-
Hau apat - ure. As the flexure pro-
cles gresses, the front portion

becomes more and more
B - folded down, so that the
Pless 5 : EEE(?-IId vesicle, or mu_:l-
chorioides brain, comes to project in
._ front of it. From the

Foramen : .
Aaet =1 front part of the fore-

brain the vesicles of the
cerebral hemispheres
; grow out and swell lat-
XN. irig.

Fra. 77—, Brain of an Embryo of the Rabbit. B, Brain EI‘:E'I.].}:,-, 80 as to l’.'L’l!'l.-]iE two
of an Embryo of the Ox. In both cazes the side-wall of buds ED]‘.TCSI]GIJdlllg to

the left hemisphere is removed.  (After Mihalkovies.) :
the two hemispheres of
the brain. Fach of these side-buds has a eavity which is continu-
ous behind with the cavity of the fore-brain ; each cavity becomes a
lateral ventricle of the brain. The original vesicle of the fore-brain,
having ceased to occupy its front position, is developed into the
parts surrounding the third ventricle. In the hind-brain, or third
cerebral vesicle, the part nearest to the mid-brain becomes marked
off by a constriction ; the hind-brain is thus separated into two
parts —the rudimentary cerebellum with the pons in front, the
rodimentary medulla oblongata hehind.
§ 11. Various differentiations of the lining of the epiblast, which
is involuted along the cerebro-spinal cavity, take place. Through
the length of the neural canal this lining is thickened at each

N.oopt.  Infundi-
Buelun \\.
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side, so that the cavity is no longer eircular, but resembles a narrow
vertical slit. In the region of the cerebral hemispheres the sides
and floor of the canal are much thickened, but in the region of
the third and fourth ventricles, its roof becomes excessively thin,
so as to form a membrane consisting of scarcely more than a single
layer of cells.

£ 12. Another important event, at about this stage in the
development of the embryo, is the formation of the cranial and
spinal nerves. 'The eranial nerves sprout out of a continuous
band (the neural band), composed of two plates, which conneets
the dorsal edges of the neural canal with the external epiblast.
This band separates from the epiblast and becomes a crest on the
roof of the brain, with its two plates fused together. The crest
extends forward as far as the roof of the mid-brain. As the roots
of the eranianl nerves grow centrifugally and become established,
the erest connecting them is partially obliterated. The posterior
roots of the spinal nerves are outgrowths of a series of median
processes of cells that appear on the dorsal part of the cord. These
outgrowths are symmetrically arranged, and attached to the walls
of the cord ; but their original attachment is not permanent. Such
rudimentary posterior spinal nerves divide subsequently into three
portions—a rounded portion nearest to the cord, an enlarged
middle portion forming the rudiment of a ganglion, and a periphe-
ral portion forming the commencement of the nerve. The origin
of the anterior roots of the spinal nerves is less satisfactorily made
out.

§ 13. In the further development of the hind-brain the medulla
oblongata undergoes changes of a somewhat complicated character.
Its roof becomes extended and thinner ; where the two lateral halves
of the brain were at first united (at the raphe) a separation takes
place, so that the sole union of the two sides is by a single row of
cells. The thin roof of the fourth ventricle is thus formed. The
floor of the whole hind-brain becomes thickened, and on its outer
surface a layer of longitudinal non-medullated nerve-fibres appears.
The roof of the anterior part of the hind-brain, which has become
thickened instead of thinned out—thus forming the rudimentary
cerebellum—is developed, first, by the formation of the median lobe
(or vermiform process) and, afterward, by the swelling of its sides so
as to constitute the cerebellar hemispheres.

§ 14. The changes in the development of the mid-brain (or
mesencephalon) are comparatively simple. When the eranial flex-
ure has taken place, the mid-brain is left at the front end of the
axis of the body, as a single vesicle with a vaulted roof and a curved
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floor, whose eavity is known as the aqueduct of Sylvius,
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The cor-

pora quadrigemiua of the two sides are marked off from each other

Fia. T8.—Head of the Embryo of a SBheep, conl

through the middle. 3%,. (Kolliker.) =, under
jaw; = tongoe: s, seplum nariem; ccclpitale
bazilare ; th, ihalamus opticns; of, roof of the
third ventricle ; op, posterlor commissure ; b,
mid-brain divided by o fold into two ports ; f, falx
corebri ; £, terminal plate of the fore-brain, At
the prolongation of the line of fm is the foramen
of Monro.,  f tentorium cerebelll ; of, corebellum ;
oI, plexnz of the fourth ventricle.

floor gives rise to the optic chiasm
and the origin of the optic nerves,
and to the rudiment of the infundi-
bulum ; and its sides become thick-
ened to form the optic thalami, while
the interval between them enlarges
toward the base and constitutes the
cavity of the third ventricle. The
more complicated changes which its
roof undergoes give rise to the pineal
gland and other small surrounding
stroctures. It is the anterior and
larger portion of the fore-brain which
constitutes the rudiment of the cere-
bral hemispheres. In this cerebral
rudiment, also, a floor and a roof may
be distinguished. The former is de-
veloped into the principal basal gan-

by the appearance of a vertical
furrow about the sixth month ;
and about a month later a
transverse depression sepa-
rates the anterior (nafes) and
posterior (festes) pairs. The
thickening of the floor of the
mid-brain gives rise to the
erura cerebri.

§ 15. Of the two divisions
into which the fore-brain has
already become divided, the
posterior constitutes the so-
called  * thalamen-cephalon.”
This body is at first a simple
vesicle, formed of spindle-
shaped cells, with walls of
nearly uniform thickness, Its

Fi16. ™ —Brain of Human Embryo of five
monthe, with Basal Ganglia laid bare.
Natural size, (EKdlliker.) sf corpus
slriatnm ; o, optic thalamns; b, ante-
rior lobe (lunatns) of the cercbellum,
and & posterior lobe of the same ; a8,
semilonaris superior, and &/, inferior;
B, pyramid.

glia, the striate bodies ; the latter into the structures of the cerebral

hemispheres proper. The formation

of the striate bodies (corpora

striata) is in fact due to thickenings of the walls of the floor of this
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rudiment. The laying of the commissures is the characteristic
feature of the development of the mammalian hemlspherea. These

are the anterior commissure, the fornix,
and the corpus callosnm. But into the
details of this proecess we do not need
to enter, Omne characteristic of the em-
bryonie development of mammals is the
early enlarcement of the cerebral hemi-
spheres ; in the human embryo they are
even by the tenth week much larger
than all the other parts of the brain.
At this time they are hollow bodies
with comparatively thin upper walls, the
lateral ventricles being dilated and com-
municating with each other through a
wide opening, and with the third ven-
tricle by the foramen of Monro. They
grow from before backward, and thus
cover up, one after the other, the optic
thalami, corpora quadrigemina, and cere-
bellum. Their floor keeps on thicken-

Fi1a, B0.—PBrain and Spinal Coxd

ing, and thus the striate bodies become ~ of & Futus, four months old,

(Killiker.) &, hemispheres of

gl'ﬂﬂaﬂ;‘r' ﬁﬂlﬂl’gedu Fll'.l'ﬂ. ]_Jl'DjECt 'I.]l]WEI.l'L'-I iﬂtO tl_n-.ﬁ.-;t:l:rum; 1, COrpoTa qud-
the lateral ventricles, giving these cav- [EemIna (or mesencephalon);

o, cerebollum: e, medulla ob-

iﬁea ﬂlﬁ:‘ll‘ ﬂl'E]lEd fm'm. I_unguta ; i#, apinal cord with

its brachial and erural enlaege-

The following table, exhibits the rela- —ments.
tions, with respect to their development, in which the different
parts of the brain stand to its fundamental rudiments :

I. Anterior prima. !

ry vesicle.

II. Middle primary
vesicle,

III. Posterior prima-
ry vesicle.

[
i

il
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|

1.

2

5.

e

=

[ Cerebral Hemispheres, Cor-
Prosencephalon, ;  pora Striata, Corpus Callo-
Fore-brain, ‘i sum, Fornix, Lateral Ven-
[ tricles, Olfactory bulbs,
Thalami Optici, Pineal gland,

. Thalameneephalon, Pituitary body, Third Ven-
Inter-brain, tricle, Optic nerve (prima-
rily).

Corpora quadrigemina, Crura

Mesencephalon, Cerebri, Aqueduct of Syl-

Mid-brain, vius, Optic nerve (secon-
darily).

: = Cerebellum, Pong  Varolii,

> IIEITI:] dﬁl;:r}:ilw: bk anterior part of the Fourth

; Ventricle.
Metencephalon, { Medulla Oblongata, Fourth
After-brain. {  Ventricle, Auditory nerve.

ITaken from Quain's Anatomy (Ninth Edition), 1L, p. 828,

14
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The more important eonvolutions and sulei of the cerebral hemi-
spheres (those called “primitive ”) result from fthe folding of the
whole substance of
the wall of the hemi-
sphere ; the less im-
portant (the so-called
“secondary”) consist
merely of depressions
and elevations of its
more superficial por-
tion. The former ap-
pear earlier—the first
of the primitive sulei
being the fissure of
Sylvius, which is visi-
F1c. 81.—Brain of a Six-months Human Embrye. Matural size. hll? before the end of

{Kolliker,) ol olfactory bulb ; f, fissure of Sylvius ; e, core- niiy £
bellum ; p, pons Varclii; 7, flecculus ; o, olive, the third month. Bﬁf

Fissura paviefo
oeciptflalis

the end of the seventh
month almost all the principal features of the cerebral hemispheres,
both eonvolutions and sulei, are already fixed.

§ 16. The nervous parts of the eye are differentiations of certain
lateral growths of the germinal brain-buds, ealled the “optic
vesicles.” The optic vesicles are outgrowths from the sides of the
first cerebral vesicle, and are originally connected with it by short
and wide stalks ; at first they stand out at nearly right angles to
the axis of the embryo. The stalks soon become narrower and thus
form the rudiments of the
optic nerves ;' at the same
time the rudiments of the
retina are formed from the
vesicles themselves. The
bulb of the optic vesicle is

made into a cup with two

= TVeE 1 Fra. 82 —-Longitudinal Ssctionsof the Eve of an Embryo,

walls bj‘ {][}lll}lll'la it upon in three stages. (From Remak.) 1, commencement
itsﬂlf . f}]l.ls ﬂ HE{.!-E)]I:]. {}l-.iic 1][ thi fllrrlllﬂ il:lll -I'If Lh ]ll-rl-ﬁl ;1 1};\' ll{"]l-ﬂ."‘.‘l‘-l'l.l“ of n il[l-rtl
ey - p of k, the corncous layer ; w, v, the primitive ocalar vesi-
1-*,@5.;1;_5!.5 or {;P[u: :;1]1} L 1= cle s donbilod back on itsalf by the depression of the
s : commencing lens. 2, the depreszsion for the lens iz now

I‘}‘]‘l'.ll.-iliﬂel.'l, as {llﬂtillgumllﬂ[l cnclosed, with the lens beginning to be formed on tho
S inner side ; the optic vesicle is more folded back. 3,

from the original one. The  a third stage, in which the sceondary optic vesicle, g /.

3 ri i i
lens of the eye is made by &=t e formed
thickening some of the superficial epiblast and involuting it in-
ward over the front of the optic cup, or secondary optic vesicle.

! But His and Killiker suppose these nerves to be formed by secondary em-
anation from the chiasm or nervous centre.
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This involution has at first the form of a pit, then of a closed
sac with thick walls, then of a solid mass. The cavity between
the two walls of the optie cup is closed up by bringing the walls
into contact. The subsequent development of the different parts
of the eye is conditioned upon the fact that the walls of the
optic cup grow more rapidly than does the lens, and that their
growth does not take place equally in all portions of the cup. It
is by changes in the surrounding mesoblast, which takes on the
character of an investment, that the outline of the eyeball is defi-
nitely formed (the choroid and sclerotic). The vitreous humor
also is a mesoblastic product which is supposed to originate as a
kind of transudation through the so-called choroid slit. Of the
two walls, the inner or anterior is originally somewhat thicker ;
and since, in most parts of the eup it grows more rapidly, it con-
stantly increases in relative thickness. But just in front of a line
which afterward becomes the ora serrata, both layers soon cease
to thicken and then completely coalesee ; thus the hind portion or
true retina becomes marked off from the ciliary ridges and the iris,
while the wide opening of the optic cup is narrowed into a smaller
orifice that constitutes the pupil. By differentiations of the inner
or anterior wall of the hind portion of the optic cup-—its eells mul-
tiplying rapidly and undergoing morphological changes while the
wall is thickening—the different layers of the retina are formed. It
is a significant faet that in its early stage this wall resembles the
brain in its structure, and may be considered as a part of that organ.
It is not necessary to enter into a more detailed description of the
development of the different parts of the eye.

§ 17. The ear originally appears on either side of the hind-brain
as an involution of the external epiblast, sunk in a mass of the
mesoblast. It is then simply a shallow pit with a wide-open
mouth. The mouth closes up and the pit then becomes a closed
vesicle (the ofic wvesicle) which is lined with epiblast and sur-
rounded by mesoblast. As the walls of this vesicle thicken, its
cavity enlarges. The shape of the vesicle is at first nearly spheri-
ecal, but it soon becomes triangular, with the apex of the triangle
directed inward and downward. It is by elongating this apex that
the rudiment of the ecochlear canal is formed. Part of the vesicle
becomes stretched into a long, narrow, hollow process (the recessus
vestibuli), and from the outer wall of the main body two protube-
rances grow, which are the rudiments of the vertical semicirenlar
canals. These parts of the auditory labyrinth are soon more clearly
defined. The cochlear canal is further elongated and curved ; the
recessus 1s also stretehed out more ; and from a new protuberance
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the horizontal ecanal is developed. Another protuberance, which
becomes apparent at the inner commencement of the cochlear
canal, is converted into the saceulus by being constricted on either
side. The rest of the cavity, into which all the other parts open,
may now be called the uirictdus, Dilatations of the semicireular
canals form the ampullee.  When the cochlear canal has reached two
and a half coils, the thickened epithelium of its lower surface
forms a double ridge, from which the organ of Corti is developed.
For the details of the structure of the labyrinth we refer to the
previous description of this end-organ of sense.

§ 18. All the coarser differentiations of structure to which refer-
ence has thus far been made are only the expression—as it were—
of certain histogenetic changes which have been seereily taking
place. The laying down of delicate threads of nervous tissue, the
proliferation of nerve-cells along definite lines of movement, have
resulted in combining these elements by a living process into the
organs of the nervous mechanism. The white matter of the cord
is supposed to result from a differentiation of the outer parts of its
superficial cells into longitudinal nerve-fibres ; the latter remain,
however, for a considerable time without their medullary sheath.
The white matter first appears in four patches at the front and
back of either side, in whiek the individual fibres seem like small
dots. The gray matter of the cord is formed by a differentiation
of the prineipal mass of the walls of the medullary canal. The
outer cells first lose their epithelial-like arrangement, and then
become converted into true nerve-cells, with prolongations that
constitute nerve-fibres. The early histological character of the
parts of the brain which lie back of the cerebral hemispheres is
very similar to that of the spinal cord. In the floor of the hind-
brain and mid-brain a superficial layer of delicate nerve-fibres is
early formed. The cells internal to the nerve-fibres give rise to
the epithelial layer which lines the cavities of the ventricles and to
an outer layer of gray matter. In the fore-brain the walls of the
hemispheres become divided into two layers, between which the
fibres of the crura cerebri interpose themselves. The inner layer
unites with these fibres to give rise to most of the white matter of
the hemispheres ; the outer layer of rounded ecells becomes further
differentiated into the outer part of the gray matter, which has
comparatively few cells, and a deeper layer with numerous cells,
the latter forming the principal mass of the gray matter of the
cortex.

§ 19. The preceding description of the outlines of the develop-
ment of the human nervous mechanism is derived, for the most
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part, from the study of other embryos than those of the human
species. It is probably, however, substantially true for the latter
also. It is valuable for the purposes of Physiological Psychology,
chiefly as emphasizing what has already been said concerning the
structure and funetions of this mechanism in its developed form.
The nature of the process by which the nervous system is devel-
oped, as well as the nature of the developed strueture and its fune-
tions, as far as physical science can go at all, leads us in the direc-
tion of a mechanieal theory. Buf in respect to both, such a theory
is at present in an exceedingly fragmentary and uncertain condition.
Further investigations may largely remove the present limitations.
But the most complete theory possible ean hardly be more than
a statement of the order and extent of physieal changes, the real
causes and meaning of which it lies beyond the power of a mechani-
cal theory to give.

The impregnated ovum does, indeed, become converted into the
developed organism by an evolution that, at every step in its course,
appears as an alteration in the arrangement of material molecules,
under conditions derived from the original nature of the molecules
themselves, from their necessary relations to each other, and from
the action of their total environment. By division of that which
was single into several parts, by bending of that which was straight,
by stretching in one direction and compressing elsewhere, by swell-
ing and dilating in the various outlines under the influence of press-
ure, by folding and tucking in so as to close up an opening here
and form another there, by laying down cells of the same kind in
right lines or grouping them in masses, ete.—in brief, by motion
of particles of matter in such way that the motion of each is con-
ditioned upon that of the others, the nervous mechanism is built
up. What it can accomplish in the way of further molecular mo-
tion, after it is thus built up, depends of course in large measure
upon what it is made to be by the very process of building. How
far it is possible even to propound a mechanieal theory of the build-
ing process belongs to the speculations of embryologists to con-
gider. It is our next problem to consider as a whole the few data
upon which it has been thought possible to base a mechanical
theory of the behavior of the nervous system after it has once been
constructed as a result of the embryonic process.



CHAPTER VIIL
MECHANICAL THEORY OF THE NERVOUS SYSTEM.

§ 1. Tue machine-like nature of much of the structure and move-
ment of the human body does not escape the most ordinary obser-
vation. 'When this body, either as a whole or with respeet to some
of its parts, changes its position in space, its various masses sup-
port and act upon each other in essentially the same manner as
the masses of matter which compose the parts of any machine con-
structed by human skill. Such movement is possible for it, because
its framework of bones has a rigidity sufficient to snstain the other
less rigid organs; and because the bones are so divided, and yet
articulated, that they ean assume different relations toward one an-
other in accordance with the simplest principles of mechanies.
The laws of the lever, of the pulley, the ball-and-socket joint, ete.,
need no modification when applied to this particular machine of the
human body.

The action of certain other of its parts, which do not belong
to the bony framework but which are of muscular or epithelial
structure, is also plainly of the same machine-like character. The
movement of the heart, for example, is in part fo be explained as
that of a pump with chambers and valves; and the flow of the
blood through the arteries as that of a fluid pumped through con-
duits, of unlike and changeable sizes. So, too, the lungs may be,
with considerable propriety, compared to bellows which alternately
suck in and expel the surrounding atmosphere. The optics of the
eve and the acoustics of the ear are special only so far as the struet-
ure of the organs makes necessary a special application of the gen-
eral laws of those sciences. Moreover, the distribution of the
fluids among the tissues of the body takes place under the laws
which govern the distribution of fluids generally when separated by
membranes which they can permeate. Nor is the chemistry of the
same tissues and Huids by any means wholly unlike that with which
the experiments of the laboratory make us familiar. When, how-
ever, we begin to speak of those changes of relative position which
take place at extremely minute distances among the molecular ele-
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ments of which the larger masses of the body are composed, we
seem compelled to drop the conception of a machine and to seek
both another conception and another title.

The very attempt, then, to explain the motion of the more purely
machine-like parts of the human body, leads us to consider certain
activities of other parts for which the word “ mechanism ” is more
appropriate. The movement of none of the more or less rigid or-
gans of the body originates within these organs themselves. The
changes of relative position in the parts, with which the ordinary
laws of mechanies deal, imply antecedent molecular changes in
other parts with which these laws eannot deal. The motion which
finds its final expression in the swing of the arm, or of the leg, in
the lifting of a weight, and even in the contraction of the heart, or
in the rising and falling of the chest, does not begin in arm, or leg,
or ribs, or diaphragm, or cardiac muscles. The change of position
of so considerable masses of matter is but the summing-up of in-
numerable minute molecular changes which began within the body,
but outside of the masses themselves. If, for example, we inquire
as to what causes the bones to move—however strictly their mo-
tion, once begun, may follow the laws of mechanics—the answer is
to be found in the pull of the tendons, or cord-like structures,
which are attached to them. And if we then inguire, What causes
the tendons to pull upon the bones by means of their attachment ?
the answer must be, That it is the contraction of the museles which
pulls upon the tendons.

The next step in following this chain of causes, however, intro-
duces us to a different class of considerations from any of the fore-
going. For we cannot say that the contraction of the muscles is
caused by the pull of the nerves upon them. The movement of
muscular fibre in contraction is an altogether different affair from
the movement of the bones as they are pulled by the museles ; nor
do the nerves act upon the muscles as the muscles act upon the
tendons. The elasticity of the museles is, indeed, a mechanieal
quality, like that of which we avail ourselves in the construction of
machines. But the quality of elasticity does not fully explain the
behavior of the so-called muscle-nerve machine when its muscular
tissue is contracting or relaxing. Yet the living muscle, in itself
considered, may certainly be looked upon as a molecular mechan-
tsm. It is a system of minute particles of matter which act upon
each other at indefinitely small distances ; and which, when any
motion is set up at one part of it, propagates such motion accord-
ing to laws that are given in the very constitution and arrangement
of the particles themselves. This is precisely what we understand
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by a physical molecular mechanism. The office of the nerve with
respect to the musele 1s simply, as we know, to start that molecular
activity which it is the funetion of the irritated musecle itself to ex-
ercise. 'The nerve, however, ecannot perform its office of nrritating
the muscle without being in a state of molecular commotion ealled
the ** exeitement ” of the nerve. And, further, this exeited condition
of that part of the nerve which is in immediate contact with the
musele is itself a state of the nerve which has been propagated from
a distant point of the nervous matter. All the machine-like move-
ments of the masses of the body require us, therefore, to look for
their origin in minute molecular changes that originate in its ner-
vous elements.  And for the further aceount of these neural molee-
ular changes we are to look to a mechanical theory of the nervous
system.

§ 2. The basis for a general view of the nervous system as a
mechanism bas been laid in all the preceding examination ; and
it eannot be denied that the results of this examination are such
as to dispose us favorably toward the attempt to develop such a
view into a complete mechanical theory. Physical science, as a
matter of course, strives to establish such a theory. It knows no
other way of considering any group of phenomena when brought
before it for examination. To deny totally the application of the
eonception of a mechanism to the action of the nervous system
would be to refuse to apply to its phenomena the same scientifie
treatment which we apply to all other physical phenomena. To
limit, @ priori, such application would be to restrict improperly, on
merely theoretical grounds, the area of the phenomena with which
such science is entitled to deal. The fact that molecular changes
here are correlated with another class of phenomena which we ecall
“ mental,” in no wise destroys the propriety of pushing our physical
seience of the nervous system to its furthest possible limits. The
movements of all material bodies, whether in the elemental shape
of the molecules, or in the shape of the same molecules when aggre-
eated into masses, as well as the laws under which such bodies in
movement act and react upon each other, constitute the legitimate
sphere of physical science. But it is to a system of interacting
molecules that the conception of mechanism especially applies.
The aim of physical research with regard to any given system of
this kind is, therefore, not aceomplished until all the movements
of its different parts are explained in the light of a consistent
mechanieal theory. This general principle of all physical science
neither needs nor permits a special exception in the case of the
human nerves, organs of sense, and brain,
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On the other hand, the very unsatisfactory condition of the data
for a mechanical theory of the human nervous system has been im-
plied in each of the preceding chapters. It will appear all the
more plainly now as we present briefly a statement of two or three
such theories in the form in which it has been found possible for
different investigators to state and to defend them. Nor can we
express much confidence that physies and physiology combined
will ever be able to point to a complete theory of so intricate and
delicate a mechanism as this nervous system. Moreover, we do not
by any means affirm that a purely mechanical treatment, however
complete, would of itself suffice to furnish a satisfactory understand-
ing of all the phenomena ; or even that the phenomena in general
could by any possibility be brought solely under the terms of such
treatment. We only affirm the unrestricted right of physical sei-
ence to attempt, in the light of the conception of mechanism, an ex-
planation of the nervous system as well as of all other physical
subjects ; and also its right to its persistent faith that—=So fur as
physical science can explain any swch subject, all the speeial difficul-
ties of the nervous system can be fitly considered only in this way.

§ 3. The chemical constifution and structural form of the ele-
ments of nervous matter require that the system which they com-
pose should be regarded in the light of the coneeption of mechan-
ism. It is true that physical science cannot give an accurate deserip-
tion of the chemieal processes which take place in the formation of
the nerve-fibres and nerve-cells, or during their functional activity ;
it eannot do so much as this for the living tissues generally, But
it finds here the same chemical elements which exist elsewhere
in nature, especially the four elements, oxygen, hydrogen, nitrogen,
and carbon. It nowhere finds these elements behaving differently
in the nervous system from the way in which it is their nature to
behave elsewhere, under similar circumstances. And the fact that
precisely similar cireumstances do not oceur to induce the same
combination and interaction of these elements outside of the ner-
vous systemn, is traced back to its causes in a succession of oeccur-
rences that ull have the character belonging to the chemistry of
living tissues. We know of no sap which is suitable for forming
organisms in general, but which is itself a perfectly homogeneous
fluid. Nucleated granules in the very chemieal constituents which
give conditions to all the subsequent activity of the molecules, are
revealed by mieroscopie examination of those cells from which the
whole body springs. This fact, together with the character of the
subsequent process, may lead some to insist that a certain special
form of energy (called *‘vital force,” or by some less obmnoxious
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title), is marshalling the minute particles under its superior eontrol.
But such way of considering the phenomena—whether admissible
or inadmissible—does not at all help us to dispense with the purely
mechanical point of view. In the original living germ with which
the organism began, and in all its subsequent development, every
chemical change in nervous matter is nothing more than a move-
ment of physical molecules, strictly under the conditions furnished
by their constitution and previous arrangement.

