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RETROGRADE DEGENERATION IN THE SPINAL
NERVES.
5. WALTER RANSON.

{Fr.-_:m the Neurological Laboratory of the University of Chicage and the Anatomical Laboratory of

the 8t. Louis University.)*

11 Sumnmr}r -r}f the Literature.

Retrograde degeneration, sometimes also spoken of as “ascend-
ing degeneration”’ (FLEMING '97) and “indirect Wallerian degenera-
tion” (vAN (GEHUCHTEN '03), is a process resulting in the de-
struction of that portion of a divided fiber which 1s still connected
with its cell of origin.  Such cellulipetal changes are not in accord
with the law of WALLER, which requires that of a divided nerve
fiber only the portion severed from its trophic center should dis-
integrate, while all the rest of the neurone remains intact; never-
theless, this retrograde degeneration has been observed by a large
number of investigators; it has been found in the cerebral as well
as in the spinal nerves and occurs under certain conditions 1n
various fiber tracts of the central system.

The investigations, which lead to the discovery of this form of
degeneration, were carried out in the first instance upon the nerves
in the central stumps of amputated limbs and upon the associated
segments of the spinal cord. Experimental amputation and nerve
resection in animals have served to confirm the observations made
on human material and to eliminate complications introduced by
the cause of the amputation or by the terminal disease. Since
the cellulipetal changes resulting from the section of the spinal
nerves are typical of retrograde degeneration, it has not seemed
desirable to complicate matters by a review of the literature on
similar changes in the cerebral nerves, nor in the fiber tracts of the
central system. The observations along these lines have been

While at the St. Louis University the writer received very valuable assistance, both in the
operations and the enumerations, from Dr. Frep. B. WaiTTikER, to whom he is especially indebted.
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very well analyzed by van GenucHTEN ('03) and briefly sum-
marized by the present writer ('04). It is also believed that we
may omit without loss any mention of the theories of the different
INVestigators concerning the nature and cause of the cellulipetal
a]teratmns resulting from the section of nerves.

In studying the literature on retrograde degeneration in the
spina] nerves, 1t was found convenient to arrange the results of the
different investigators in tabular form, placing the changes found
in the various parts of the nervous system in separate columns
under the following headings: central stumps of the severed
nerves, ventral roots, dorsal roots, spinal gangha, the spinal cord
in general, the ventral horns and motor cells, the dorsal horns and
the dorsal funiculi. In this way were tabulated the changes found
in sixty-nine autopsies upon cases of more or less long standing
amputation. In a separate table of the same kind were summar-
ized the changes observed by eighteen different i I]'l‘lr’EStlgdtDI'S who
had carried out Experlmental amputation and nerve resection in
animals. When these tables were completed, 1t was possible to
compare the results of the different investigators and see what
changes were constant in any part of the nervous system. It is
with reference to these tables that the following has been written,
and for this reason it has been possible to make accurate, but at
the same time very gl?]'lﬁl'd] statements.

The first observation of an alteration pmpqmted centrally along
the course of an injured nerve was made 1n 1829 by BERARD, who
noticed that the ventral roots, associated with the nerves of an am-
putated limb, were smaller than their fellows on the opposite side.
But it was not until 1868-6¢g that VurLrian and DickiNsoN aroused
reneral interest in the auhjcu, an interest which has led to an
almost uninterrupted series of investigations and even at the pres-
ent time has not abated. The re-«ult'-'; of this series of investiga-
tions may be stated rather hrleﬂ}

In a considerable proportion of the cases, no notice was taken of
the central stumps of the severed nerves. Of those who did in-
clude these structures in their investigations only two found them
normal (FriepDREICH *73, and DRESCHFELD ’ {J) The complete
degeneration, seen in one of DIcKINSON’S {’(ﬁ) cases, was undoubt-
u”u due to extraneous causes, probably septic infection. In all the
other cases of mnpur.mnn a simple ,|rrr:p|w., associated with a
marked decrease in the average diameter of the nerve hbers, pre-
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sents itself with striking uniformity (Vurpian '68-'6g, ERLEN-
MEYER '72, Hayem 76, DEjeErINE and Mavyor 78, Havem and
GiLBERT ‘84, FRIEDLANDER and Krausk 86, DubLEY '86, REY-
~oLDs '87, MariNesco 'g2, ErzHorz 'oo, on human material;
and HoMmEN ’go, VanLair ‘g1, PiLcz 'gg, on animals). The mi-
croscopical changes are of some importance. The individual
fibers are much decreased in size, the change affecting chiefly the
myelin sheaths. Many of the fibers are entirely devoid of myelin
and there is a tendency for them to be grouped in bundles. These
altered fibers have been interpreted, sometimes as atrophied, some-
times as regenerated fibers; but the former interpretation seems to
be the better supported. Of the authors who have placed them-
selves on record with regard to this point, six regard the change as
an atrophy, while four believe that the altered fibers represent an
attempt at regeneration; and on the side of the majority are
included the two most thorough investigations: that of Friep-
LANDER and Krause ('86) recording eight cases of amputation,
and that of HomEN ('go) recording experiments on more than
forty dogs.

As a typical account of these alterations we may summarize the
description given by FrIEDLANDER and Krause ('86). In their
eight cases the nerve stumps presented patches of normal appear-
ance separated by areas entirely devoid of medullated hbers; still
other areas, constituting the larger portion of the cross-section
contained about half the proper number. In the atrophied bundles
the individual fibers are about one-third their normal size, and may
be recognized as faint refractile rings, which do not take the Wei-
GERT stain. At the center of these rings a barely recognizable
point represents the remains of the axis cylinder.

In addition to this simple atrophy there occurs in the proximal
portion of some of the severed nerve fibers a true degeneration,
not distinguishable histologically from Wallerian degeneration.
This may be seen in Marc1 preparations from the central stumps
of experimentally resected nerves, removed twenty to forty days
after the operation (Reprick 93, MoscHAEW g3, BIEDL "g7).
Some observers have reported negative results with this stain; but
it must be remembered in this connection that the degeneration
in the central stump occurs about fifteen days later than true Wal-
lerian degeneration (BiepL ‘g7, vaNx GEHUCHTEN '03), and that
the peripheral degeneration is at its height at a time when the
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alterations in the central stump are just beginning. Too early
an examination of the material may thus lead to erroneous con-
clusions.

The changes in the ventral root are less marked than in the
mixed nerve, and until the last twenty years these structures were
often reported normal (VuLrian'68-"6g, Dickinson’68, DE JERINE
and Mayor 78, DreEscHFELD '79, FRIEDLANDER and Krausg
"86). Atrophy of the ventral roots was reported by BErarp ("2g),
Tirex (53), GenzMer ('76), Havem and Giiserr ('84), and
Epincer ('88); and during the last two decades has been quite
uniformly observed (KanrLer and Pick 'S80, REyNoLDs '87, MaRI-
NEsco ‘92 and WILLE '95). According to REYNOLDs the atrophy
1s due to an erease in the proportion of the small fibers, while in
two of WILLE’S cases 1t was due to a decrease in the total number.
On his forty dogs HomMEN found a decrease in the ventral root
fibers within the spinal cord. ‘There was also a slightly larger
proportion of small ibers on the operated than on the normal side.
That some fibers degenerate and disappear from the ventral roots
after the section of the mixed nerves has also been demonstrated
by the \[JLRLH[ reaction in “mmnl experiments (DARhSCHEWITsCH
*96, REDLICK '3, MoscHAEW ‘g3, CASSIRER ’98, CENI 'gg, VAN
(GEHUCHTEN '03).

The dorsal roots have undergone changes very similar to those
in the ventral roots; the authors usually describe them together
and 1n 1dentical terms, so that the account just given of the latter
would, with the following exceptions, serve equally well for the
former. Dickinson ('68), and FRIEDLANDER and Krausk ('86)
found a considerable diminution in the number of dorsal root fibers
although in both cases the ventral roots were reported practically
normal. MARINEscO {’gz:} also found more advanced atrophy,
and DarkscHEWITsCH ('90) more degenerating fibers in the dorsal
than in the ventral root. The roots of the spinal nerves are sub-
ject to considerable normal variation in size, so that a large root
might suffer considerable atrophy and still appear normal; and
this is, no doubt, in large part responsible for the conflicting state-
ments to be found in the literature.

