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DEGENERATIONS OF THE NEURONE.

Under this heading will be considered (&) Primary De-
generations of the Neurone, including (1) cloudy swell-
ing, (2) fatty degeneration, (3) vacuolar degeneration,
(4) pigmentary degeneration, (5) albuminous Tdegouer-
ation: and (b) Secondary Degenerations of the Neurone.

(a) PRIMARY DEGENERATIONS OF THE NEvrRONE.—(1)
Oloudy Swelling.—In view of the fact that parenchyma-
tous degeneration or cloudy swelling has been described
in connection with the acute infections and intoxications
in most of the organs of the body, it is rather surprising
that we find so few references in the hibliography to this
form of degeneration in the nerve cells. The changes
which accompany infection and intoxication are so char-
acteristic and constant in the various seereting cells that
it seems probable that a similar degeneration has been
frequently met with in the nervous system, but has been
described under a different name. Doubtless the pres-
ence of the peculiar tigroid masses in the protoplasm of
nerve cells has been responsible for the difficulty in
studying this change. If one reads Benario’s careful re-
view of the whole subject of cloudy swelling and then
examines the articles by Ewing, Marinesco, and others on
the pathological changes in the nerve cells in acute in-
foctions, he cannot but feel that the preliminary swelling
of the nuclensand protoplasm and swelling of the tigroid
masses followed by their breaking up into fine granules,
described by these writers, correspond more or less closely
to the cloudy swelling which affects gland cells. The
alterations described by Franca in the nerve cells in
plague, and by Camia in the nerve cells in influenza, are
very suggestive in this connection.
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@) Fatty Degeneration.—Fat droplets of smaller or
larger size are frequently met with in nerve cells in the
most different pathological processes, but especially in
infections and intoxications. These are usually met
with in the protoplasm of the perikaryon and are visible
as yellow, glistening droplets in frozen sections, or as
plack spherules in Marchi preparations. I have often
seen black droplets in the nuclei of nerve cells in Marchi
specimens; in some instances they appear to be coinci-
dent with the nucleolus.

(8) Vacuolar Degeneration.—The study of vacuolar de-
generation of the nerve cell has liad an interesting history.
Tn the older publications, where the studies were nearly
all made upon Miller’s fluid preparations, nothing was
more common than to read of extensive vacuolar degen-
erations in the cells of the brain and spinal cord. We
Juow now that the majority at least of these were noth-
ing more nor less than artefacts due to the action of the
hardening reagent (work of Kreyssig and of Trezebin-
ski). In some of the more recent studies, however, true
vacuolization of both protoplasm and nucleus of the
nerve calls has been deseribed. Nerlich has investigated
the origin of vacuoles in a case of cerebral tetanus in
which the nucleus nervi hypoglossi, the nucleus nervi
facialis, and the nucleus motoriug nervi trigemini con-
tained vacuolated ganglion cells. He found occasionally
as many as twenty vacuoles in a single cell. The cell
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body was swollen, though. often surrounded by a large
pericellular space. The nuclei were not altered, though
they were sometimes displaced from the normal position
by the vacuoles.

“Begides in tetanus, vacuolization of the nerve cells has
been described in various infectious diseases, in acute
poisoning with mineral acids (ganglion cells of the heart),
and in fasting. Sometimes the nucleus, as well as the
cell protoplasm, is vacuolar (Kazowsky).

The study of vacuole formation in cells generally has
been approached recently from the experimental side.
Two kinds of vacuoles may be distinguished according
to their origin: (1) solution vacuoles, which increase in
gize with the diffusion and endosmosig of the agent pro-
ducing them; (2) expulsion vacuoles which are formed
suddenly as a result of coagulation and do not usually
increase in size.
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(4) Pigmentary Degeneration.—In frozen sections and
in Nissl preparations of adult nerve cells in various
parts, a yellowish pigment can be made out. This is
said to be entirely absent in the newly born. According
to Pilcz, Obersteiner, and others it appears at different
periods of life in different nerve cellg, at thesixth year in
the spinal ganglia; at the eighth year in theanterior horn
celle. The amount of pigment increases as age advances
(vide supra, Atrophy).

