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VIIL The Chemistry of Nerve-degeneration.

By F. W. Morr, M.D., F.R.S., and W. D. Haruisurtox, M.D., F.R.S.
Received March 1,—FRead March 14, 1901,
[PraTe 45.]

Ix a former paper® we have shown that in the disease called General Pavalysis of the
Insane the degenerative changes that occur in the cenfral nervous system are
associated with the presence of the jn'mllmtﬁ of such ftfg#11t‘1'+ltilmll in the cerebro-
spinal fluid. We specially investigated one of these products, namely, choline, which
15 derived from the breakdown of leeithin ; but we also noted that there are others, for
instance, nucleo-proteid. Choline ean be identified in the blood also of these patients.
The tests on which we rely for the detection of this alkaloid are mainly two: the first
is a chemieal test, namely, the obtaining of the typieal yellow octahedral erystals from
the aleoholic extract of the blood. These crystals have not only a definite form, but
their solubilities distinguish them from other somewhat similar crystals, as also does
the fact that they yield a fixed percentage of platinum, and give rise to an odour of
trimethylamine when decomposed by heat! The second test is a physiological one : a
saline solution of choline, of choline hydrochloride, and of the residue obtained from
the aleoholic extract of the cerebro-spinal fluid, and blood of these patients, produce a
temporary fall of pressure when injected intravenously in animals. This fall is partly
cardiae in m'igim and l_m.rt-l}r due to dilatation of peripheral blood-vessels : the
dilatation is due to the direct action of the alkaloid on the neuro-muscular mechanism
of the blood-vessels themselves. There are many substances which produce a fall of
arterial pressure, but choline is peculiar in the fact that after the administration of a
small dose of atropine subeutaneously, it no longer produces a fall but a rise of blood
pressure, or, at any rate, the fall is abolished.

In the investigation of the blood, as a rule, only a small amount of material has
been at our disposal, and in order to obtain satisfactory evidence of choline, it is
necessary to considerably concentrate the alecholie extract. We have therefore been
obliged to limit ourselves almost exclusively to these two tests; the two tests,
however, appear to us to be, if positive, absolutely conclusive evidence of the presence
of choline. The iodine test which has been employed by some investigators is not a

* ¢ Phil. Trans.,' Seriez B, vol. 191, pp. 211-267, 1809,
VOL. CXCIV.—B. 202, 23.11.1901
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very delicate one, especially in the presence of other organic substances. The great
value and delieacy of the platinum test has been emphasised in the rvecent work of
GuMpPrECHT. *

Although our previous paper dealt principally with General Paralysis, we indicated
that the presence of choline in large quantities in the cerebro-spinal fluid is not
characteristie of this disease ; we mentioned that in other diseases where great andd
evidently acute wasting of the brain tissue had oceurred, choline was also present in
excess in this fluid.

Sinee the publication of our work, the subject has been taken up by GumprEcHT
and our observations have heen confirmed and extended IJ}' him. We stated that in
the normal fluid choline was either absent or present in such small quantities that our
tests were not sufliciently delieate to detect it.  GumpriEcHT has shown that if
sufficient fluid is employed it is possible to demonstrate the presence of minute
guantities of choline in it; but this is enormously inereased not only in General
Paralysis, but in many other diseases of the nervous system ; he directed his attention
in particular to acute diseases like meningitis.

The presence of choline in the normal fluid is not devoid of physiological interest.
It shows us that, under rr1':1i||.'|1'j.' conditions, lecithin is in that condition of unstable
chemical equilibrium which is indicated by the word metabolism. It is constantly
breaking down, and being eonstantly built up afresh, and it is only in diseased
conditions, in which the destructive side of metabolism preponderates over the
constructive, that :L;r]n'rvinh]t_- llnzmtititrs of the ]Jrndur:.tﬁ of its {lisiuteg'ut'mu are
present in eerebro-spinal fluid and blood.

Physiological saline solution will extract a small amount of choline from perfectly
normal nervous tissue at the r:l'n:]imn'”r temperature ; this is most Eil}l}i'il‘f:‘l'lt in situations
where there is most activity, namely, in the grey matter. Within the last year or
two, numerous observerst have shown this, and although they differ in opinion
whether choline is the most important or abundant substance in such extracts, all are
ﬂgl'i‘[—'i] on the main ]mii]t as to its actual presence,

In normal blood much the same is true. In the work which we have done since
the Imh]iu:ll;ui] of our first paper we have devated our attention to the blood rather
than to the cerebro-spinal fluid. By concentrating large quantities of normal blood it
is possible to show by the platinum test the presence of minute traces of choline ; but
in conditions in which extensive degenerative changes oceur in the central or
peripheral portions of the nervous system, the amount is considerably nereased, and
its presence ean be shown in small quantities of blood ; such quantities of normal

* GuarrecHT, * Verhandl. des Congr. fir innere Medicin,” Wiesbaden, 1900, p. 326.