[t is obvious from the foregoing account that the roots show less
pronounced alterations than the central portions of the severed
nerve trunks. FrieprLAnper and Krause’s ('86) statement of
this relation is worth some attention. We have already described
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the atrophic nerve fibers which these authors saw in the central
stumps and noted that they considered the ventral roots normal,
and the dorsal roots altered only to the extent of the loss of a small
portion of the fibers. The altered elements seen in the nerve were
to be found neither in the ventral nor dorsal roots. But within
the ganglia and especially at their distal extremities before the
afferent fibers have mixed with those of the ventral roots the
changes are seen at their maximum; hence the atrophy seen in the
nerve stumps affects chiefly the peripheral branches of the T-pro-
cesses. Lhis has recently been confirmed by KreisT (o4).
Asymmetry of the spinal cord due to atrophy of the correspond-
ing halves of the segments associated with the injured nerves is

an ﬂlmmst constant ﬁndmg (not present in the cases reported by
TiUrck ’53 and FrieprEICH *73), and i1s due to changes in both
the gray and the white substance. The only change in the white
substance which occurs with suthcient renuhrlt} to be of signifi-
cance 1s found in the dorsal funiculus; atrophy of the ventral and
lateral funiculi have been occasionally reported. (Atrophy of
the ventral funiculus, Vurrian ’6g and KaHLER and Pick ’80; of
the lateral funiculus, SwrTALskl ‘o1; atrophy uniform over the
entire half of the area of the white substance, LEvyDEN 70,
DEjerINE and Mayor ’78.) That some loss of substance should
occur in these fiber tracts is a necessary corollary of the cell
destruction which, as we shall see, occurs in the ventral and dorsal
cornua and in CLARKE’S column; but this could lead to only a very
slight atrophy. It 1s more probable that these few observations
depend upon a natural asymmetry of the cord or a too superficial
examination of the material. FriEDLANDER and Krause ('86)
state that in many of their preparations it seemed as 1f the entire
half of the cross-section were atrophied, but closer study showed
that the loss was confined to the gray matter and the dorsal funi-
culus.

As 1s to be expected from its anatomical relations with the atro-
phied dorsal roots, the dorsal funiculus shows a decrease in the
area of its cross-section which can be tollowed cephalad far beyond
the segments primarily affected. In only four of the autopsy
cases was it reported normal (VuLpiax 69, three cases; FRIED-
REICH '73, one case). In some instances it was found reduced to
two-thirds its original dimensions. To explain this, HomEx ("go)
asserts that the individual fibers are smaller on the operated side;
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but on the other hand FriepLANDER and Krausk ('86) state that
they are normal and that the atrophy must be due to a decrease in
their number. There can be no doubt that some disappear since
the MAaRrcHI stain reveals a certain number i the stages of dis-
integration (human material, FLaTav, '97; animal material, Mos-
cHAEW ‘93, Cassirer ‘98, Ceni ’99). The degeneration does
not appear to affect more than a small part of the hbers of the funi-
culus.

In all the cases of amputation reported since 1875 there is
essential uniformity as regards the changes in the ventral cornu on
the side of the amputation in the segments associated with the
injured nerves. The area of the cross-section of the cornu as a
whole 1s considerably decreased, sometimes by as much as one-
third its normal dimensions. The number of motor cells has been
determined in a number of cases and found below that of the nor-
mal side. It is especially the dorsolateral group of cells that 1s
most affected; here there may be no more than two-thirds the
original number (Maringsco '92). The remaining cells are
often shrunken, and devoid of processes.

In none of the amputation cases of the last thirty years has the
dorsal cornu of the operated side been reported normal. The de-
crease in the area of the cross-section, which may amount to one-
half the original area (SWITALSKI ’01, case 4), i1s dueinlarge partto
the loss of medullated fibers (KnoPE o1).  The substantia gelati-
nosa and the column of CLARKE are also markedly atrophied.
The decrease in the size of the column of CLARKE 1s due to a loss
of both fibers and cells, and is found in the segments some distance
removed from those primarily affected (FriEDLANDER and
Krause '86, HomEN "go, and others).

By far the most interesting point for us 1s the lack of data on the
spinal ganglia; most observers have failed to take any note of them
at all, or have overlooked the essential changes. REynNoLDs ('87)
found an increased amount of connective tissue. MARINESCO
(’g2) states that although many nerve fibers had disappeared the
spinal ganglion cells were intact. That these are the only -
stances where the spinal ganglia were studied in the autopsy
cases is due, no doubt, to the difficulty of securing these structures
in the hurry of the autopsy room.

HomEN ('go), in his extensive series of animal experiments, gave
Hl)t{'jfll attention to this 5u|1ju't,|'ll.lrfili]td tl’}ﬁnf]ﬂl'l}' chnngf:cxcept



R;’LNSDN, Drgfnfrmr'm? 1 Sp:'rmf Nerves. g

an 11:r0ph}r of the ganglion as a whole and of the nerve fibers con-
tained in it. There seemed to be some atrophy of the ganglion
cells but of this HomEN r_fauld not be sure. He did not consider
the possibility of a decrease in the number of cells. Cassirer
("g8) states that a few cells i all prulmlnht} undergo complete
destruction. He says that the question of the loss of spinal gan-
glion cells can only be settled by resorting to an enumeration.
['hus we see that in only four of the investigations were the s pmul
ganglia studied and even in these cases no important observations
were made.

Some additional data have been furnished by various ]ntc.ﬁtlgd-
tions based on NissL’s axonal reaction. After cutting the sciatic
nerve near its exit from the pelvis in a number of dogs, LuGaro
("g06), found that not all the cells of the spinal ganglion showed an
equa] -: egree of chrmmaml} sis, a fact which he attributed to varia-
tions in the resmt‘m::e of the individual cells. Thirty-nine days
after the ﬂpemtmn there was a manifest diminution in the number
of cells and an abundant proliferation of connective tissue.
FLEMING ('g7), who performed a similar operation on dogs and
rabbits, found a decrease in size of the spinal ganglion cells soon
atter the c:peration Cell destruction 15, however, slow 1n making
its appearance; n only one case is “disintegration of the proto-
plasm noted at six wee!\s, after 18 weeks, Imum er, many cells
have disappeared. Vax GEHUCHTEN ("g7),after Luttlngthexﬂgus
in rabbits, observed that the majority of the nerve cells in the gan-
glion nodosum underwent complete degenerationand disappeared.
He believes that these results may be considered typical for the
spinal as well as for the cerebral ganglia. On the other hand,
MariNgsco ('98), after a similar operation on the vagus of dogs,
found that thE cells in the ganglion nodosum passed through the
phase of reaction to a phase of restoration, and, therefore, did not
undergo ::c-mplete degeneration. In a I':llJIJl'[‘. six months after
the operation he could not find the cell destruction of which van
(FEHUCHTEN speaks. MariNEsco also regards the reaction of
the vagus as t}pmal for all the cerebro-spinal ganglia. Van
GEHUCHTEN’S observation has recently received support from
the observations of Kosaka and Yocita (D}}, who found,
fourteen days after the section of the vagus in a young dog, an
almost cm'nplete dmappeanme of the cells of the ganglion nminsum,
of the thousands of cells only sixty-hve remained.



10  Fournal of Comparative Neurology and Psychology.

KosTER ('03), having cut the sciatic immediately after its exit
from the vertebral canal in cats, dogs and rabbits, found that all
the spinal ganglion cells presented alterations of their tigroid
bodies. Only a part of these cells suffered complete degeneration
and this occurred for the most part after the 284th gay, The
phase of repair followed the chromatolysis in a large part of the
cells and it was particularly in the large cells that the restoration
of the tigroid substance was most evident. The cells that sur-
vived had undergone considerable atrophy. KrEeist ("o4) made
his experiments on half-grown cats and rabbits, cutting some of
the upper cervical or lower thoracic nerves. After from three to
six months a large proportion of the spinal ganglion cells (esti-
mated at 33 per cent.) had disintegrated and the remaining cells
had undergone a marked atrophy.

The practical bearing of this problem has been indicated by
ScHAFFER in his Text-book of Physiology: “If the observation
of vax GenucHTEN upon the nerve cells of the vagal ganglion
after section of their peripheral hbers is correct, and 1s a phenom-
enon of general occurrence, it is difficult to see how the sensory
hbers regenerate. Restoration of function in such cases may,
perhaps, often be explained by the ingrowth of sensory nerve fibers
from adjacent areas of distribution.”