This pigment is not identical with that of the locus ce-
ruleus, substantia nigra, or substantia ferruginea. It
may be improper to speak of it as pigment at all. It
stains black with osmic acid, and thus is easily visible in
Marchi preparations. It seems to be related to the fats
(Rosin). Ramén y Cajal regardsitasa metabolic product
of the cell, which the latter cannot riditself of. Whether
it arises from the stainable or from the unstainable sub-
stance of Nissl is not known. Obreja and Tatuses be-
lieve that this pigment is of a fatty or myelinic nature,
probably related fo lecithin. They therefore look upon it
as a store of nutrient substance in the cell; according o
their findings it is diminished in amount in the anterior
horn cells in strychnine poisoning and in tetanus, while
after prolonged rest it is increased. Apgainst this view
van Gehuchten urges that the substance is absent from
the nerve cells in early life, and further that in a case of
tetanus which he examined there was no diminution in
the amount of pigment. The whole matter requires
further investigation.
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(5) Albwminous Degenerations.—Accepting the defini-
tion of Klebs, by albuminous degenerations are to be un-
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derstood those disturbances of nutrition in which insolu-
ble albuminous bodies are deposited in the tissues. In
the nervous system we have to deal with two such albu-
minous deposits: (@) the so-called Russell’s fuchsin bod-
jes, and (b) the corpora amylacea.

Ad (a). Russell’s fuchsin bodies described in cancer, in
1890, have since been proven non-specific as far as these
tumors are concerned. They occur under normal condi-
tions in various tissues of the body, including the nervous
system, but are greatly increased in numbers under patho-
logical conditions. They are usually extracellular in
situation but may occur also inside of cells. As a rule,
several of them exist together. They are small, round,
homogeneous bodics, varying from 0.5 to 20 g in diam-
eter. Under the microscope they appear as glistening
masses looking not unlike fat droplets, when exam-
ined in water., They stain intensely by Gram’s method
and in acid fuchsin. In Ehrlich’s triacid stain they are
tinged sometimes with the acid fuchsin, sometimes with
the orange. In Heidenhain's iron hmmatoxylin they
stain black. TLubarsch found them in large numbers in
atrophic conditions of the brain. The probability is that
they are products of the cell protoplasm, rather than of
the nucleus. Some of them may be swollen and altered
cell granules. Tt is not impossible that fine granules in
the cell protoplasm undergo chemical change and fuse to
form the fuchsin bodies. Again it has been suggested
that they may bave their origin from lecithin. Lubarsch
found that pure lecithin yields the same staining reac-
tions as do the fuchsin bodies; on the other hand, pure
lecithin is easily soluble in alcohel, while the fuchsin
bodies are not.

Ad (b). Corpora amylacea have long been known in
the central nervous system. Their origin and signifi-
cance have been much disputed, but there can be no
doubt that they are very numerous in afrophic and de-
generated portions of the brain and spinal cord. Under
normal conditions they appear in the third decade of
life and are never absent in people over forty. In the
cerebrum they are found in the lining of the ventricles
and in the tractus olfactorius; they are less frequently
found in the cerebellum. Redlich supposed that they
had their origin in the nuclei of neuroglia cells. Accord-
ing to a widespread opinion they arise from the coagula-
tion of myelin. It is not unlikely that some of them at
least have their origin through the union with normal
tissue juices of altered cell protoplasm exuded from the
cell. Spiller believes that at least a portion of the cor-
pora amylacea have been derived from altered blood-ves-
sels. The colloid bodies deseribed by Bevan Lewis and
also by Spiller would seem to be closely related either to
Russell’s fuchsin bodies or to the corpora amylacea.

Recent studies make it seem certain that greater differ-
entiation among these structures than that ordinarily
made is necessary. Thus Siegert has divided them info
corpora, versicolorata (including the “ eorpora amylacea ”
of th' central nervous system) and corpora flava (includ-
ing the “corpora arenacea” of the central nervous sys-
tem). The corpora versicolorata, so-called because they
take a variegated tint in iodine or bromine, yield the
“amyloid reaction” with aniline dyes, and are further
characterized by their brittleness and their morphology.
They may be, () spherical, ovate, or polygonal with
rounded angles; (b) concentrically lamellated, and (¢)
sometimes radially striated. They never arise through
direct transformation of cells, nor do they become calci-
fled. The corpora flava, on the other hand, behave dif-
ferently in solutions of the halogens (chlorine, bromine,
iodine), staining of a yellow color only in Lugol’s
solution ; they do not yield the amyloid Teaction with
the aniiine dyes. They are waxy rather than brittle;
they vary greatly in their morphology, being sometimes
smoothly spherical, sometimes very irregularly shaped.
Concentric lamellation may not be visible in them and
they are never radially striated. Unlike the corpora
versicolorata the corpora flava are said to arise directly
from the transformation of cells and to show a decided
tendency to become caleified.
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(b)) SECONDARY DEGENERATION, AND MODIFICATIONS