 Crecrory, “Journ. of the Boston Huu{et.}r of Medical Seiences,’ vol. 4, - 239, 1900 ; Huwnr, * Proe.
American Physiol. Society, American Journ. of Physiol.,’ vol. 3, p. xviii, 1900; OsrorNE and VINCENT,
*Journ. of Physiol,” vel. 25, p. 283, 1900 ; W, I HanisurTtox, ihid., p. vii,, 1900; also vol. 26, p. 229,
1901.
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blood yield wholly negative results. The largest yield of choline in a normal animal
which we have met with was in a young kitten, and doubtless in young animals the
myelinisation of the nerve fibres which is taking place implies more active metabolism
of the lecithin than in adult animals:

The general plan of our work has been (1) to examine the blood in various diseases
of the nervous system in man; (2) to examine the blood in animals in which
degeneration of the nerves has been made to occur by section of large nerves like the
seiaties ; (3) in these animals we have examined the nerves themselves in various stages
of degeneration ; this examination has been partly microscopic and partly chemical,
and we have sought to correlate the two sets of changes, and in partieular have endea-
voured to aseertain the chemical meaning of the Marchi reaction, which is the methaod
prineipally used to-day for the microscopic detection of degeneration in nerve fibres,

Before passing on to consider our experiments, observations, and results in detail,
it may be well at this point to allude to the composition of lecithin, and to the main
features of the Marchi reaction.

Leeithin, the main constituent of the medullary sheath, differs from ordinary fats
in containing two additional elements, namely nitrogen and phosphorus.  An ordinary
fat on decomposition breaks up into glycerin and fatty acid. Leeithin under simlar
circumstances yields glycerin, fatty acid, phosphoric acid, and a base called choline
(C:H;NO,).

We have in our work endeavoured to follow the history of lecithin disintegration,
not only in regard to the nitrogen it contains (the choline radiele), but also in respeet
of its phosphorus.

It is probable that in the body lecithin is not present in the free state, but in
combination with a cerebrin or cerebrins to form a still more complex substance
called protagon.

The Marchi reaction consists in placing small pieces of nervous tissue ina mixture of
osmie acid and MULLER'S fluid, after previous hardening in MoLLeEr's fluid. Under these
cireumstances healthy nerve fibres are not stained, but degenerated nerve fibres are
stained an intense black. In the later stages of degeneration, when the fatty produects
of the decomposition of the fibres have been absorbed, this black staining is naturally
no longur observable. It is important also to observe that ordinary neutral fats, such
as are contained in adipose tissue, give the Marehi reaction. It was knowledge of
this fact that led us in part to the present investigation, and our expectation has
been fully confirmed that the cause of the Marchi reaction in degenerated nerve fibres
is the replacement of the phosphorised fat by non-phosphorised fat.

Before the commencement of our joint work, one of us (F. W. M.)* had made some
preliminary experiments in this direction, which were continued in conjunetion with
Dr. Barrarr.t Spinal eords on one side of which degeneration had oceurred, due to

* Crrrrorp AvLLEUTT, © System of Medicine,” vol. 1, ¥ Pathology of Nutrition.”
t Proc. Physiol. Soc., Februar 1898, in * Journal of Physiol.," vol. 24, p. iii,
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a lesion in the opposite cerebral hemisphere, were divided longitudinally into two
halves ; each halt was extracted with ether i a Soxmrer's apparatus. The residue
of the ethereal extract from the degenerated side was more abundant, but contained
less phosphorus than on the healthy side; on the healthy side the residue consisted
chiefly of protagon erystals. The degenerated half of each cord was also more
watery.

Another worker who has made experiments in the same direction is A. Norn*
He showed that in Wallerian degeneration of peripheral nerves, the amount of
protagon diminishes until there is at last none at all obtainable.

After these introductory remarks we may now pass to the full consideration of our
own results ; these may be most eonveniently arranged under the following heads :—

1. Examination of the blood in cases of nervous disease in man.
2. Experiments upon animals.
A }':.\'H]]]]!I:Lti“[l of t,]'ll:'! }I][]Hd i[! cats ill "I-\"I]i(}l] Y"FEI.“E'['iEI_n dfgenemt-iﬂﬂ hl:ld.
been produced by section of nerves.
Ii UI!EfIIIi['-H] E’K'rl]]]i['l:ﬂti[l]'l of t,l]f.'!' ﬁll*;:ﬂll["l'ﬂt{"‘l]. NEerves,
C. Histological examination of the degenerated nerves.
3. (_;E‘II["I'JI.] ﬁ‘.ﬂllﬁluﬁii s,

The histological part of the work has been carried out entirely by one of us
(F. W. M.). The experiments in which living animals were employed were carried
out entirely by the other (W. D. H.) at King's College. In this part of the work eats
were exclusively employed.  The animals were anwmsthetised with the A.C.E. (aleohol,
chloroform, ether) mixture during the operation, and rigid antiseptic precautions
adopted.

1.—ExamivaTioN ofF THE Broop 1y Cases oF NErvous Disesse v Maxw.

In our former paper, we mentioned the fact that we had examined the blood from
several cases of General Paralysis. The blood was removed by venesection as a
remedial measure during seizures, and gave both the chemieal and physiologieal tests
for choline which we have already described.

We have also deseribedi the results of examining in a similar way, the blood from
a case of Beri-beri. This is a tropical disease, which is accompanied by extensive
degenerative changes in nerves and museles, and great vascular depression. A galine
solution of the residue from the aleoholic extract of the blood, produced on injection
a marked physiological result like that caused by a large dose of choline. The
amount of material at our disposal did not enable us to make a thm'm:gh chemical
examination of the hlood. l_,':-:iug the ll]ii'ti.l'tlllll test we l’hIl]}-‘ obtained some ill-formed

® ¢ Zeitsch, £, Physiol. Chem.,” vol. 27, p. 370, 1899,
T ¢ British Medieal Journal,” July 29th, 1899,
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erystals of a light yellow tint, which we were unable to assert positively consisted of
the double salt of choline.