2. Observations on the Second Cervical Nerve n:.a_f the White Rat.

The unsatisfactory character of the data on the changes in the
spinal ganglia, resulting from the section of the associated nerves,
emphasizes the necessity of some further investigation along this
line, and in the experiments now to be described special attention
was given to determining the extent of cell destruction in the gan-
glion. It 1s necessary, by way of preface, to state a few of the essen-
tial points concerning the relation of the spinal ganglion to the
afferent fibers of the nerve and dorsal root. We may safely accept
as the essential element, the unipolar cell with its T-shaped fiber,
despite the fact that Nisst. ('03) has called attention to some facts
that point to another view. Nevertheless there are many cells in
the ganglion which are not connected with medullated fibers in
either the nerve or dorsal root, since enumerations show that the
number of nerve cells in the ganglion far exceeds that of the med-
ullated fibers in the root (Hata1 ’o2), and by nearly as large an
amount the number of medullated afferent fibers in the peripheral
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nerve {HARDES'I‘Y '05). Hara1, working on the white rat, ob-
tained the following results for thc adult specimen of 167 gms.
body weight.
TABLE 1.
Ratio of ‘ipm‘li Gangtlon Cells to Dorsﬂ Ruut l ibers.  (Hartar,)

Jh ERVE. Nuuner or Ceris. Nusmeer oF Firers. Ratio.
e -"l.fI Gl | 12,200 2 4,227 - Ir EE*

IV T ! 74ob 1,522 ‘ I 4.5%

I L 0,442 | 1,644 Tt 5y

¥ The figures 2. 7 and 4. 3 given in the original are obviously misprints.

The writer in studying the normal relations in the second cervi-

cal nerve of the white rat has obtained results confirmatory m“

those of the authors already mentioned. In the three cases in

which the dorsal root fibers and spinal ganglion cells were enumer-

ated in the same individual nerve, a rather constant ratio of

approximately 1 fiber to 3.2 cells was obtained. The first two

- specimens were seventy-two days old and weighed about 110 gms.,
the third was six months old and weighed 188 gms.

TAELE II.

Ratio of Spinal Ganglion Cells to Dorsal Root Fibers in the Second
Cervical Nerve of tlm White Rat.

SPECIMEN. [ Numeer oF CELLS. | MusMree nrlmﬂ:s Ceres Per FiRER.
72 days old. ... . ) ' 2,472 3L :
7z days old. . .. . B,116 i 2,394 1ot
6 months old ... 8,024 | 2,6fg 7.2

These results are corroborative of those obtained by earlier
observers. The number of cells in a given spinal ganglion is
about three times greater than the numher of medullated fibers
in the corresponding root.  Without going into a discussion of
the significance of this relation, it may be said that it is the large
cells of the ganglion which alone are associated with I]]Edi.l“dtt‘d
fibers (Dr:u:,-lr: ‘96, Harar '02). According to this view, 70
per cent. of the cells in the second cervical spinal ganglion
.of the white rat are small cells not associated with any medullated
fibers which would be cut in dividing the peripheral nerve. Itis
obvious th"'lt these facts must have an important bearing on the
results of injury to the nerve.



12 FJournal of Comparative N eurology and Psychology.

It s also import:ml: to note that the number of medullated dorsal
root fibers is constantly mueasmg in the growing animal (Harar
'02). In the second cervical root of the white rat at twelve days
of age the number of medullated fibers is less than that given in
Table II, which represents the number in rats seventy-two days
old. Intwo rats twelve days old the number of medullated dorsal
root hbers was inund to be 1608 and 1521, respectively. Hence,
when the nerve is cut in animals of this age, even fewer medullated
fibers are injured than would be the case in the adult animal.

It should also be mentioned that the number of dorsal root fibers
may be taken as a fair indication of thé number of afferent fibers
in the peripheral nerve, the “distal excess” (HARDEsTY '05) not
being very large in this nerve of the rat. Table III shows that
the ventral and dorsal rami of the nerve contain only 8 percent.
or 10 per cent. more fibers than are found in the ventral and dorsal
roots. It is, therefore, not misleading to use the number of dorsal
root fibers as an index of the afferent fibers in the peripheral nerve.

TABLE III.
Showing the Distal Excess in the I1 C. Nerve of the Adule White Rat.

Wi VexTRAL (DoRsAL SuM oF Distal |PERCENTAGE SuM nri"r'r..'-rrul. Dorsar

FIGHT- | Roor. | Roor. RooTs. Excess. | or D E. | Rasa. | Ramvus. | Ramus.
102 gms. 646 | 2,386 1:032 2E7 & 1,280 - 887 Z,402
161 gms, 67z 2000 | 2,762 | 276 =] 3,008 Fol 2,392

The present studies were carried out on white rats in which
the second cervical nerve of the right side had been divided.
Some animals, operated on when twelve days old, were allowed to
live for two months, others for four months; the nerve was also
cut in aduk rats which were allowed to survive the operation four
months. A numerical analysis was then made of the spinal gan-
glion and of the ventral and dorsal roots of the injured nerves, in
ur-:h r to determine to what extent degenerative changes had taken
place and what amount of repair, if any, had occurred.

T echnique.—In operating upon white rats twelve days of age
It 1s necessary to work ra |1id|1, and to conserve, as far as |‘.I-(}H‘?.ib]f‘,,
the body temperature. The little rat was held in position in the
hands of an assistant 1u-n‘h its neck s 11;_1h1:h stretched and head
bent torward.  An incision was made in the midline on the back
of the neck, with the atlas at its middle point, and carried down-
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ward through the ligamentum nuchze until the tuberculum poste-
rius of theatlaswasuncovered. Thuntetrumentandlmng muscles
of the neck were held aside by a spring retractor inserted through
the median incision. The caudal margin of the atlas then served
as a guide to the point where the right second cervical nerve
emerges from the vertebral canal. A short stretch of the nerve:
was laid bare and cut with sharp scissors about 1 mm. from the
ganglion. No part of the nerve was resected and its central and
peripheral ends were held in close proximity by the mass of tissue
in which they were imbedded.

All blunt dissection was avoided; sharp instruments were used
thmughnurj so that the tissues suffered a minimum amount of
injury. It was not practicable to close the wound with deep
sutures in the rats twelve days old, but this was done when the
operation was performed on adult rats. The skin incision was
closed with a collodion dressing

Were it not for the fact that a standard objection to results ob-
tained in this way is that they are due to a septic infer:tion, the
reader might be spared the usual paragraph on asepsis.  Under
the circumstances, however, some details must be given. The
skin of the animal’s neck, after it had been freed from hair, was
thoroughly cleaned with ether-alcohol to remove oily deposits

1Only the dorsal division of the nerve was cut; the ventral division, which is much smaller, was not
injured. This turns abruptly ventralward just distal to the spinal ganglion and was quite out of the
field of the operation.  In erder to form some idea of what proportion of the afferent fibers were severed
in cutting the dorsal ramus it 15 necessary to know the relative size of the two branches. In two cases
studied, the proportion of fibers was as follows:

8 pecimen. Dorsal Remus.  Ventral Ramus. Ratie.
5§ months, 302 gme. 2,402 887 [:2.9
4 months, 161 gms. 2,590 =t 1:3:3

The dorzal division is thus seen to be much the larger. Tt 15 mainly sensory since it forms the N,
occipitalis major, which, after giving off a few muscular twigs, goes to the skin on the back of the head.
The ventral division goes, in large part, to the muscles about its origin, only a small twig going to join
the common trunk of the W. auricularis magnus and N. cutaneus colli which, in the rat, is formed
chisfly by the ventral division of the third nerve. .

From these data we may roughly estimate that about 13 per cent. of the afferent fibers of the second
nerve go by way of the ventral branch and were not affected by the operation.  Thiz figure is obtained
I:Ijr regarding the ventral branch as a purely muscular nerve, which according to SHErrRINGTONS {’94}
observations should be composed of afferent and efferent fibers in the ratio of 2 to 3. This would give
about 350 afferent fibers in the ventral branch, which, allowing for a 10 per cent. distal excess, would
leave 315 represented in the dorsal reot. “The average number of dorsal root fibers in these two nerves
was 2238, of which the 315 going to the ventral branch would constitute about 13 per cent.
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and was then washed with a solution of mercuric chloride and
left covered with a pad moistened in that solution, while the
operator cleansed his hands. From this point on, the operator’s
hands touched nothing but the sterile instruments laid out on a
sterile tray; all other thlngs were handled by an assistant. Noth-
ing touched the wound but the sterile instruments and sponges;
the wound was too small to permit of introducing the fingers for
any purpose.