The general significance of the chemieal constitution of ner-
vous matter, with reference to a mechanieal theory of the nervous
system, is by no means wholly obseure. It is obvious that all the
energy expended in the movement of the body as a whole, or of its
larger masses, originates in minute molecular changes. The latter
changes have, of course, a direct relation to the chemical constitu-
tion of the tissues in which they oceur. The museular fibre can
contract because its molecules admit of that rearrangement in
which the contraction essentially consists ; for doing the amount of
work implied in such rearrangement, this fibre is, of course, depen-
dent upon its own chemical constitution. DBut the source of the
excitation of the muscle is to be found in antecedent molecular
changes within the nervous system ; indeed, all the changes that
are to be summed up in the work done by and within the rigid
masses of the body have their origin here. It aceords, then, with
the mechanical conception of the nervous system that its chemistry
should be just such as we have seen that it actually is. Nervous
matter holds in store a large amount of energy that is easily dis-
posable ; of energy that will be yielded freely and rapidly if any-
thing occurs to start the process within the system of molecules
of which such matter is composed. TFor the molecules are of such
kind as readily break up and recombine their elements in simpler
forms ; in deing this they render kinetic a large amount of energy
which they have previously held latent.

No mechanieal theory of the nervous system ean explain the
meaning of all the various struetural forms which the elements of
this system assume. If eannot be told, for example, what peculiar
place in the mechanism belongs to the different shapes of nerve-
cells, bipolar, multipolar, stellate, ete. Nor can a complete picture
be drawn of the differences in eharacter which the nerve-commotion
takes as it passes from the nerve-fibres to the nerve-cells, or from
one nerve-cell to another. We can only insist upon the undoubted
ceneral fact that all these structural forms have whatever signifi-
cance belongs to them, because they are themselves molecular
structures, capable of undergoing, in relation to each other, those
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very changes in which the functional activity of the nervous system
consists.

§ 4. There can be no doubt that the arrangement of the nervous
elements into a system corresponds to the conception of mechanism.
A certain work of “concatenating” the different physieal systems of
the body, and of adjusting its relations to the changes in its
environment, requires fo be accomplished. This problem demands
a three-fold exercise of function ; it isa problem in the eonstruction
of a mechanism. The nervous system actually is of threefold con-
struction ; its threefold construction is the answer which it prae-
tically makes to the above-mentioned problem. One part of the
complex problem cousists in the conversion of certain of those
molecular motions which take place in nature outside of the living
organism into moleeular motion within the tissues of such organism.
The solution of this part of the problem is furnished by the end-
organs of the nervous system. The end-organs are those special
mechanisms which are adapted to convert the molecular motions
called stimuli into the melecular motions called neural excitation.
That by far the larger portion of the eye and ear, for example, acts
in a purely mechanical way, there is no doubt. It is the office of
the great mass of the eye to transmit and refract the rays of light ;
of the ear to transmit and condense the acoustic waves. DBut when
the nervous elements of the retina and of the organ of Corti re-
ceive the physieal processes transmitted to them, they transmute
these physical processes into physiologieal neural proecesses; in
doing this they act as special molecular mechanisms,

The second part of the eomplex problem before the nervous sys-
tem consists in the conduction in all necessary directions of these
neural processes ; only on this condition can distant parts of the
nervous system act, as it were, in view of each other, and thus the
whole body be bound into a living unity under the influence of
changes in its environment, and in the ideas and impulses of the
mind. The nerve-fibres solve this part of the problem. This they
do by acting as mechanisms, which have such a molecular constitu-
tion and function that a commotion, started at any point in the
physical elements of the system, spreads from molecule to molecule,
in accordance with the laws of the system.

The third part of the same complex problem requires for its solu-
tion structures and functions still more intricate and inexplicable.

“Incoming molecular disturbances must be modified and redistributed
so as to give rise to outgoing molecular disturbances along definite
tracts, in order that definite groups of muscles may be made to con-
tract, Only in this way can the whole physical organism, by a so-



220 THE NERVOUS SYSTEM A MECHANISM.

ealled reflex activity, adjust its condition, in view of the presence of
given kinds and degrees of stimuli. Moreover, the vital functions—
the movements that control respiration, digestion, circulation of the
blood and of other fluids, ete.—must be united so as to work to a
common end, and with the modified forms and degrees of their re-
spective energies, which the changing cireumstances require.  Still
further, not only must the neural processes set up by the end-or-
gans and conducted inward by the afferent nerves have a place of
meeting in proximity with the eenfres of origin for the correspond-
ing efferent impulses ; but all the neural processes in this place of
meeting must also be so modified and made mutually dependent
that they can be correlated, under psycho-physieal laws, with the
processes of mind. It is the central organs which alone possess
the molecular construction and functions necessary for such won-
derful reflex and automatic activities. In their hizhest form—the
hemispheres of the human brain—they solve the problem of pro-
viding a system of molecules, whose constitution and changes may
be immediately related with the phenomena of mind. These central
organs ave extremely intricate physieal structures. It cannot be
pretended that even a beginning has been made toward a satisfac-
tory theory of their functional activity considered as a special case
in molecular physics. But this fact does not affect the confidence
which is based upon what is known of physical structures in gen-
eral, that in these organs, the changes which take place are essen-
tially of the same order as are those with which the science of mo-
lecular physics has elsewhere to deal. They are modes of motion in
which the behavior of each molecule, regarded as a constituent
element of the system, is conditioned upon the constitution and
behavior of the other members of the same system., That is to
say, the central organs must be regarded in the light of the con-
ception of mechanism.

§ 5. The general office of the nervous system may, then, be de-
seribed in somewhat the following manner. The development of a
rich and varied life, both animal and intellectual, requires a great
store of sensations and of motions. The sensations are primarily
designed to serve as signs of changes in the environment of the
animal to which his condition must be adapted by movement of
his bodily parts; but they are also to serve as a basis for intel-
lectual attainment and development. The foreces of external nature
continually storm the peripheral parts of the animal's body. In
order that any of these forces may act as the stimuli of sensations,
they must be converted into molecular motions within the tissues
of this body. In order, further, that the masses of the body may
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constantly be readjusted to the external changes of which the sen-
sations are signs, the molecular motions must, in turn, be converted
into movements of these masses. In other words, a process of con-
stant interchange must take place between the animal organism
and external nature.

Disturbances in one part of the body, by the play upon it of nat-
ure’s energy, instead of becoming injurious or destruective, are
thus made serviceable through inducing the needed disturbances
of other parts of the same body. The equilibrium on which life
depends is maintained. Moreover, the material necessary for self-
conscious development, for a growing knowledge of the so-called
outside world, is furnished through the conduection of these dis-
turbances to their common meeting-places in the central organs.

To accomplish the general work of equilibrating the interaction
of the different parts of the body, of readjusting its condition to
the changing condition of its surroundings, some special construe-
tion and arrangement of material molecules is necessary. If the
work is to be done in a highly elaborate way,la very intricate ar-
rangement of an indefinitely great number of chemiecally eomplex
molecules is necessary. Such an arrangement is the human ner-
vous system. DBut just because its arrangement and function are
of this kind, it is a *“ mechanism.” As a highly complex molecular
mechanism it utilizes the disturbances which arise from the en-
vironment. It binds together all the other systems of the body in
living reciprocity of energies and functions. Its superficial paris
are so constructed that they ean be set in motion by various forms
of physical energy—Dby light, heat, sound, chemical change, etc. ;
they are also adapted fitly to modify the impressions thus received.
The molecules of its condueting nerves are so constituted and ar-
ranged that they can indicate the path along which the disturbance
thus oecasioned must pass; they can dictate the conditions and
laws under which its eourse must be completed. The molecules of
its central organs are eapable of assuming inconceivably varied re-
lations to each other, of thus transmuting and redistributing the
nerve-commotions which reach them along the incoming traects, and
even (it would seem) of starting automatieally oufgoing disturb-
ances in response to self-consecious sensations and ideas,

But all the foregoing offices of the nervous system are nothing
but the movements of physical elements, in constant reciprocal de-
pendence upon each other, though in response to excitations lying
outside of the system itself. To move thus is the function of a
molecular mechanism, So far as science can control the different
parts of the nervous system for experimental purposes, it finds
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them behaving in such a manner as to make a plain demand for a
physieal and mechanieal theory in explanation of their behavior,

§ 6. The foregoing deseription of the nervous system as a mech-
anism, like all similar descriptions, undoubtedly lacks scientifie
quality. It is neither exact nor in such form as to admit of ex-
perimental verification. It is largely based upon conjectures, full
of gaps and assumptions ; and were it pressed at every point for
proof, it would be obliged to rely much upon general prineiples in
mechanics (the speecial applications of which to the ease in hand are
by no means certain or obvious), and even to indulge in hopes and
promises with reference to the future, rather than present demon-
stration. May we not know more precisely the nature of the mo-
lecular changes which constitute the functions of nerve-fibres and
nerve-cells ? Cannot physical science help us to complete these be-
ginnings of a theory ?

In answer to the question just raised we have already seen how
little satisfaction is afforded on applying to the science of chemistry.
On general prineiples of physical science there can be little doubt
that the excitation and conduction of nerve-commotion is dependent
upon a chemical change in the nervous tissue itself. Moreover, we
know that the process of conduetion in the nerve requires each of
its molecules to act upon the neighboring elements as the condition
of the process continuing. Nor ean this process itself be a mere
impartation of motion, from molecule to molecule ; on the contrary,
the phenomena of electrotonus seem to show that it must also con-
sist in the setting free of energy which exists latent within the
molecules of the nerve-substance. These molecules contain, then,
by virtue of their constitution, stored or potential energy which is
converted into kinetic energy in the propagation of the process of
excitation, and which is expended, in part, in either inhibiting or
increasing the energy of that process. Such potential energy ecan
searcely be other than chemieal.

Accordingly, we should be tempted to deseribe the process of
progressive exeitation of the nerve somewhat as follows : Every
element of the nerve, by reason of its highly complex and unstable
chemical constitution, contains a large store of energy ; the excite-
ment of the nerve consists in the explosive decomposition succes-
sively of these elements of the nerve ; and the result of the decom-
position is the setting free of the stored energy to be expended in
part in the excitation of the next adjoining elements. The process,
then, is not altogether unlike the burning of a line of powder
grains.  Such an hypothesis, however, would at once have to answer
several difficult questions. 'Why does not the whole of the explosive
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substance burn up, instead of only an amount of it approximately
proportional to the strength of the stimulus which sets the process
agoing ? Analogies may indeed be found in the union of chlorine
and hydrogen under the action of light. What checks the process
in the nerve as a whole, and what limits it quantitatively in a differ-
ent way at different pointsin its course, so as to give the phenomena
of anelectrotonus and catelectrotonus ? (comp., Chap. TIL, § 19 £).
Moreover, direct observation has as yet discovered no indisputable
evidence of functional chemical changes in the nerve-fibres, If
such changes exist at all they are exceedingly small.

§ 7. Allusion has been made (p. 119 f.) to the fact that the effect
of several excitations of a nerve-stretch is compounded, as it were,
in the action of the attached musele. That is to say, excitations
which are simultaneous, or which follow each other with sufficient
and not too great rapidity, ave summed up in the nerve, like mo-
lecular waves of nerve-commotion piled upon each other. Besides
suck phenomena of * summation,” there exist analagous phe-
nomena of so-called * interference ; " and, further, of the facilitat-
ing effect which one excitation has upon others following it along
the same paths of conduction, especially in the central organs.
These and similar phenomena tempt us to consider the activity of
the nervous substance in terms of an exceedingly complex sum in
the addition and subtraction of molecular disturbances of a wave-
like character. Elaborate experiments have been made to deter-
mine the laws under which such summation or interference of
electrical excitations takes place. Thus G. Valentin' assumes that
the case of the nerves comes under the general theory of molecular
waves that may either be piled upon each other, or may interfere
with each other. The interferences he calls “ positive " when the
currents are moving in the same direetion, “ negative ” when they
are moving in opposite directions; and such currents may, of
course, be either ascending or descending. The character of the
interferences is to be defined by the way in which the nerve-muscle
machine responds to these four kinds of interference. The inter-
ference has a heightening effect (is erhidhende) when the result
indieated by the behavior of the muscle is greater than the sum of
two single effects from the partial excitations that are compounded ;
a depressing effect when the result is less than this sum. If the
effect of the interference is such as to reduce the result to zero,
it is ealled inhibitory. Valentin concludes that, in ecase of inter-
ferences of excitations from one and the same current (with respect

'In Pfliger's Archiv, vii. (1873), pp. 498-4Y6, article on the Interfer-
ences of Electrical Excitations,
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to degree, direction, ete.), the character of the effects produced
depends upon the original molecular constitution of the nerve.
Just as its constitution is deecisive with regard to the nature of the
museular contractions that follow a single excitation of the nerve,
so 18 it also decisive with regard to the results of interference.
These results, moreover, conform to the same laws after decapita-
tion or poisoning as before. And further, the same rules govern
in the case of interferences of two eurrents, if both the ewrrents
are of about the same degree of strength. Finally, according to
Valentin, the same rules belong to the interferences that oecur in
cases of reflex action, or of the stimulation of motor nerves through
the sensory, as those which apply to the direct stimulation of the
motor nerves. It is apparent that the only net gain from the fore-
ooing experiments consists in the information that the molecular
constitution of the nerves themselves determines all the variable
elements in the results of exciting them. But this would be an
assumption fairly made by every attempt at a physical seience of the
nervous functions. And inasmuch as we can make no such veri-
fiable statements conecerning the nature of this molecular constitu-
tion as will serve the purposes of a precise mechanical theory, if is
hard to see what advance has been gained toward the construetion
of such a theory.

The phenomena caused by the reciprocal action of different ex-
citations within the central nervous system are, of course, much
more complex and diffienlt to bring under a theory of molecular
wave-like impulses, than are the phenomena of the comparatively
simple nerve-musele machine. A fortiori, molecular physics is
unable to propose a satisfactory theory for the central organs.
According to Exner," many of the phenomena are covered by the
general principle that one excitation acts to facilitate or, as it were,
smooth the path for others passing, after only a brief interval, along
the same course. This principle he distinguishes from that of
«summation,” when applied to reflex action. The latter term Exner
applies to the aceumulation in the central organ of excitations
which, taken singly, are too weak to produce any reflex motion, but
which by their combined strength do produece such motion. The
principle of  facilitation,” however, refers to the condition of the
central parts after the passage through them of a stimulus which
has already called forth some reflex action. Exner's experiments
led him to conclude that the motor excitation of some one ex-
tremity from the brain (that is, by stimulating, in the brain, the
so-called motor area of the extremity) facilitates the subsequent pas-

I Article in Pfliger’s Archiv,, xxviii., pp. 487 fi.
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sage of reflex stimulus affecting the same extremity: and, con-
versely, stimulating an extremity reflexly facilitates the passage of
a subsequent motor execitation from the area of the brain to the
same extremity. Thus, for example, the reflex motions of the fore-
leg of a rabbit, produced by stimulating the toes of that leg, were
found to be increased in intensity if the so-called eerebral motor
centre of the fore-leg was also stimulated. Different reflex excita-
tions also may facilitate cach other's effect in the same way. For
example, the sensory stimulation of the left foot has the effect of
facilitating the reflex act which, as it might appear, would relate
only to the right foot and its motor area in the central organ ; and
such reflex action of the right foot facilitates the contraction set
free in the same foot by stimulating the left-foot section of the spi-
nal cord. Fxner was unable, however, to obtain any inhibitory
effect upon the motion of the extremities by stimulating various
other places of the cortex of the cerebrum, or by stimulating the
cerebellum. He also found that when one side of the cortex of the
cerebrum is stimulated by eleetricity so as to produce a condition
of tetanus in one extremity of the animal, the results of two execita-
tions—one as a reflex from the foot and one directly from the same
side of the brain—are compounded in a way which seems incom-
patible with any known form of the summation and interference
of molecular wave-like disturbances.

Indeed (to return to the simpler ease), Griifzner ' seems justified
in saying that, strictly speaking, we cannot without qualification
even represent what takes place when two currents of electricity
act in combination upon a nerve, as though it were a matter of the
addition or subtraction of their separate effects. For it is possible
that an electrical current of an intensity equal to the amount of the
natural nerve-current (current of rest = a) and the current used as
stimulus (eurrent of action = b), taken together (2+b), will not ex-
cite a nerve that shows no current at all, although the latter (4)
alone will excite the nerve if just previously the former (a) was
present in the nerve. The currents already existing in the nerve,
when the exciting eurrent is applied, are, therefore, not simply
added to or subtracted from the latter ; but they produce molecu-
lar changes of an unknown kind which tend to induece the origina-
tion of so-called “ cathodie " and “anodie” places in the nerve—
that is, places of exalted and places of depressed excitability.
Thus a weaker current will excite the nerve when it is in a condi-
tion of exalted excitability ; a stronger current may fail to excite
the nerve when in a condition of depressed excitability.

1 Bee Pllilger’s Archiv, xxviii., p. 144 £.
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How obscure and complicated are the molecular eonditions con-
nected with the excitation of the nerve is further shown by the
effect of giving different treatments to the cross-section of the nerve.
If the nerve is simply cut, its behavior under stimulation is differ-
ent from that which occurs when it has been bound before the
cross-section is made. Binding the nerve produces, for some min-
utes after cross-section, a large increase of its excitability in the
immediate neighborhood of the injured place ; this is true for all
kinds of stimuli, including the electrie eurrent in both directions.
From five to ten minutes subsequently, however, the making of the
current in the opposite direction to the current induced by cross-
section has frequently a diminished rather than an inereased effect.

§ 8. On the whole, it would appear, then, that the ability to lay
even a basis for a strietly scientific molecular theory of the nervous
mechanism depends upon the ability satisfactorily to explain the
electrical process in the nerves and their consequent behavior under
electrical stimulation. It would by no means follow that a com-
plete theory for the comparatively simple phenomena of the nerve-
musele machine would furnish the sure eclew, not to say the full
explanation, of all the aectivities of the nervous system. On the
contrary, the evidence is overwhelming that the working of the
complete nervous mechanism involves other prineiples than those
which may be deemed sufficient for the case of the single nerve
and muscle when under electrical stimulation. But, plainly, the
more complex case cannot be solved without first solving the far
less complex one. And yet the simplest possible case of nervous
molecular mechanism—the case that can be brought under the
most favorable experimental conditions—has thus far proved to
lie beyond our power to find a satisfactory scientifie solution.

The two most important prineiples which must enter into any
mechanical theory for explaining the behavior of nerves in relation
to electricity are, according to Hermann : ' (1) the law of electrical
execitation, and (2) the law of the so-called current of action. The
phenomena upon which these laws are themselves based are chiefly
the phenomena of electrotonus and the phenomena of negative
variation.

It is a fact (see p. 114 1) that the passage of the electrical current
through a nerve-stretch produces in the nerve a changed econdi-
tion of exeitability called electrofonic. This condition is, however,
different for different parts of the nerve-streteh. It is dependent
upon the nearness of each part to the electrodes, it being greatest
in their vicinity. It is dependent on the strength of the polarizing

| Handb. d. Physiol., IL, i, p. 193,
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eurrent and on the length of the stretch through which it flows.
Its intensity is greater on the side of the anode than on the side
of the cathode. The condition may be said to be one of increased
excitability in the region of the eathode, of diminished excitability
in the region of the anode. Helmholtz found that the time of the
development of the electrotonic condition is not perceptibly later
than that of the electrical current which execites it ; the condition
originates at the moment of making, and ceases at the moment of
breaking, the polarizing curvent. Du Bois-Reymond concludes,
thereupon, that the electrotonic condition is spread over the nerve
with a speed equal to that of the process of excitation.

It is also a fact (see p. 117 £.) that, in the case of the nerve-stretch
as well as in that of the muscle, the galvanometer shows the pas-
sage of a current when one of the electrodes is placed at its cut
end and the other at its equator. It is a fact that this so-called
natural current, or current of rest, is diminished by the stimula-
tion of the nerve with an interrupted current, or by other means
of exciting it—the diminution being shown by the return of the
needle of the galvanometer toward the zero-point (the so-called
“ negative variation ™),

§ 9. The two principal theories which have hitherto attempted
to aceount for the above-mentioned facts are the theories of du
Bois-Reymond and of Hermann. Du Bois-Reymond ® assumes
that in the substanece of the nerve there exists an arrangement of
electro-motive molecules embedded in an imperfectly conduecting
medium. Each molecule is like a minute battery with positive and
negative poles ; and the molecules present their positive surfaces to
the longitudinal surface of the nerve, their negative surfaces to the
eut ends or transverse sections of the nerve. The presence of these
molecules gives rise to currents in the medium which surrounds
them. Owing to the imperfect conductivity of the medium, such
currents flow in more or less concentric lines at some distance
from each molecule. The eurrent which exists in the nerves
(exists, according to du Bois-Reymond, as natural to the nerve and
previous to its injury by eross-section), and which is made obvious
by the deflection of the needle of the attached galvanometer, may
therefore be regarded as the resultant of the numerous unobserv-
able currents belonging to the several molecules. In this way the
so-called “ current of rest” is to be explained. Du Bois-Reymond
is forced to account for the fact that such natural currents are

! The views of du Bois-Reymond are to be found in his Untersuchungen
iiber thierische Electricitiit, 1848-49, and Gesammelte Abhandlungen, ete.,
1875-77.
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either exceedingly small or wholly wanting in an uninjured mus-
ele by a very artificial hypothesis as to a so-called parelectronomic
region at the place where the ends of the musecle come into contact
with the tendons. His theory of electrotonus and of the negative
variation of the nerve-current is too complicated and doubtful to
be even stated here ; it is enough to say that his assumptions as to
“peripolar " and “bipolar ” molecules, and the effect of the elec-
trical eurrent in reversing the molecules, ete., have little to com-
mend them to the practical workers in modern physics.

£ 10. The theory which Hermann,' and those who agree with
him, would substitute for the theory of du Bois-Reymond takes
its point of starting from a discovery made by Mattencel some
years ago. In 1863 this truly great investigator noticed phenom-
ena similar to those of the electrotonic condition of the nerves in
over-spun wires moistened with a eondueting fluid. If an electri-
eal current is conducted to the moist covering of such a wire, the
needle of the galvanometer shows along every part of the wire the
presence of a current in the same direction with the primary cur-
rent, but with the strength of the former diminishing as the dis-
tance increases from the points where the latter i1s applied to the
wire. No such current arises, however, if the wire is made of amal-
gamated zine and its covering is moistened with a solution of sul-
phate of zine. It appears, then, that the electrieal condition of the
wire, when a current is conducted to it, depends upon the limiting
surfaces of its metal centre and of its moistened covering being po-
larizable. Very recently * Hermann has, as he thinks, still further
shown the possibility of explaining all the electrotonic properties
of the nerves after the analogy of Matteucei's discovery. A con-
ductor consisting of a central and a covering substance, with polar-
izable limiting surfaces, ns soon as a momentary electrie current is
conducted through any portion of it begins suceessively to exhibit
a current of the same kind at every other place in it ; the more
distant the place from the one to which the eurrent is applied the
later its appearance there, so that at the most distant places such
current may begin after it has for some time ceased at the primary
place. Now, in an analogous manner, every nerve-fibre may be as-
sumed to consist of a centre and covering substance, with polarizable
limiting surfaces. In the nerve-fibre the limiting surfaces needed
for the theory are perhaps actually to be found between the axis-

"The views of Hermann may be found in his Untersuchungen zur Physiol-
ogie d. Muskeln u. Nerven, 1867-68, and in numerous later papers in Piliger's
Archiv,

? Pfliiger's Archiv, 1885, xxxv., p. 28 f,
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eylinder and the medullary sheath. Griinhagen,! however, affirms
that the polarization of the limiting surfaces of the nerve-fibre is a
consecquence rather than a cause of the current in electrotonus.
The first and fundamental cause of this current he considers to be
the characteristic difference in the resistance, as conductors, of the
kernel and the covering of the nerve-stretch.

The so-called “ natural eurrent,” or * current of rest,” Hermann
does not eonsider it necessary to explain. What appears to be a
natural current Hermann holds to be in all cases the result of in-
jury. It is to be considered, then, as due to the peculiar molecu-
lar condition into which certain parts of a nerve-stretch are thrown
by their mechanieal or chemical destruction. In fact, whenever a
nerve is eut across, or any of its fibres are injured, the molecules
thus disturbed begin at onee to die ; they then become negative to-
ward the other uninjured parts of the nerve. It is because of this
change in the dying molecules that the electrical current is devel-
oped. DBut all the parts of a wholly untouched and unexcited nerve
are, according to Hermann, “isoelectric.” It is not necessary to
give the experimental evidence by which this investigator strives
to prove his opinion ; it is enough to say that this evidence is
strong, and nearly, if not quite, conclusive.

Acecordingly, Hermann regards the negative variation as not due
to the diminution of any current previously existing, but rather as
a manifestation of the electro-motive forces which eome into opera-
tion at the moment, and at the seat, of exeitation. This current is,
therefore, the only true * eurrent of action.” Its rise and flow are
explained by the fact that every excited part of a nerve-stretch be-
comes negative toward all the other parts. As this wave passes
along the nerve-fibre, each minute portion becomes first negative
and then positive toward the adjoining minute portions ; and hence
the so-called *ad-terminal” and “ab-terminal currents” appear
along the nerve-stretch as fast as successive parts of its substance
reach their maximum of negativity. The excess of the ab-terminal
over the ad-terminal current manifests itself as the so-called “ neg-
ative variation.”