Venesection is so seldom employed as a therapeutic measure that sinee then we
have had comparatively few opportunities of examining the blood removed during
life. The specimens we have examined are the following —

(].) Blood from a chronie ease of Beri-heri.

(2.) Blood from an acute case of the same disease.

(3.) Blood from a ease of the same disease, but we were not informed whether 1t
Wils ﬂl:':'l.ltre 0or I:,'.hl."lllli{.'.

In all these three cases, the blood was removed during life; it was immediately
mixed with excess of aleohol, and forwarded to us.  We have to thank Dr. Patrick
Maxsox, F.R.S., for the two first speeimens, and Dr. Hamicron WricaT, Director
of the *Pathological Laboratory of the Federated Malay States for the third
specimen.

(4.) Blood from a case of Disseminated Sclerosis (early stage) which was under the
charge of one of us (F. W, M.). This was removed during life by venesection.

(5.) Blood from a case of Combined Sclerosis. This was removed very soon
after death. We have to thank Dr. Barrex for supplying us with this specimen.

{6.) Blood from a case ot Aleoholic Neuritis, removed very soon after death by
one of us (F. W. M.).

It will be seen that the diseases from which these patients suffered were very
various, but all possess in common the feature which is also present in General
Pﬂl’al}'sj!ﬁ, of FEA N t‘xtﬂil.’ii\'ﬂ (lEgt‘Tlt"t'&]ti\'# I:'.hiltl'!gf;‘ i[l t‘it-llﬁ‘l' 1.'|”"' QEII"!'H] or ].'FE'I'i[J'I'lErﬂ].
parts ot the nervous system.

Before passing on to the study of our results, it will be best to state rather more
fully the methods we have adopted.

The blood was mixed with six or eight times its volume of absolute aleohol, and filtered.  The aleoholic
filtrate was evaporated to dryness at 40° C., and the residue taken up with alsolute alechol. After
filtration, the aleoholic solution was again evaporated to drymess, and the residue again taken up with
absolute aleohol. This was repeated twice more, in order to ensure the absence of potassivm salts. The
final aleocholic solution was divided into two parts A and B.  Part A was used for chemical examination.
Part B was used for the physiclogical test.

To part A, platinum chloride dissolved in alcohol was added, and the precipitate that formed was
allowed to settle, and washed by decantation with absolute aleohol. It was then dissolved in 15 per cent.
aleohol. Tt did not all dissolve, so the platinum chloride must have precipitated substances other than
choline. The zolation was freed from the insoluble residue by filoration, and then evaporated in a watch
glass to dryness at 40° C. Microscopical examination of the watch glass with a low power showed
whether or not the octahedral crystals were present, and a rough quantitative estimation of the choline
was made by noting whether or not the crystals were abundant. Weighings were made in some cases,
after vedissolving and recrystallising, but as will be more fully explained when we come to the considera-
tion of cats’ blood, we do not regard our numbers as very trustworthy, For practical purposes the
rougher method of a microscopic survey gives excellent comparative results, provided the same quantity
of the original blood is taken in each case. The quantity we used was 10 cub. centims. Using this

VOL. CXUIV.—E, 3 L
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quantity normal human blood gives practically negative results, though a few occasional and small
octahedra can generally be discovered on careful examination,

Part B was again evaporated to dryness, and the residue dissolved in physiological saline solution.
After filtration, the solution was uzed for injection. It was free from proteid, but was usually somewhat
opalescent.  We have not determined what this opalescence was due to, though it appenrs possible that iv
may be caused by the presence of small quantities of lecithin derived, like its decomposition product
choline, from the degenerated nervous tissue. No fat particles conld be seen with the microscope. The
fluid had a neatral reaction. A eat was then anwsthetised with AC.E. mixture; the carotid artery of
one -‘iiflﬂ Wiks l".ljllIL'l.'tE'i]. “'iLII i |I]¢I'I."Ili'iﬂ| I’il}'tllhgr.'l.!]l] fl.,'ll' I.II!“!‘ I'ﬂgiﬂtl'.'lr.'iﬂﬂ l)i LII{!‘ .'||"w]'j.“|. Ih].wl-:p[‘eﬂum.
The external jugular vein of the opposite side was exposed, and into this the fluid was injected. The
volume of fluid injected was in each ease 5 cub. centims. and the amount of the original blood to which
this corresponded was noted.  Concentration was usnally carried out, so that the injection of 5 eub.
centims, corresponded to 20 or 30 cub. centims, of the ariginal blood ; the actual amounts will be found in
the letter-press underneath the tracings reproduced in the subsequent pages. After noting the effect of
such injection, 003 cub, centim. of a 05 per cent. solution of atropine was injected subcutaneously into
the cat, and a few minutes allowed to clapse.  In order to test whether the animal was fully atropinised,
the vagus of one side was stimulated, or 2-5 cub. centims. of a -2 per cent. solution of choline hydro-
chloride was injected into the jugular vein.  When inhibition of the heart by vagus stimulation was not
obtained, or when choline hydrochlovide failed to produce its nsual fall of arterial pressure (or this was
replaced by a rise), the experiment was continued. The second part of the physiological test was then
performed, and consisted in again injecting the saline solution from the blood suspected to contain
choline.  If the injection now produced no fall of arterial pressure, or this fall was replaced by a rise, the
identification of choline by physiological means was completed.