Thanks to the natural resistance of the animals, as well as to
the care taken to preserve the vigor of the tissues by the use of
sharp instruments and hot sponges, the aseptic precautions were
efficient, and not in a single case was there any SIgn of infection.
(In one animal the collodion dressing came off after four days, but
this one was at once discarded.) As final evidence that sepsis has
nothing whatever to do with the results of these experiments, it
may be said that in a series of animals killed five, six, seven, eight,
twelve, seventeen and tw enty days after the operation, the wound
was found in perfect condition; and a microscopical study of the
ganglion and nerve stump stained with tolmdin-blue failed to
show any indications of infection.

At the autopsy, note was made of the size of the neuroma and
of any regeneration that had occurred. The operated nerve was
then carefully dissected out together with its neuroma, ganglion,
and roots, straightened out on a piece of card-board, and fixed n
1 per cent. osmic acid. The left, or normal nerves, weretreated
in the same manner as the nght but they were not used in the
determination of the norm, since it was theoretically possible that
their condition might in some way be influenced bﬁ,f the injury
inflicted on the nerve of the opposite side. And, as a matter of
tact, such a crossed dcgcncmtmn has been reported in the ventral
root fibers (BraEUNIG ’03). For this reason it was considered
safer to take tl‘lL control material from entirely normal animals.

After hixation in 1 per cent. osmic acid, the tissue was imbedded
in paraffin and cut into transverse sections. The sections of the
roots were 3z to 4 p thick; those of the ganglion were 12 p thick and
arranged in serial order.  When a perfect series through the gan-
olion was not obtained the apuimr:n was discarded.

The osmic acid not only stains the myelin of the nerve fibers,
but also brings out the nerve cells so well that no further treatment
1s necessary.  The technique of counting nerve fibers and spinal
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ganglion cells has been described in a number of papers from this
laboratory, and especially in the publications of HarpEsTy. In
counting fibers the net method was used. The entire ventral
root and each of the fasciculi of the dorsal root and mixed nerve were,
with few exceptions, small enough to come within one field of the
microscope. The field was dnuled into small squares by a net
micrometer placed in the ocular. The fibers in each square were
counted in the order of the squares untl the enumeration of the
entire root or fasciculus was completed. The counting was done
automatically by pressing the lever of a counting machine once
for each fiber and reading oft the final number from the face of
instrument. In the few cases in which it was necessary to shift
the preparation during the enumeration of a root or det:lf:ulus,
a straight line joining two prominent points was regarded as the
limit between the two fields, and the position of this line was
indicated by a line of the micrometer made to lie across the two
points.

The enumeration of the nerve cells in the serial sections of the
spmal crang]n was somewhat more dithcult, since several suc-
cessive sections may contain parts of the same cell. The difh-
culty was avoided by counting in a given section only those cells
which showed nucleoli. These structures are small ::nﬂu,g_h to
escape division by the knife and so to 11&, in the vast majority of
the cases, within the plane of a single section. In most cases each
cell has but one nucleolus, in rare instances there are two; bur the
presence of a pair would lead to error only in those extremely rare
instances when the knife passed between them in such a wayasto
give a nucleolus to each of two sections of the same cell. Har-
DESTY estimates that this would not give an error of more than
0.2 per cent. The cells with nucleoli were enumerated with the
aid of the counting machine in each section of the series; the sum
of the numbers for the individual sections gave the total for the
ganglion. Since a section of the ganglion u‘ml I not all be brought
into the field at once, 1t was necessary to use a mechanical stage
which permitted a ready sluitlng of the prepﬂntmn In the spinal
ganglion the different portions of the section are so character-
1stic that one does much betterto dispense with the net micrometer
and depend entirely upon the natural markings, which are ade-
quate to prevent confusion as to what part of the section has been
counted.
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the spinal ganglion; the extent and constancy of the degeneration

is expressed in Table V,

TABLE V.

Showing the Decrease in the Number of Cells in the Spinal Ganglion Sixty
Days After the Division of the Ramus Posterior of the Il C. Nervein Rats

Twelve Days Old.

Normal. Operated.

772l 3845

8,116 1,896

91343 3704

B.h2g 4,193

S At h 42497

4)33.804 529,195

AVErage. ... [z _.3.431; 4,059
T T R e o A D A e T B T L P 1 Ot el CH P P A Ly e L ke e 4,472
T I R e R el i B e B R S e S e i e R (31

From Table V we see that two months after the second cervical
nerve had been cut in a rat twelve days old the corresponding
spinal ganglion had lost about one-half its cells, and that this
occurred with striking uniformity in five different specimens. In-
deed, we find that the smallest number of cells in the operated
eanglia, 3764, differs from the largest number 4497 by only 1g per
cent. of the smaller number, while in the normal gangla the great-
est variation amounts to 21 per cent. Hence there can be little
doubt but that the numerical differences which the operated gan-
glia sh{)w among themselves are due to n{:rmal individual variation
present in the ganglia before the operation. We repeat, there-
fore, that this table shows an altogether striking uniformity in the
number of cells in the operated ganglia, and that the number of
cells dropping out of a ganglion must represent a certain constant
percentage of the cells it originally contained. There must be
some very definite reason for this constant reaction; but our knowl-
edge of the architecture of the spinal ganglion is at present so
vague that it 1s not p{JSSlbIC to say what are the responsible factors.

If it 1s desired to know the percentage of cells that disappear,
this may be determined by taking the average normal number of
cells, 8451, as the base number, of which 4412, the aver age num-
ber of cells destroyed, constitutes 52 per cent. Here again we
are totally at a loss for an explanation. We know of no anatomical
relations which would justify the expectation of such a result.
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The number of medullated afferent nerve fibers cut in the opera-
tion on a twelve-day old rat 1s about 1500. [The average number

of medullated fibers in the dorsal roots of twelve-day uld rats was
found to be 1358 (p- 274); to this must be added a 10 per cent.
“distal excess” to ind the number of medullated afferent fibers in
the nerve (p.274); and from this result 13 per cent. must be sub-
tracted for the afferent fibers running ll'l the uninjured ramus
anterior (p.275). This calculation gives 1500 medullated afferent
fibers which would be injured at the operation.] And were all the
cells associated with these 1500 hibers to drop out, the loss would
only amount to 17 per ::ent Or, expressed in other words, nearly
three times as many cells have disappeared as can be accounted for
in terms of medullated axons injured at the time of the operation.
Even if we assume that all the axons ever to develop are present
(partly as non-medullated fibers) at the time of the operation on
the young rat, and if we let this be represented by the number of
medullated afferent axons in the adult nerve, we find that even this
number, which does not exceed 2500 (see p.274) is inadequate to
account for the number of degenerated cells. For the explanation
of these results we are, therefore, forced to fall back upon the
existence of some as yet unknown relations within the spinal
ganglion.

There was not sufhcient disturh'mce of the b]nnd supply to ac-
count for the tlei_xneratmn, since the artery and vein accompany-
ing each root were not in any way 111_]ured The objection that
the de -generation was due to a septic infection has been answered
in connection with the discussion of the techn]qurz, and against
such an objection there also speaks the fact that infection could
not produce such uniform results.

It might be supposed that the fact that only the dorsal branch
was cut and the ventral branch left intact explained the occurrence
of a partial degeneration, and that if both branches had been cut
all the cells would have disappeared. This supposition is, how-
ever, manifestly incorrect since the intact ventral branch did not
contain more than 13 per cent. of the afferent fibers (see footnote,
p.275)s and hence cannot be responsible for the 48 per cent. of the
cells which survive.

The results obtained by the enumeration of the me [lull.itul nerve
fibers in the ventral and dorsal roots of young rats surviving two
months after the section of the second cervical nerve are much less
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constant. The percentage of loss 1s much smaller than in the
case of the :rmglmn cells, scarcely greater than the percentage of
individual variation, so that the latter tends to render the former
less evident. But this consideration only in part explains the lack
of umfc:nmn in the results; it seems that the dLgLnr;-r*atne pro-
cesses in the root fibers are more variable than those in the ganglion
cells and more dlrcctir dependent upon such conditions as reunion
of the central and pu]pheral stump of the nerve.

TABLE VI.

Showing the Decrease in the Number of the Medullated Nerve Fibers in the
Ventral and Dorsa! Roots Two Months After the Section of the Ramus
Posterior of the 11 'L Nerve in Rars Twelve Days Old.

{'\'nrnml and l’.]anmd Marerial from Different Animals.)