IN THE NEURONE FOLLOWING UPON INJURY T0 THE AX-
oNE.—The nutritive centre of a neurone isin the peri-
karyon. The tropbic influence emanates from the nu-
cleus. If any part of a neurone be severed from its
connections with the nuecleus, the separated part dies.
]13 casc.'ib is a medullated axone, which suffers solution
of continuity, not only does the whole axone, distal from
the lesion, undergo disintegration, but the myelin sheath
degenerates in the same area and the nucleated sheath of
Schwann or neurilemma undergoes important modifica-
tions. These phenomena taken in their totality are usu-
ally designated as secondary or Wallerian degeneration.
_ In the early part of the last century it was known that
interruptions of the connection of peripheral nerves with
the cenfral system could lead to their degeneration
(Nasse, Valantin, Stannius). The first careful study of
the subject, with establishment of a law, was that “un-
dertaken by Waller, and from him the process has de-
rived its name. He described it in detail—the coagula-
tive breaking up of the myelin sheath and the dissolution
of the axis cylinder. If a motor nerve is cut, all the
fibres in the peripheral end degenerate completely as far
as the muscles which they supply, the central end either
remaining entirely intact or perhaps, as a result of the
trauma, degenerating as far as the first node of Ranvier.
If a sensory nerve be cut distalward from the spinal gan-
glion, all the sensory fibres of that nerve degenerate to
the very periphery, though the portion of the nerve still
in connection with the ganglion,.as well as the central
intramedullary confinuation of the nerve, remain unde-
generated. On the other hand, if a dorsal root of a spi-
nal nerve is severed between the ganglion and the spinal
cord, the portion of the nerve attached to the ganglion
does not undergo degeneration, but that connected with
the cord degenerates typically, not only in the portion
outside the cord, but also throughout its whole intra-
medullary extent. This is the proof which has been
brought for the view that the cell bodies in the spinal
ganglia are the trophic centres for the peripheral sensory
neurones. Following upon Waller’s investigations came
the observations of Tiirek, which demonstrated that the
same law holds within the confines of the central nervous
system—for example, for the pyramidal tract. Since
Tiirck’s studies a host of observations have established
the general validity of the law for all groups of neu-
rones. When an axone degenerates, the retrogressive
process involves not only the main axone but also its ter-
minals, together with the collaterals belonging to it with
their terminals. T

The study of secondary degenerations has been much
facilitated by the introduction of Weigert’s myelin
sheath stain and the osmic-hichromate method of Marchi
and Alghieri.

The finer histology of secondary degeneration has been
studied by Homén, Howell and Huber, Tooth, von Nott-
haft, Ceni, and ofhers. Von Notthaft subdivides the
changes which occur in the nerve after section into two
stages, the first including the alterations which take
place during the first three days (fragmentation of mye-
lin and of axone for a distance of one or two internodes
on each side of lesion), probably due to trauma. The
second stage, beginning on the second or third day and
confining itself to that part of the fibre cellulifugal from
the lesion, represents the true Wallerian secondary degen-
eration; it is not the direct result of the trauma, but is
due to the severance of that part of the neurone from the
trophic influence of the nucleus. In this second stage

{he axone swells up and undergoes fragmentation, and
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the myelin disintegrates into droplets cellulifugally from
the lesion, as far as the peripheral termination. By the
fourth day a muiltiplication of the nuclei of the neuri-
lemma can be made out. Liguefaction of the myelin be-
gins by the sixth or seventh day and continues until the
sixtieth or eightieth day, when all of it is dissolved and
most of it has been absorbed. The absorption is com-
plete by the end of three or four months. If the degen-
eration affect medullated nerve fibres inside the central
nervous system, neuroglia cells can be seen undergoing
prolifcrntibu after some forty-five orfifty days (Ceni).
This proliferation ceases at the end of three months and
sclerosis follows.