We found that choline was present in the cases enumerated. We further found
that the two tests fitted together with great aceuracy. If we performed the
chemical test first, we could prophesy from the amount of erystals the result of the
ill‘jl_tct ion.  If, on the other hand, we ;J-Ezl'ﬁ:rli:t*.{] the ph}'siﬂlugiml test first, we could
prophesy from the fall of pressure whether or not we should get an abundant or a
scanty erop of erystals.

The case where we obtained least result was the acute case of Beri-beri; this is
what would have been anticipated. Here the fall of pressure was insignificant, and
the erystals required searching for. The case where we obtained the best result was
from the Beri-beri blood received from the Malay States (No. 3 in our list). Here
the erystals thickly coated the wateh glass, and the fall of pressure is shown in one
of the accompanying tracings.

The tracings which follow, give some of our results in the performance of the
physiological test. They show the effects of injecting the material from the ease
of Beri-beri just alluded to (fig. 1), from that of Combined Selerosis (fig. 5), from
that of Disseminated Selerosis (fig. 4), and from that of Aleoholie Neuritis (fig. 3).
In the first case, also, the effect after the injection of atropine is shown (fig. 2). TIn
all, the fall of pressure is either absent, or replaced by a slight rise.*

We are not able to represent graphically the results of our chemical test, but the

* The other tracings showing the effeet after atropine are practicaly identical with this one (fig. 2),
and have been omitted at the suggestion of the referees.

¥
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]

\':H'ij'tt."-' \l';llf‘]l-;’]:l.‘h.‘-&r':‘-{ l‘l-;l'l.'l' i”'t']l E'\."Ii]ri[l':l .'|1_ El”'f"‘lhlgh ||r l]l!" I_“]l}':‘ii'lllr;'il,‘ﬁi rilll‘i
|’r1l|tu|ngi:.'::1 Bocieties, and have m]mitt:'l”}' borne out our contention.

We venture to think that suech results are of some ||!':|1'ﬁt':|i illl]llll'i:l]'n“'r‘_ A eom-
paratively small quantity of blood will give the tests, and in eases where it 15 diffienlt
to distinguish between serious eases of organie disease and ecases of so-called fune-
tional newrosis, the performance of the tests deseribed may come to the assistance of
the practical physician in making his diagnosis.  Choline does not pass into the urine
as we showed i our former paper,® so that the examination of that seeretion would
bie insufhicient in such eases,

‘ig. 1.

'Th.k"!- |l|ll|!!-l'rlll23lr'-|. |Zi|||.' I'l']lnl'(!?i'.}lll‘-'u []Il.! I'L"-il.lil'ill'.ilil!! l:I]iL']I ]F:l.' l]1U liirlllll‘llll]' ]IIL!lEtl"lll. IJ‘lll‘ next .I'!Ill.1I 1% the

bl pressure from the earotid. The nextis @ time [|'.l|,‘i!:al__'; in seconds ; the next the signal line, the
raising of which iudicates the period of injection. The lowest line is the abscissa of the blood
pressure. The various lines have the same meaning in all subsequent tracings. The respiration tracing
is omitted in figures subsequent to fig. 2.

The injection produced ne effect on respiration. This iz true also for choline, and the similarity
between these effects and those of choline on the blood pressurve may be seen readily if our former
paper is consulted.  All the tracings were taken from experiments om cats nnder A.C.E. mixture.  All
read from left to 1'i:_-:h|, The actual volume of saline solution of the active material was in all cazes
3 cul. centims.  This was injected into the external jugular vein. The numbers given with each tracing
indicate the volume of the original blood to which this would correspond.

Fig. 1 represents the fall of arterial pressure produced by the injection of an amount equal to
10 cub. eentims. of the bleod in the caze of Beri-beri numbered 3 in the list on p. 441,

* Lov e, p. 256,

& L 2
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Fig. 2. Fig. 3.

Fig. 2.—The result of injecting the same volume of the same solution in the same cat after atropine
haidl heen administered.  There is now a rise of blood pressure.

Fig. 3.—The result of injecting an amount equal to 30 cub, centims. of blood from a case of aleoholic
neuritis

(T e
T e e e e e ey o T T
Fig. 1.

Hesnlt of i'l_il‘l'lill_'_'| A AT I\.'II'I|_=|I too 20 culy, centims of blood from a case of IMasseminated Sclerosis

(early stage of the disease).

S

E——
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Eesult of injecting an amount equal to 30 cub. centims. of blood from a case of Combined Sclerosis,

2 —EXPERIMENTS UPON ANIMALS.

In these E'.\.‘}jt']';n]t‘nh& twenty cats were experimented upon. In the majority of
cases both seiatic nerves were divided in the upper part of the thigh. During the
operation the animal was ansmsthetised with A.C.E. mixture, and antiseptic precan-
tions J'igm'uuﬁl}' .'I.i.IfIIItE'I'i. Hn-;iling of the wound took place vapidly by the frst
intention in all eases but one.  In this one case suppuration occurved. and the animal
was killed three days after the operation. Another cat died suddenly a few hours
after the operation. We have, theretore, only eighteen cats concerning which we
have to record results.