‘u.'nﬂw_, Rour Dopzar Roor.
h;rrm-.;l Oiperated. - _-.?;C-mm.;], i Dpn:r'm-d yigte

630 523 | 2,472 2,641

6o 537 25304 | 1,236

502 50b 1.959 1,983

501 431 . 2,217 | 1,607
T G s 2,530 1,997 |I 0,042 7467
Average..... 125 404, 2 [ z,2ho.5 1.866.7
o o e D e R R P T3 393.8
Average (%j e e 17

The ventral roots show a fairly uniform loss of fibers. The
smallest number of fibers in the normal roots (590) exceeds by 53
the largest number in the operated roots (537). Moreover, the
average of the operated roots falls 133 behind the average for the
normal roots, making an average loss of 21 per cent. This loss
1s, however, by no means so uniform as that in the number 0{
spinal ganglion cells. The loss of fibers in the ventral root 1s in
|1drmﬂnv "mth the results repmted by numerous investigators who
found, as a result of cutting the peripheral nerve, fibers present
in the ventral root which gave the MARcHI reaction (p.268). It
15 also a necessary result of the degeneration of the cells of the
ventral cornu of the spinal cord so constantly found after rhe
section of nerves (p. ’2;0} :

Even more variability is shown in the column of Table VI repre-
senting the operated dorsal roots. The first operated dorsal root
that was subjected to an enumeration contained 2641 nerve hbers,
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a number even greater than the normal average for rats of that
age. The other three roots fall below the normal; in one case the
number goes as low as 1236. The average loss i1s 393 fibers or
17 per cent.

The dehciency of fibers in the dorsal roots, associated with the
injured nerves, finds its counterpart in the degenerating fibers
which may be recognized by the method of MarcH1 (see p. 267).
According to recorded observations the degcnera.tmg fibers con-
stitute nnh' a fraction of the total number. To what extent de-
genemtmn occurred in our specimens can only be determined b}r
study of the roots with the MARCHI method, because it is not pnssl»
ble to say what part of the fibers, enumerated in this investigation
have been formed since the operation as an attempt to repair the
damaged root.

TABLE VII.

Shm'.mg the Relation of the Number of Dorsal Root Fibers to Spmal Gang]mn
Cells in the Operated II C. Nerve of the White Rat.

=———— = - ——

A, SpINAL (GANGLION Dogrsar Roor Rkt
Cerps. FigErs.
|
Bat cB-arsssam 1,845 | 2,641 1:0.4
BAt 205 eeasisi) 1,764 1,236 1:3.0
Bat 11.-sssssinss 4,193 | 1,083 1:2.1
R i, e 4497 : 1,607 1:2.7
Average of 3 nor-
8,0¢c3 2,48 13%.2
ma1 Tats {Tnh]c II} 153 435 3

Table VII shows that in every case there are more than enough
spun] ganglion cells to account for the dorsal root fibers, a]tlmugh
in one case the excess of cells is not very great. By comparison
with the : average normal ratio taken from Table I1, it will be seen
that the ratio of cells to fibers 1s reduced in the operated nerves,
and that while in the normal nerve it is ;lppr-:mxmmtcl} constant
at one hber to 3.2 cells in the operated nerves it shows much greater
variation. ©'he table also shows that there 1s no constant relation
between the number of spinal ganglion cells destroyed by the opera-
tion and the number of dorsal root fibers which are found two
months later; and that, therefore, the loss of dorsal root fibers
cannot, without some qualihcation, be ateributed to the degener-
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ation in the spinal ganglion. The possible factors which may
complicate the result are given in the footnote, on p. 273.

II. The Influence of the Length of the Post-operative Period
upon the Results,

After the changes just described had been found in the rats that
had survived the operation for two months, the question arose
whether the degeneration had come to an end before the animal
was killed, and whether if the rat were allowed to live for a longer
period of time, further changes might not take place. It was
thought possible that the number of spinal ganglion cells might
further decrease, and that the roots might either continue to lose
fibers, or perhaps show a tendency to repair.

TABLE VIII.

Showing the Mumerical .Belanions 1n the II C. Nerve in Rats which Lived Four
Months after Section of the Ramus Posterior of that Nerve when the Animals
were Twelve Days Old.

ariNval GaxGrioN Vexrrar Roor | Dorzar Boot
CerLis. Fianers. Fieers.
|

4,020 55 [ 1455

4,516 646 : 2,357

bz 1,987

.ch:rag_t_ e ; 4,208 g 574 1,933

TABLE IX.

Showing the Influence of the Lapse of Time upon the Effect of Cutting the
IT C. Nerve.!

i |z Moxths ArrEr THE |4 MoxTHS -'"LFTLH THE
AvERAGE NuMBER OF |

|

1

1

OrEraTioN. OrEratios.
L L e e e e e, {5) 4039 (2) 4,268
AEntral Bont Fibers. .« veivei vwinaiiai amiains vees s o i {4) 499 | (3) 574
Bloreal Boct Fibers. .. ..o vvvmvsinennns e | (4) 1,066 (3) 1 1,933

1The figures in parentheses indicate the number of cases from which the averages were obtained.

From Table IX we see that the number of spinal ganglion cells,
although still far below the normal, 1s a little greater in the speci-
mens removed after four months than in those removed after two
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months. According to our present knowledge there is no reason
to expect any regeneration of the epma] canglion cells. This state-
ment 1s based in part on HaTar's (‘02) study of the growth changes
in the spmnl gangh'l but more partlcuiarl} on the negative results
of a series of investigations undertaken for the purpose of testing
the regenerative capacity at one time supposed to belong to these
structures (TTRELLT "95, MonTr and Fieschr 95). The slight
excess of cells in the four-month specimens is probably of no sig-
nificance, represennng nﬂthmg more than the individual variation
of which so much has already been said. Further support is given
to this view by the fact that of the two specimens enumerated the
first gives a figure close to the average for the two-month specimens
while the second runs much higher and in all probabilty represents

a large ganglion which originally contained over gooo cells.

The point of importance is not that there is a slight excess of
cells in the four-month specimens, but that there 1s u:ertaml}f no
decrease, and that, therefore, the process of cell-destruction runs a
rather rapid course and 1s completed during the first two months,
after which there is no further change. This is of interest in con-
nection with the usual doctrine that in chromatolysis the phase
of reaction 1s followed by a phase of restitution, which may result
in the complete restoration of the cell, or may in turn give place
to a phase of degeneration, resulting in the gradual disappearance
of the ln]ured neurones. It is obvious that in this case the phase
of degeneration (if it can properly be separated as a distinct phase
at d]l) must have been a ra pld one which came to a definite ter-
mination. It did not result in the destruction of cell after celi until
all had disappeared. ﬁcmrdlng to recent observations of KOSTER
('03), who cut the sciatic nerve in cats, rabbits and dogs, the cell
destruction in the spinal ganglia is only slightly noticeable after
100 days, but is very marked after 284 days. There can be no
doubt that in my mpcrnnenm on rats the degeneration was com-
plete before the end of the first sixty days. That my animals
were very young and of a different zr.uh}gu.ll order from those of
KosTeERr, may in part explain the discrepancy in the results. It
should be mentioned, however, that Késter did not control his
observations by an actual enumeration of the cells.

By reference to Table IX it will be seen further that the number
of ventral root fibers is greater in the animals which survived four
months than in those which were killed at an earlier date. The
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difference, howeve amounts to only 15 per cent. of the smaller
number, and this can readily be accounted for in terms of normal
growth. There seems, therefore, to be little if any tendency to
repair the ventral roots in the sense of an acceleration of the nor-
mal rate of fiber formation to compensate for a previous loss. Of
course the neurones represented by the degenerating fibers in the
root undergo complete destruction (p. 270) and no regeneration
of the injured axons could be expected. But it was deemed possi-
ble that some reserve cells might be located in the ventral cornua,
which might take part in a reformation of the ventral root after
the neurones whose axons originally entered into its formation had
been destroyed. There is no evidence that such a compensatory
process occurred in this set of experiments; and if reserve cells are
present in the ventral cornua of the spinal cord, they certainly failed
to respond to the demands placed upon them by the conditions of
this experiment.

The excess of fibers in the dorsal roots four months after the
operation, as compared with those at the two-month period,
amounts to less than 1 per cent. This 1s less than would be ex-
pected on the basis of norma! growth processes, and it 1s certain
that during the second two of the four months inrervening between
the operation and the autopsy there was no EEI'IC]E!'IL} for the uma]l
latent cells to increase their normal rate of development in an
attempt to restore the atrophied dorsal roots to their normal con-
dition.