Marchi’s method demonstrates the existence of degen-
erating fibres asearly aseight or ten days after the legion,
and will continue to demonstrate their presence until all
the myelin of the degenerating fibres has been absorbed,
that is, until some three months have elapsed after the
injury. At a later period we have to resort to Weigert's
method; the areas which have degenerated show, of
course, an absence of black fibres. Marchi’s method is
far more delicate than Weigert’s; the former will reveal
single degenerated fibres; the latter can be relied upon
only when there is a considerable area of lightening in
the region otherwise uniformly filled with black fibres.
Anatomists have applied these methods most extensively
in experimental work for the determination of the course
followed by the medullated axones of the various groups
of neurones of which the nervous system is made up.
Pathologists utilize them to study the secondary degener-
ations which accompany various diseases of the nervous
system in human beings.

For many years it was believed that the cellulifugal
alteration, described by Waller, was the only one which
oecurred after axone lesion, but the introduction of more
delicate methods still has revealed the fact that surpris-
ing changes occur in the neurones cellulipetal from the
lesion, and particularly in the cell body or perikaryon
itself. Nissl by the application of his methylene-blue-
and-soap method has demonstrated definite alterations in
the cell body as early as a few hours after axone lesion.
The changes are most marked, however, when animals
are killed from eight to fifteen days after the operation
in which the axones have been cut. Nissl refers to this
method of study as “the method of primary irritation.”
His results have been confirmed by Flatau, Marinesco,
Lugaro, Van Gehuchten, Erlanger and myself, and many
others.

The change which takes place in the cell bodies of the
nucleus nervi facialis, for example, after section of the
nerve trunk near the pes anserina, consist chiefly in alter-
ations in the tigroid masses, in a moderate swelling of
the perikaryon, and in a displacement of the nucleus
toward the axone hillock. The change seems to affect
the tigroid masses first. The spindles lose their typical
stichochrome arrangement, brealk up into minute parti-
cles, become scattered diffusely throughout the cell, and
finally undergo solution, the solvent process affecting the
tigroid masses in the interior of the cell first, and extend-
ing gradually toward the periphery. This disintegration
and solution of the tigroid has been variously designated.
Marinesco calls it chromatolysis ; van Gehuchten, ekro-
molysis ; Retterer, ehromophilysis ; Kohnstamm gives it
the name tigrolysis, and the latter term is the one which
I prefer.

Marinesco has described two distinet stages of the proe-
ess: (1) A stage of reaetion, in which the tigroid under-
goes the changes above deseribed; and (2) a phase of
repair, during which the tigroid elements are restored to
a more or less normal appearance.  The first stage begins
soon aftersection; and reaches its maximum in from fifteen
to twenty days. The second stage lasts longer. It is
essentially a phase of regeneration, and asin many cases of
regeneration the elements regenerated are produced in ex-
cess; the individual tigroid masses are larger and more
numerous than in the normal eell. During the first stage
(that of reaction) the cell is swollen; during the second
(that of repair) it gradually returns to its normal size.
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The nucleus, markedly displaced toward the axone hil-
lock during the first stage, slowly reassumes its former
position in the centre of the cell during the stage of re-
pair. A few cells in motor nuclei, after section, fail to
undergo this repair, and van Gehuchten assumes that in
them the turgescence of the cell has taken place so sud-
denly during the first stage and the propulsion of the
nueleus has been so violent that the latter has been com-
pletely expelled from the cell body. Such cells, de-
prived of their nuclei, necessarily undergo total degener-
ation, It was thought by Marinesco that the stage of
repair was conditional upon regeneration of the distal
end of the axone, but Nissl, van Gehuchten, and Foa
have shown that this is an error, and that the altered
cells return to their normal state entirely independently
of the phenomena of regeneration at the point of section.
At least this scems true of experiments upon animals,
though there are some observations upon the spinal cord
of human beings following upon amputation, which in-
dicate that cells still tigrolytic may be observed in the
cord for from three toseven months after the operation.