The phenomena of electrotonus Hermann explains, as has already
been said, upon the basis of Mattencei's experiments. An inner
polarization, such as takes place between the wire and its moist-
ened covering, takes place between the substance which constitutes
the core of the nerve and one of its sheaths. The electrotonic cur-
rent is, therefore, simply due to an eseape of the polarizing cur-
rent. It is wanting in the dead nerve, beeause the inner polariza-

I Piliger's Archiv, xxxv., p. 034 f.
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tion belongs only to the nerve in its living state ; it is stoppad by
ligature or by erushing, because the nervous substance is thus
made into dead, indifferent substance, and the funectional continu-
ity of the nervous core is destroyed. His detailed explanation of
““ tetanie action-eurrents” and “ phasic action-currents,” and of the
physiological phenomena of electrotonus and eatelectrotonus, need
not be repeated. The one principle to which Hermann would re-
duce all the electrical phenomena derived from the cut nerve-
stretech 13 this: Al ewxeitable protoplasm, when dying or irritated,
becomes negative foward s own uninjured and unéirritated parts.
Such is the nature of its electro-motive reaction.

§ 11. Objections have been made to the theory of Hermann, but
they can searcely be said to be so formidable as those which he
brings against the theory of du Bois-Reymond. The most forcible of
them is, perhaps, the following : If the so-called currents of rest were
due solely to the negativity of the dying portion of the substance,
we should not expect that the eurrent from the equator to the cross-
section would be greater than the current from a point nearer the
cross-section, seeing that the resistance is greater in the former case.

Hermann is himself ready to admit," however, that no simple
scheme of polarization will fully satisfy the conditions of the prob-
lem offered by the behavior of the nerve-muscle machine under
electrical stimulation. * The platinum wire, with its moist sheaths,
is no model of the irritable nerve ; it is only a model of its elec-
trotonic properties.” We must, therefore, after the discussion of
all analogies resort again to the unknown molecular constitution
and properties of the substance of the nerve, as being sui generis,
for our explanation of its peculiar physiological properties. Its
functions are a species of moleeular change, connected, to be sure,
both with chemieal changes and with other mechanieal changes of
a wave-like character, and yet unlike them all ; and these molecular
changes, when the nerve is excited, are propagated from point to
point along its course with a speed and according to laws which
have already been stated (see Chapter ITL). But further than this
we eannot as yet go with confidence in affirming a mechanical the-
ory of even that simplest element of the nervous mechanism for ex-
perimental purposes—mnamely, the nerve attached to the musecle
and constituting the nerve-muscle machine.”

! Bee Handb. d. Physiol., IL., i, p. 195 {.

* Further information upon the two theories of Hermann and dn Boiz-Rey-
mond may be found in Foster's Text-book of Physiology, pp. 101 ff.  See, also,
a brief statement of Hermann's theory in the Journal of Physiology, I., pp.
196-212.
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§12. A confession of ignorance might fitly close the entire dis-
cussion as to the possibility at present of a preecise mechanieal
theory of the nervous system. For on resuming the larger and
more complicated inquiry, as to how the physiological funetions of
all the nervous organs in their mutual relations may be explained
according to any known laws of molecular science, we are obliged
to approach this inquiry with an acknowledged inability to deal
satisfactorily even with the much simpler case of one of the ele-
ments of this system. The peculiar forms and laws of the molee-
ular activity of the entire nervous mechanisin certainly eannot be
understood until we are able to deseribe and explain the molecu-
lar activity of a single nerve-musele machine. A siatement of an
elaborate theory, framed with a view to meet the whole case, by a
distinguished authority, cannot fail, however, to possess a certain
interest and value. Accordingly, we shall refer briefly to the
theory of Wundt.'

Wundt begins his discussion of the mechanics (or molecular
physies) of nervous substance by stating two possible ways of ap-
proaching the subject. It is coneeivable that we might directly
investigate the chemical and physical constitution of the nervous
elements, and the changes they undergo in the exercise of their
physiological functions, with a view to construet a theory of so-
called nerve-force by induction from such investigation. But the
preferable—because the much more promising—way of procedure
is to assume that the processes which take place in the nervous
system are modes of molecular motion connected with each other,
and with the forces of external nature, under the general prineiples
of molecular physies ; and then, arguing deductively, to make such
a combination and application of these principles as will serve to
meet all the demands of the case. It searcely need be said that
Wundt adopts the latter method.

Assuming, then, the general prineciples of molecular physies, and
especially the law of the conservation of energy, it is possible to
show how living beings may be brought under the control of these
prineciples. Such beings, through the regularity with which the
making and breaking of chemical combinations goes on within
them, take a noteworthy part in the continuous process of inter-
changing potential and kinetie (inner and external) energy. Itis
the nervous system, in all the animals that have one, from which

I To be found, in part, in his Untersuchungen zur Mechanik der Nerven,
and in later and more complete form in the chapter (vi., Part 1.) ** Physio-
logische Mechanik der Nervensubstanz,” in his Grundzige der physiologi-
gchen Psychologie. Leipzig, 1880,
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this process is controlled. The process itself is a species of com-
bustion ; the nervous system keeps going those functions which
effect the process, regulates the setting free and distributing. of
the heat, and determines the muscles to movement. The source
of the special activities of the nervous system itself lies in the nat-
ure of the ehemieal combinations which compose it.

The nervous system regarded as unaffected by stimuli—that is,
as unexcited—may be theoretically compared to a fluid in a condi-
tion of equilibrium. Buf, in fact, the nervous system is never in a
condition of perfeet equilibrium. For, not only is there a ceaseless
play of energy internal to this system, in which the atoms separate
from the old combinations as nervous substance to form new com-
binations as the same substance; but a continuous process also
goes on by which the molecules of the nervous substance are broken
up to form less complex but more stable compounds. Moreover,
the building of the nervous substance itself out of the nourishment
brought to it is a process the reverse of that last mentioned ; if
is a process, that is to say, in which the more stable chemical com-
pounds of other substance are broken up and their atoms used to
form the more complex but more unstable molecules of the nervous
substance. The process of change from the less stable to the more
stable combinations represents the setting-free of stored or poten-
tial energy ; the reverse process represents the storing of energy
and the vanishing of kinetic or actual energy. That energy which
is made apparent by the former process Wundt calls “ positive ;"
that which is stored up, when the more stable combination disap-
pears, he calls *negative.” Tositive molecular energy of the ner-
vous system is recognized as heat set free, as contraction of the
muscles, ete. ; its negative molecular energy exists in the form of
heat becoming latent, or of inhibitory action upon the course of
excitation in the nerves, ete.

In accordance with the foregoing theory of positive and negative
molecular energy, as due to the chemieal activity of the nervous
substance, Wundt would explain the process of excitation and con-
duction in the nerve-fibres. No simple eonduection of motion, of
course, takes place in the nerve ; but certain molecular processes,
peculiar to the constitution of the nerve, are set up at one point by
the stimulus, and are then cohducted suecessively to other points
along its streteh. 1In all cases when a nerve is irritated two classes
of opposed effects are set up in its substance ; the one is directed
toward the production of external energy (secretion, stimulation of
the ganglion-cells, movement of the muscles, ete.), the other toward
the control of the energy thus set free. The former is positive,
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the latter negative or inhibitory. The general law for all excita-
tion of the nerves is, that by the application of stimulus the posi-
tive as well as the negative molecular energy of the nervous sub-
stance is increased. Stimulating the nerve accelerates hoth the
recombination of the atoms of its highly complex molecules in
less complex but more stable forms, and also the eseape of the
atoms from these forms and their return to the more complex and
less stable combinations. The renewal of the nerve depends upon
the restitution of the more complex molecules; but the work
which the nerve does external to itself depends upon that process
of eombustion in which the complex molecules break up and pass
into more stable but less complex forms. The latter process
involves, of eourse, the exhaustion of the nerve. External energy
(work done outside of the nerve) ecan then only take place in case
the positive molecular energy is move accelerated than the negative,
by the application of the stimulus,

The entire sum of positive molecular energy which is set free
when a nerve is irritated may be reckoned as distributed in three
directions: a part is spent in the continuous excitation of the
nerve ; another part becomes heat ; still another part is converted
into negative molecular energy. In this way the peculiar molec-
ular condition which the nerve-fibve leading from the peripheral
region assumes, when it is irritated, is imparted to the central re-
gion of the nerve-cell.

§ 13. The application of the foregoing theory to the central
organs of the nervous mechanism requires us to take account of
the fact that a greater intensity of the stimulus is needed to move
a muscle through a ecollection of ganglion-cells than directly by
stimulating the nerve-fibre connected with the musele. We are to
conclude, then, that the nervous substance of the central parts
offers a far greater resistance to the conduction of the process of
excitation than is offered by the nerves themselves. On the other
hand, the central organs are in a condition to develop within them-
selves a far greater amount of work ; that is, to convert into
kinetic form a vast sum of energy stored in their chemical con-
stitution. The proofs which Wundt brings forward for this view
are derived from the phenomena of summation of inhibition, and
of so-called “reflex-poisons,” ete. A detailed discussion of such
phenomena leads to the conclusion that, when * summation ™ (com-
pare pp. 223 f.) takes place, the several excitations along the cen-
tripetal fracts have been conducted to different sensory central
regions, and have then passed from them, as a result of their being
simultaneously excited, over into the same motor elements of the
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central organ ; but when “inhibition " takes place, such excitations
have been conducted so as to come together and counteract each
other in the same sensory cenfral region. The external conditions
of those relations which obtain among the different senses and
sensations are to be found, partly in the constitution of the organs
of sense, and partly in the nature of their respective stimuli.

When speculating as to the molecular changes, with respect both
to positive and also to negative energy, which take place in the
central organs, our point of starting must be taken from a condition
of equilibrium assumed to exist in their ganglion-cells. Exeitation
of the central organs, like irritation of the nerves, increases bhoth
kinds of nervous energy. But the positive molecular energy of the
central organs is relatively little increased by a momentary excita-
tion. The result of repeated excitation, however, is to make the
positive condition largely predominate in the whole central region.
An excited ganglion-cell is in a condition analogous to that of the
nerve-stretch at the anode when a constant current is passing
through it. In the nerve, as a rule, the nervous substance is used
up, and the process of storing energy goes on in only a very par-
tial manner. In the cells the production of the complex molecules
in which energy is stored predominates, as a rule.

The fundamental properties of nervous matter—mechanically
considered—are (1) to receive external impressions in order by
them to be determined in its own molecular condition ; and (2) to
transform potential energy into kinetie, partly under the immedi-
ate, and partly under the progressive, influence of these impres-
slons,

Wundt also proposes an elaborate and highly speculative view
of the molecular constitution and functions of the ganglion-cells.
Every snch cell possesses, he thinks, two regions (although the
word “regions” is not to be interpreted locally). These regions
are called “peripheral” and *central,” because the former is as-
sumed to stand in more intimate relations to the peripheral ner-
vous substance, with respect to its own reactions under stimula-
tion. Excitations which reach the central region of a ganglion-cell
induce a propagation of the processes set up in this region to the
other or peripheral region. In the same way do exeitations which
first touch the peripheral region necessitate the spreading of the
form of molecular energy set free here over into the central region.
When a process of excitation is frequently conducted in a definite
direction through some ganglion-cell, such direction is favorably
disposed toward the conduction of future excitations which may
reach the same cell Whether the excitation of any particular
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nerve-fibre connected with a ganglion-cell results in an excitatory or
an inhibitory effect depends upon the nature of its connection with
the cell.

But we refrain from further statement of a theory so largely con-
jectural. Nothing remains but to repeat a confession of igno-
rance and of inability even to suggest a satisfactory solution for so
complex a problem in molecular physies as is offered by the human
nervous system,

§ 14. A review of various molecular theories proposed to account
for the nervous mechanism, either as a whole or in any of its parts,
makes plain the important fact that such theories are all obliged
to assume the origin and continuance of a peculiar molecular
structure for this mechanism. In other words, no attempt to
explain how the nervous system acts can avoid the conclusion that
the determining factor in the explanation must be found in what
the nervous system ts. The physiological funetions of the nerve
depart when the nerve dies, The nerve dies when it is severed
from the ganglion-cell. Both cell and nerve must, therefore, con-
stitute a living molecular unity, in order that their normal physio-
logical functions may be performed. The explanation of these
functions assumes the molecular constitution of the organs them-
selves. But how shall we explain, in accordance with the known
laws of molecular physies, the origin and preservation of such a mo-
lecular constitution? It is the business of biology rather than of
physiology to attempt an answer to this question. But the question
itself asks from science the performance of a task no smaller than
that of framing a mechanieal theory of life.  Biological seience ean,
as yet, do little toward framing such a theory. Throughout our en-
tire discussion of the nervous mechanism we have carefully avoided
raising an inquiry as to the nature of life, as to the source and con-
ditions of that very molecular constitution which determines the
nature and working of this mechanism. We have simply assumed
and argued that, taking the nervous system for what it really is
and really does, its structure and functions admit of scientifie ex-
planation, so far as such explanation is possible at all, only when
they are regarded as belonging to a molecular mechanism. The
question of a mechanical theory for the origin and constitution of
living organisms in general lies outside of the inquiries of Physio-
logical Psychology.

§ 15. One other important question has also thus far been
avoided. What is the relation of the mind to the working of the
nervous mechanism? Can the mind set this molecular mechanism
at work, or can it in any way determine the character of its func-



256 THEORY OF MOLECULAR ENERGIES.

tions? As far as our consideration of the nervous system has gone
hitherto, all might very well have been the same without the exist-
ence of a single act of conscious thought or feeling oceurring in
any relation whatever to this system. Given the molecular mechan-
ism as it is constituted and conserved by the forees which control
as long as life continues; and given the necessary impact of out-
side forces upon the end-organs, and the proper changes of blood
within the central organs ; and it has been assumedsthat this mech-
anism would exereise its funetions in ways thus far deseribed.
But the consideration of another elass of phenomena is now to be
introduced ; these are the phenomena of human consciousness, the
phenomena of Mind. The question whether such phenomena can
be frue causes of any of the changes in the moleeular mechanism
is a part of the general question as to the correlations that exist
between two classes of facts. The answer to such general question
belongs to the following divisions of our work,
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CORRELATIONS OF THE NERVOUS
MECHANISM AND THE MIND.






CHAPTER I
THE LOCALIZATION OF CEREBRAL FUNCTION.

§ 1. OrpiNary observation recognizes the fact that the phenomena |
of consciousness are more or less definmitely correlated with the
condition of the body. Certain alterations in our mental states, on
account of the injury of any of its masses, as well as a constant de-
pendence of those states upon the way some of the masses stand
related to each other and to the outside world, impress the fact upon
our daily experience. It is by no means so obvious that the ner-
vous substance has any peculiar relation to the thoughts and feelings
of the mind. For the funections of the nervous system are not ex-
ercised in giving information as to itself, its own condition and
changes. By aid of these functions we have presented in con-
sciousness a more or less clear picture of the condition and changes
of the superficial parts of the body. In the same way a knowledge
is gained of the successive states of tension belonging to the
muscles in movement, and even—though rather obseurely—of the
place and condition of the internal organs. But as long as they
are healthy and excited with only a moderate intensity of their
stimuli, the nerves do not even reveal their own existence ; and
when they are injured or unduly excited, the notice they furnish
of the fact comes in the form of painful feeling which we have
learned to localize, not in the nervous substance itself but in the
adjacent parts of muscle and skin. Attention may be ealled, how-
ever, to the peripheral nerves by the accident or the dissecting-
knife which exposes them to sight. In the case of the central
nervous organs, and especially in the ease of the brain, there is little
in ordinary experience which leads to a suspicion of their signifi-
cance or even of their existence.

It is not very strange, then, that no gemeral recognition of the
supreme importance of the brain, in relation to the phenomena of
consciousness, is to be found in early history. It is true that
Plutareh * and Theophrastus * inform us of the opinion of the

| De Placitis Philosophorum, IV., 1%, 1.
* De Sensu, 5 25 f.
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physician Alemaeon, who is said to have been a younger contem-
porary of Pythagoras, and who regarded the brain as the common
meeting-place of the senses. The same view is also ascribed to the
celebrated Hippocrates. Later on Plato accepted it. Butb Aris-
totle,' the greatest of all thinkers in antiguity, the son of a phy-
sician, especially edueated in physical seience, and well acquainted
for the time in the dissection of animals, regarded the brain as a
lump of cold substance, quite unfit to be the seat and organ of the
sensus communis,  This important office he aseribed rather to the
heart. The brain he considered to be chiefly useful as the source
of fluid for lubricating the eyes, ete.

§ 2. The opinion of Exner,” however, who supposes that feeling
in no way immediately informs us that we think with the head,
still less with the brain or the cortex of the cerebrum, seems some-
what extreme. Concerning the contents of the eranial cavity, indeed,
we get no direct information from the feelings connected with
the exercise of its functions. But we certainly loealize in the head
certain phenomena of consciousness that are inextricably inter-
woven with the processes of thought. The act of attention results
in feelings which indicate that the museles of the eye are being in-
nervated ; or in the more indefinite and diffused sense of strain
produced by contracting the skin of the forehead and adjacent
parts of the face. The special sensations of hearing, smelling, and
tasting, which impress so strongly our conscious life, are frequently
referred to the head. The same thing is true of many of the sen-
sations of sight—particularly of such as appear when the eves are
closed, in the form of after-images, or spectra, or indefinite and
changing color-spots, seated in the upper front part of the face.
Moreover, that inchoate and sometimes half-articulated language,
with which we support our trains of thought, even when we are not
conscious of resorting to the expedient of * talking to ourselves,” is
felt to be going on within the head. When one has been engaged
for some time in intense thought, or in eager and concentrated
observation, one is suddenly made aware of more or less painful
feelings which are somewhat indefinitely aseribed to the same
cerebral region. Men commonly lean the head upon the hand
in supporting meditation; or rub it vigorously to awaken
the powers of memory and reasoning ; or stroke it to relieve the
disagreeable sensations which follow severe mental excitement.
Headache, of more or less intensity, thus becomes associated with

! See De Partibus Animalium, 652, b. 5; (IL., 7); 656, b. 22 (IL, 10); De
Juvent., 467, b. 28 ; and De Anima, III., 1 and 2.
! See Hermann's Handb. d. Physiol, IL, ii., p. 192.
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active exercise of the intellect. The head is wearied with thought ;
and not only 8o, but also with intense physical exercise. The dis-
comfort which bodily strain produces in the hinder resions of the
head are an indication, although of only a very general kind, that
processes have gone on in that loeality which are of great impor-
tance to the succeeding states of consciousness, All this apparent
testimony of immediate feeling is, doubtless, somewhat exaggerated
in an age so distinetively * nervous” as our own ; and this fact may,
perhaps, account in part for the inclination of the ancients fo em-
phasize the more obvious econnection of mental phenomena with the
heart, and other lower visceral organs, to the negleet of all connection
of these phenomena with the brain. But it cannot well be doubted
that a certain amount of testimony from immediate feeling as to the
important relation which exists between the state of mind and the
contents of the cranial eavity, belongs to all human experience.
However uncertain the witness of immediate feeling upon the
point in question may be, very little observation of others is needed
to amplify and confirm its witness. We are not infrequently led to
notice how quickly and profoundly the states of consciousness are
changed by injuries to the brain. The effect of a blow npon the
head in suspending consciousness is decisive of this question. The
intimate loeal conneetion between the organs of sense and the
brain leads naturally to the conelusion that the avenues of sensa-
tion and of perception have in the latter a kind of gathering-place,
as it were. It is but a step from this conclusion to a recognition
of the truth that the physiological significance of the contents of
the eranial cavity consists in their affording a field upon which all
the impressions of sense can meet together, and so furnish the basis
and material of comparative thought. Indeed, it was this line of in-
quiry which probably led certain ancient anatomists, like Herophilus
and Galen, to locate the soul, or psychieal prineiple, in the brain.
£ 3. A great multitude of physical considerations, advanced by
modern science, place beyond doubt the supreme importance of
the brain in its influence upon the phenomena of consciousness,
It has already been stated (Part I, Chapter IIL, § 7) that the free
circulation of arterial blood, with its supply of oxygen, is a
necessary condition for the fulfilment of the functions of all the
eentral organs ; this necessity is especially marked in the case of
the brain. The stoppage of one of the great arteries leading to
this organ, either by compression in the neck, or by embolism at
some point along its course, at once produces profound dis-
turbanees and even complete cessation of consciousness. It has
been calculated that, while the weight of the entire encephalon is
16
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only about one-forty-fifth of that of the body, the supply of blood
used up there is not less than about one-eighth of the whole supply.
This expenditure 1s indicative of the large amount of work done
by the intereranial organs.

More delicate measurements seem to show that the temperature
rises and falls in the whole cerebral area, or at particular eir-
enmseribed recions of the cortex, in close connection with the
psvchical activities. Thus Dr. Lombard found, by measurements
with exact thermo-electric apparatus, that the temperature of the
head during waking hours varies rapidly, though slightly (less
than 1;° C.) ; and that these variations *appear to be connected
with different degrees of cerebral activity. . . . Every cause
that attracts the attention—a noise, or the sight of some person or
other object—produces elevation of temperature. An elevation of
temperature also oceurs under the influence of an emotion, or
during an interesting reading aloud.” Similar examinations have
been carried still further by Schiff,' who has applied extremely del-
icate thermoscopie instruments directly to the cerebral substance
of certain animals (comp. Part L, Chapter IIL, § 21). He finds
that the arrival of sensorial impressions is followed by a rise of
temperature, in certain special areas of the cortical substance, where
—as he supposes—these impressions are diffused ; he also con-
eludes that any resulting psychical activity is itself eonnected with
a still further rise of temperature than that which the sensorial
impressions alone engender. Schift 's coneclusions, therefore, point
not only to the loealization in the entire brain of funections connected
with the phenomena of conscious psychical life, but also to some
distribution of such functions among its various areas. In the
same general divection are the conclusions of Byasson® and others,
as to an increase of waste in the tissues of this organ, which
corresponds, to some extent, at least, with the amount of thought
accomplished. This investigator found that the quantity of sul-
phates and phosphates exereted, in comparison with the guantity
estimated as entering into his diet, was notably inereased in pro-

. portion to the amount of his mental work. That is to say, in con-

nection with an increase in the number and intensity of the
psychical operations stands an inerease in the functional activity of
the cerebral cells, as shown by the expenditure of their phos-
phorized constituents,”

! Archives de Physiologie, 1870, p. 451.

* In the Jour. d. Anat. de Robin, 1868, p. 557 f.

3 See the chapter of Luys on the Physico-chemical Phenomena of Cere-
bral Activity ; The DBrain and its Functions.

T —
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§ 4. Comparative anatomy also indieates the importance of the re-
"lation between the size, structure, and functions of the intereranial
nervous mass and the phenomena of mind. It shows, first of all, a
general but indefinite correspondence between the size and weight
of the brain of any species of animal, as compared with the weight
of its entire mass, and the place of the same species in the scale of
intellicence. This faet is roughly exhibited by the following com-
parative table : '

RELATION OF THE WEIGHT OF THE BRAIN TO THE WEIGHT OF THE BODY,

Tonny-fish.......... L (ERE I 2 T 1: 231
Land tortoise........ Ly AN Nele., oo s Geaina 1: 160
R s e e 1 R 2 ' 1: 104
b 17 Fa e 1: T e TR M
Elephant ........... 1: BN GEbbom ... os 1: 48
Salamander......... 1: 280 Yoong eab............ 131 39
LT PR P 1 861 [Sai—ape ............. 1= 25

Doubtless other tables might be compiled which would lead to
less satisfactory conclusions than the one given above. Even in
this table we note that the elephant stands lower than the sala-
mander or the sheep, both of which animals are, in faet, far in-
ferior to the elephant in intellizence. Large allowance must also
be made in certain cases for peculiarities of physiecal structure ; for
example, the tortoise is rated lower than he would be were it not
for his heavy shell. The law itself is confessedly subject to re-
markable and unexplained exeeptions; at best it holds good only
in a very general way. For example, the relative weight of the
brain is not greatly different in the dolphin, in the baboon, and in
man. It is much greater in the infaney and youth of the human
species than in middle life or old age. In the male child at birth
it is about as one to six or seven (according to Tiedemann, 1 to
5.85 in the male, and 1 to 6.5 in the female). The brain grows with
oreat rapidity for the first few years—the increase during the first
year being estimated at about one cubie centimeter daily. But the
rest of the body increases so much more rapidly that by the end of
the second year it is about 1:14 ; by the end of the third year, 1:18.
It increases in absolute weight until well on into middle life, and
then after middle life diminishes at about the average rate of one

! Taken from Hermann's Handb. d. Physiol., IL, ii., p. 193, as compiled by
Exner, on the basis of the works, in part of Carng, and in part of J. Miiller.
The fignres of comparative weight between the brain and the body are some-
what differently given by other authorities.
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ounce in a deeade. The average relative weight of the adult brain
18 one-fortieth or one-fiftieth. Tiedemann found that the relative
weight of the brain is dependent upon the absolute weight of the
body, and is relatively greatest with licht persons. The human
brain is, however, absolutely heavier than that of any of the ani-
mals exeept the elephant (5-10 Ibs.) and the whale (5-6 1bs.).
Much pains has been taken, by actually weighing different
human brains, or by ealeulating their weight on the basis of eareful
cranial measurements, to establish a law connecting the amount of
the intercranial nervous mass with the comparative intellizence of
races and of individuals." The average weight of the brain of the
adult European is, for the male, from 46 to 52 ounces ; for the fe-
male, from 42 to 46 ounces. Boyd gives the average weight of the
brain of the male, at the period of life when it is most developed
(twenty-five to forty years of age), as 46.8 ounces (1,321 grams, 91
centigrams). This difference between the sexes is not wholly de-
pendent on difference in bulk of body, but is an important sexual
distinetion. The brain of man is on the average ten per cent. above
that of woman ; the difference in average stature is about eight per
cent. Many human brains rise above the upper average ranges ;
others fall below the lower average ranges; and yet no marked
peculiarities of mental development are necessarily connected with
these variations. Considerable quantities of the substance of the
brain may be lost (at any rate from some areas of the cortical sur-
face) without perceptibly changing the mental life. In 278 cases
of males, the maximum weight of brain was found to be 65 ounces,
the minimum 34 ouneces; in 191 cases of females, the maximum
was 56 ounces, the minimum 31 ounces.* Numerous instances of
large excess in the average weight of brain-mass by individuals
eminent for intelligence are on record : for example, Byron searcely
under 79 ounces; Cromwell, only 77 grains less, or T8.8 ounces
(although Vulpian thinks that the national spirit has exaggerated
both these instances); Cuvier, 645 ounces ; Abercrombie, 63
ouneces ; Spurzheim, 55 ounces ; Sir J. Y. Simpson, 54 ounces ; Web-
ster, 53.5 ounces ; Agassiz, 53.4 ounces; Chalmers, 53 ounces.
Other persons of eminence, however, have had brains of only aver-
age, or of under average weight ; thus C. F. Hermann, 46.5 ounces,
and J. F. L. Hansmann, 43.3 ounces. Moreover, brains of high
weight not infrequently oceur without evidence of unusual mental
eapacity, or even in the case of those mentally inferior. Record is

I On the relations of the Brain with respect to weight and mass, see Schwalbe,
Lehrb, d. Neurologie, ii., pp. 589 ff. Erlangen, 1881,
! Results obtained by Sims, Clendinning, Tiedemann, and J. Reid.
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made of four male brains, belonging to persons of no repute for in-
tellectual ability, which ranged from 62.75 ounces to G1 ounces ; of
another such, which weighed 60.75 ounces ; of the brain of a boy
of fourteen which weighed 60 ounces. In the West Riding Asy-
Ium ' for the Insane, out of 375 males examined, the weight of the
brain in 30 ecases was 55 ounces or upward ; out of 300 females
examined, in 26 cases it was 50 ounces or upward. Several persons
afflicted with dementia were found to have brains weighing more
than 60 ounces. On the contrary, idiots, almost without exeeption,
have brains far below the average in weight ; as a rule, the brain
of such an unfortunate does not weigh so much as 30 ounces,
Cases of microcephalous idiots are on record whose brains weighed
only 10.5, or even 8.05 ounces. Here, again, however, singular ex-
ceptions must be admitted ; for in a few cases the brains of idiots
have reached the average weight, and have even, in rare cases, con-
siderably surpassed it.