The animals suffered but little inconvenience ; they were able to walk about in
spite of the partial paralysis of the hind hmbs : they walked on the heels of these
limbs, and in consequence the fur was worn off here in those animals which were kept
alive for sufficiently long periods. They were kept in warm comfortable hutehes, were
well ted, and soon became well nourished and sleek specimens of the feline tribe.
Some wasting of the muscles of the hind himb necessarily oceurred in those kept alive
for the longer periods,

The eut nerves were not sutured in the greater number of eases, but union and
regeneration took place in nearly all provided the time which elapsed between the
operation and the post smorfem was long enough, In one or two eases the ends of the
nerve of one side were sutured together with ecatgut. The details of the individual

Ilfll‘:l'ut-i”:lilﬁ ':H.Ili]. rIIFliI! 'I't‘Hll“h' dalg as “I”I’!'i'l'h —
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wl K.—One sciatic nerve only divided. The animal was killed 24 hours later. The peripheral end
of the ent nerve was stimulated mechanically and electrically, and wellmarked muscular contraction
followed. The divided nerve was compared with the healthy nerve on the other side hy means of
faradisation, a D Bois Reymond coil with one cell being used. The weakest induction shock which
produced a musenlar response ocenrved with the secondary eoil at 27 centims. on the healthy side and
25 in the case of the divided nerve. The divided nerve, on snbsequent examination, was found to he
hoth histologically and chemically normal.

'uf .—Both nerves divided. This animal was killed 2 days and 5 hours after the operation.

Left nerve : muscles responded with the secondary coil at 20,

Hight nerve: muscles responded with the secondary coil at 23,

The muszeles on each side responded readily to mechanical excitation of the nerves.  The nerves were
practically healthy hoth histologically and chemically.

taf B.—Baoth nerves divided. This animal was killed 3 days after the operation.

Left zciatic : muscles I'Eﬁlmmlud with the ﬁl]l‘{'ll]l’]r-.ll';l.' coil at 18,

Right sciatic : muscles responded with the secondary coil at 22,

The response to mechanical stimulation was slight,

The nerves on chemical and histological examination show but little sign of degeneration.

Cnf P.—Both nerves divided. This animal was killed 5 days 20 hours after the operation.  There was
na musenlar response on stimulating either nerve.  Signs of commencing degeneration are evident.

't (', —Both nerves divided, This animal was killed 4 days 3 hours after the operation. No response
accurred on either side to stimulation.  Signs of early stages of Wallerian degeneration are seen.

'at E.—Both nerves divided, This animal was killed 5 days after the operation. In this animal no
muscular response ocenrred on excitation of either nerve ; and the same is true for the animals that were
killed at later stages, until union and regeneration has taken place. Degenerative changes in the nerves

are more marked,

Caf D —Both nerves divided, This animal was killed 6 ll,ilyﬁ after l’}pui'ﬂ.liuu. ]Jt:gt:l:u:rilLi'l.'u L'IIH.I]EES
in the nerves are about the same az in Cat E. '

Cat fl.—DBoth nerves divided. This animal was killed 8 days after the operation.

Cat N.—Both nerves divided., This animal was killed 10 days after the operation,

Cat (. —Both nerves divided. This animal was killed 13 days after the operation.

In these three animals (R, N, () the degenerative change is extremely well seen by the Marchi method

Cat J—Both nevves divided. This animal was killed 25 days after the operation.

Cuf 0.—Both nerves divided. This animal was killed 27 days after the operation.

Cat I —Both nerves divided. The left nerve was sutured with catgnt. This animal was killed 29 days
after the operation,

In these three eats (J, O, W) there was considerable wasting of the muscles supplied by the sciativs.
Union of the divided nerves had ocenrred in all cases, but they were all irresponsive to stimulation.  Little
or no differenee could be detected histologically or chemically in the two merves of Cat W, one of which
hiad been sutured.  The Marchi reaction was still well marked, but there was evidence that absorption of
the fatty products of degeneration was in progress. Phosphorised fat had almost, and in the case of
Cat W entirely, disappeared.

Caf fl.—Both nerves divided. This animal was killed 44 days after the operation. Good union had
oecurred on hoth sides, but the nerves were irresponsive to stimulation.  Degeneration had now advanced
so far that there was almost complete removal of the products of degeneration, There are early signs of
regeneration. Here also the wasting of muscles was very evident.

Cut I.—Both nerves divided; left sutured with eatgut. This animal was killed 45 days after the
operation. In this animal, for the few days preceding its death, the paralysis was less marked on the
sntured side.
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The left (sutured) nerve responded to stimulation (secondary coil at 7-5 centims.) ; the right nerve did
not respond.  Examination of the left nerve showed early signs of regeneration ; the right did not.  We,
however, found it difficult at this stage, or even in Cat 8 (60 days after operation) to trace axis cylinders
actnally through the cicatricial tissue at the junction, although by the Stroebe method axis eylinders were
found in the peripheral stump. A chemical examination of these nerves was unfortunately omitted.

Cd S.—DBoth nerves divided. This animal was killed 60 days after the operation, The right nerve
had not joined up well ; the left not at all. The right nerve responded to stimulation (secondary coil
at 9 ; the left did not. The evidence of regeneration was not so manifest as in the last case, and the
products of degeneration had not undergone so much absorption.  This animal displayed much lethargy,
and was ill nourished as if it lacked vital reaction,

Caf f—Both nerves divided. Thiz animal was killed 100 days after the operation.