There would appear to be an intimaterelation between
the degree of injury to the axone and the changes which
take place in the perikaryon, for when nerves are torn
out, the effects are very different from those which follow
simple section of a nerve. Thus Ballet and Marinesco
showed that if a nerve be forn out, a large number of the
cells undergo complete destruction and are absorbed.
This may explain the cellulipetal secondary degener-
ations obtained by von Gudden’s method (vide infia).

One of the more recent developments of the study by
Nissl's method indicates that tigrolysis oceurs constantly
after section of a cerebral nerve, but may or may not oc-
cur after section of a spinal nerve, though it inevitably
follows the tearing out of the same spinal nerve (Van
Gehuchten and de Neeff). The infercnce has been
drawn that the lower motor neurones in the spinal cord
of the rabbit and dog possess a greater resistance to ex-
perimental injury than do the lower motor neurones of
the medulla, pons, and midbrain,

The method introduced by Nissl is of very great im-
portance to anatomy, since by means of it the exact cell
bodies which give off the motor axones to individual
muscles can be easily localized in the central system.

1t is now mueh easier to understand the early investi-
gations bearing upon atrophy of the motor roots and
eray matter of the spinal cord after amputation. The
younger the individual at the time of amputation, and
the longer the time elapsing between the operation and
death, the more marked are the alterations. It would
appear that if an amputation be done early in life, many
of the neurones concerned in innervating the amputated
limb undergo complete degeneration and disappear to-
tally, that is to say, in addition to the Wallerian cellulifu-
gal degeneration, which of course occurs in the ampu-
tated stump, there takes place in young individuals a
slow atrophy or slow cellulipetal secondary degeneration
of the whole neurone, notwithstanding the fact that the
perikaryon with its nucleus is left in the mutilated neu-
rone. This vulnerability of neurones in young animals
is especially well illustrated by the long series of experi
ments which were made by von Gudden. The distin-
guished Bavarian investigator showed that after remo val
of an eye ina youngrabbit, in the course of some months
not only did a total degeneration of the optic nerve of the
same side and partial degeneration of the optic tract of
the other side take place, but also extensive degeneration
oceurred in the superior colliculus of the corpora quadri-
gemina and lateral geniculate body of the opposite side.
This general observation showed immediately what re-
gions of the gray matter are intimately related with the
optic nerve. The study of the microscopic changes in
these primary optic centres proved that this method per-
mits one to draw also important conclusions concerning
the finer histological connections of the axones of the
optic nerve with their centres of origin and of termi-
nation. Thus while in the superior colliculus after the
operation above mentioned entire rows of nerve cells bad
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disappeared from the superficial layer of gray matter, in
the lateral geniculate body the ganglion cells were but
very little altered; but between them, and especially in
the gelatinous subsfance lying in the lateral part of this
nucleus, there had been a very great logs by absorption
of fine nerve fibres, the terminals of the optic nerve. It
was ecasy to interpret these observations. Where as a
result of the lesion there had occurred cellulifugal degen-
eration of the ground substance in direct continuation
with cellulifugal degeneration of nerve fibres in the optic
tract and optic nerve, we have to deal with the nucleus
of termination of the axones of neurones, the eell bodies
of which are situated in the retina. On the other hand,
in the part of the colliculus superior where there had
beén a cellulipetal disappearance of ganglion cells, as a
result of the removal of the eye, it was evident that we
have to deal with a nucleus of origin of centrifugal ax-
ones which run out through fthe optic tract and optic
nerve to the eyve. That this conclusion is correct, the
application of the methods of Golgi and of Flechsig to
the problem have left no doubt.

Von Gudden and his pupils utilized this cellulipetal
secondary degeneration in young animals in extending
widely our knowledge of the anatomy of the brain. By
it the nuclear origin of the various cerebral nerves were
very exactly defined, and later, the connections of the
lemniscus, the brachium eonjunectivum, the cerebrocorti-
cal pontal paths, and various other tracts were deter-
mined and their centres of origin and of termination ac-
curately established.