Although the data adduced to show that the average weight of
brain in the more highly civilized races is greater than in the savage
races, are by no means abundant or conclusive, yet they are suffi-
cient to create a reasonably strong presumption in favor of this
view. Caleulating from the size of the cranial cavity, as ascertained
by measurement of a large number of skulls, it is inferred that the
average weight of brain in the African, Australian, and Oceanie
races generally, falls from 1 to 4 ounces below that of the more
highly eivilized European. It is further noted that there is almost
a complete absence of eases rising above the higher ranges—above
54 ounces, for example ; and that there is not the same difterence
between the two sexes in the uncultivated as in the cultivated
peoples. Davis calculated the average weight of brain among the
Chinese to be about equal to that of the Caneasian race in Europe ;
among the Sandwich Islanders to be some thirty grams less. The
surprisingly low weight of the brain of the Hindus is in part a
function of their smaller weight and bulk of body. It may fairly
be urged in objection, that by the method of measuring skulls
taken somewhat at random we should be likely to find a note-
worthy absence of such exceptional cases in certain quarters
among the European races; and that the relative increase in size
of the female brain among uneduecated peoples is probably, in part
at least, the result of the response of the nervous system to the
demand made upon it for the hard labor performed by the women
among such peoples.

Any law which refers the intensity and range of the mental

* For these facts see the Encyclopadia Britannica, ninth ed., L, p. 879 £.
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activities directly to the size and weight of the nervous mass of the
brain must, therefore, be held only very loosely. It is to be ex-
pected that many unexplained exceptions will meet us, whether we
compare men with the other amimals, or certain races of men
with others, or individual men with one another. No intellicent
physiologist would now think of making mere mass the test of
mental capacity.

§ 5. A more intimate relation of dependence exists between the
amount of intellizence and the complex structure of the brain as
arising to a large extent from the development of the cerebral
hemispheres—that 1s, from their relative size and expanse, and
from the number and depth of their convolutions. In other
words, wealth of expanded and eonvoluted cerebral hemispheres
is, in some general way, a measure of the richness and intensity of
mental life. This convietion becomes stronger the more carefully
the comparative anatomy oi the cerebrum, and the development of
the cerebral hemispheres in the human embryo, are examined.
The forms of brain found permanently in fishes, amphibians,
reptiles, birds, and the lower mammals, are extremely similiar to
those shown in succession by the developing brain of the higher
mammals, and espeecially of man. The most distinetive feature of
man’s superior brain is the marked development in the size, num-
ber, and depth of the convolutions of the hemispheres. In fishes
generally, both cerebrum and cerebellum are very small; but the
eanglia connected with the organs of sense, especially of vision, are
relatively large. In amphibia the cerebral hemispheres are rel-
atively enlarged ; are advanced backward still farther in reptiles ;
while in birds the vesicles of the mid-brain are partially hidden by
the development of the hemispheres. In the lower mammals the
enlargement of these same organs by growth backward continues,
and their two parts become conneeted by a commissure ; but they
still remain comparatively meagre in size and simple in structure,
without mueh distinetion of lobes or division into convolutions. It
is only in the most elaborately developed brains of the higher
mammals that the oceipital lobe enlarges backward so as to cover
mid-brain, cerebellum, and medulla oblongata ; and that the frontal
lobe spreads forward over the nasal cavities so as to constitute a
development of forehead. Meantime the convolutions apparent on
the cerebral surface inerease in number and depth.

The theory suggested by comparative anatomy is confirmed by
the probable view of Meynert, that the whole of this cortical region
of the cerebrum is a great *“ projection-field ” on which the sensory
impulses are marshalled and systematically ordered (to serve, as it
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were, for the physical basis of mental phenomena), as they arrive
from the peripheral regions and are distributed over the outgoing
motor tracts. Certain striking exceptions to the principle of this
theory must, however, be acknowledged. Within each great group
of animals considerable variations oceur in the degree of cerebral
convolution, such that it eannot be said accurately to measure the
degree of inteligence. For example, among mammals the in-
sectivora have brains *‘ poorest” in convolutions, the herbivora
are “richest,” and the earnivora stand between ; the ruminants,
although rather dull and incapable of being taught, have numer-
ous and deep convolutions enough to rank them much higher than
their real intelligence deserves. The marmoset, on the other hand,
the relative weight of whose brain 1s as 1 to 18, shows a compara-
tively smooth and non-convoluted surface, in striking contrast with
that of other monkeys.

Trustworthy data are as yet wanting to place beyond doubt the
probable opinion that the brains of less highly civilized races and
less highly intellectual individoals are relatively poor in develop-
ment of the cerebral hemispheres. The human embryo is, indeed,
an illustration in miniature of the truth of this opinion ; the older
it becomes the more distinetly marked are the lobes of the cere-
bral hemispheres, and the more numerous and deep are their con-
volutions. The brains of idiots are said, as a rule, to be poor in
convolutions ; this fact is doubtless connected with the embryonic
condition in which many of them have remained through arrested
development. Hermann Wagner,' on the basis of measurements
made by his father, undertook to estimate the comparative total
surface of the cerebral hemispheres of four brains, viz.: of two
males of noteworthy intelligence ((iauss, the mathematician, and
Fuchs, the physician), of a male laborer (Krebs), and of a female
in middle life. By weighing carefully the amount of gold-foil laid
on uniformly, which was required completely and closely to en-
velop all the econvolutions of these brains, Wagner conecluded that
the area of concealed surface was, in each case, approximately
equal to that exposed. The total surfaces of the four brains were
thus found to measure—of Gauss, 2,196 square centimeters; of
Fuchs, 2,210 ; of the woman, 2,041 ; of Krebs, 1,877. 1t is a tempt-
ing but rather insecure generalization which concludes from so
few cases that the richness of the cerebral convolutions (the total
surface, both that exposed and that concealed by the sulei), is a
general direct measure of the intelligence,

§ 6. Other interesting attempts have been made to measure the

! Maassbestimmungen d. Oberfliiche d. grossen Gehirns, Cassel, 1864,
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intelligence of the animal by the relative size and structure of
the intercranial nervous mass, and so, definitely, to establish a direct
relation between the fwo ; we notice especially those of J. Miiller,’
and of Meynert.® The great physiologist, Miiller, held that the
position of an animal in the seale of intelligence may be estimated
by comparing the hemispheres of his brain with the corpus quad-
rigeminum. According as the latter organ is relatively large, and
lies behind the hemispheres, uncovered by them, the animal is low
in the scale of intellizence ; according as the hemispheres inerease
in size, and so envelop and bury beneath them the relatively small
corpora quadrigemina, the animal stands high in that scale. This
statement, however, scarcely covers anything more explicit than
the general fact that relative increase of the cerebral hemispheres
is indicative of progressive mental life. Meynert has pointed out
other important relations between parts of the brain, by which he
proposes to measure the intellivence. In the entire mass of the
crura cerebri we may recognize two parts, an upper (legmenlum),
which stands in direet connection with the optie thalami and the
corpora quadrigemina, and a lower (crusta), which is connected
through the lentieular nuclei of the striate bodies with the cere-
brum. Now the greater the hemispheres are in comparison with the
corpora quadrigemina, the greater must the mnass of the erusta be in
comparison with that of the tegmentum. The development of the
pons Varolii is also essentially dependent on that of the crusta, for
the fibres of the latter enter into the former ; the arching of the
pons is therefore connected with the development of the hemi-
spheres. In general, then, the relative development of the entire
tract represented by the erusta, or lower part of the erura cerebri,
and the nucleus lenticularis, the fibres of which expand in the cere-
brum, is—according to Meynert—a measure of an animal’s intelli-
gence. In man the mass of the crusta on the level of the corpora
quadrigemina exceeds that of the tegmentum ; in the other mam-
mals the reverse is true.’

§ 7. The above-mentioned facts of ecomparative anatomy, with
many others similar, show plainly the unique significance which the
masses of the brain, and especially the cerebral hemispheres, have,
as related to the phenomena of self-conscious mind. They may be
supplemented and confirmed through other facts furnished by
physiology, especially of the experimental kind. Upon this point,

! Handb. d. Physiol. d. Menschen, 1844, 1., p. T02 f.

# Bitzgsber. d. Wiener Acad,, LX., iii. (1869), pp. 447-4062.

*For a brief but judicions discussion of this subject, see Briicke, Vorles-
ungen dber Physiologie, 1884, IL., pp. 52 M.
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for the present, reference is simply made to the results of inves-
tigation as already set forth in Part I (see especially Chapter
IV.). Physiology demonstrates that the nervous impulses, so far as
they result in sensation, pass along centripetal tracts which con-
verge from every portion of the periphery toward the brain; and
that, so far as they result in motion following upon idea and voli-
tion, they pass along centrifugal tracts diverging from the same
central masses. It thus confirms the same theory which studies of
the anatomiecal structure of the nervous system suggest, namely,
that in these masses, and especially upon the cortex of the cere-
brum, is the common meeting-place of both kinds of impulses. The
section or injury of any nerve-tract, even in the spinal eord, apar
from indirect and secondaryinfluences, does not affect the psychieal
funetions. In such an event, the parts of the body lying periphe-
rally from the point of interruption are simply withdrawn from all
direct connection with sensations or volitions, Sensory impulses,
then, no longer oeccasion sensations; ideas of motion and volitions
to motion, of the parts thus disconneected, become of no effect in
producing the customary result. It has also been made obvious
that, in proportion as the masses of an animal’s brain are removed
or incapacitated from performing their functions, the evidences of a
varied and complex mental experience are diminished. The simple
spinal cord of a frog, acting as a nervous mechanism, will perform
a few wonderful feats; joined with the medulla oblongata, optic
lobes, and other lower parts of the brain, it will give largely in-
ereased signs of psychical phenomena; it would not be claimed,
however, that the cerebral hemispheres of this animal—relatively
insignificant as they are when compared with those of the higher
animals—are of no speeial importance for its highest psychieal life.
Essentially the same thing, though in more emphatic form, is true
of all animals of a higher grade of intelligence.

§ 8. In the case of man, the cerebral hemispheres are, appar-
ently, the only portions of the nervous system, between the size,
eondition, and molecular activity of which and the phenomena of
consciousness there is a direet correlation. If, then, we are to speak
of mental activities as *localized ” at all, the locality must be in
the cortex of the eerebrum. The position that, in the case of man,
the spinal cord and all the intereranial organs below the cerebral
hemispheres, are incapable of acting as the immedinle physical
basis of mental states, is confirmed even by those experiments upon
other animals, which seem at first sight to diseredit it. The hypoth-
esis that consciousness has a seat in the spinal cord of the frog ;
that, in fact, we may properly speak of the decapitated animal as
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having a soul—has been urged by eminent physiologists (Pfliger,
for example). That the cord alone is capable of various purpose-
ful activities, such as serve, under certain circumstances, as signs
of a psychieal experience, may be demonstrated by experiment
(comp. Part L, Chapter IV., §§ 4 ). DBut unless one is prepared
to maintain that all purposeful activity, as resulting from execited ner-
vous substance, must be correlated with phenomena of conscious
sensation and volition, one ean scarcely assume with confidence
that such phenomena accompany the movements of the decapitated
frog.

What the nervous mechanism will do, when set agoing by the
appropriate stimuli, depends not only on its original structure, but
also on its aequired habits of action. That this law holds good
even for the mechanism of the hemispheres of the brain is obvious
from various facts, Stimulating those regions of the cerebral cor-
tex which are connected with definite groups of muscles, in the case
of the adult animal (for example, a dog), does not call out the same
responses in the animal newly born (that is, under nine or ten days
old). The ease of the bird which has lost its eerebral hemispheres,
and which executes motions by means of the lower basal ganglia,
that seem to indicate a complex psychieal life (comp. Part L,
Chapter IV., § 20) is less easy of solution. Are we to consider
such an animal still capable of ““sensation,” * perception,” and * vo-
lition ?” If this question means whether any phenomena continue
to occur such as correspond to those conscious experiences of our
own to which we apply the above-mentioned words, then we must
confess our inability to answer it.

In general, we know extremely little of the conscious mental life
of the lower animals. What we conjecture is wholly dependent on
the interpretation, given in terms of our human consciousness, to
motions of their bodies resembling those which express definite
conscious states in ourselves. DBut a large part of our own
bodily activity is ordinarily not definitely correlated with any con-
seious mental activity ; for example, breathing, winking, swallow-
ing, changing the posture of the body in sleep and in states of
profound meditation, and especially the very complex operations
involved in walking, singing, playing on musical instruments, or
handling a tool, ete. In all these and similar cases, we find that
the intricate and purposeful play of the mechanism is by no means
necessarily connected with a eorresponding series of conseious sen-
sations and volitions. But in proportion as the hemispheres of an
animal’s brain become relatively developed, not only their abso-
lute but also their relafive significance is increased. The influence
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of the brain proper upon the voluntary movements of an animal
is greater, the higher the animal stands in the scale of cerebral
development and of intelligence. A frog, or a fowl, deprived of
its hemispheres, can do what is quite impossible for a dog or an
ape in the same condition. If, then, man’s nervous mechanism,
especially in case it has been trained to elaborate co-ordinated fune-
tions, ean, without any corresponding accompaniment of mental
phenomena, accomplish so much which appears significant of the
most elaborate psychical activities; a forfior:, it 18 likely that we
may make this mechanism, working without consciousness, account
for most of what is done by the hen or pigeon without its cerebral
hemispheres. Moreover, experimental physiology undoubtedly
tends toward accounting more and more fully for the most com-
plex bodily motions under the terms of physical mechanism.

The most marked result of an animal’s loss of the cerebral
hemispheres is the sudden and great, or total departure of its
intelligence. This fact is, of course, confirmatory of the impres-
sion that the funections of these hemispheres, and of them alone,
constitute the physical basis of its intelligence. 'We confess,
however, our inability to affirm that the * psychical life ” of every
animal is inseparably bound to its continued possession of these
organs. There may possibly be a varied psychical life of animals
that have no brain. Yet in the case of the higher mammals, and
especially in the case of man, we need not hesitate to affirm the
probability of such an inseparable connection. The physical basis
of the phenomena of human consciousness is pre-eminently, if not
exclusively, the convoluted cortex of the cerebrum.

§ 9. It is impossible, accordingly, to avoid raising the inquiry
whether some more definite scheme of the localization of cerebral
functions may not be discovered. The cerebral cortex is itself a
very complex organ, or system of organs. Its different regions
arve marked by comparatively slight, and yet not insignificant, dif-
ferences of structure; they stand in different local relations and
nervous connections with one another and with the ganglia lying
below. This outlying rind of gray nervous matter is, of course,
not a homogeneous mass. It is made up of innumerable nervous
elements combined in various ways and multiform connections.
It may be regarded, then, as a complex of organs, The question
therefore arises: Have the different members of this complex of
organs different relations to definite motor activities in the pe-
ripheral regions, and to the various phenomena of conseious men-
tal life? or, in other words: Have different parts of the cere-
bral hemispheres all the same office and value in relation to the life



S—1

252 EVIDENCE FOR LOCALIZATION.

of sensation and voluntary motion ? This is the question generally
understood under the term—the localization of cerebral fune-
tion.”

§ 10. Most of our definite knowledge concerning the functions
of the other parts of the nervous mechanism creates a presumption
in favor of some localization of cerebral functions. All the different
parts of this mechanism are, indeed, constructed by combining
variously a few elements of essentially the same structure ; all of
them likewise are eapable of exercising essentially the same neural
funections. But each part of this mechanism has also its special
funetions. Thus we found that the different nerves become classi-
fied functionally ; some are motor, voluntary or involuntary, some
inhibitory, some secretory, some sensory, ete. Hints of a certain
kind of classification may be discovered for the smaller ganglia or col-
lections of nerve-cells. In making transverse sections of the cord,
different regions with different funetions appear. Considered lon-
gitudinally, the cord is capable of being more or less definitely
divided into several so-called centres, with specifically different
functions. Localized centres, where specific kinds of reflex-motor
activity have their particular seats, are fairly erowded together in
the medulla oblongata. All the lower parts of the encephalon
appear subject, in a measure, to the principle of localization. Shall
we, then, stop short in our attempts at differencing the functions of
the locally separate parts of the nervous system just at the point
where we reach the most complex and extended organ, or rather
collection of organs, which this system contains?

§ 11. Notwithstanding the strong presumption in favor of the
localization of cerebral function, the beginnings of a successful
attempt to establish this theory are only about fifteen years old.
The doctrines of Gall, Spurzheim, and others in the older school
of phrenologists, proved so inconclusive as to bring contempt
upon subsequent attempts to divide the hemispheres of the brain
into different functional areas. Moreover, certain indisputable facts
seemed to render impossible the assured beginnings of a theory
of cerebral localization. Considerable portions of the human brain,
it was found, might be lost without destroying any one sensory or
motor function. Moreover, the gray matter of the cerebral hemi-
spheres, it was then thought, could not be directly excited by elec-
tricity or by other forms of stimuli. * The greatest experimenters
in physiology, such as Longet, Magendie, Flourens, Matteucei, van
Deen, Budge, and Schiff, declared against the localizing of cerebral
function. 1In 1842 Longet ' affirmed that he had experimented upon

I Anatomie et physiclogie du systéme nerveux, ete., Paris, 1842, i., p. 644 £.
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the cortieal substance of dogs, rabbits, and kids, had irritated it me-
chanieally, cauterized it with potash, nitric acid, ete., and had passed
galvanie currents through it in different direetions, without obtaining
any sign whatever of resulting muscular contraction. In the same
year Flourens ' asserted, on the basis of numerous experiments in
extirpation, that the lobes of the cerebrum perform their functions
with their whole mass; that there is no special seat for any of the
cerebral activities ; and that even a small remnant of the hemi-
spheres can serve all the uses of their collective funections.

So great was the authority of the distinguished names just men-
tioned, that their confident opinions gained general credence. The
evidence brought forward by Broea and others seemed, however,
to show some special connection between n single convolution of
the frontal lobe and the complex activities of articulate speech ;
and the anatomist, Mevnert, held the opinion that the structure
and connections of the cerebrum show its anterior portion to be
in general used for motor, its posterior for sensory functions. In
1867 Eckhard repeated the significant observation which had been
made by Haller and Zinn more than a century before: namely,
that, on removing parts of the cortical substance of an animal's
brain, eonvulsive movements oceur in its extremities.

§ 12. It was not until 1870 that the “epoch-making” experi- |
ments of Fritseh and Hitzig * began the modern era of investiga-
tion into this subject. These observers announced the fact that the
cerebral cortex of dogs is, at least in eertain minute areas of it, ex-
citable by electricity. They pointed out the further fact that, while
some parts of the convexity of the cerebrum are capable of motor
excitation and others not, the motor parts lie in general to the
front, the non-motor to the rear of this convexity. By stimulating |
with an eleetrieal current the so-ealled motor parts, co-ordinated
contractions of the muscles in the opposite half of the body are
obtained. Of such so-called “ motor centres” they indicated, in
their first announcement, the following five: One for the muscles
of the neck, another for the extension and adduection of the fore-
limb, another for the bending and rotation of the same limb,
another for the hkind-limb, and lastly one for the face. From such
facts they drew the conclusion that the prineciple announced by

! Recherches expérimentales sur les propriétés et les fonctions du systéme
nervenx, ete,, p. 99 £.

*Bee the article by G. Fritsch and E. Hitzig in the Archiv f. Anat., Phy-
giol., ete., 1870, pp. 300-832 ; and subsequent articles by Hitzig in the same
Archiv, 1871, 1873, 1874, 1875, 1876 ; also his work, Untersuchungen iiber
das Gehirn, Berlin, 1874,
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Flourens is demonstrably false. We must rather admit, say they,
that * certainly several psychical functions, and probably all, are
shown to have their point of entrance into matter or of origin from
it at circumscribed cenfres of the cerebral cortex.”' The same
prineiple was subsequently defended at length by Hitzig, and the
number of so-called cerebral centres increased. The most note-
worthy facts which these experimenters first made clear and de-
monstrable have since been verified by many investigators, Many
of these facts may, with care and skill, be verified by any observer.
Dr. Ferrier in particular has used the method of Fritsch and Hitzig
| to map out the hemispheres of the brain of the monkey into no
fewer than fifteen kinds of centres. The testimony of human pa-
thology, and the evidenee of comparative anatomy and of histology,
have also been largely drawn upon either to confirm or to confute
the conclusions originally based on experiments with animals. Be-
fore considering the conclusions themselves, it is necessary to
understand the true nature and extent of the various kinds of evi-
dence.

§ 13. Exner® has well said that ““a physiology of the cerebral cortex,
in the sense in which there is a physiology of the muscle, ete., scarcely
exists at the present time.” The reasons for such a deficiency lie
partly in the very nature of this organ and the place it holds with-
in the animal economy ; as well as partly, perhaps, in certain prej-
udices which have hindered the physical theory of a material struet-
ure so intimately related to the action of the mind. The cerebral
cortex of the animals is experimentally approached only by over-
coming immense difficulties. Moreover, those physical and chemi-
eal processes of the cerebral substances, to which'we must look for
any strictly scientific understanding of its physiology, are placed
almost utterly beyond reach of investization. Reasoning must fill
up with conjecture the great gaps that lie between a very complex
series of physical oecurrences, only a part of which are observable,
on the one side, and on the other, an equally complex group of
psychical occurrences. The latter belong to a different order of
phenomena from the former; and, moreover, in the case of the
lower animals—which must be selected almost exclusively for ex-
periment—we know nothing of these psyehieal oceurrences except
through physical signs that are peenliarly liable to misinterpreta-
tion. The result is that our conclusions on the localization of cere-
bral function must be reached by considering a great multitude of
complicated facts, many of which appear to take sides with contend-

! Archiv, £, Anat., Physiol., ete., 1870, p. 832.
? See Hermann's Handb. d. Physiol., IL, ii., p. 189,
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ing champions of different theories who alike appeal to them. It
is only by observing the directions in which the different lines of
evidence seem to point in common, that we ean reach even a prob-
able opinion upon a few points,

$ 14. Three great lines of evidence, leading from three great
groups of facts, must be considered. These are the evidence from
experimentation, the evidence from pathology, and the evidence
from histology and comparative anatomy. FEach of the three has
its peculiar advantages and value ; each also its peculiar difficulties
and dangers. It is only by regarding the combined testimony of
the three that the highest probability at present possible can be at-
tained.

Experimentation with a view to discover the localized funetions
of the cerebral cortex is of two kinds, stimulation and extirpation.
Here, too, what has already been said (Part I, chap. IV, § 14) con-
cerning the difficulties of the same mode of investigation in the
sub-cerebral regions of the encephalon must be reealled and made
more emphatic. All experiment by stimulation of certain areas of
the hemispheres of the brain relies, of course, upon the argument
that those areas whose stimulation is followed by the movement of
definite groups of muscles are especially connected with such groups
of museles. The further assumption is likely to be made that these
areas constitute the speecial organs which bave eontrol, as it were,
of the same museles. Since it seems to be a general principle that
the sensory and motor nerve-tracts distributed to any region of the
periphery come into tolerably close local relations to each other
somewhere within the entire field of the cerebrum, it would seem to
follow that some special connection exists between certain classes
of sensations and volitions and the cireumscribed areas of cortical
substance pointed out by experiment. It should not be forgotten,
however, that the excitation of any group of muscles, by applying
stimulus to some area of the cerebral cortex, proves only that this
area is somehow connected with such group of muscles. It still
remains to be shown that sensory impulses, on arriving from such a
peripheral portion of the body, serve as the physical basis for the
psychical phenomena of sensation solely within this cireumseribed
central area ; or that conscious volitions, in order to be followed
by motion in this peripheral portion, must give rise to the mole-
cular commotion of the same area.