Caf F.—DBoth nerves divided. This animal was killed 106 days after the operation,

In these two last cats (1 and F), tl]mtgll the hind limbs were still thin, there was great recovery of
function. The nerves responded well to both mechanical and electrical stimulation (secondary coil at
16 to I8 centims.). The nerves, especially the sensory ones, showed wellmarked regeneration, and
chemically they had returned approximately to the normal state.

We may briefly summarise the results in the following way. Up to the 3rd day
the nerves remained excitable and approximately normal. Degenerative changes
then set in and heeame well marked on the 8th 11:!..}'; from this time to the 13th day
they were at their height. On the 25th day, and at periods later than this, union of
the divided nerves had nearly always taken place. The 29th day marks the entire
disappearance of phosphorus from the degenerated fat. Absorption and removal of
the fat was nearly accomplished by the 44th day. At the same period restoration of
funetion began in the case of a sutured nerve; but where the nerves had not been
sutured this was not seen until the 60th day. In the eats which were allowed to live
100 du}'s and ]l)llger, l‘Egﬁtleriltiﬂll and restoration of function were well marked.

A point of some interest is the early date (44-45 days) at which the rvemoval of
degenerated produets oeccurs in peripheral parts of the nervous system. In this there
is a contrast to the central nervous system; there the Marchi reaction can he
obtained in degenerated tracts many months after the lesion has oceurred.

We have now to present the further experiments we have performed in connection
with these animals ; they divide themselves into three sets.

A. Experiments with the blood.

B. Chemical examination of the nerves.

C. Histological examination of the nerves.

We will take these three points in the oxder named.

A, Eeperiments with the Blood of the Cais.

These may be very brefly stated. The methods adopted were the same as those
already deseribed in connection with human blood.
The blood of normal cats contains the merest traces of choline. A few crystals
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[T gl:lwl'alli_‘l.' b found ]r}' the lr]utinmll test.  As stated in the introduetion to this
paper, the most abundant yield from a normal animal was obtained from the blood of
a young kitten. But the gquantity was not sufficient to give with the amount injected
the ]]I]}'Hi“l”giﬂ.‘il] test.

When signs of degeneration set in (4th day) the quantity of choline in the blood
increased. As with human blood, the chemical and physiological tests gave through-
out eorresponding results.  The best yield of erystals, and the most marked fall of
blood pressure we obtained was in the case of the 8-day cat. This fall was abolished
by atropine. On the 13th day there was still a marked positive result. From this
time onwards, the evidence of choline steadily diminished, until the normal was
reached in the later stages of the degenerative process. The amount slightly
increased when regeneration set in, and this is another piece of evidence in favour of
the views we have already advanced CONCErning lecithin metabolism (see p. 438).

We give illustrative tracings selected from the large number we have taken.

R e T T R
Fig. 6.

Result of injecting an amount equal to 20 cub. centims. of blood of normal kitten,

It will be seen that the material from normal blood (fig. 6), from blood of an
animal in which degeneration had not commeneced (fig. 7), and from blood of an animal
in which degeneration was complete (fig. 14), gave negative results.

In cases where degeneration had set in (blood of 6-day cat, fig. 8), or had com-
menced to subside (25-day ecat, fig 13), the effect was slight.
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e e ]
Fig

i
R

V.

Fig. 7.—liesult of injecting an amount equal to 20 cub. centims, of blood obtained from Cat A (two
ll.:l_'|':-2 after seetion of both sclatic nerves).

Fig. 8.—Hesult of injecting an amount equal to 20 cub. centims. of Mood obtained from Cat D (6 days
atter section of hoth nerves).

Fig. 9. Fig. 10.

)

l:“i"__(. 9. —BResult of i::lj{:r'li.ng an amonnt m|u;|,| to 30 euly, centims, of blood obtained from Cat B (8 days
after section of both MErves).

Fig. 10.—hesult of injection of the same amount after atropine.

VOL. CXCIV.—E. J M
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In the case of the cats where degeneration was at its height, the physiologieal
effect, fall of hlood pressure, was very marked (figs. 9 and 11), and the fall was absent
atter atropinisation (figs. 10 and 12). Thizs was true in all cases; wherever the
material produced a fall of blood pressure before the subcutaneous injection of atro-
pine, it failed to do so afterwards, or even produced a slight rise, This, in conjune-
tion with the chemieal test, f:nllug'.'lur-ﬁ!.':-lj‘ prm‘e[l the presence of choline. We have
not J"'I'I._':iL'tltl."l.l t]ucings of the slig]]i effects obtained when t'i'gEIIE‘l'Hi;I'Hl set in ; 1,}]1;:_1;
were about equal to those seen in figs. 8 and 13.

As in the case of human blood, we attempted to make some quantitative estimations of the amount of
choline present, by recrystallising the platinum saly, and weighing it.  We do not regard our figures as
very trustworthy, for the following reasons : —

(1.} Control experiments with pure choline in organic mixtures gave very variable results; (2) the
choline in our specimens was mixed with small quantities of other organie substances ; (3) the numbers
obtained are so small, that extremely minute errors (i.e., Iugiiim:l.ur errors of experiment) will make
comparatively large variations. The amount of blood at our disposal for such experiments seldom
exceeded 50 cub. centims., and was usually less than this. For this reason, we have relied upon the
rongher method of a microscopic survey of the watch-glasses as explained on p. 441.  This method hardly
appeals to those who read about it like a table of gquantitative estimations, but it is very convincing to

thoze who :ulel]_r see the ]I['-L']I.‘LI':llil.:l:II.'i.