A study of a large series of pathologieal cases in hu-
man beings following upon hemorrhage, softening, or
pressure from wvarious causes in the brain has proven
that in human beings also the cellulipetal degeneration
(corresponding to the experiments of von Gudden) oc-
curs as well as the typical eellulifugal secondary degen-
eration of Waller. What is more, a study of human
cases reveals the fact that if a neurone of a high order
fails to receive its normal impulses from a set of neu-
rones of the next lower order, owing to degeneration of
the latter, the former undergoes a slow diminution in
size throughout its whole extenf (diminution in size of
lemniscus accompanying sclerosis of posterior funiculi
of cord). Again, if a sct of neurones in a neurone chain
is unable, through degeneration of the next higher group
of neurones in the chain, to pass on its impulses to the
latter, it undergoes a slow atrophy, all the neurones of
the set gradually diminishing in size. This is well
shiown when, for example, the somsasthetic area of the
cortex is destroyed and secondary degeneration of the
thalamocortical neurone system results; the lesion is fol-
lowed in the course of years by marked diminution in the
volume of the lemniscus medialis, of the sfratum inter-
olivare lemnisei, and of the nucleus funiculi gracilis and
nucleus funiculi cuneati of the opposite side, the cell
bodies of which give rise to the axones of the lemniscus.

Bethe also studied the degenerative changes in the axis
cylinder after section of the nerve. He states that the
first change is the disappearance from the fibrille of a
substance which is primarily colored by basic dyes, and
that with the disappearance of the primary colorability
of the nerve there disappears its excitability. There fol-
lows a breaking up of the primitive fibrille into large
and later info fine granules; at the same time a breaking
up of the medullary sheath with ellipsoid formation.
Degeneration is always apparent in the primitive fibrillee
before such is seen in the medullary sheath. This de-
generation does not occur in the whole nerve at the same
time, but is first apparent near the seat of the lesion from
which it can be traced at later periods toward the per-
iphery. Corresponding changes are found in the central
stump, though here the degeneration is limited in extent,
though certain fibres may be seen degenerating far tow-
ard the cord. He denies that in the central stump de-
generation ends at the first nerve of Ranvier nearest to
the poinf of lesion (traumatic degeneration). From his
investigations he confirms the opinion that sensory fibres

degenerate more quickly than motor, and he further

states that thicker fibres, both motor and sensory, earlier
show signs of degeneration than finer fibres.
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r:_vs[ém and Its Constituent Neurones,

REGENERATION OF THE NEURONES.

The topic includes regeneration of the nervous system
in whole or in part during embryonic periods, the regen-
eration of whole neurones in the adult condition, and the
regeneration of portions of a neurone after injury.

In connection with regeneration of the nervous system
in the embryo much work has heen done. Recentstudies
have revealed a wholly unexpected capacity for regener-
ation in young phases of the embryo. The doubling of
the whole nervous system, or of one end of it, is by no
means uncommon. Inlater embryonic phases the capac-
ity for regencration becomes less; but until quite a late
period, especially in low forms, very considerable regen-
eration is possible. Interesting as regards the regener-

| ation of the nervous system are the researches of Harri-

son, who experimented upon the tails of tadpoles. After
cutting off the tail, its peripheral nervous system was re-
generated from the spinal cord. There first arose a sin-
gle pair of nerves from cells lying within the cord. A
part of these cells wandered into the nerve root and gave
rige to a large spinal ganglion. Subsequently groups of
cells wandered fartherinto the periphery along the newly
formed nerves and gave rise to from one to three small
ecanglia to take the place of those ganglia which had been
lost through the operation. The total number of ganglia,
however, was never completely replaced.

As to the regeneration of whole neurones in adult ver-
tebrates much doubt has been expressed. The prevail-
ing opinion is that if an adulf neurone be once entirely
destroyed, it can never be regenerated from neighboring
neurones. That karyokinetic figures can oceur in nerve
cells adjacent to an injury has been shown by Tedeschi
and Vitzou. The exact histological details of karyoki-
nesis in neurones have been studied in the cerebral cortex
of guinea-pigs after introduction of a hot needle by Levi
(¢f. Barbacei’s Review, loe. eit., 1. 785).

Most interesting are the various studies which have
been made fo explain the well-known fact that regener-
ation of peripheral nervesafter lesion occurs. There has
been ‘much dispute as to whether the regeneration of
nerve fibres is due to an outgrowth of the axone from
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