§ 15. By far the most efficient and manageable stimulus for ex-
perimenting upon the localization of eerebral function is the electrical
currenf. Mechanieal or chemical irritation may, however, be em-
ployed in certain cases. The use of the electrical current incurs,
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of course, the danger of its diffusion. Important objections, based
upon this fact and upon other grounds connected with the use of
electricity, have been raised to the conclusions of Hitzig." To
Hitzig's claim that the electrical currents which exeite the so-ealled
motor areas are * very wealk,” and therefore unable, at A very slight
distance from the place of the application of the electrodes, to affect
the nervous substance, Hermann replies that, on the contrary, con-
sidering the effect antecedently to be expeected, these currents are
“surprisingly strong,” and that the brain, in diffusing the currents,
must act like any other substance (e.g., a mass of copper) of similar
form—that is to say, the distribution of such a current in the sub-
stance of the brain i1s a purely geometrical funetion of the form of
this substance and of the position of the electrodes. Moreover, it
is found that inereasing the strength of the eurrent applied to a
so-called ““motor area " invariably inereases the size of the cortieal
region thrown info activity. That extra-polar conduection actually
takes place in the substance of the brain has been shown by Dupuy,
and by Carville and Duret; contraction of the muscle of the rheo-
scopic frog and defleetion of the needle of the galvanometer, at re-
mote distances from the electrodes, prove that the ecurrent passes
along the whole extent of the cerebral hemisphere. The excitability
of the cortical substance continues for hours after its exposure to the
air, or after acids have completely destroyed its external third por-
tion. If the cortical area be separated by a eircular eut from all
connection with the nervous substance below, it is still excitable with
only a slight increase in the strength of the stimulus applied. Or
if the gray substance of the surface be wholly removed, and the
electrodes plunged in the blood of the eavity of one of these so-
called motor areas, the customary results follow. Still further, the
size of the cirele within which the minimum amount of stimulus,
when applied to eertain gyri, will serve to excife the hind-limb of
the animal, remains about the same whether the amount of cortical
surface contained in the circle be largely increased by a sulcus
erossing if, or not.

From facts like the foregoing it is argued that, while beyond
question the application of a given amount of stimulus to certain
gyri of the cortical surface will produce definite motor results, we
cannot affirm those gyri to be the true corfical centres of such
motion. Such gyri have accordingly been regarded by some as
merely connected with the excitation of motion in a mechanical

! See especially the article of Hermann describing investigations under-
taken by him in company with von Borosnyai, Luchsinger, and others,
Pfliiger's Archiv (1875), x., pp. 77 fL.



EFFECTS OF ELECTRICAL STIMULATION. 257

way, through their service in condueting the electrieal stimulus to
other regions of the brain, especially to the basal ganglia, The
argument for the theory of localization would need to show, how-
ever, that the electrical current stimulates these arcas immediately
to the exercise of their central nervous functions, and does not
simply pass fhrough them to excite other nervous matter lying
beneath.

To the foregoing objections the advocates of the theory of locali-
zation make the following among other replies: * The effect of irri-
tation of the basal ganglia is eapable of exact estimation ;” ' and
definite localized eontraction of single groups of muscles, such as
comes from stimulating certain areas of the cortical surface, does
not follow from irritating the basal ganglia. Stimulation of other
areas of the cortical surface which lie nearer to the basal ganglia—
for example, of the island of Reil, which immediately overlies the
corpus striatum—causes no movements. On the contrary, it was
found by Carville and Duret that the phenomena evoked by stimu-
lating the motor areas persist, even after the destruetion of the
corpus strintum. Moreover, when the animal is deeply etherized,
the excitability of the cortical regions is partially or wholly lost.*
Since the physical conductivity of the gray nervous substance is
not impaired by the anmsthesia, the loss of function must be due
to the functional condition of this substance. More conclusive do
the facts appear to be, which show that the nature of the motor
reaction following upon the application of stimulus to the cortieal
substance is peculiar. Many observers have found that a stronger
stimulation is necessary to bring about the same motor results
after the cortical surface is removed ; this is what we should expect
on the theory of loealization, but the reverse of what would be
true if the effect of the current was transmitted unchanged through
this surface. Then, too, Franck and Pitres® have shown that the
effect of the electrical current is retarded in the gray matter; the
difference of time, as dependent upon whether the stimulus is
applied to the gray matter or to the white lying beneath, being
about 0.015 second. This interval must be spent in evolving,
under the influence of the stimulus, the distinet neural function
which belongs to the gray matter. Finally, the excitation is appar-
ently reinforced in strength by the functional activity of the cor-
tical substance, since—as we have just seen—a stronger stimulation
is needed to produce the same result after this substance is re-

! Ferrier, The Functions of the Brain, London, 1876, p. 133 £.
* See Hitzig in Archiv f. Anat., Physiol., ete., 1873, p. 402.
¢ Mchii.fs de physiologie, 1875.
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moved ; such reinforcement is the peculiar property of the central
organs,

It seems obvious, therefore, that experiments with electrieal
stimulation of the cortical surface demonstrate a special connection
between certain more or less definitely circumscribed areas of
that surface and definite groups of muscles ; they also create a
strong presumption that this eonnection is not merely anatomical
or structural, but also funetional.

§ 16. The second kind of direet experimental evidence is de-
rived from observing the effects of extirpation. It is natural to
argue that those areas of the brain, the loss of which is followed
by the loss or disturbance of motion in definite groups of muscles,
or by the loss or disturbance of any class of sensory impressions,
are functionally related in a peculiar way to such muscles or organs
of sense. DBut the application of this argument is encompassed
with many difficulties. In the first place, it is impossible at
each stage of the experiment—which often inecludes several days
or months of observation—to know precisely what the condition
of the brain is. Post-mortem examination of the brain reveals only
what was the final effect of the experiment in destroying its
tissues. The rise and fall of local or extensive inflammations, the
progress of degeneration in the nerve-tractsand of abscesses result-
ing from the primary lesions, ete., cannot be followed by the ex-
perimenter in detail. Nor can he direetly observe the formation
and eduecation of the tissue as it is called upon for an increase in
the amount of its former funetions, or perhaps for the discharge of
functions partially new. As a rule, then, it is found that the
effects of extirpation change from time to time ; some of them are
of first importance and cannot well be overlooked, and others are
so delicate and minute as almost wholly to escape observation ;
some speedily pass away, others more slowly, still others perhaps
not at all. The diffieulties are, of course, especially great when
we try to deal with effects upon the animal’s sensory apparatus and
his psychical world of sensations and perceptions. To tell whether
an animal sees, hears, feels, smells, and tastes, or not ; and to tell
precisely in what sense it exercises these funections—whether, for
example, its deficiency is “ soul-blindness” in any of its various
degrees—are not tasks whieh it is easy to perform, or about the
correct performance of which one can indulge in a boundless
eonfidence.

The demonstrative value of both kinds of experimental evidence
—eleetrization and extirpation-—1s much lessened by the fact that
it is almost wholly derived from the lower animals. Ethical con-
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siderations, which few investigators dare even oceasionally to dis-
regard, forbid that the living human brain should be made the
subject of similar experiment. In order, then, to draw any safe
conclusions from this evidence, it is necessary not only that the
application of the principle of localization in general should be as-
sumed, bufb also that some right should be gained to transfer to
the hmman brain from the map of the cortical surface of the ani-
mal’s brain, the so-called motor and sensory areas which have been
determined by experiment. DBut it is not even in all cases clear,
precisely what convolutions or parts of convolutions of the human
cerebrum correspond to those previously marked out on the brain
of the animal. Moreover, in the effort to make any such transfer-
ence of the argument from the animals to man, we meet again with
the insuperable difficulty of forming a correct mental picture of
the psychical life of the animals,

§ 17. The evidence from human pathology for the localization of
cerebral function has a peculiar value ; but it has also its peculiar
puzzles and dangers. Such evidence is free, indeed, from the ob-
jections which arise against all attempts to earry the argument over
from the cerebral hemispheres of the lower animals directly to
those of man. Nature and human intercourse are less kind to this
wonderful mass of nerve-cells and nerve-fibres than the electrodes
and knife of the physiologist are compelled to be. Accident and
disease destroy, either suddenly or progressively, the different
areas of the cortical substance of the human brain. They have, in
various cases, made such a variety of attacks upon it as to cover all
the areas of both hemispheres. If, then, we had a large collection
of cases in which the lesions were definitely circumseribed, or the
progress made by the destruction of tissue was aceurately recorded
for every stage ; and if we had also a correspondingly definite and
accurate description of the motor and sensory disturbances occa-
sioned by these lesions, we might perhaps be able to make a toler-
ably coneclusive induction. But losses of brain-tissue, when caused
by accident and disease, have not the same cireumseribed limits
which can be observed by the knife or corroding acid of the physi-
ologist. Lesions of the cortical areas entirely free from complica-
tion with lesions in the sensory and motor tracts below are compar-
atively infrequent. Cases of total destruction of any so-called “area™
on both hemispheres, and of such area alone, rarely or never oceur.

Furthermore, it is only by careful posi-mortem examination that
the precise extent of the pathological changes can be known ; this
examination, at best, reveals simply the last state of the case.
The reports of post-mortem examinations are also, as a rule, lacking
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in precision. On the other hand, the symptoms of motor or sensory
disturbance are rarely deseribed, from beginning to end, with suffi-
cient accuracy of detail to be of great service, Many large losses
of cerebral substance are followed by no sensory or motor disturb-
ances which can be distinetly traced. In large numbers of cases
where such disturbances arise, they in time pass almost or quite
wholly away. For these and other reasons the best evidence at-
tainable from pathological eases, when collected and sifted, appears
surprisingly confusing and self-contradictory. Pathology has, there-
fore, furnished the common fund of cases from which the most di-
verse and even contradictory theories have drawn at sight their stock
of so-called proof. It has been used as the careless and false witness
upon which either party, and all parties to the suit, could call for
precisely the testimony desired. An increase of information and
care on the part of those who have opportunity for anfe- and post-
smorfiem observation of such ecases will doubtless, in time, cause
pathology to yield much more assured results.

§ 18. The third kind of evidence to which the prineiple of the
localization of cerebral funetion may appeal comes from compara-
tive anatomy and histology. Comparative anatomy, however, gives
us evidence of only the most general kind. Combined with exper-
iment by electrical excitation, it shows that, on the whole, the
higher the structure and intellizence of the animal, the more nu-
merous and more definitely marked are the * excito-motor areas”
which may be discovered on the hemispheres of its brain. Only
traces, as it were, of such areas can be found upon the cerebral
hemispheres of the frog or the pigeon ; only a few areas ean be
doubtfully pointed out for the rat or guinea-piz. The indieations
are clearer and more numerous of localized cerebral function in
definite centres of the brains of the rabbit and the sheep. But it
is in dealing with the cerebral convolutions of the more highly
gpecialized brains of the dog, and particularly of the monkey or the
man-like ape, that the proofs of the theory become most abundant.
‘While, then, the argument from all the other animals to man is
uncertain and should be used only with great caution, the general
drift of comparative anatomy encourages us to place the greater
confidence in it, the more nearly the brain of the particular animal
from whose case we wish to draw the inference resembles the
brain of man. At the same time, the rash confidence with which
the brain of the monkey has been mapped out in detail, and human
pathology thereupon ransacked with the purpose of finding some
warrant for copying this map upon the brain of the human species,
cannot be too carefully avoided.
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Histology supplements and confirms the other evidence by show-
ing that the structure and connections of different parts of the
cerebrum are such as we should expeet them to be, in case the
functions of the parts were such as experimentation and pathology
seem to have discovered. The modern arts of microscopy and
photography have made possible an inereasingly accurate knowledge
of the intimate strueture of the brain. Many great difficulties,
however, still remain in the way of such perfection of this knowl-
edge as will make it available as a secure foundation for a theory
of the localization of cerebral function. Af present the histology
of the human ecerebral hemispheres is not in a condition to fake
the place of a leader of physiological experiment and pathological
observations. Its office is still rather that of rendering supple-
mentary evidence in correction or confirmation of the evidence
from the other two sources. Thus, for example, if Gliky's belief
that he traced the nerve-tracts from the so-called motor centres of
the cerebral hemispheres as they bend around the striate bodies
and run into the crusta of the erura cerebri should be demon-
strated, this fact would constitute an item of confirmatory evidence
furnished by histology to experimental physiology and pathology,
in favor of their general theory.

§ 19. According to the foregoing view of the nature of the three
kinds of evidence available, it would seem that, in collating and
estimating the combined proofs from them all, the following course
of inquiry should be pursued. The indications of experiment upon
the cerebral hemispheres of the animals—especially of those most
closely allied to man in their cerebral structure—by the two
methods of stimulation and extirpation, must first be gathered and
carefully weighed. Only those coneclusions upon which the two
methods are found to yield substantially the same results should be
selected for further testing. The instances of localization of cere-
bral function thus detected in the other higher mammals must
then be allowed to suggest to pathology the questions it should
undertake to answer with reference to man. In other words, ex-
perimentation with the other animals suggests and strengthens the
hypothesis which human pathology must try to satisfy. But in
undertaking to test such hypothesis, pathology must be both fair
and comprehensive in its observations. All the accessible patho-
logical cases must be sifted and those only selected to bring for-
ward as evidenee which have the definite nature, and have received
the careful examination recorded in detail, that are necessary to
make them of real value. The corrective or confirmatory evidence
of histology must then, so far as possible, be summoned to aid in
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forming our final conclusions. It is not until all the kinds of proof
unite with a large and substantial agreement, if not with an abso-
lute uniformity, that we can feel the utmost confidence attainable
in our results. If it be found that certain regions of the cerebral
hemispheres of the higher animals are the only ones to respond
when stimulated with movements in definite peripheral parts of the
body, and that the injury of those same central regions alone, or
chiefly, causes motor and sensory disturbances in the same periph-
eral parts ; if it also be found that lesions of the corresponding
regions of the human brain are alone, or chiefly, followed by similar
motor and sensory disturbances, and that lesions of other regions
alone are rarely or never followed by these same disturbances ; and,
finally, if it be found that these same cortical regions have in the
human body a speeial anatomical connection with these same pe-
ripheral parts ; then we have reached the most conclusive evidence
attainable for a theory that the cerebral funetions are loealized in
the case of man. But precisely what is meant by such “localiza-
tion ” may still remain more or less a matter of dispute. We con-
sider now a summary of the evidence according to the foregoing
prineciples.



CHAPTER IL
THE LOCALIZATION OF CEREBRAL FUNCTION. [CosTiNuEp.]

§ 1. Ox attempting to make an induction from all the three kinds
of evidence which may be adduced in answer to the question,
whether the different funetions of the cerebral cortex have special
relations to its different loealities, no other difficulties are on the
whole so great as those which come from so-called “ negative cases.”
These negative cases force the inguirer to undertake a detailed ex-
perimental and pathological examination. “That the cortex of the
cerebrum, the undoubted material substratum of our mental opera-
tions,” says Ecker,' ““is not a single organ, which is brought into
play as a whole in the exercise of each and every psychieal funetion,
but consists rather of a multitude of mental organs, each of which
is subservient to certain intellectual processes, 1s a conviction which
forces itself upon us almost with the necessity of a claim of reason.”
But even the proposition that the brain is the ““ material substratum
of our mental operations,” is very far indeed from having the char-
acter of a rational necessity. The further proposition that the cor-
tex of the cerebrum * consists of a multitude of mental organs,” is
an inadequate statement of a conclusion which, at the very best,
we can adopt only as the result of a long series of complex and con-
flicting researches. In faet, considerable areas of the cortical sur-
face appear, at first, nof to have any immediate relation to any psy-
chical function whatever.

The first general principle to be admitted in all attempts at a
theory of the localization of cerebral function is, then, of a nega-
tive character, This principle is based upon the negative results
of physiological inquiry. Considerable areas of the cortical sur-
face do not respond with motor activities when stimulated. Con-
siderable portions of the cortical substance may be extirpated or
lost by disease without the destruction or appreciable disturbance
of any motor, sensory, or more purely intellectual functions. To
such an astonishing extent is this true as to throw temporary doubt
not only over the whole theory of the localization of cerebral fune-

' The Convolutions of the Human Brain, p. 1. London, 1873,
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tion, but even over the statement that the eerebral cortex, as a whole,
is the only * material substratum ” of mental operations.

§ 2. Attention has already been called (Chap. L, § 11) to the fact
that Longet, Flourens, and other great physiologists, considered
the eerebral hemispheres to be active as a whole in all their fune-
tions, and this, partly, because they found them not irritable by the
electrical eurrent. The discovery of Fritsch and Hitzig in 1870 de-
monstrated that a part of the hemispheres of the dog, and a part
only, gives signs of being excited by the application of stimulus.
This part they called * motor,” and located, in general, in the fore
part of the hemispheres ; behind lay the region ecalled * non-mo-
tor,” because it gave no response on being stimulated.'! Even with-
in this so-called “ motor” region the early regearches of these in-
vestigators pointed out only five spots of a small fraction of an inch
in diameter (the eleetrodes were, as a rule, separated not more than
2-3 mm.) that could be more definitely related to the movement of
eertain groups of museles ; between and around these spots lay the
much larger areas of negative result. Subsequent experiments
added a few more such irritable areas to the map of the cerebral
hemispheres of the dog. A large number of so-called centres, cover-
ing an inereased amount of the cortical surface, have been pointed
out by Ferrier and others on the eerebral hemispheres of the mon-
key. Fully half of this number, however, eannot be regarded as
having anything like a demonstrable character ; and much fault has
justly been found * with many operators upon the brains both of
monkeys and of dogs, for their lack of precision in experiment, and
haste in drawing conclusions.

Experiments in extirpation also show that considerable areas
of the cortieal substance may be removed without perceptibly im-
pairing any of the motor or sensory funetions of the animal. In-
deed, even when the loss of the cortical substance, thus artificially
produced, extends over almost an entire hemisphere, or over a large
portion of both hemispheres, the operation may not result (in the
case of the dog, ordinarily does not result), in the permanent and
complete loss of any specific function, motor or sensory. So true is
this that one eminent observer, Goltz, has maintained, on the basis

I Archiv f. Anat., Physiol., etc., 1870, p. 511.

? Bee, for example, Munk's strictures of Ferrier, Ueber d. Functionen d.
Grosshirnrinde, Berlin, 1881, pp. 14 ff. (also p. 6 £. ; 86 £.—** rok war operirt,
roh beobaclifet, roh geschloggen ™). On the other hand, the charge of careless-
ness in experiment, and of illogical conelusions, is freely made against Munk
himself, both by advocates of rival theories of localization, like Dr. Yeo and

others, and also by opponents of all theories of localization, like Golta, Lib,
and others,
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of many experiments in extirpation, that it is chiefly the quantity of
the cerebral substance destroyed, in large measure irrespective of
the loeality, which determines the nature and extent of the result-
ing psychical disturbances. The arguments of Goltz (as he him-
self admits) do not answer those urged for a certain kind and de-
gree of the localization of ecerebral funetion. But his experiments
furnish a large number of faets which emphasize the negative char-
acter of many of the results of experiment. This fact is in itself
undeniably unfavorable to any theory which would map out the en-
tire cortical surface into so-called cenfres or areas, to be considered
as separate organs of particular psychical processes.

§ 3. The negative evidence from certain cases in human pa-
thology is yet more astonishing and perplexing. At first sight it
seems to suggest the conelusion that the mind can dispense, with-
out impairment, with a considerable mass of brain-substance, no
matter from what region it be subtracted. Many ecases of large le-
sions of the cerebral hemispheres in man, with no resulting disturb-
ance of the psychical functions, are recorded.’

Berenger de Carpi tells of a young man who had a foreign body
of four fingers’ breadth square driven into the substance of his
brain until it was buried. Much of this substance was lost when
the foreign body was removed, and more yet some thirteen days
later. Nevertheless, the patient lived for a long time in the enjoy-
ment of all his faculties.

Longet was acquainted with an army officer who had lost, by a
wound in the parietal region, a large quantity of brain-substance ;
yet he remained mentally vivacious and showed no other result of
the lesion than a tendency to grow tired easily. The same authority
communicates * the ease of an Italian whose skull was erushed in
the right parietal region by a stone. So much of the substance of
the brain was lost on the wound being dressed, and subsequently
through a fall from his bed (on the eighteenth day) and through
intoxication (on the thirty-fifth day), that the attendant physician
calenlated the lesion must have reached down nearly to the corpus
callosum. The man, however, lived without any apparent impair-
ment of psychical funetions ; but we note in this case a permanent
laming of the limbs of the left side.

! Bee the list of such cases in Ferrier, the Localization of Cerebral Disease,
London, 1878, pp. 25 ff.; Hermann, Handb. 4. Physiol., IL, ii., pp. 333 ff.;
Briicke, Vorlesungen iiber Physiol., IL, p. 57 f. Wien, 1884 ; and the works
cited by the two former, especially Pitres, Lésions du centre ovale, Paris,
1877.

! Recorded, however, by Quesnay.
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A remarkable case is narrated by Briicke,' on the authority of
a certain- Dr. Kratter. By a blow from a stone on the parietal
region of the skull, one Ivan Mussulin was thrown to the ground ;
but within two hours he recovered so that he himself went to
the “ praetor” and entered complaint against his assailant. For
twenty days he lived in apparently full possession of his powers
of motion, sensation, and intelligence ; on the twenty-first day he
suddenly died. The entire left cerebral hemisphere was found on
examination to be a disorganized mass. It is to be noticed, how-
ever, that the autopsy did not take place until some eighteen hours
after death, and that we have no good means of judging what the
condition of the injured hemisphere was during the twenty days
preceding his sudden death.

Remarkable instances of defective brains are also on record ; for
example, the case which Lallemand narrates of a person of normal
psvehical constitution in whose cerebrum the entire place of the
right hemisphere was, after death, unexpectedly found to have
been filled with a serous fluid. Here again, however, there had
been lameness of the left side of the body from birth.

Extensive lesions without marked motor or sensory disturbances
occeur by far most frequently in the frontal lobes of the cerebral
hemispheres. Yet similar negative eases are by no means infre-
quent also in the oecipital and temporo-sphenoidal lobes. Trous-
sean narrates the ease of an officer who was shof through the head
in the middle of the frontal lobes, and who showed until death,
which occurred from inflammation, no signs of any kind of paral-
ysis. The work of M. Pitres*® contains a large collection of cases,
in which the frontal lobes have been the seat of extensive disease,
of softening, or of abscess, without any symptoms of laming what-
ever ; in most of which, also, no disturbance of psychieal con-
dition was observed. That sudden extensive lesions may oceur in
this region without inducing sensory or motor paralysis, is shown
in a marked way by the celebrated *American crowbar case.”’
By premature discharge of blasting powder an iron bar, three feet
seven inches in length and one and one-fourth inch in diameter,
was driven through the brain of a young man. The missile en-
tered at the left angle of the jaw, and passed through the top of the
head near the sagittal suture in the frontal region ; it was picked
up at some distance off, covered with blood and brains. The pa-

! Vorlesungen iiber Physiol., IL, p. b7.

* Lésions du centre ovale.

* Bee the paper in the Am. Journal for Med, Sciences, by Dr. Bigelow, July,
1850, and the one read before the Mass. Med. So. by Dr. Harlow, June, 1868,
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tient, although for the moment stunned, recovered in a few min-
utes so as to ascend a flight of stairs and give to the surgeon an
intelligible account of his injury. He lived twelve and a half years
afterward, with no npoticeable impairment of his sensory-motor
powers. Examination of the skull showed that the substance de-
stroyed by the bar must have been confined to the frontal region,
with the possible exception of the tip of the temporo-sphenoidal
lobe.

Boyer narrates the case of an epileptie child, that showed, how-
ever, no other abnormal nervous phenomena, whose entire temporal
lobe on the left side was found to have been destroyved. Instances
of extensive lesions in the oceipital lobes, without any resulting
sensory or motor disturbances, might also be given.

§ 4. It must be confessed, in the words of Exner,' that the
understanding of cases of this sort “ is made more difficult rather
than easier by recent researches.” Nevertheless, a large amount
of concurrent testimony from all three main sources of evidence
proves that some theory may be framed in acknowledgment of a
more definite localization of cerebral function. Such theory ean
be most elearly established with respect to the cerebral region
especially coneerned in the motor funections. This region is the
one lying about the great central fissure, or fissure of Rolando;
more precisely still, it embraves the gyrus cenfraliz anterior, the
gyrus centralis posterior, and the prolongation of the two on the
median surface of the brain in the lobulus paracentralis. (Comp.
Figs. 87 and 88). More definite localizations still, of smaller re-
gions within the larger one—e. g., for the upper limbs, for the lower
limbs, for the separate fingers, ete.—are more doubtful ; they can
by no means appeal to the same amount of evidence as that at com-
mand of the more general induetion.

§ 5. The evidence from experiments in stimulation indicates that
we are to look for the so-called “motor areas™ in the above-mentioned
convolutions about the fissure of Rolando. The original experi-
ments of Fritsch and Hitzig® located the five motor areas as fol-
lows: The centre for the muscles of the neck (marked A in the
firure) in the middle of the pra-frontal gyrus at the spot where its
surface falls off steep ; the centre for the extensor and adductor of
the fore-limb, at the outermost end of the post-frontal gyrus in the
region near the end of the frontal fissure (+ in the figure); the

! In Hermann's Handb, d. Physiol., IL., ii., p. 334.