Ll L -..J_J_I.J. |

Fig. 12.
Fig. 11.—Result of injecting an amount equal to 25 eub. centims. of blood obtained from Cat N
(10 days after section of both nerves).

Fig. 12.—Eesult of injection of the same amount after atropine,
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With this reservation, we may say that the method of quantitative analysis gave ns in the cats the
hood of which contained most choline, numbers which m:'rcspﬂur]cc] to & percentage of from 000532 to

00078, In the animals in which the chemical and physiological tests indicated a low percentage of
choline, the corresponding numbers varied from 0-0011 to 0-0037.

I_I_L..‘. T I !I. L iJ_J._J___L.'

Fig. 13 Fig. 14.
Fig. 13.—Result of injecting an amount equal to 25 enb. centims. of blood from Cat J (25 davs after
section of both nerves.

}"ig. 14.—RBesult of 'il'ljﬁ‘:'ljll:_: A Armonnt equal to 25 eith, centims. of blood from Cat H (44 days
after section of both nerves).

B. Chemical Erawunation of the Cats Nerves.

The nerves were earvefully disseeted out, weighed, dried to eonstant weight af
110° €., and again weighed. The dry residue was used for the determination of
phosphorus.  Considering the small welght of the nerves, we judged this would give
more accurate results than any attempt to isolate the fatty material, and determine
either the phosphorus or protagon in that.

The dried nerve was soaked in 5 per cent. hydrochloric acid for three weeks in
order to get rid of inorganic phosphates. Such treatment apparently gets rid of the
phosphorus combined as nuelein or nucleo-proteid ; for in many of the nerves of later
date there was considerable nuclear proliferation seen ill;l."t'ﬂ.‘-it'iI}Jif.'liﬂl".'. and yet little

3 M 2
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or no phosphorus was obtained from the nerves after treatment in this way with
hydrochlorie acid. The phosphorus we did obtain came, therefore, either wholly or
chiefly from the phosphorised fat (lecithin or protagon). The nerves were then
dissolved on the water bath at 100° C. in fuming nitrie and sulphurie acids, to which
an oceasional pineh of potassium chlorate was added. The heating with acid was
continued for many hours. The phosphate so formed was precipitated by ammonium
nitro-molybdate. The yellow precipitate so obtained was washed, and dissolved in
dilute ammonia, then precipitated by magnesia mixture ; this precipitate was ineiner-
ated and weighed as magnesium pyrophosphate *
The following table gives our results : —

TARLE I.-—Pmlmltion of Water and Solids in Seiatic Nerves of Normal Cats.

Percentages

P P A

Water. Solids.

Cabli s | ARG 33521
o 65803 34197
;8 66554 334406
v & 62559 37441
Average . . 65349 34651

TasLE 1. —Proportion of Water and Solids in Sciatic Nerves from Cats operated on,
in which the nerves were still excitable.

Percentages.

=

Water, Sn]iw_l-s.
Cat K. 1 day after operation . . . . . 647199 35801
A. 2 days 5 hours :tﬂer* operation . } 64618 35185

B. 3 days after operation ;
Average . . . . . 64507 327493

* A full deseription of this method of phosphorns estimation is given by one of nz (W, D. H.) in the
s Jowrnal of Physiology,” vol. 13, pp. 814, 821, 1892,
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TABLE III,-—-I-‘rnpnrtinn of Water and Solids in Sciatic Nerves from Cats operated on,
in which degeneration oecurred.

Percentages,

Water. Solids,
Cat P. 3 days 20 hours after operation . . . . 73941 26:059
» C. 4 days after operation . . . . . . . } 65018 31983
i A 6 = o A R e e 1 L 30767 H
I | 2 Nl e s GBI A1°76Y
s N, 10 5 - S e o e K 29-282
T % 0 ) R B 28743
o A : i iy T R Y 32-114
S poer L - 50 S e A S 27819
» W. 20 v o vight nerve (joined
spontaneously) . . 72°505 27495
left nerve (sutured) . 72601 27399
o lm : - i A T L L 27359
. 8. 60 E: i, left nerve (not united
well) . . . . . 72646 27354

TapLe IV.—Proportion of Water and Solids in Sciatic Nerves from Cats operated on,
in which regeneration had commenced.

Percentages,

E:er. ﬁu:-]icg

Cat 8. 60 days after operation, Right nerve. Early
stage of regeneration . . . . . . . . 7246 27354

. L. 100 days after operation. Regeneration well
TR e T e B e e e BRRGE 367147

w F. 106 days after operation. Regeneration well
TEEEE] o ) e B e L i M - ), 1 | al469
Averngeof land F. . . . 66192 34308

From these tour tables we see that, as far as water and solids are concerned, betore
degeneration sets in, there is no marked change in the proportion ; the slight
difference between Tables L. and I1. eomes well within the limits of individual varia-
tions in normal eats. If we compare these with the eats killed later there is a marked
rise in the percentage of water, and this rise advances in the main pari passu with
the progress of the degenerative state (Table ITIL). But after restoration of funetion
{Uﬂ.t-s I and F, Table IV.} the pl‘t)pm'tiou of water to solids returns .'tll}rl'fl."{il'llﬂtt‘l:!.' to
normal, -
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We now come to the phosphorus estimations.