The fact that both the ventral and dorsal roots show more fibers
four months after the operation than at an earlier pt*riml indicates
very Clﬁdl’l} that there can be no slow pmfrrcssne degenemtmn
going on in these localities. This fact is of interest, since retro-
grade degeneration has usually been regarded as a chronic pro-
gressive process. In this case it ran a rather rapid course and
came to a definite termination.

ITI. Significance of Differences in the Ages of the Animals.

It has been shown what the effects of cutting the second cer-
vical nerve are in the young rat and what influence 1s exerted by
the lapse of a greater or less length of time between the operation
and the autopsy. It is now our purpose to inquire how far these
results are dependent upon the immaturity of the animal used for
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the experiment. It was anticipated that the section of the nerve
would not be nearly as destructive of spinal ganglion cells in the
adult, as it had been in the younger animals; and the results ex-
pressed in Table X came as something of a surprise to the writer.

TABLE X.

Showing the Effect of Cutting the II C. Nerve in Adult Rats (140 Days Old)
which Survived 120 Days,

Sexar GancGrLion VexTRAL Root | Dogrsar Root

CeLis. Finers. FinErs.
4,215 bio 1,083
4176 506 2,219
630 2,176
APErapeE ... uieseaas I 4.195 582 2,12h
TABLE XI.

Showing the Influence of the Age of the Animal and the Length of the Post-
operative Period upon the Effect of Cutting the I1 C. Nerve in the White Rar.!

= m——— — e

Age at the operation...... 12 days 12 days [ 4 months
Period of survival........ 2 months 4 months | 4 months
Spinal ganglion cells .... (5) 4019 (2) 4,268 ! (2) 4,195
Ventral root fibers ...... (4) 499 . (3) 574 | (3) 582
Daorsal root fibers ...... (4) 1,866 : (3) 1,933 (3) 2,126

"The figures in parentheses indicate the number of cases from which the averages were obtained.

From Tables X and XI it will be apparent that there was found
a slightly greater number of cells in the spinal ganglia of the ani-
mals operated on when already adult, than in the first set of young
rats, but fewer than in the second set. It is believed that the
difference is in each case merely a matter of individual variation
in the original ganglia, and is, therefore, of no consequence. That
the section of the nerve should entail practically the same effect
upon the spinal ganglion, whether it is made in the young or in
the adult animal, i1s a matter of a good deal of interest and a result
quite contrary to precedent. It is the more difficult to understand
because at least 30 per cent. more medullated afferent fibers were
cut in the operation upon the adult than in that upon the young
rat (p. 274), and it 1s hard to see how this should have been so
exactly compensated for by a greater resistance of the adult neu-
rones. There is a possibility thatevenin the rat twelve days old
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all the peripheral fibers ever to develop are present in the nerve,
some as medullated, the rest as non-medullated fibers; and this
if it should be found to be the case, would hf:tlp to ex])luin the fact
that the reaction is the same in the adult as in the young animals.

Table XI gives only the average number of cells present in the
ganglia under each of the three conditions; Table XII ahuu:, that
the agreement which was found between the averages 1s Just as
apparent when all the individual gangla are brought together.
It does not matter whether the animal 1s young or old or whether
it survives for two or for four months; the changes in the spinal
ganglion are always the same.

. TABLE XII.

Showing the Uniformity in the Cell Destruction in the Spinal Ganglion Resulting
from the Section of the i’eripheral Nerve.,

OreraTEr WhHEN OreraTEr WHEN OPERATED WHEN

NorMaL. | 12 Days OLnp, 12 Davs OLp, 140 Davs OLp,

i Liven 2 MoxTHS. Liver 3 MoxtHs. Livep 4 MonTHS.
= 3:545 = =
3,116 3,806 - o
7,721 3,764 =
B,b24 4,193 4,020 4,215
0,343 4497 $a516 4,176

By reference to Table XI it will be seen that the number of ven-
tral root fibers is nearly the same in both sets of rats that survived
four months, whether the operation was made when they were
12 or 120 days old. This indicates that the same number of ven-
tral root fibers dropped out in each case, after which the nerve
hbers continued to develop at the normal rate in the immature
animal. Hence, since the number of medullated fibers was
smaller in the young rat, those that degenerated must have con-
stituted a larger proportion of the entire number than in the case
of the adult rat. And this is in accord with the general belief that
immature neurones succumb more readily to an axonal lesion than
do the fully developed ones. This variation in reaction, according
to the age of the animal, 1s very pmlmunf:cd in the case of the hher&.
of the corpus callosum {RA‘JSD‘Q ‘'04). In a rat twelve hours old
in which the corpus callosum was injured, the injured fibers under-
went complete degeneration, both Wallerian and retrograde;
in a rat of three months the retrograde degeneration affected only
the part of the fiber in the immediate vicinity of the lesion.
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The dorsal roots show distinctly more fibers in the animals
operated on at four months of age than in either of the other cases
(Table XI); since, as Table IV clearly indicates, these older ani-
mals do not possess as much regenerative capacity, and since it
is certain that at least one-third more medullated fibers were cut
in operating upon them, it seems altogether probable that the
large number of fibersin the dorsal roots in the adult rats is to be
explained as in the case of the ventral roots on the basis of a greater
resistance of the adult neurones.!

The interpretation of the numerical results obtained for the
spinal ganglion and dorsal root is exceedingly difficule. A final
statement can only be made when we have the results of the
Marcnr test and the NissL stain to assist us in drawing conclu-
sions, since in these ways we can tell what proportion of the fibers
degenerate and whether the large or the small cells are chiefly
concerned in the changes going on in the ganglion. Investigations
along these lines are now in progress.

! At first sight it seems a contradiction to say that the dorsal roots show varyving degrees of resistance,
but that there is no difference in the degree of degeneration seen in the spinal ganglion. IF, however,
it were the small cells not directly associated with medullated fibers that had disappeared from the
ganglion it would be easy to understand how the dorsal root fibers, associated as they are with the large
cells, would be quite independent of the decrease in the number of the ganplion cells.  These large eells
with their medullated processes would then suffer varying .rlcgn:cs of injury, usually not resulting in
the destruction of the perikarya, but in a certain proportion of the cases bringing about a degeneration
of the associated dorsal root fibers. The more mature the animal, the less seriously would the large
neurones be injured, and the fewer would those be that could not maintain their dorsal root fibers intact.

The possible causes of variation in the dorsal roots may be stated as follows:

1. While the total number of cells destroved is constant, the proportion of large and small cells
affected may wvary, and accompanying a greater destruction of large cells, there may be a greater
degeneration of the dorsal root. This supposition is very improbable.

2.  All the large cells may drop out in every case, the variation in the dorsal roots depending upon
the extent of the compensatory development of the small cells.

1. Most of the large cells may pass through the stages of reaction and repair, while the small cells
drop out in large numbers, In this case the medullated nerve fibers associated with a varying number
of larpe neurones might degenerate although the perikarya of these same neurones survive, This is
the most probahle explanation of the results, as will be shown in another paper. At the present moment
It fEEms |.r|.h,1h|-- that the kev to the explanation of all these mnﬁ[cting results 15 to be found in the
existence in the nerve of many non-medullated fibers which are the axons of the small cells.  This would

furnish an sxplanation far the depeneration of the small cells after the section of the nerve.
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IV. Effect of Reunion of the Cut Ends of the Divided N erves.

It is clear from Table I'V that, so far as the survival of spinal gan-
glion cells is concerned, it 1s a matter of indifference whether
regeneration of the nerve occursor not. In four cases no regenera-
tion occurred at all; in the other six cases the extent of the regenera-
tion varied considerably; in one case (14) an almost perfect nerve
was found, with only a slight thickening to indicate the point of
division. But with this wide range in the degree of the restoration
of the peripheral nerve, there 1s no difference in the condition of
the spinal ganglion. This shows very clearly that the degenera-
tion of spmal ganglion cells 1s not markedly influenced by the
regeneration or lack of regeneration of the peripheral nerve.
MarinNesco ('g8) states that unless there is union of the divided
ends of the nerve, the motor cells of the ventral cornua do not
pass from the phase of reaction to the phase of restoration, but
atmph}f and disappear. The entrance upon the ph'iqe of restora-
tion is, according to him, an indication that regeneration has begun
in the nerve. VAN GEHUCHTEN (’99) and Foa (*9g) have been
unable to confirm these observations of MariNEsco for the motor
nuclei, and my results would indicate that for the spinal ganglia
the restoration of the cells is entirely independent of the restoration
of the peripheral nerve.

CONCLUSIONS.