*See Archiv f. Anat., Physiol., ete., 1870, p. 312 {.; comp. Taf. IX B. by
Hitzig in the same Archiv for 1873, from which the accompanying figure is
taken,
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centre for the bending and rotation of the same limb, a little
farther back (+ in the figure); the centre for the hind-limb, in
' the post-frontal gyrus but to-
ward the median line of the
hemisphere and back of the
preceding two centres (3 in
the figure) ; the facial centre,
in the middle part of the
gyrus lying above the fissure
of Sylvius(-¢—0in the figure).
These experimenters found
also that the muscles of the
back, tail, and abdomen, were
excited to contraction by
stimulating points lying be-
tween those marked as above ;
but they could not definitely
eirenmseribe the cortical areas

Fic. 85.—Hitzig’'s Motor Areas on the Cortex of the : :
Dog. The lefc hemisphers belongs to one animal, Whl.ﬂh were to be usmgned to

the right to another; a, the suwlcws cruciofus, ge muscles.
aronmd which the pyrus sigmoidens bends § oooo, ﬂ.‘l{!“-}ﬂ Heazs

ﬂ?ﬂurf{;:hf'm' The other symbols are explained Bj' reference to the chart
of the numerous “ centres of

electrical irritation ™ which Ferrier ' claims to have discovered on the
cerebral hemispheres of the monkey, it will be seen that they are set
elose together in the two
central  convolutions
(guyri  centrales, ecalled
by Ferrier the *“ascend-
ing frontal” and “as-
cending parietal ”) and
in the immediately ad-
joining parts of the
frontal and temporo-
sphenoidal  eonvolu-
tions, Thus, the cen-
tres (2, in part), (3), (4,
in part), (5, in part),

Fia. 84.—Arens on the Left Hemisphere of the Monkey, by
{{j}-_‘ ET}, {8), (Q)F and stimulating which Ferrier obtains moiion in definite gronps

of musclos,

(10), are located in the
anterior central (“ascending frontal”) convolution ; (2, in part),
(4, in part), (11, in part), and (a), (b), (c), (d), are placed on the poste-

! See The Funetions of the Brain, pp. 141 ff., 1491, and 305 f, London, 1876,
In the second edition (1886), pp. 240 ff.
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rior eentral (** ascending parietal ”) convolution ; the centres (12) and
(5, in part) are situated on parts of the superior and middle frontal
convolutions adjacent to the anterior central; and (14) on the su-
perior temporo-sphenoidal convolution.

Further and more recent information seems to render the experi-
ments in the electrization of the cerebral areas of animals more
available for use in confirming the general arsument in behalf of
some kind of loealization of cerebral function in the case of man.
Luciani and Tamburini, as well as other experimenters, have agreed
with Hitzig and Ferrier in finding small, eircumseribed motor cen-
tres on the cortex of the dog, monkey, rabbit, and other animals.
Some experimenters (Bochefontaine and Vulpian, e.g.) claim to
have discovered that the minnte areas, at first excitable, after a
time cease to be so; and that other areas, at first not excitable,
afterward become excitable—that is, a displacement of the exeit-
able points takes place.

More recently still, it has apparently been discovered' that Ex-
ner’s view (to be explained subsequently) of the existence of * ab-
solute ” and * relative ” motor fields in the case of man is probably
applicable to the animals also. Paneth found that a number of
minute areas (or spots) for each one of the several groups of muscles
could be detected as lying in the larger * excitable zone ” of the
cortex. These areas, unlike the immediately surrounding ones,
could be excited when cut around, but not when cut beneath ; the
fibres whose funetion it is to bring a definite group of muscles to
contraction seem then to proceed direetly from these cortical spots
to the lower parts of the brain. A number of such belong to each
musecle excitable ; buf only two general “ fields” are distinguish-
able, within which all the isolated motor spots are located ; one
field is for the exfremities, the other for the orbicularis palpebrarum.
The former is situated in the posterior division of the gyrus sig-
motdeus. The minute areas for the different musecles of the ex-
tremities are sharply limited ; they do not wholly cover each other ;
and those for any special musecle (the extensor digitorum of the fore-
foot, ete.) are of small extent in comparison with the field or zone
which may be looked on as common to all the extremities. The
excitability of the different muscles is not all alike ; this Paneth ex-
plains by assuming that the number of nerve-elements assigned to
each is not alike.

§ 6. Erperiments in extirpation confirm, at least in a general way,

! See the art. of J. Paneth, ¢ Ueber Lage, Ansdehnung, und Bedentung der
absoluten motorischen Felder," etc., in Piliiger's Archiv, xxxvii. (1885} pp.
520 ff.
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the above-mentioned results of experiments in stimulation. The
destruction of the substance of those cortical areas which respond
' to the current of electricity with the co-ordinated movement of def-
inite groups of muscles, causes a temporary or permanent impair-
ment of the functions connected with the same groups of musecles.
In their first report Iritsch and Hitzig called attention to certain
experiments of their own in removing from the cerebral hemispheres
of two dogs the nervous substance of the centre which had already
been fixed upon by them as that for the “ right fore extremity”
of the animal. These experiments they found confirmatory of the
views derived from stimulation. The animals operated upon,
when sitting or standing or running, used the right fore-leg un-
skilfully ; this part of the body, however, showed no marked dimi-
nution of sensibility under hard pressure. Other observers have
since performed many similar experiments ;—especially Ferrier on
monkeys, and Goltz and Munk on dogs. Among them all no oth-
ers are so carefully refined as are those of Munk.' But the very
refinement of these experiments subjects them to more of distrust,
in certain particulars,

§ 7. The earlier experiments of Munk were confined to the convex
surfaces of the parietal, occipital, and temporal lobes of dogs ; they
consisted in removing clean-cut circular bits of the cerebral sub-
stance about three-fifths of an inch in diameter and one-twelfth of an
inch thick—sometimes simultaneously, from the symmetrical areas
of the two hemispheres, and sometimes with an interval between the
two operations. Munk's general coneclusion is stated as follows :
If a line be drawn from the terminal point of the fissure of
Sylvius vertically toward the falx cerebri, it will mark, approxi-
imately, the limits of two spheres that are sharply distinguished
experimentally—namely, an anterior motor and a posterior sensory
sphere.” Extirpations in front of this line always occasion dis-
turbances of motion, those back of it never so. More precisely,
the cerebral convolutions of the dog may, according to Munk, be
mapped out into the several spheres and regions indieated in the ac-
companying figure (Fig. 85). It will be noticed that three of these
regions (namely, € for the hind leg, D for the fore leg, and E for
the head) correspond pretty aceurately to the centres of stimulation
fixed upon by Fritsch and Hitzig. Extirpations of the cortical sub-
stance in these regions, of only a few millimetres broad and not
more than two deep, are regularly followed by definitely localized

! 8ee his Gesammelte Mittheilangen aus d. Jahren 1877-80, in the book,

Ueber d, Funetionen d. Grosshirnrinde. Berlin, 1881,
 Munk, ibid., p. 11,
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disturbance of motion. TFor example, let the region (D) be removed
from the left cerebral hemisphere of a dog. At the end of from three
to five days and after the fever from the operation has subsided,
abnormal phenomena connected with the fore-leg of the opposite
side will be observed. If any other limb of the animal than the
right fore-leg be touched lightly, the dog will look quickly arcund ;

Fi:. Ei.—Arearon the Brain of the Doz, (According to Muank.) A, centro of the Eye; B, of
the Ear; ¢, of the sensations of the hind Leg ; 13, of the fore Leg ; E, of the Head; F, of the
Apparatus for protecting the Eye: &, of the Region of the Ear; & of the Neck; J, of the
Rump,

and if of a bad temper will try to bite the offending hand. He
will also quickly withdraw any other limb when it is subjected to
even very slight pressure. But hard pressure and pinching or
sticking of the right fore-leg is either followed by no result, or else
by mere withdrawal of the limb, as though in reflex motion, without
any attention being paid to the attack. Moreover, this particular
limb, unlike all the others, ean be put into unnatural and uncom-
fortable positions—can be bent, stretched, set on the ground with



272 STIMULATION AND EXTIRPATION.

the back of the foot down, ete.—without any resistance on the
animal's part or any apparvent disposition to remove it to the
normal and eomfortable position. According to Munk, the animal
has apparently lost all mental picture of this one limb, and there-
fore all power to move it intelligently and voluntarily. If he has
been accustomed, on eall, to put the right leg into his master’s hand,
he will now respond with the left instead of the right foot to the
same call. The dog no longer handles his food with the right
foot. In running he slips on that foot. If he is drawn to the
edgze of a table and the right leg forcibly stretched out over it, he
will allow the leg to hang down thus, although evidently aware of
the dangerous position in which this places him. Such an animal
can, however, still walk and run, using all four limbs. The * gross
mechanism ” of motion—to borrow Munk’s phrase '—still acts as it
did before ; but the so-called *cerebral” or intelligzent quality in
the management of this particular limb has been lost.

Gradually the phenomena which indicate impairment of cerebral
funetion as related to the movement of the fore-leg diminish in
magnitude. Less pressure is then necessary to secure the with-
drawal of the injured limb ; the dog is less surprisingly unskilful
in its use. At the end of four or five weeks the more marked
symptoms of his loss of funetion have probably disappeared ; at the
end of eight or ten weeks it may be diffieult or impossible to dis-
tinguish his movements from those of a perfectly sound animal.
If, however, the size of the pieces of cerebral substanee taken from
any of the so-called * motor regions ” be somewhat larger than that
indicated above, recovery is slower and more imperfect. In the
opinion of Munk, if the extirpations are considerably enlarged the
restitution of function is never complete.

§ 8. That explanation of the phenomena which regards the va-
rious cerebral regions, that seem somehow speeially connected with
motor activities, as true “ motor centres,”"—that is, as areas of the
eerebral cortex that have for their peculiar function the initiating
of definite mofor impulse on oecasion of the idea and volilion to
move definite portions of the periphery of the body,—is rejected
by Munk. All the regions marked ¢—J, belong rather to what he
calls the “feeling-sphere” of the cerebral hemispheres. It is an
undoubted fact that the definite co-ordination of the limbs, from the
higher cerebral centres, depends upon feelings of contact and press-
ure of the skin, and upon muscular feelings or so-called feelings of
innervation. The effects of extirpating centres like (), (D), and
(E), is due, therefore, first to the sudden loss, and subsequently to

! Ueber d. Functionen d. Groesshirnrinde, p. 47.
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the gradual restitution of these feelings, and of their correspond-
ing mental representations, with respect to given groups of mus-
cles.

Schiff ' agrees with Munk in the view that the real loss of funetion
due to the extirpation of the above-mentioned cerebral regions is
sensory rather than motor ; he considers that the impairment of the
power of moving these parts is only an expression of the loss of the
sense of fouch in the same parts; in other words, it 1s tactile an-
msthesia. He ealls attention to the significant fact that an animal
thus operated upon will freely allow parasites and insects to gather
on that surface of the skin whose corresponding cortical area has
been removed. Schiff also finds that the use which the higher apes

Fro, 80 —Areas on the Brain of the Monkey. (According to Munk.) The letters have the snme
reference as in tho preceding figure.

make of their limbs for grasping the rounds of a trellis or ladder
is not permanently impaired by removing to considerable depth
the convolutions about the central suleus, unless the trellis or ladder
be turned at an angle of 60° to 70° so as to convert the animal’s
walking into climbing. Apparently the animal cannot climb be-
cause he is unable to form a mental picture of the next round so
as to reach out and grasp it. Schiff therefore concludes, that “ all
motions are suppressed (by extirpating the cerebral substance)
which, on being excited by the higher senses, reeceive a special
supervision on the side of cerebral sense, in relation to direction,
extent, and succession.” He also asserts, in opposition to the
conclusions of Goliz, that the injured animal never recovers the

! See Plliiger’s Archiv, xxx. (1883), pp. 212 ff.
18
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powers it has once really lost ; in other words, it is not possible to
extirpate any of the centres, exeitation of which produces a given
motion, without effecting some permanent result.

§ 9. The conclusions of Munk and Schiff undoubtedly have cer-
tain facts of experiment in their favor, but they can scarcely be said
either to cover all the facts or to be wholly consistent with certain
particular ones.  Goltz ' agrees substantially with Munk in finding
that destruetion of the cerebral substance of the frontal lobe causes
the animal to exeeute movements of the limbs of the opposite side
in a coarse and unskilful manner. He also finds that the tactile
sense 1s temporarily impaired, although by giving tncreased aften-
tton the animal is able to feel the slightest touch on any area of
the skin. Indeed, deep and extensive lesions in this region may
be followed by hyperssthesia. The musenlar sense, on the other
hand, seems permanently to suffer. Goltz’s conelusions are squarely
contradictory of all those which find any permanent laming of any
muscle as the result of even the most extensive destruction of the
cortical substance in the so-called “motor field.” His theory lays
more emphasis on the general impairment of intelligence which re-
sults from removing any considerable amount of the substance of
the brain, from whatever region it may be taken.

A still more recent investigator® calls attention anew to the facts
that an animal deprived of the *“ motor sphere” cannot use the ex-
tremities as hands ; eannot hold the foot out on eall, or push away
the hand by which its chin is grasped, or stretch out the limb so
as to grasp the dish containing its food. These phenomena imply,
he thinks, some severance between the organ of will and the nerves
which execute the will. The motor eentres are to be limited, it is
claimed, almost exclusively to the gyrus sigmoideus, and those for
feelings of the skin and muscles to the region lying above the fis-
sure of Sylvius.

On attempting to reconcile all the results of experiment upon
the animals with one another, and with the facts of human pathol-
ogy, it must be admitted that great diffienlty is experienced; and
even more difficulty when the effort is made to frame a consistent
theory which shall cover them all. On the whole, however, it
seems obvious that a eertain region or sphere of the cortex of the
brains of the higher animals is entitled to be called “ motor” in a
special sense ; and that this region corresponds in a general way to

! See hiz article in Piliiger’s Archiv, xxxiv. (1884), pp. 450 fF.

? Bechterew, art. ** Wie sind die Erscheinungen zu verstehen die nach
Zerstorung des motorischen Rindenfeldes an Thieren auftreten ;™ Ptliiger,
xxxv, (1855), pp. 187 ff.
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that which (as we shall soon see) pathology indicates as specially
motor in the ease of man. Stimulation of various minute areas in
this region is followed by the movement of definite muscles of the
body ; extirpation of this region in its entirety, or in part, is fol-
lowed by speeial disturbances of the motor functions of the animal.
These disturbances are not of the kind which indicates so much
& laming of any particular muscle, as a loss of ecerebral, and so in-
tellivent, quality in respeect to the handling of the extremities.
They probably imply more or less of all those various kinds of psychi-
cal disturbances and impairments of funetion, by some one of which
exclusively the different investigators are wrongly inclined to ac-
count for the phenomena which they observe. Extensive losses of
cerebral substance in the motor region result in the loss of those
tactile sensations and muscular sensations, by means of which the
animal localizes and interprets the meaning of objects, and adapts
the finer movements of its limbs aceordingly. They also impair
the power to express the volition of the animal by motor impulses
started, in accordance with the sensations and images of motion, in
the appropriate area of the brain. Moreover, such loss of the
powers of sensation, sense-perception, and skilful motion, neces-
sarily implies more or less of loss of intelligence.

§ 10. It will always be difficult to designate precisely what fac-
tors in the animal's complex sensory-motor activities drop out as the
result of the removal of a certain area of cortical substance from the
brain of a dog or monkey ; and whether these factors are exclusively
sensory or exclusively motor, rather than both sensory and motor.
It is doubtful if enough can ever be known, concerning the mental
life of the dog or the monkey, to determine confidently in this way
the question of the localization of psycho-physical functions. The
phenomena of human pathological cases indicate, however, that in
man the corresponding general area of the cerebrum—that is, the
convolutions on both sides of the central fissure and the lobulus
paracentralis—is especially concerned in both sensory and motor fac-
tors for co-ordinated action of the limbs. Without adduecing further
confirmatory evidenee from experiment upon other animals, we
pass to the consideration of the evidence from human pathology.
The results of experiments in stimulation and extirpation upon the
lower animals are not to be transferred in fofo, as a matter of
course, to the human cerebrum ; they are rather to be consulted
as indicating the precise nature of the questions to be proposed to
pathology, and of the answers fo these questions which are antece-
dently probable.

From this point onward our chief reliance must be placed upon
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Exner’s' careful and scientifically classified investigations. The
method pursued by this investigator is deseribed at length by him-
gelf.* Ezxner began, with true German thoroughness, by reading
several thousand cases of cerebral disease which had been followed
by post-mortein examination ; the eatalogue of works thus consulted
by him oeccupies more than twenty pages. Irom all these cases he

F16, 87.—Lateral View of the Human Brain. (Schematic, Ecker.) F, frontal, P, parictal, O,
oceipital, and T, tempore-sphenoidal lobes, 8, fissure of Sylvius. with &, the horizontal, and
87, the nscending ramns ; O, sulons centealis ; A, anterior, and 15, posterior, central eonvelu-
tions ; Fl1, ¥F2, Fi, superior, middle, and inferfor frontal convolutions ; f1, superior, 2, infe-
rior frontal sulei; (3, sulens preccentralis; Pl, superior, and P2, inferior parietal lobnle ; the
Iatter, the gyrus enpra-marginalis, and P2, the gyrus angularis ; ip, suleus intorparietalis ; em,
enid of calloscemarginal fesnre ; 01, 02, (8, occipital convolutions ; po, parieto-oceipital fesures §
o, transverse, and o2, inferior longitudinal sulens; T1, T2, T3, temporo-sphencidal convolu-
tions : and tl, 2, tompero-sphenoidnl fzsnres,

then made a collection of such only as could safely form the basis
of a scientific induetion. The conditions of admittanee into this
collection were as follows : Both the history of the disease and the
deseription of the post-mortem condition must be trustworthy, full,

' Untersnchungen iiber d. Localisation d Funetionen in d. Grosshirnrinde
d, Menschen, Wien, 1881,
* Ibid, p. 6 L.
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and unambiguous ; and there must have been no other lesion than
the one in the cerebral cortex, either elsewhere in the brain or in
the spinal cord, to complicate the legitimate inferences. Only two
exceptions to the latter rule were, for reasons peculiar to themselves,
admitted. Nearly all eases in which symptoms indicative of diffuse
meningitis oceurred were also excluded. In this cautious way one
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Fie. 88.—=View of the Human Brain from Above, (Schematic, Ecker.) The lettera have the
smime referenes as in the preceding Agure,

hundred and sixty-nine fesf-cases were sceured from the thousands
recorded. These test-cases were then tabulated on three sets of
maps, according to the following methods of induetion: (1) The
method of negative cases, (2) the method of “reckoning per cent.,”
(3) the method of positive eases.

The method of negative cases (if the number of such cases were
large enough) would result in showing what regions of the eerebral
hemispheres, if any, are nof necessarily connected with motor or
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gensory funetions—both, or either one respectively. The charts
eonstrueted by this method would, aceordingly, have only those
convolutions and parts of convolutions left blank, or unmarked,
in which no lesion had oeccurred that was not followed by some
given kind of motor or semsory disturbances. The method of per-
centage was designed to show the amount of probability that a
given small area of the cerebral cortex will be hit by disease, as
it were, in case the lesion has been followed by a given kind of
motor or sensory disturbance. For this purpose the entire sur-
face of one hemisphere was mapped out into three hundred and

Fia. 80, —Median Aspect of the Right Hemisphere. (Schemnatie, Fcker.) CC, corpus callosum.
Gyrl: Gf, fornicatnz ; H, hippocampi (with its enleus, h), and U, ancinatos ; P, praccanens ;
Ok, cinens ; oc, caloarine fissure, with its two rami, oo’ and oc”™ ; D, gyrus descendens ; T4, the
lateral, and T%, the medial, gyrus cccipito-temporalis,

sixty-seven quadrilateral areas, all small and yet of somewhat dif-
ferent sizes. As the different selected cases were recorded by
painting the area of the lesions on this set of maps, the intensity of
the color used would, of course, deepen in proportion to the cer-
tainty of a connection between that particular area and some par-
ticular sensory or motor function. Thus a perfeet black would
indicate one hundred per cent. of cases in which a given guadri-
lateral was hit when a given disturbance of funetion had followed ;
pure white, nought per cent. of such cases. The third method (that of
posifive.cases) 1s the one usnally relied upon to prove (?) the theory
of loealization of cerebral function from pathology ; it is justly re-
garded by Exner as the least conclusive, as never of itself forming
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a basis for anything beyond conjecture. Iis prineiple is the as-
sumption that the region where the lesions connected with certain
disturbances are most thickly erowded together, is the required
eortical area with its specific function.

§ 11. The result of Exner's comprehensive induetion from patho-
logical cases, as based on all three of the methods just deseribed,
fixes almost beyond doubt the so-ealled “motor areas” of the hu-
man cerebrum. [For understanding Exner's induction, consulta-
tion of Ecker's charts, found on p. 2761, figs. 87, 88, and 89, will be
found helpful.] The field of wholly ““lafent lesions "—that is, of le-
sions which are not necessarily followed by any disturbances of
either sense or motion—covers a large part of the surfaces of both
hemispheres ; it 13 not, however, precisely the same for them both.
While Exner's collection of eases comprised 67 lesions of the right
hemisphere, and 101 of the left, the absolute number of latent
lesions was the same (namely, 20) for both hemispheres. The
chances that a lesion of the right hemisphere will not be followed
by any disturbance of funection are, therefore, about fifty per cent.
greater than the chaneces that the same thing will oecur in the left
hemisphere. On the right hemisphere the entire surface, with the
exception of the two gyri centrales, the lobulus paracentralis, and
certain small portions on the convex and inferior surfaces of the
occipital lobe is latent. On the left hemisphere the latent region
is of less extent. This result may be regarded as a restatement,
on a basis of scientific induection, of the well-known faet that ex-
tensive lesions can oceur in the frontal, temporal, and oeccipital
lobes, without being followed by any sensory or motor disturb-
ances. But it also confirms the impression that the portions of
the ecerebral cortex lying about the fissure of Rolando are entitled
to be ealled “ the exquisitely motor parts of the cortex.”

Yet more precisely, the motor region on either hemisphere may
be, according to Txner, marked out by the method of negative
cases, and by the method of percentage of cases. The former meth-
od shows that, for the upper exfremities, the corresponding cortical
region on the right hemisphere is the lobulus paracentralis, the gyrus
centralis anterior (with the exception of a small part of its lower
end) and the upper half of the gyrus centralis posterior. The latter
method further confirms the foregoing conclusion. It shows that
the « absolute field ” for the upper extremities—the field, that is,
within which lesions are always followed by impaired motion of
these extremities—ecovers quite completely the same parts of cere-
bral convolutions ; while the * relative field,” or portion in which
more than fifty per cent. of cases of lesions are followed by similar
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disturbances, extends over the remaining half of the gyrus centralis
posterior, the posterior third or half of the three frontal convolu-
tions, the anterior half of the parietal lobe, and more of the neighbor-
ing median surface. Corresponding to the better motor education
of the right arm is the fact that its motor region on the left hemi-
sphere is more extended. Here the absolute field comprises the
lobulus paraceniralis, the three upper quarters of both gyri centrales,
and the greater part of the upper parietal lobe. Portions of the
median surface of the oceipital lobe may also belong to this field.
The relative field for the upper extremity on the left hemisphere
includes the posterior half of the gyrus frontalis superior, almost
the entire convex surface of the other frontal gyri, the parietal lobe
at large, and the upper part of the oeeipital lobe.

More specifie loealization of eerebral areas, corresponding to the
different parts of the upper extremities, can as yet be accomplished
only with much less confidence and in a conjectural way. The
method of positive cases seems to designate the gyrus eentralis an-
terior as the special cortical area for the hand ; with a probability
that the area for the extensors of the hand lies in its middle part,
and the area of the thumb somewhat below in the same gyrus.

§ 12. Exner’s collection eontained 75 eases of disturbances of
motion in the lower extremities ; 26 lesions being on the right, 49
on the left hemisphere. The methods both of negative cases and
of pereentage agree in indicating that the “ absolute ” cortical field of
the left lex comprises the lobulus paracentralis, the uppermost third
(as far as the lower end of the suleus frontalis superior) of the
gyrus centralis anterior, portions of the corresponding third of the
gyrus centralis posterior, and some small areas behind and below on
the lobulus quadratus,—all, of course, in the right hemisphere. The
‘““relative field " of the same limb on the same cerebral hemisphere
ineludes both lower thirds of the ecentral convolutions, the back
parts of the frontal convolutions, the parietal lobules, and the up-
per portion of the ocecipital lobe. On the median surface of the
brain, the posterior part of the gyrus fronfalis superior and the
anterior half of the lobulus quadratus belong to this field. On the
left hemisphere the absolute cortieal field for the right leg includes
the lobulus paracentralis, the upper half of the gyrus centralis pos-
terior, and most of the upper portion of the parietal lobe. A small
lateral part of this lobe, and on the median surface the lobulus
quadratus, and perhaps the cuneus, must be added to complete the
relative field of this lower extremity. Exmer does not consider it
possible, as yet, to be more precise in designating the cerebral fields
for the lower limbs of man.
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§13. On comparing with each other the foregoing conclusions,
it is apparent that the absolute field for the upper extremities en-
tirely covers the corresponding field for the lower extremities ; but
the gyrus centralis anterior and lower half of the gyrus centrafis
posterior belong only to this field for the upper extremities. The
relative fields, too, for both arms and legs, have a similar relation in
extent and intensity, There is considerably greater probability,
therefore, that a lesion of a given size in the motor region will af-
fect the arms than that it will affect the legs ; indeed, the collection
of Exner shows but one ease in which the motions of the legs were
disturbed and not those of the arms. This greater * sensitiveness ”
—if we may so speak—of the cortical region of the upper extrem-
ities, corresponds to the fact that their motion is more distine-
tively cerebral and intelligent than that of the lower extremities.

§ 14. In this same “ exquisitely motor ” region of the cerebral
cortex, and in the most nearly adjacent regions of the frontal and
parietal lobes, certain other cerebral fields corresponding to definite
muscles or groups of museles may be localized, conjecturally. By
the method of percentage the cerebral area for those muscles to
which the facial nerve is distributed may be rather indefinitely in-
dicated as lying in the lower half of the gyrus centralis anterior, and
lower third of the gyrus centralis posterior, on the right hemisphere ;
while, on the left hemisphere, it appears to be more definitely fixed
at a small strip that belongs to the gyrus centralis anterior, and lies
between the places where the inferior and superior frontal gyri
spring from this central gyrus, but nearer the first of the two.
Both methods of induction apparently unite in indieating the
cortical region for the fongue as lying where the middle and lower
frontal gyri meet with the anterior central gyrus. In the nine cases
of the colleetion in which the musecles of head and necl were af-
fected, the lesions were all situated in one of the central convolu-
tions ; but a more definite localization within the limits of these
convolutions does not appear to be possible. As to the loealization
also of the cerebral field for the muscles of the eyeball, including
that for raising the upper lid, pathology is able only to say in a
general way that this field appears to fall within the general motor
area as thus far pointed out. Exner thinks it certain that the
recfus infernus muscle of one side, and the rectus exfernus of the
other side, are innervated from the same heémisphere of the brain.
This we should also argue from their ordinary physiological fune-
tion.

§ 15. Positive cases of a nature to strengthen the foregoing in-
duction as to the cerebral areas especially connected with the upper
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and lower extremities might be indefinitely multiplied. Especially
interesting are those where disuse, through accident or disease, of
one of these extremities has been found, post-mortem, to have re-
sulted in atrophy of the corresponding cortieal fields. That is to
say, the cortical region, being unused on account of the loss of
function in the peripheral member, has itself paid the penalty of
all failure to exercise the normal funetions; it has lost in size and
strength. For example, atrophy of the upper end of the gyrus
centralis anterior of the right hemisphere, and of its prolongation
in the lobulus paracentralis, was in one case found to have resulted
from the amputation of the left leg twenty years before death.

£16. The conclusions of other authorities as to the motor re-
gions of the cerebral cortex in man—espeecially of Lépine,' and of
Charcot and Pitres *—as based on pathology, confirm those of Exner
in the main, as well as also in some interesting particulars; any di-
vergences arvise almost wholly from the effort to make distinctions
more nicely than the present condition of the facts will warrant.
The most general conclusions of these investigators may be summed
up as follows:* *The cortex of the cerebral hemispheres in man
may be divided, funetionally, into two parts ; motor and non-motor,
according as destructive lesions do or do not cause permanent par-
alysis of the opposite side of the body.” . . “The mofor zone in-
cludes only the ascending frontal and ascending parietal convolutions
and the paracentral lobule.” It may be concluded then, as a well-es-
tablished induetion, that the convolutions on either side of the fissure
of Rolando (the gyri centrales anterior and posterior) and the con-
nected lobule on the median surface of the brain (lobulus paracen-
traliz) are in the highest degree especially conmeected with the mo-
tion of the extremities of the body; that adjacent parts of the
frontal and parietal lobes are thus connected in a less degree ; that
the cortical region for the arms lies, on the whole, anterior to that
of the legs ; and that, probably, the region for the hand is near the
middle part of the front central convolution, and that for the tongue
where the middle and lower frontal convolutions meet the front
central. More precise localization of the motor funetions of man
must as yet be made with a lower degree of confidence. Beyond
these general statements lies the undefined field of conjecture.

§17. It cannot be said that histology and comparative anatomy

! Localisation dans les maladies cérébrales.  Paris, 1875,

* Localization dang les maladies du cervean, Paris, 1870; Revue mensuelle
de Méd. et de Chir., 1877-1870 ; Etunde eritiqne et clinique de la doetrine
dans 'écorce des hémisphéres cérébraux de I'homme, Paris, 1883.

* Bee Brain, July, 1884, p. 270 £.
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much affect the strength of the argument for the localization of the
cerebral motor regions, as derived from experimentation and pa-
thology ; whatever evidence they do furnish, however, is confirma-
tory of the conclusions reached above. In this connection refer-
ence may be made to the conclusion of Meynert," that the paths
of the sensory nerves run more toward the occipital, and those of
the motor nerves toward the frontal region of the eerebrum. The
existence of nerve-cells of gigantic size, resembling those found in
the motor region of the spinal cord, which Betz discovered in the
motor regions of the eerebrum of the dog, the monkey, and of man,
is an indication in the same direetion. It should also be mentioned
that the pathological researches of Pitres * into the results of lesions
in the medullary substance lying between the cerebral cortex and
the basal ganglia, seem to show that such as oceur in the fronto-
parietal portion of this substance cause paralysis of motion and de-
generation of the motor tracts. Finally, the general structure of the
cerebrum and the courses of its nerve-tracts, as already considered
(Part I, Chapters IL and IIL), are, in the main, accordant with
the facts of experimentation and pathology.

§18. The remarkable degree of coincidence in loeality which
obtains among those circles whose extirpation is followed by dis-
turbances of motion (disturbances due, in the opinion of Hitzig,
to destruction of the physical basis of the animal's control over its
limbs, but, in the opinion of Schiff, rather due to tactile ansesthe-
gia) suggests the following question : Is not the cortieal field of
tactile sensation in the extremities of man coincident, in the main,
or even in particular, with the field for the motion of the same ex-
tremities? An affirmative answer to this question would seem
reasonable, even prior to experimental and pathological evidence.
The sensory and motor mechanisms are, of necessity, most inti-
mately connected, locally, in all the central organs. This state-
ment is certainly true of the spinal cord and of the inferior parts
of the brain. Moreover, in consciousness the sensations which
guide the volitions in all the finer uses of the peripheral parts of the
body are very promptly, and even almost inextricably, inferwoven
with the volitions. In walking, talking, handling a tool, or playing
a musical instrument, to be unable to experience certain delicate
sensations is to be unable to will the exeeution of ecorresponding
nicely adjusted motions ; whereas the appearance of the associated
sensations may instantaneously call forth the requisite volitions,
It would seem, then, that the cerebral mechanism for both the

! Sitzgsbr. d. Wiener Acad., LX,, heft iii., p. 450 £.
? Lésions du centre ovale. Paris, 1877,
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sensory and the voluntary motor factors of these complex funetions
must be composed of elements having the closest local connection.
Certain indisputable facts of pathology form, however, a strong
objection to such an identification of the cerebral fields of motor
function and tactile sensory funetion. Many cases of motor dis-
turbance occur without the disturbance of sensation in the same ex-
tremity ; and cases of sensory disturbance without corresponding
motor disturbance, although much less frequent, are by no means
very rare. How, then, can these facts of pathology be reconciled
with any hypothesis which locates in the same cerebral region the
so-called * fields ” for both elasses of funetion ?

The answer which Exner gives to the foregoing question is per-
tinent, but not wholly conclusive. No absolute cartical field for
disturbanees of tactile sensation in the extremities of the body can,
indeed, be pointed out; that is to say, there is no portion of the
cerebral cortex, lesions of which are invariably and necessarily fol-
lowed by tactile angesthesia, hyperwesthesia, ete., in definite parts of
the periphery. But that the entire relative field of sensations of touch
in the extremities corresponds with that of the motor activities, is
made highly probable by the method of positive cases. After ex-
cluding doubtful cases—in which the patient complained rather in-
definitely of a feeling of “ heaviness” or “ numbness,” ete., in some
area of muscle or skin—FExner's colleetion was found to contain
22 eases where marked disturbances of factile sensations seemed
clearly made out. Of these 22 ecases no fewer than 16 were located
wholly in the two central convolutions; and 3 of the remaining 6
extended for several millimetres into the same convolutions. Of
those still remaining, the one farthest removed from the “ exquisitely
motor ” region was in the gyrus angularis, and therefore in a portion
of the relative motor field which has a considerable per cent. of in-
tensity.

On the basis of so complete an agreement of the positive
cases, Exner feels warranted in affirming that “the tactile cortical
fields for the different divisions of the body coineide in general
with their motor cortical fields.” 1t is to be noted, moreover, that
the percentage of the cases of disturbance of tactile sensations
oceurring on the right hemisphere is more than twice as large as
that of the left. Sensibility seems, then, fo be the predominating
JSunction of the right hemisphere, as motion is of the left. This
fact, when taken in connection with the greater liability of the leff
hemisphere to be the seat of cerebral disease, accounts in part for
the less frequent oceurrence of sensory disturbances following le-
sions in this general area. Moreover, we are warranted in assum-
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ing that the cortical fields, in which the nervous impulses occasion-
ing tactile sensations are projected, are connected with each other,
and with the aseending sensory traets, in a very complicated way.
The manner of this conneetion is doubtless different for the different
areas of musele and skin. Nor does it appear that the sensory areas
are so well differentiated as the corresponding motor areas ; although
one case, at least, can be pointed out in which loss of sensation in
the thumb and index-finger was the definite result of a lesion of
the very limited cortical region already conjecturally assigned to
these members. Finally, it must be remembered that those deserip-
tions of pathological cases on which all our induetions have hitherto
been based, are very liable to be faulty with respect to slight dis-
turbances of sensibility.

It is a general conclusion, then, which is entitled to a large de-
gree of confidence, that both the gyri cenirales, the lobulus para-
centralis, and the most nearly adjacent parts of the frontal and
parietal convolutions, constitute a cortical region especially related
to both the motor and the sensory functions of the extremities of
the body.

The view of Exner coneerning the nature of the motor area in
man is, on the whole, greatly strengthened by the most recent con-
clusions of Lueciani. This experimenter finds ' that total or partial
extirpation of the “motor zone” in the dog and the monkey is
uniformly followed, not only by motor paralysis, but also by cuta-
neous and muscular anwesthesia. The “ motor” sphere and the
“tactile " sphere are largely coincident in these animals ; and “in
all experiments upon the tactile sphere there was a manifest and
constant crossing of the relations between the peripheral sensory
fibres and their respective cortical centres.” ¢ What one ecalls
‘motor zone " is the central focus of the large portion of the senso-
rial sphere visible on the external aspect of the hemisphere.”

§19. The testimony of the facts upon which reliance must be
placed in the effort to localize the cerebral field for sensations of sight
and hearing in man is by no means so satisfactory as the foregoing.
Experiment upon animals by stimulation is of no direct value ; it
could at most only discover the cortical regions especially related
to some of the motions of the eye or ear and their surrounding
parts. Our conclusions from the method of extirpation also must
always be somewhat uncertain, since we infer the sensations of the
animal only by interpreting his motions into terms of our own self-
consciousness. It is not strange, then, that the leading experi-
menters differ irreconcilably in certain of their conclusions. There

! See an abstract of his results, in Brain, July, 1884, pp. 145 {f.
&+
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is pretty general agreement at present, however, as to the loecaliza-
tion of sight somewhere in the occipital lobe. Hitzig ' found that
the removal of certain gyri in the posterior lobes of the dog pro-
duced blindness of the opposite eye, combined with a paralytic
dilatation of its pupil ; stimulation of the same gyri produced con-
traction of the pupil. Ferrier® claims that destruction (by cauter-
ization chiefly) of the gyrus angularis of apes produces blindness of
the opposite eve, and this loss of function alone ; stimulation of the
same region causes movements of the eyve. He therefore considers
this convolution as pre-eminently the cortical eentre of sight. But
Munk, after numerous experiments upon dogs, and some upon
monkeys, locates the centre of sight above and behind the place
assigned it by Ferrier—namely, in the upper and hinder part of the
oceipital lobe ; the gyrus angularis, on the contrary, he makes the
cortical region for the tactile sensations of the eye. Munk’s ex-
periments are so minute in carefulness, and his conclusions so
based upon detailed analysis of the phenomena, that they perhaps
deserve to suggest to pathology the exact form in which to put its
inquiry. They are, undoubtedly, excessive, however, in the refine-
ment to whieh they would earry the principle of loecalization.

$ 20. Munk details the following among other phenomena which
result from extirpating the region marked A, (see Fig. 85) from the
brain of a dog. The animal thus operated upon is in a condition
to which the name of * psychical blindness ™ (Seelenblindhett) is
given ; but it has suffered no other obvious impairment of its sen-
sory or motor functions. DBy “ psychical blindness” is meant the
inability of the dog to form those visual mental images or ideas
which give it the meaning or interpretation, as it were, of its visual
impressions, This includes the loss of the use of that portion of
the retina which is necessary for distinet vision, and of the immedi-
ately surrounding retinal parts. If the region A be removed from
both hemispheres of the brain, when the animal has recovered from
the inflammatory reaction, it will still move about freely, guiding
itself by sight even under diffieult eircumstances. DBut it does not
recognize by sight the dish from which it has been accustomed to
take food or water, the companions with which it has formerly
played, the man who has been its keeper, the threatening hand or

! Centralb. f. d. med. Wissenschaft, 1874, p. 548,

f* The Functions of the Brain, p. 164 £. In the second edition (p. 271 £.)
Ferrier acknowledges that he was in error in localizing the visual centres in
this gyrus to the exclusion of the oecipital lobes. For a very telling eriticism
of this position of Ferrier, see Munk, Ueber d. Functionen d. Grosshirnrinde,
p. 14 L '

-



THE SIGHT-CENTRE OF MUNK. 287

whip, the burning coal held before its face. It still retains its gen-
eral intellizence and makes constant and diligent investigation into
the objeets by which it is surrounded. As time passes, it gradually
learns to recognize again all these visual objects. The more com-
plex and infrequent of the objects are the last in the process of re-
covery to receive interpretation. At the end of three to five weeks
after the operation, the injured animal may be said to have recov-
ered ; its restlessness and curiosity have subsided in proportion to
the progress made in the knowledge of visual impressions; i s
tself” at last, its “ soul-blindness " having departed. It may be
shown, moreover, that this recovery eonsists in learning anew the
meaning of visual impressions; or, in other words, in acquiring
anew the stock of visual ideas that has been blotted out of the ani-
mal’s mind by extirpating the cortical cenfre of sight. For if the
dog be carefully kept, for a long time, from any given kind of ex-
perience—for example, from being struck with a whip or burned
with a coal—it will give no sign of * psychieal sight ™ in relation to
these particular objects. More remarkable still is the fact that,
according to Munk,' in certain eases, after the extirpation of A, a
single visual image or two—for example, the motion of the hand
commanding the dog to hold out the foot—may be retained. Ex-
tirpations of the cortical surface on the occipital lobe in the regions
marked A—that is, before, beneath, or in front and above, the sight-
eentre A —cause disturbances of sight in a less degree. Such phe-
nomena Munk considers explicable by the hypothesis that, while a
large part of the area of the occipital lobe is the seat of the perecep-
tions (7) of sight, the visual images of memory are especially con-
nected with the so-called sight-centre A . When, then, all, or nearly
all, of the field of sight, in the widest sense, is extirpated from both
bemispheres, complete and permanent *soul-blindness™ results,
The cortical projection-field eorresponding to the entire retinas of
both eyes, its accumulations of old visual ideas, and capacity for
receiving new ones, has been wiped out.

Munk endeavors to establish a still more minute differentiation
of funetion in the cortieal field of sight as eorresponding to the ret-
inalfield of sight.* Each retina, he holds, stands for the most part
in connection with the visual sphere of the eortex of the opposite side
of the brain ; only a small part—namely, the extreme lateral por-
tion of the retina—is in connection with the cortieal sphere of the
same side. This lateral portion of the retina seems to be of differ-
ent dimensions in different races of dogs. Further, the refina 1s

! Die Functionen d. Grosshirnrinde, pp. 238, 34, 119 f.
?Bee the * Fiufte Mittheilung * of his Work, as cited before.
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projected, as it were, on the cortical field of vision in and about A,
in such manner that its lateral area corresponds to the lateral area
" of the cortical sphere on the same side ; its inner area to the median
area of the cortical sphere on the opposite side ; its upper area to
the front area of the cortical sphere on the opposite side ; its lower
area to the hinder area of the cortical sphere on the opposite side.

In monkeys, as well as dogs, Munk finds that the sight-centre is
not, as Ferrier at first supposed, the gyrus angularis, but rather the
convex surface of the posterior lobes. Small circular extirpations,
of not more than two-fifths or three-fifths of an inch in diameter,
from this region are followed by disturbances of vision, and by these
alone. If the whole convex surface of one lobe is extirpated, the
animal has cortieal blindness for those halves of both retinas that
are on the same side as the lesion. If the convex surfaces of both
posterior lobes are destroyed, the animal becomes entirely blind ;
no restoration of eerebral function subsequently takes place, unless
some considerable parts of the edges on the upper surface of at
least one lobe have escaped destruction. The eortical projection-
field for the visual impressions of the monkey differs from that of
the dog simply in having the lateral part of the retina, which cor-
responds to the cortical area of the same side, much more extended.
Accordingly, extirpation of the lateral half of the leff cortical sight-
centre, and of the median half of the right cortieal sight-centre,
produces in the monkey total cortical blindness of the left eye.

§ 21. The searching examination which the views of Munk have
received has resulted in throwing doubt over some of his alleged
facts, and in diserediting several most important points in his hy-
pothesis. This is true especially of the work of Lih and Lueiani,
both of whom have gone thoroughly over the ground covered by
Munk and come to conclusions dissenting from lnm. The former '
has minutely investigated the effects of destroying Munk's visual
centre A , and even his entire visual sphere in the case of dogs.
He finds, contrary to Munk, that no blindness of the clear spot of
vision in the opposite eye is produced even by the most extensive -
lesion of this area; that losses of the cortical substance in the
area bordering on the lateral part of the wvisual sphere (i.e., in
Munk’s auditory sphere) also produce disturbances of vision ; that
other disturbances of motion and intelligence also follow destrue-
tion of this area ; and that disturbances of sight may follow lesions
in other than the occipital lobes, especially in the frontal lobes.
This last eonclusion agrees with the results obtained by other ob-
servers (Kriwotorow, Luciani and Tamburini, and especially Goltz),

! Bee articles in Plliiger’s Archiv, xxxiv,, pp. 67 £
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and must be accepted as correct. The more permanent disturb-
ances which undoubtedly do follow injury of the oceipital lobes
are thought by Lib to be due to what is called a  homonymous
lateral hemiamblyopia”™ (or weakness of the corresponding lateral
half of the eye) on the opposite side. Munk’s whole theory of
“ psychical blindness” as due to the extirpation of visual percep-
tions and images, and of recovery from such blindness as due to
special edueation of the animal in forming new mental images, is
rejected by Lib,

The admirable observations of Lueciani also tend to disprove
many of the particular conclusions of Munk, while at the same
time showing how relatively important are the occipifal lobes in re-
spect to the cerebral and psychical elements of vision. These lobes,
together with the angular gyrus, are in a peculiar degree the re-
gion on which the animals are dependent for * psychical ” vision
—that is, for * discernment of things, and a right judgment con-
cerning their properties and their nature,” by sight.

The foregoing general conclusions from experiment with the ani-
mals as to the especial importance of the oceipital lobes for intelli-
gent (or “ psychical ”) vision are, on the whole, in accordance with
the indications from human pathology. Even Lob testifies that
after extirpating part of the oceipital lobes he has never observed
a mere motor disturbanee without one of vision also ; whereas after
extirpating part of the parietal lobes he has never observed a dis-
turbance of vision without a motor disturbance.

§ 22. The answer of pathology to the question, whether the cere-
bral field especially connected with visual sensations and ideas is
the same in man as in the dog and the monkey, is not unambigu-
ous. The method of negative cases, according to Exner,’ yields no
certain results ; no “absolute field” for vision can as yet be indi-
cated on the cerebral cortex. The methods of percentage and of
positive cases, however, point clearly to the oceipital lobe as the
visnal field, and to the upper end of the first gyrus occipitalis (O1, in
Ecker's charts ; see p. 276 f.)as its most intensive portion. In six out
of seven cases of disturbances of vision due to cortical lesion the seat
of the lesion was here. The region of less intensity extends over
both the first and second occipital convolutions, the cuneus, and
the adjacent part of the lobulus quadratus. Confirmatory evidence
may be found in the cases of several persons for a long time blind,
whose brains have been found on post-mortem to be atrophied
above the place where the parieto-occipital fissure emerges from
the median surface upon the convex surface of the occipital lobe.

! Untersuchungen iiber d. Localisation, ete., p. 60.
19
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It should be said, on the other hand, that lesions of the oceipital
lobes are very frequently latent, and that extensive injuries of this
cortical field in man are recorded which were followed by no
marked disturbance of sight.

§ 23. Histology also has some evidence to conftribute regarding
the nervous connections of the retinas of the eyes with the cerebral
cortex. The amount of crossing which the fibres of the optic nerve
undergo in the optic chiasm has been the subject of much debate,
It undoubtedly differs in different animals, and depends upon the
structures of both retina and brain, and upon the relations of the
two. The researches of von Gudden' and others have tended to
show that each optic nerve contains both a bundle of nerve-fibres
that is crossed and one that is unerossed, in the optie chiasm or
beyond it, toward the cerebral connections of the nerve ; and that
the former bundle increases and the latter diminishes in size, on
the whole, in the higher orders of animals as compared with the
lower. Biesiadecki and others claim, on the contrary, that there
is total decussation of the optic nerves in the monkey and in man,
as well as the lower animals. Chareot® has propounded a yet more
elaborate scheme of decussation. In the case of man there is still
doubt, therefore, how far—if at all—the retina of each eye is repre-
sented on the cortieal surface of both hemispheres of the brain.
That the cortical region espeecially concerned in the sensations,
perceptions, and images of sight is in the occipital lobe, and es-
pecially on its upper convex surface, is a highly probable eonjeect-
ure. But for the settlement of further details we must await the
development of the evidence. In the work of this development,
experiment with animals ean only suggest the question which a
more careful collation of a growing number of cases in human
pathology will perhaps finally answer ; meanwhile the evidence of
histology may be used to confirm or modify the conclusions estab-
lished, more or less conjecturally, on the basis of pathology.®

§ 24. The localization of other sensory functions in so-ealled
““fields” or “ centres " on the hemispheres of man’s brain—of hear-
ing, taste, and smell—is even more doubtful. Little confidence can
be placed in any conjectures thus far put forward. The tempta-
tion is naturally strong to suspeet that those regions of the cortex
unoccupied by such motor and sensory functions as we are able to

1 Griife’s Archiv f. Ophthalmologie, 1874, Abth. ii.; 1875, Abth. iii.; 1879,
Abth. i.

 Le Progrig Médieal, Augunst, 1875,

*For a further description of phenomena and cases, and for a defence of his
own views, see Ferrier, The Localization of Cerebral Disease, pp. 110 ff.
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locate should have the other mental phenomena assigned to them.
In this way the entire brain appears to be made of some definite
value and use. Convolutions which are located where they are
unapproachable for purposes of experiment, and in which compar-
atively few cases of lesion oceur, are peculiarly provocative of con-
jecture. In such fields of the cerebral cortex, theories of localiza-
tion may roam at will. The auditory centre is assioned by Ferrier '
to the superior temporo-sphenoidal convolution ; but the evidence
adduced in proof—such as the pricking-up of the animal’s ears,
ete.—is highly unsatisfactory. The same centre is located by
Munk * at the region Bl, for its greatest intensity, and with less
intensity in the adjacent regions marked B ; but since the entire
region on both hemispheres must be extirpated (an almost certain-
ly deadly operation) in order that the animal may become wholly
¢ goul-deaf,” and since we have no sure means for ascertaining
precisely to what deficiency we should ascribe the failure of the
animal to respond intelligently to sounds, Munk's experimental
proof is likewise unconvincing. Lueiani, with much more proba-
bility, considers the “ auditory sphere ” to extend over the whole
cortical area of the temporo-sphenoidal lobe, and probably also the
COTRU AMINONLS.

The centres of smell and taste are loeated by Ferrier close to-
gether in the subiculum and neighboring parts of the lower temporo-
sphenoidal convolutions ; the centre of touch in the gyrus hippo-
canipi and hippocampus magjor. Munk,” however, regards these
centres of Ferrier as “ phantasms.” He is strongly inclined, on the
" basis chiefly of one well-differentiated case, to localize smell in the
gyrus hippocampi. It is difficult fo see how anything sufficiently
definite for scientific purposes can be known as to disturbances of
taste in a dog or amonkey. No adequate evidence is procurable as
yet for an induction from human pathological cases in regard to
the cortical fields of any of these so-called lower senses.

& 25. To the foregoing remark a possible exception must be
allowed for the sense of hearing. In this connection belongs the
noteworthy localization of the ecerebral functions concerned in the
utterance and interpretation of articulate speech. The various de-
ficiencies in the power of produeing and inferpreting articulate
sounds, whether as spoken or written, which are due fo lesions of
the cerebral cortex, may be grouped together under the general

' The Functions of the Brain, p. 171 f. ; comp. The Localization of Cerebral
Disease, p. 132 f. :

?Ueber d. Functionen d. Grosshirnrinde, p. 22 {. ; 40 f.

3 Ihid., p. 129.
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term “aphasia.” For about a decade previous to the discoveries
of Fritsch and Hitzig, in 1870, the facts which seemed definitely to
conneet the loss of speech with a certain region of the left cere-
bral hemisphere were nearly all to which any advoeate of the loeal-
ization of cerebral function could confidently appeal in behalf of
his theory. As long ago as 1825, Boillaud located the articulation
of words in the frontal lobes. Subsequently (1836) M. Dax main-
tained the proposition that ‘lesions of the left half of the enceph-
alon are coincident with forgetfulness of the symbols of thought,”

In treatises of the years 1861-1865, Broea first announced the
substantially true discovery that the gyrus fronfalis inferior on the
left side of the cerebrum is especially concerned in using the pow-
er of speech. This circumstance he connected with the fact that
men generally use the left hemisphere more than the right for the
expression of thought with the right hand and arm, whether in
writing or in the mechanical arts. The literal meaning of the
statements made by Broca—such as that this part of the brain is
““the seat of the faculty of articulate language " '—is, however, not
simply inappropriate to the facts ; it is even absurd. There is no
one “faculty ” of language which ecan, in any possible meaning of.
the word, be regarded as having its “seat ” or locality confined to
some particular region of the brain. Speech involves, in a very
complicated and large way, all the faculties ; strietly speaking, then,
it cannot be located, with all its attendant operations of zelf-con-
scious, rational mind, in any one cerebral area. But that the
phenomena of aphasia show some special connection of certain
cerebral centres with the complex process of apprehending and ex-
pressing articulate language, seems entfitled to credit as an indue-
tion based upon a wide range of facts. Of course, in this particu-
lar attempt at localization of funetion, no real help can be derived
from experiments upon the lower animals.