As a result of dividing a peripheral nerve, there occurs not only
the ty pical Wallerian dcﬂeneratlun of the distal portion but also
various changes in the pmhnnal portion of the nerve, the spinal
ganglion, the ventral and dorsal roots and the spinal cord. In
all these regions there take place both a simple atrﬂplw and a true
degeneration. The atrophy results in a decrease in the size of
the fibers, many of which entirely lose their medullary sheaths.
Many of the cells of the ventral cornua and of the- spinal ganglion
are markedly atrophic. The degeneration in the fibers proximal
to the lesion begins some weeks later than Wallerian degeneration,
from which, hmxe»er,lt cannot be diStll]Ell]ShEd|'|lStD]DC‘1CﬂH‘,’ This
retrograde degeneration aftects only a part of the fibers and can
be found not r.‘:nh in the central stump and the ventral and dorsal
roots but also in the intramedullary continuations of the root fibers.
This results in a distinct diminution of the number of nerve fibers
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in these regions and helps to increase their atrophic appearance.
The degeneration of nerve cells results in the disappearance of a
certain, apparently variable, number of ventral horn cells and a
very considerable and constant number of Spln'll ganglion cells.

It has been shown by careful enumeration that after cutting
the second cervical nerve of the white rat, one-half of the cells in
the ::cnrrespondmcr spinal ganglion degenemte and disappear.
This reaction 1s very constant and unlfnrm, in the nine gang]la
studied the percentage of variation is no greater than the percent-
age of individual variation in the normal gangha. This 1s pe-
culiar in that many more cells disappear than can be accounted
for in terms cf medullated fibers cut at the time of the -:uperannn,
and while 1t 1s not possible at present to give a satisfactory ex-
meﬂtmn of the results they point to some as yet unknown
relations in the ganglion.

The number of fibers in the dorsal root is open to much greater
variation; but there 1s on the average a loss of about 17 per cent.
The dorsal roots seem more susceptible to the degenerative
changes in the young than in adult animals.

The degenemtmn of ganglmn cells 1s constant, that of the dorsal
root fibers 1s variable and 1s much less extensive than would be
expected from the number of cells which disappear. This shows
that the degeneration in the dorsal roots cannot without some
qu1]iﬁc1ti-::|n' be attributed to the degeneration in the spinal gan-
glion. It is hoped that an investigation now 1n progress will sup-
ply the necessary data for the interpretation of these results.

Contrary to the usual conception, the degeneration of fibers and
cells was not progressive; it had been completed before the end
of the first two months, after which there was no further change.

BIBLIOGRAPHY.

Bieanp. Bulletins de la Société anatomigue de Paris. No. 3. May, 182q,

Beeo. Contribution i I'étude des nerfs et de la moelle chez les amputes.  Thesis, Paris. 1896,  Cited
after SwiTarsxs

Biepr, A. Ueher das histologische Verhalten der peripheren Werven und ihrer Centren nach der
Durchschneidung, Wiener Klin, Wochenschre.  Bd. 10, p. 380, 1897,

Bearumic, Kare. Ueber Chromatolyse in den Vorderhornzellen des Riickenmarkes,  drel. f. Anat.
u. Phys., Phys. Abth., p. 251.  1903.
Bearvwic, Karr, Ueher Degenerationsvorginge im motorischen Teleneuron nach T'.!urt]:l.liclmtin:lung

der hinteren Riickenmarkswurzeln., Arch. f. Anat. w. Phys, Phys. Abth,, p. 481. 1903,



RaxsoN, Degeneration in Spinal Nerves. 29

Cassirer, R. Uecber Verinderungen der Spinalganglienzellen und ihrer centralen Fortsitze nach
Durchschneidung der zugehtirigen peripheren Nerven. Dewtsche. Zeftschr. f. Nervenlkeifk, Bd.
14, 5. 150.  18g8.

Cexi, C. Le cosi dette degenerazioni retrograde del midollo spinale. Riw. speriment. di Frentatria,
Vol. 25, p. 353 1899,

Darkscuewitsci, L. 0. Zur Frape von den secundiren Verinderungen des weissen Substanz des
Riickenmarks bei Erkrankung der Cauda equina. Newrol. Centraibl. Bd. 23, p. 5. 1396,

Dejerine £r Mavor.  Recherches sur les alterations de la moelle et des nerfs du moignon ancienne
Gaz. mied. de Paris, 1878; Bul. Soc. Biol.,1878; C. R. des séances et mem. See. Biol. 'T.q0.1878.

Dickinson. On the changes in the nervous system which follow the amputation of limbs.  Four. Anar.
and Physmol., p. 88. 1863,

Dicxsox. On the changes which cccur in the spinal cord after amputation of a limb. Tramsact. af
Path. Soc. of London, Vol. 24, p. 265. 1876,

Dogier, A. 5. Der Bau der Spinalganglien bei den Siugethieren. .dnat. Aoz, Bd. 12, 1846

Drescurerp. On the changes in the spinal cord after amputation of limbs.  Foewrn. of Anar. and
Physial. 1879.

Duprey, W. A case illustrating the condition of the nervous system after amputation of an extremity.
Brain, Vol. g, p. 87. 1886,

Epincer, L. Riickenmark und Gehirn in einem Falle von angebornem Mangel eines Vorderarms.
Archiv f. path. Anat. u. Phys. (Firchow). Bd. Bg, p. 46. 1882,

Erzmorz, A. Zur Kenntniss der verinderungen im centralen Stumpfe lidirter gemischter Merven
Falrbiicher f. Psychiatrie. Bd. 17, p. 323. 1808,

Erznorz, A. Zur Histologie alter Nervenstiimpe in amputirten Gliedern. Fakrbilcher f. Psychiatrre,
Bd. 19, p. 79. 1900.

Errexuever. Ueber das cicatricielle Neurom. Dissertation. Grerfswald, 5. 49, 1872.  Cited after
Homgx,

Erurzey.  Ueber die Veriinderungen im Riickenmarke bei amputirten Hunden.  Perersh. med.
Wachenscheift, 1880, Cited after Hoxgx.

Frarav, E. Ueber Verinderungen des menschlichen Riickenmarkes nach Wegfall grijsserer Glied-
maasen. Deutsche Med. Wockenschr. Bd. 23, p. 278 (OA). 1897.

Fremmng, R. A. The effect of “ascending degeneration™ on the nerve cellsofthe panglia.  Edinburgh
Med. Four. Vol. 43, p. 279. 13g7.

Fremiwg, B. A. “Ascending degeneration” in mixed nerves. Edinburgh Med. Fourn. Vol. 43, p- 49.
1807,

Foa. Sulle alterazioni delle cellule del nucleo di origin in sequito a taglio o strappamento dell® ipoglosso.
Rev. di pav. mero. e memale. Vol 4, 23, 1895,

Frieprinper v. Kravse. Ueber Verinderungen der Nerven und des Riickenmarks nach Amputa-
tionen. Fortschr. d. Med. Bd. 4, p. 749. 1886,

Frizopreicn. Ueber progressive Muskelatrophie, p. 140. Ferlin, 1373, Cited after vax GEnvcHTEN.

Genzser, A. Verinderungen im Rilckenmark eines Amputirten, Arch. f. path. dnar. w. Phys.
(Virchow). Bd. 66, p. 265. 1876.

GovrpscHEIDER. Die Bedeutung der Reize fiir Pathologie und Therapie im Lichte der Neuronlehre.
Leipmip. 1808,

Gericoriew. Zur Kenntniss der Verinderungen des Rilckenmarkes beim Menschen nach Ertremititen-
amputation. Zrschr. f. Heilk. Bd. 1g. IS-;:,.

Harpesty, I. On the number and relations of the ganglion cells and medullated nerve fibers in the
spinal nerves of [mgs of different ages. ?aum. Gamp. Neurol, and P'.-.'y:_.ﬁn?. Vol. 15, p- I7.
1905,



30 ?ﬂHrﬂ'ﬂI &f Cﬂmpm'ﬂn'wf Nﬂ:rafng_}' and P_f_}'fﬂ:ﬂfng_}'.

Hatar, Surxeisnt.  Number and size of the spinal panglion cells and dorsal root fibers in the white rat
at different ages. Fouwrn. Comp. Neural. Vol. 12, p. 107. 1g02.

Havem, G. Dees altérations de la moelle consécutives i I"arrachement du nerf sciatique chez le lapin.
Arch. de p.l'r‘w. reri. of Ipﬁ-.r.&. T, 5 P 554 1373.

Havew, G. Lesions des nerfs des membres consicutives a I'amputation. Progrés Med. No. 11,
1876.

Haveu, G. Seconde communication sur I'état des nerfs des membres qui ont subi une amputation
ancienne. Progrés Med. No. 30. 1876.

Havem axp Giteerr. Modifications du systéme nerveux chez un amputé. Arck. de physiel. noro.
et path. 'T.3,p.430. 1884,

Homix, E. A. Verinderungen des Nervensystems nach Amputationen. Beitrdge =. path, Anat. u.
allg. Park. Bd. 8, p. j04. 1890,

Kaurer vxp Pick.  Weitere Beitriige zur Pathologie und pathologischen Anatomie des Centralnerven-
systems. Areh. f. Piych, und Nervenkrank. Bd. 10, p. 360. 1330,

Kreist, Kare. Die Veriinderungen der Spinalganglienzellen nach der Durchschneidung des peripher-
ischen nerven und der hinteren Wurzel. Inaug. Diss. Berlin, 1903; Firchow's Arch. Bd. 173,
p- 466. 1903.

Kveist, K. Experimentell-anatomische Untersuchungen iiber die Bezichungen der hinteren Riicken-
markswurzeln zu den Spinalganglien. . Arch. f. 'n-ajﬁ. Amar. u. PF::,.‘:. Bd. 158, P 33:. 1904.

Kurrer £r Durante. Les dépénérescence rétrograde dans les nerfs périphériques et les centres.
nerveux. Rev.de Med. T.15. 1395,

Kxare, E. V. Ueber die Veriinderungen im Rilckenmark nach Resection einiper spinale Nerven der
vorderen Extrematit, Eefgfer's Benrdge, Bd. 20, p- 251. 1901,

Kosaxa K. uxp Yacita, K. Ezperimentelle Untersuchungen iiber der Ursprung des N. Vapus.
Okayama-I gakkwai-Zasshi. 1905,

Kister, G. Ueber die verschiedene biologische Werthigkeit der hinleren Wurzel und des sensiblen
peripheren Nerven., Neorol, Centrallbl. Bd. 22, p. 1093. 1903.

Konnstasu, Oscar.  Ueber retrograde Degeneration.  Schmide's Fahrbiicher, Bd. 261, p. 253.  1890.

KEravse, F.  Ueber aufsteigende und absteipende MNervendegeneration. drch. f. Amat, und Physiol.s
Phys. Abth. p. 370. 1887. :

Levpex. Klinik der Riickenmarkskrankheiten.  Berlin, p. 315. 1876, Cited after Honikx.

Lugaro, E. Sulla patologia della cellule dei gangli sensitivi. Revista Patol. nerv. ¢ ment. Vol. 5, 4, 6,
9; Vol. 6, 10; Vol. 7, 3; Val. 8, 11.

Lucaro, E. Sulla legpe di Waller. Riv. parh. werv. ¢ ment,, p. 193. 1go1.

Magie. Lecons sur les maladies de la moelle. Faris. 1892, Cited after van GEHUCHTEN,

Marmwrsco, G.  Ueber Verinderung der Nerven und des Riickenmarks nach Amputationen. Newral.
Centralbl. Bd. 11, p. 463, 503, 564. 1892,

Mapivesco, G.  Ueber die durch Amputation hervorgerufenen Verinderungen der Nerven und des
Riickenmarks. Berliner Klin. Wachensch, Bd. 2q, p. 088, 182,

Mamiveseo, G, Théorie des neurons.  Application au processus de dépénération et d'atrophie dans
le systéme nerveux. Presse médreale. 1895,

Mamivesco, G, Sur les phénoménes de réparation dans les centres nerveux aprés la section des nerfs
périphériques. Presse médicale,  1898-q9.

Mavser, P. Experimenteller Beitrag zur Kenntniss des Baues des Kaninchen-Riickenmarlks., Archiv
f. Psychiat. Bd. 7, p. 539. 1877, :

Moxm vne Figsenn. Sulla guarigione delle ferite del ganglii del sympatice. Pawvia. 1895,



Ranson, Degeneration in 8pinal Nerves. 31

Moscuaew, G. Zur Frage iiber ascendirende Verinderungen im Riickensmarksnerven nach Lision
seiner peripheren Theile. Newrol, Centralbl. Bd.rz, p. 756. 1393,

Muciegr, L. R. Untersuchungen fiber die Anatomie und Pathologie des untersten Rilckenmarks-
abschnittes. Penrsehe Zeitschr. fir Nervenleilbunde, Bd. 14, p. 54. 13099,

MNisse, F. Die Neuronenlehre und ihre Anhanger, p. 282, 333. Fena. 1903,

Pruizzi. Sur les modifications qui surviennent dans la moelle épinére des amputés. Arch. dral. de
Bislagie. T. 18; Ref. Newrol. Cemprafbl. Bd. 11, p. 784. 1802,

Pircz, A. Bejtrag zum Studium der Atrophie und Degeneration im Nervensysteme. Fahrbiicher
f- Paychiairse, Bd. 18, p. 341. 1894,

Ramvans, E. Sur Fragr.: der *retrograden Degeneration.” Fahrbiicher f. Psych. Bd.1g,p.37. 1900,

Ranson, 5. W. Retrograde degeneration in the corpus callosum of the white rat.  ¥. of Comp. Neuwrol.
and Psy. Vol. 14, p. 381. 1904,

Reprick, E. Zur Kecenntniss der Rﬁckunmarksuerﬁi:derungﬂll nach Amputation. Cemtralbl. f
Nervenh. u. Pryeligr. _Dd. 16, p. 1. 13q7.

Revnorps, E. 5.  On the changes in the nervous system after the amputation of limbs.  Brain.  Vol.
9, p. 494. 1887,

Sapowsxr. Névrite expérimentale par compression et lésions consecutives des centres nerveus. G, K.
de la Sec. Biol. 1396,

SuermiNcToN, . 5. On the anatomical constitution of nerves of skeletal muscles.  F. Physiol.  Vel,
17, p- 211. 1804.

Siwcer er Munzer. Beitripe zur Anatomie des Centralnervensystems. Denkichr. d, Akad, der Wiss,
=y Wien. Bd. 57. 1895,

Switarskr, M. Les lésions de la moelle épinitre chez les amputés.  Rew. Newrol. T. g, p. 85,

TireLrl. Dei processi riparativi del ganglio intervertebrale. dnn. di freniarria ¢ scienze affini. Torino.
Fasc. 1. 1895,

Tiirck. Sitsungsber. d. dkad. d. Wissensch.  Wien.  Bd. 11, p. 113. 1853, Cited after Homéx.

Vaxy Genventex, A.  L'anatome fine de la cellule nerveuse. La Cellufe. T. 13, 3120 1897,

Van Genuvenrex, A. Les phénoménes de réparation dans les centres nerveux apris la section des
nerfs périphériques. La Presse Médicale.  1399.

Vaw Genverten, A. La dégénérescence dite rétrograde ou dégénérescence wallérienne indirecte.
Le Névraxe, Vel, 5, p. 1. 1903,

Vamrair. Des alterations ncrl.rcilsni-mmr[pf:!ﬁs conségutives d la nevrotomie et aux amputations des
membres. Bull. Aead. roy. de med. de Belg. 1891,

Vurrian, A. Influcnce de abolition des fonctions des nerfs sur la régions de la moelle épiniére qui
leur donne origine.  Adrch. de Pﬁ}‘;r’af. T. 1, p. 442. 1368,

Yurriaw, A, Modifications qui se produisent dans la moelle épinitre sous I'influence de la section des
neefs d'un membre.  Archiv. de Physiel. T. 2, p. 675, 1860,

Verriaw., Sur la modification anatomigue de la moelle & 1a suite de 'amputation d'un membre ou de
la section des nerfs de ce member. Boll. dT Acad. des Sciences. 1872,

Warrer, A. Expériences sir la section des nerfs et sur les altérations qui en resultent. Gaserte méd-
teafe de Paris. p. 218. 1856.

Witee, Hervans. Teber secundire Veranderungen im Riickenmark nach Oberarmezarticulationen.

Archiv {. Psyeliar. Bd. 27, p. 554. 1895,















COLUMBIA UNIVERSITY LIBRARIES

This book is due on
expiration of a definite
provided by the library rules or by speci

the Librarian in charge.

the date indicated below, or at the
period after the date of borrowing, as
al arrangement with

DATE BORROWED

DATE DUE

DATE BORROWED

DATE DUE

'.‘i L

'35;r

C2E(BaZ) M0




QP331

Ranson

Retrograde degeneration in tha_

q?f-" 37/ A /7'"