§ 26. The phenomena of various classes, among which the truly
aphasic cases must be diseriminated, vary all the way from those
resembling the results of momentary inattention—such as that of
the German professor who certified in writing, ““ A. B. has attended
my remarkable lectures in chemistry with inorganie assiduity "—to
the impairment and utter loss of speech in progressive paralysis
with dementia.® A few of the more curious and instruetive in-

I Bur le siége de la faculté du langage articulé, ete., Bull. de 1a Soe. anat.,
Aungust, 1861 ; Du siége de la faculté dua langage articulé dans 1'hémisphére
gauche du cervean, Bull, de la"S8oc. d’anthropol., June, 1865.

*For the whole subject, see the great monograph of Kussmaul, in Ziemssen's

Cyclopedia, xiv., pp. 581875
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stances furnish facts like the following : The aphasic patient may
be entirely speechless, and yet understand what is said to him, and
be able to write his wishes down on paper. Some thus afflicted re-
tain the power to pronounce words of one syllable, but are obliged
to resort to writing in order to communicate anything further. Oth-
ers possess asmall stock of words, which they make more serviceable
with expressive gestures. Others, still, are simply able to speak “a
few senseless, and often very extraordinary, syllables and words.”

Among the surprising phenomena of the disease of aphasia,
none are perhaps more so than those occasioned by the ability
to utter certain syllables or words, when accompanied by an utter
inability to put the same leiters into slightly different combination,
One patient, who could say “ Bonjour, monsieur,” tolerably well,
could not pronounce the word “ bonbon™ at all. Another, whose
voeabulary was almost entirely limited to the meaningless syllables,
“ cousisi,” was quite unable to utter either ““coucon ” or *“sisi.”
The celebrated case of the aphasic Le Long, reported by Broea,
was that of a man confined to five words for his entire vocabulary.
These words were, ““ oui, non, tois instead of trois, toujours, and
- Le Lo instead of Le Long.” The first two and the last were used
with their appropriate meaning; “tois” indicated all ideas of
number whatever ; and * toujours” was the word used when the
patient could not express his meaning by gestures and the other
four words. It appears, then, that Le Long could pronounce the
r in “toujours,” but not in * trois,” and the nasal sound in “non,”
but not in his own name. In another class of cases, the aphasic
person can utter only a few or no words spontaneously and cor-
rectly, but can repeat and write without difficulty words that are
spoken before him. Sueh inability is sometimes called “simple
aphasia of recollection.” Different classes of words, as a rule, slip
from the memory in suecession, as it were. Proper names are
most frequently forgotten ; then substantives generally, and some-
times verbs, adjectives, pronouns, and all other parts of speech.
“ The more concrete the idea,” says Kussmaul,' * the more readily
the word to designate it is forgotten, when the memory fails.”
Many cases of disease occur where the patient has lost the power
mentally to find the appropriate words, although his power of ar-
ticulation is unimpaired, Such disturbances of speech muy, or may
not, be accompanied by a corresponding impairment of general in-
telligence. This complication increases the difficulty of studying
the phases of this disease.

Aphasia may also be accompanied by so-called “ word-deafness ™

! Ziemssen's Cyclopedia, xiv., p. 750,
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and “ word-blindness.” Persons thus afilicted hear words as con-
fused murmurings, or see them as blurred images. The individ-
ual letters may be intelligently heard or read, but their combina-
tion has become unintelligible. The same thing sometimes happens
with fizures ; as in the ease of the accountant who could read the
sum 766, fizure for ficure, but did not know what the figure 7
meant as placed before the two 6's. At other times the disturb-
ance of speech takes the form of grammatical ataxy, as it were, or
of verbal delirinm—a medley of words, partly in themselves signifi-
eant and partly unmeaning.

The agraphia, or inability to express thought in written language,
which not infrequently accompanies aphasia, may be incomplete,
or absolute and literal. Some patients, who have formerly been
highly cultivated, become unable to produce a single letter with
the pen. Others can write long rows of letters, but arrange them
for the most part in meaningless fashion, with an intelligible word
cceurring here and there. In brief, the phenomena more or less
closely connected with the disturbance called aphasia are exceed-
ingly complex and various.

§ 27. In the effort to classify so many complicated facts, and to
distinguish among them such as are of truly cerebral origin, Ex-
ner' makes the following distinctions: First, there are cases
where the understanding of the words is affected ; and such loss
may constitute the chief or the entire part of the aphasia. The
patient can then hear and artieulate, but the “acoustic image ” of
the word as the symbol of an idea has perished. In a second form
of aphasia, the inability concerns the clothing of the result of
thought (the idea) in words—whether for purposes of spoken or of
written expression. In most such cases it is simply the appro-
priate word which is forgotten. In the third class of eases, the
aphasie person can form the idea and select the word appropriate
to express it, but cannot bring about those processes of central in-
nervation which are necessary to initiate the expression. All these
three forms may combine variously, and all may be connected with
disturbances of speech which are not to be localized in the cerebral
cortex, but which have their origin at some point in the extra-cor-
tical nerve-tracts concerned in speech. The very elaborate analysis
of Kussmaul leads him to make the following statement: *All
disturbances of speech can be brought under two great classes,
according as the connection between the conception and the word
is impeded in the direction from the former to the latter or, wice
versa, from the latter to the former. When the first happens, the

!In Hermann's Handb. d. Physiol., IL ii., p. 343 f.
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expression suffers ; when the second, the understanding.” By the
last word, however, we must mean the “ understanding ” as applied
especially to artieulate speech. For aphasic persons are often very
intelligent in earrying on the trains of thought necessary to sue-
cess in games of gkill, or in the expression of feeling in music ; and
if we accept, even with considerable allowances, the intelligent
testimony of Lordat concerning his own mental condition when
aphasice, they sometimes exercise the mind in abstract reasoning
of a high order, even when unable to recall a single word appro-
priate for the expression of their thoughts.

In all true aphasia, then, the connection between ideas and ar-
ticulate langnage is interrupted within the cerebral cortex. Is it
possible to indicate any region of this cortex, lesions in which are
regularly aceompanied by aphasic symptoms ? or, in other words,
(an the funection of articulate speech, so far as this consists in the
ability to apprehend and suceessfully to will its acoustic and visual
symbols, be localized in the eerebral hemispheres? In answer to
this question it must be admitted that no absolute field for aphasia
ean be pointed out; that is, besides the region where lesions are
connected in by far the greater number of cases with aphasic dis-
turbances, other regions of the cerebral hemispheres only some-
times thus conneeted may be pointed out.

§ 28. In a large percentage of cases of disturbance of speech due
to cerebral lesions, the posterior third of the third frontal convolu-
tion and the other regions bordering on the fissure of Sylvius
(island of Reil, and immediately adjacent parts of the parietal and
temporal lobes) are the seat of the lesions. Aphasia is far more
frequently due to changes in the left than in the right hemisphere
of the brain. Dr. Seguin, out of 260 cases, ecalculated the propor-
tion of aphasias due to lesions on the left side, as eompared with
those due to lesions on the right, to be as 243 : 17 or 143 : 1. Such
disparity is far too great to be attributed to the comparative fre-
queney with which the left hemisphere in general is the seat of
lesions. In Fxner's' collection of ecases, out of 31 lesions resulting
in aphasia, all but one were on the left hemisphere (in three cases,
bhowever, the right was also involved), and in that one the trouble
was only temporary. Such facts have led to the theory that, in all
but left-handed men, speech, like other motor functions, is chiefly
left-brained ; remarkable cases of left-hansled people who have be-
come aphasic through lesious on the right hemisphere are actually
recorded.”

TFunctionen in d. Grosshirnrinde, p. 51 f.
? Bee Kussmaul and his citations, p. 739 L
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Of the left hemisphere, the gyrus centralis anferior and the
adjacent convolutions of the frontal lobe, but especially the pos-
terior part of the third (lower) convolution, have much the highest
intensity as seats of aphasic lesions. In 53 carefully collected
cases by Lohmeyer," 50 were on the left hemisphere, 24 in the
lower frontal convolution, 34 in this eonvolution and neighboring
parts, 13 in the island and adjacent parts, 6 in the island alone.
Exner’s eollection, however, did not show that the “intensity ™ of
the lower is any greater than that of the middle frontal convolution,
or of the two upper temporal eonvolutions. This collection con-
tained, moreover, five cases in which lesions were seated in the
lower left frontal convolution without any resulting aphasia. Exner
therefore justly concludes that the * cortical field” of speech, like
the corresponding fields of all the motor functions, is really much
more extended than has generally been supposed. He is himself,
nevertheless, inclined to loealize, yet more definitely, so-called
“ataxic aphasia” in the third frontal convolution, * word-deaf-
ness” in the middle gyrus femporalis, and agraphia in the lower and
front part of the parietal lobe; that is, in the neighborhood of
the motor region for the upper extremities. So specific localiza-
tion can hardly, however, be safely based on the restricted number
of eases which Exner considered.

Lohmeyer gives 2 cases of aphasia following lesions in the an-
terior portion of the frontal, 3 in the parietal, and 4 in the oceipital
lobe. Exner gives 3 eases in which the central convolutions were
alone the seat of disease; 2 in which the temporal and parietal
lobes were alone affected ; 1 in which the only lesion was in the oe-
cipital lobe. In the only sense in which the brain can be spoken
of as the *“ seat of the faculty of articulate language,” we must ad-
mit that the evidence confirms the following assumption of Kuss-
maul : It is, @ priori, probable that an enormous association-tract
in the cortex has been assigned to speech, even though the key-
board of sound may be confined to the anterior eortieal regions.”

§ 29. The more ardent and positive advocates of the theory
of locally specific cerebral funections find it exeeedingly djfficult to
refrain from seating general infelligence, or the powers of percep-
tion, memory, comparison, ete., as applied to all the objects of
cognition, in some particular so-called *field” or “area” of the
brain. At present the frontal lobes offer themselves as the most
convenient region for such pre-empting of the cerebral domain.
The general propriety of considering the connection which un-
doubtedly exists between the central nervous mechanism and men-

I Archiv . Klin. Chirurgie, XIII., p. 309, as cited in Kussmaul.
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tal phenomena, under any spafiel terms whatever, will oceupy our
attention later on. It is enough at present to say that the experi-
mental and pathological evidence do not warrant us in assigning
such pre-eminence to the frontal lobes. Extensive lesions may oe-
cur in these lobes with little or no diminution of so-called general
intelligence. On the other hand, small lesions in other regions of
the brain are not infrequently productive of comparatively profound
mental derangement or loss of function. Moreover, lesions localized
in those areas of the cerebral cortex which have thus far been con-
sidered—namely, the parietal, oceipital, and temporo-sphenoidal
lobes—are, of necessity, connected with more or less impairment
of intellizence.

There can be no doubt that the mental processes which we deseribe
by the word “intelligence ” are all closely related to the basic sensory
and motor activities that are chiefly localized elsewhere than in the
frontal lobes. An animal that is ““ soul-deaf ” or *soul-blind " has,
so far forth, an impaired intelligence. The same thing is eminently
true of the man afflicted with aphasia in any of its severer forms.
The loss of intelligence is not necessarily (or even probably) due to
the partial destruction of that functioning of the hemispheres in
general which results in intelligence ; it is rather due to the fact
that the support which all ideation receives from the audible and
visible symbols of the idea—whether chiefly as respects its forma-
tion or as respects its expression—has become impossible. The
impairment of any considerable area of tactile sensations, especially
as localized in those parts of the body which are most used in per-
ception through such sensations (e.g., the hand), also occasions a
certain loss of intelligence. The restrictions which cerebral disease
introduces into the number and nicety of the sensory and motor
functions are, of course, much less important when they come upon
minds already furnished, as we say, * with a stock of ideas.” Still,
even in such ecases a basis of sensations and volitions constantly
underlies, as it were, all the higher and pre-eminently intellectual
mental processes.

§ 30.+In spite of the evidence adduced, a few experimenters still
either wholly reject the principle of the loecalization of cerebral
function, or else urge arguments against earrying it out even with
the limitations which the foregoing conclusions have observed.
Among such experimenters the most prominent is perhaps Goltz.'
The method of extirpation practised by Goltz was that of wash-
ing away the substance of the cerebrum by streams of water sent

! Bee especially his treatises as collected in the book, Ueber d. Verrichtungen
d. Grosshirng, Bonn, 1881 ; and Pfliger’s Archiv for 1876, 1877, and 1879,
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through orifices broken at selected places in the skulls of dogs.
This method has the advantage of saving bleeding ; it has the dis-
advantage of not definitely loealizing the injury. Its author has
applied it with great ecare and skill to a large number of animals,
many of which he has suceeeded in keeping alive for months, even
after the removal of considerable areas from both hemispheres
(in one instance the brain-substance, calculated to have weighed
originally 93 grammes, had been reduced to 13). The principal
coneclusions drawn from his experiments by Goltz are adverse
to the theories of localization held by Ferrier, Munk, Luciani, and
others.

Goltz’s conclusions may be summarized as follows. No impair-
ment of intelligence follows the loss of a large amount of cortical
substance from one side of the brain ; but loss of any considerable
amount of substance from both sides—whether in the frontal,
posterior, or temporal lobes—produces a permanent impairment of
all the functions, which corresponds in a general way to the amount
of the loss. Every sense, and the intelligence of every sense, is
thus weakened ; for the cerebral elements of sense are impaired or
destroyed (Hirnsehschwdche, ete.). For example, a dog which has
been trained to give his paw on command loses the power to do so
in consequence of such loss of brain-substance, and never regains it.
It is not possible, by extirpating any amount of the substance of
the cortex on either side or on both sides, to produce a permanent
laming of any muscle of the body, or a total loss of sensibility in
any of its parts. It is, however, possible, according to Goltz, by
repeated removal of the cerebral substance on both sides, gradually
to reduce an animal to a condition of almost complete idioey—to
an elaborate eating, drinking, and walking “ reflex-machine.” The
removal of as much as 4 grammes from each hemisphere produces,
as he calculates, a considerable degree of idiocy. No part of the
cortex of the brain can, then, be called the exclusive organ or centre
of intellizence or feeling ; but the psyehical funetions of sensation,
volition, ideation, and thought are connected with all of its parts.
The quantity of the cerebral substance removed determines the
amount of the general impairment of mental powers, instead of the
locality from which the removal is made fixing the guality of mental
impairment.

It must be admitted that the facts discovered by Goltz, and the
conclusions which he reaches, seem at first strongly opposed to all
localization of cerebral function. But they are not really so; nor
is it quite eorrect even to say, as Foster ' does, that Goltz’s results

! A Text-book of Physiology, p. 649, New York, 1880,
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are ‘‘ absolutely opposed” to those of Munk. In fact, Goltz' him-
self asserts that destruction of the parietal lobes produces a greater
permanent disturbance of feeling, and destruction of the occipital
lobes a greater permanent disturbance of sight. In general, an
animal operated upon in the two hind-quarters of the cerebrum is
more stupid than one which has suffered loss of the fore-quarters;
the former is duller of sight, hearing, smell, and taste ; the latter is
duller in respect to skin-sensations. The effect of injury to the
posterior parts of the brain is therefore mueh more marked in de-
pressing the intelligence of the animal (as shown in sense-percep-
tion). Moreover, Goltz® claims that he has never rejected the
possibility of a localization of the functions of the brain. He con-
firms * the conclusions of Fritsch and Hitzig, by saying that he has
often seen mechanical exeitation of the parietal lobes produce mo-
tions in the limbs of the opposite side. His facts and arguments
are rather directed against fhat form of the hypothesis of localiza-
tion which seats the different funetions in small ecireumscribed
areas ' and then, when forced by facts, conceives of them as also ea-
pable of hopping about from one of these areas to another, like a
bird from twig to twig in the branches of a tree. Furthermore, a
detailed comparison of the experiments of Goltz with those even
of Munk shows that the results of the two are in the main recon-
cilable ; if only it be remembered that the former has not always
precisely defined the areas of brain-substance removed, nor sufli-
ciently taken into aceount the undoubted results obtained by others
from definitely eircumseribed lesions ; and that the latter has, cer-
tainly, in many cases been more precise and confident than a fair
view of all the facts will warrant.

§ 31. Three principles may be laid down as summing up the
results reached by inference upon the basis of experiment with
respect to the localization of function in the cerebral ecortex.” The
first prineiple is to be aceepted in the form of a general postulate
derived from a study of the other parts of the nervous system, and
confirmed on attempting to apply it to the cerebral hemispheres,
It may be stated as follows : the different elementary parts of the
nervous system are all capable of performing its different specific
functions when, and only when, they have been brought into the
proper connections and have been exercised in the performance of

! Yerrichtungen d. Grosshirns, pp. 114 f. and 150 f.; and art. in Pfliiger’s
Archiv, xxxiv., pp. 450 fL.

¥ Verrichtungen d. Grosshirns, p. 163. *Ibid., p. 165. *Ibid., p. 169,

* Compare the five general laws of central functions given by Wundt,
Grundziige d. physiolog. Psychologie, i., p. 224 £
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those functions. This prineiple includes two important laws which,
we know, hold good throughout the whole nervous mechanism, and
which lie at the physical basis of important psychical facts and laws ;
they are the law of Specific Energy and the law of° Habif. Different
combinations of the elementary parts of the nervous system, form-
ing eomposite parts or organs, have different values and functions
in the general economy of the system. Tvery nerve-fibre, every ele-
ment of an end-organ, or of a central organ, may be said to have a
specific funetion, and to discharge that function in the exercise of
a specific energy. As to how far the capacity for this specific energy
is dependent upon the specific molecular structure of the element-
ary parts, we are only able to conjecture; but about its depend-
ence upon the connections in which the elementary parts stand with
each other, there can be no doubt.

Moreover, the elementary parts of the nervous system, inasmuch
as they have the general adaptation necessary to the performance
of nervous functions, can * learn” (so to speak) to perform the
more specific of these functions—but only in case they stand in
appropriate connections. The repeated action of the nervous ele-
ments in specific functions fits them the better to act in the same
funetions. The effect of the exercise of any function in the past
may be *stored up” so as to increase the facility of the nervous
structure to exercise again every similar function. Thus, different
elementary parts of the nervous system, if at first forced by cireum-
stances to become active in a given way, may by repeating the
activity gain a position of facility and value like that belonging to
other parts whose so-called normal action lies in this particular
way. This law of habit in the nervous system explains much of
the behavior of the nerve-muscle machine, or of the decapitated
frog, ete., under artificial stimuli ; it also underlies the theory of the
sensory-motor effects attributed to centres in the spinal cord and
basal ganglia ; it throws light upon the physical basis of our ex-
perience in learning to walk, talk, play upon musieal instruments,
or handle tools, as well as upon the transmission from generation
to generation of minute bodily characteristics,. Both the law of
specific energy and the law of habit undoubtedly apply to the fune-
tions of the cerebral cortex.

The remaining two of the three prineiples alluded to above may
be said to follow from the first ; they are the prineciple of localized
function and the principle of substitution. The former asserts
that, in the normal econdition of the nervous system, all parts have
not the same definite functions. Inasmuch as the funetions of the
different elementary parts necessarily depend upon the manner
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in which they are combined and connected, the composite parts
or organs thus formed must also have certain normal functions,
But such composite parts or organs have, of course, a definite loeal-
ity ; hence the functions of the nervous mechanism must be more
or less definitely localized. Nor can the principle be suspected
of a disposition to stop short off and abdicate its authority, when
we reach the region of the cerebral cortex. There is nothing in
the structure of the cortex to show why the general law of differen-
tiation of function should be inapplicable there. On the contrary,
everything in both its anatomy and physiology indicates that the
prineiple of loealized function does apply, in some sort, to the cere-
bral hemispheres.

So-called “ centres,” or ““ areas,” or *‘fields,” of the eerebrum are
in no case, however, to be regarded as portions of its nervous sub-
stance that can be marked off by fixed lines for the confinement
of definite funections within rigid limits. These areas are some-
what different for different brains of the same species ; they widen
when a heightened energy is demanded of them ; their centres
are neither mathematical points nor very minute collections of
cells. They are not composed of elements which have, each one,
a fixed and unchangeable value, and a definite function, as though
the number of mental operations assigned to a locality needed to
be precisely matched by the separate nerve-fibres and nerve-cells of
the locality. Nor are these areas perfectly isolated localities ; on
the contrary, they obviously overlap each other in certain cases.
According to the true statement of Luciani, ““the single centres
in the sensory-motor zone are so completely bound up with, and,
so to speak, let into one another, that it is not possible to divide
them with a elear and definite line, such as is the case when the
cortex is incised and removed ; so that in destroying a centre one
necessarily eliminates a portion of the neighboring centres.” Nev-
ertheless, there is no doubt that the cerebral funections econnected
with the different sensations and motions of the peripheral parts of
the body are not all alike exercised by all parts of the cerebrum.
They are assigned specifically to those regions which alone have the
proper structure and stand in the proper relations.

Furthermore, the funections of the cerebrum are not absolutely
confined to those centres with which, under ordinary circumstances,
they are chiefly or wholly connected ; in which, that is to say, they
are localized. If such centres, for any reason, become incapacitated
or relatively unfitted to perform their normal functions, the same
functions may be performed by other areas of the cerebral cortex,
provided these areas also stand in the proper connections. This
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is the prineiple of substitution. It is due to its working that
animals subjected to experiments in extirpation, as a rule, so
largely recover the powers of sensation or motion which they have
temporarily lost. It is on this class of phenomena that Goltz rests
much of his argument. In the cerebral hemispheres, however, the
principle of substitution does not overstep all limits, nor does it
operate arbitrarily. The portions of the same hemisphere that
are just adjacent to the so-called centres—the larger areas sur-
rounding or contiguous to the smaller—and, on account of its bi-
lateral structure, the corresponding portions of the other hemi-
sphere, are in general those best capable of exercising such substi-
tutive functions. It may be doubted whether these portions do
not, in all ordinary cases, cover the entire limits within which the
principle of substitution can act. Such substitutive funetions im-
prove under the law of habit to which the organs of the cerebral
cortex are subjected,

The connections between the different cerebral areas and their
functions are so complex and subtile that physiologieal science will
need a long time to disentangle them ; it may be doubted whether
it will ever succeed in doing this completely. The connections
among the phenomena of conscious sensation, volition, ideation,
and thought are at least equally subtile and complex. Will psy-
chology ever disentangle these connections ?

The bearing of the subject on our conclusions concerning the
nature of the mind and its connection with the bLody will be con-
sidered elsewhere,



CHAPTER IIL
THE QUALITY OF SENSATIONS.

§1. Tue world of ordinary experience consists of a great number
of so-called * things™ that are known to us by their distinguishing
qualities, Although each one of these things is believed to be a
separate existence, they are all perceived as having certain common
characteristics, and as standing in certain relations to each other,
of space, time, and action. It is with the fhings, their common
qualities and mutual relations, that unreflecting practical life is
chiefly concerned. But even without special reflection, everyone
learns that his knowledge of such external objects depends upon
the kind and degree of the effect they exereise upon his conseious-
ness throngh the senses. Attention is thus furned from the things
themselves to the sensations produced in us by their action. The
variety of such sensations, at first bewilderingly great, is soon re-
duced to some order by a classification referring them to the dif-
ferent organs through which they come. Thus, certain sensations
are received through the nose, others through the mouth, the ear,
the eye, or the skin—especially as covering that part of the body
(the hand) which is most active in touch. Smell, taste, hearing,
sight, and touch are the five classes of sensation, as the grouping
is made by the unprejudiced judgment of all.

A further rough and scientifically inadequate classification takes
place among the sensations of the same sense. Those of smell, in-
deed, defy classification, whether popular or scientific. Among
tastes, the most familiar are easily distinguished ; such are the
sweet, the sour, and the bitter. The two prinecipal classes of sensa-
tions of sound are easily diseriminated, as either noises or musical
tones ; the former are further classified as respects the character of
the feeling which accompanies them, and the latier as high or low
in piteh. The different more prominent colors—ineluding black
and white—are recognized by all persons of normal vision as
modes of the sensations of sight; hence the colors eommonly
named, and the various so-called “shades” of these colors. That
more than one class of sensations arise through the skin is shown
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by the popular use of the word to “feel.” Things feel hard and
soft, smooth and rough, as well as warm and cold. But things are
also said to feel heavy or light. The feeling by which their weight
1s estimated, however, is only aseribed in a very indefinite way to
the parts of the body that are chiefly concerned in passively sup-
porting, or actively lifting, or pushing against their weight. The
particular use of tactual feeling, as well as the general use of the
muscular sense, in gaining this class of sensations is little noticed
by ordinary reflection.

§2. All the sensations are also regarded as having some place
in a scale of degrees of sensation ; they are either strong or faint,
or else lie somewhere between the two extremes. They are also
habitually thought of as related in time, and as being connected
with the motion in space of the objects that oceasion them, Of
the molecular action of their stimuli upon the end-organs of special
sense ; of the hidden chemical, electrical, or other processes con-
nected with the activity of the peripheral and central nervous sys-
tem ; of the physiologieal, psycho-physical, and psychological laws
under which the mind reacts in the form of simple