TaprLe V.—Cats' Sciatic Nerves.

| Ceteht in er i
Waeight in grammes of Yield in  Phosphorus |

nerves taken,

e o B grammes | per cent.
.'||.J1rm,1'|.l ”..l.l"l..\i after seclion. . | =4 of | o dt‘_}l' |
| I Fresh. | Dy Mg.P.0;. tissne. |
[ I_ ’ E = |
: Cat 1 ! iy i l |
{.'_” ot e ' R .} 1-793 0:620 | 0-026 1-16 |
b 2 | f O R S R |
A 2 | | | |
It B A e } 3:207. | 1-007 0035 0-97 |
I 3 r|:4|\'.< H0 hones . L R ! |
. I. A |
E. S SRR B o | 1-1247 0035 0-07
(RN . SR
3. g avng 1193 | 0-379 00075 057
N. 10, 1-1856 | 0-34F | 0-00% 032
A8 13 1-79 |  0-53145 | 0-005 0-37
o, 20 | H B 0-5315 | . Lrajces, i
(). Ly e R s LR e T T 1-215% (R 1 | trajees,
W, 29, Wight nerve joined spontaneonsly . 0478 | 0-1314 ] 0
Lett nerve sutured . 050 0-1375 0] ]
H Al S T 1-272 0348 ] 0 .
5. G0. Left nerve not joined . . . . . 0505 0-1359 0 0 |
Hight nerve, regeneration beginning 0303 0-1075 0= 0003 0-08
%: :33 ‘ } 2161 0741 0-025 0-93 |

This table shows that in the e:u‘]}r stages of :1&ge||:—*r.'|'[.imt the amount of Ijhnﬁphm'UE
is not far removed from the normal. It is on the 8th day, when the Marehi reaction
becomes well marked, that the first great drop in the percentage of phosphorus
occurs. It continues to diminish and has practically disappeared by the 25th, and
absolutely by the 29th day. With signs of commencing restoration of function it
veappears, and is near the normal in the last two ecats where regeneration had
oceurred.

We have confined our ohservations to the peripheral parts of the nerves®

We ean now pass on to the histologieal side of the subject ; after which we shall
be better able to correlate our facts and draw general conclusions,

# WoLL (I, cif) in some of his experiments examined the central stump of the divided nerve. He was
able to perform some of his work on large animals (horses) and so could obtain sufficient material from
the central end for analysis.  Corresponding to what is termed “ disuse atrophy " he found some diminu-
tiom in the amount of protagon in thiz region, by the lessening was not =0 marked as in the peripheral
emel of the nerve, In the majority of his experiments he estimated protagon, not phosphorns as we have
deme.  He puts the date of disappearance of the phosphorised fat at 28 days. Thiz date and many other

of his facts fit in very well with our work, z
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C. Histological Examination of the Cats’ Nerves.

Portions of motor and sensory branches of the peripheral portion of the cut nerves
were in each case taken for microscopic investigation. In the cases where union had
oceurred, the junetion was also reserved for the saine purpose.

Each piece of nerve was pinned out across a cork frame so that the tissue was
entirely surrounded by fluid.

They were placed—

i, In MarcH's fluid,
b, In MuLier's fluid.

Portions of the former were used for teasing, and for sections, transverse and
Inngit.udilml. Portions of the latter were used for teusing and for sections : |1nr’tIn||z-;
also were, after 10 days, placed in Marcar's fluid, but the results obtained by this
method differed in no essential way from those obtained by placing the nerve into
Marcnr's fluid divect. This simple method of placing the nerve dirveetly into
MarcHr's fluid enables one to obtain specimens within a week, but it is not applic-
able to the eentral nervous system.

The result, comparing the two methads, may be stated in tabular form as
follows :—

' i Nerve filires. White matter of central nervons system. |
|
| Healthy. | Dregenerated. Healthy. Degenerated.
1
| |
1. MagcHt divect | Dark greyish-green  Black ; adipoze | Black on surface ; the Black
| tissme takes the Auid does not pene-
same colour trate well to the
| interior
1. Marcun after | Greyishegreen, but | Black Greenish all throngh  Blaek
| M rLLER not quite so dark :

|

In order to use the Marchi reaction for the central nervous system, 1t is essential
to harden first in M{LLER'S fluid.  For the healthy nerve fibres unprotected as they
are by a primitive sheath, would stain black if placed divectly into Marcur's fluid,

The actual eolour obtained by the divect Marchi method is seen in the coloured
drawings appended. A, represents the condition of the nerve in transverse section,
which was obtained from a cat 2 days after the operation of cutting the nerve. The
fibres are healthy, the dark greyish-green colour of the medullary sheath is seen,
and the axis eylinder with its tubular fibrils can also be distinguished. B. represents
the staining obtained from a cat 92 hours after the operation ; mixed with numerous
fibres which still take on the normal appearance are others in which the myelin ring
is black ; a few are black all through; evidently here the axis eylinder has ruptured
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and retracted, ]t*.'n']ug the nerve tube filled with » ]11m|_1 of L]g-gum:r-.ltml tat. The
individual fibnlle of the axis eylinder ean no longer be made out in any fibre. In
(. (10 days after the operation), the degenerative condition is much more marked.
In this ease the phosphorus obtained on analysis had sunk to about a quarter of the
Ilnl‘lllul. III tll:l[.' l]‘l'il"-'l-'["g-"i, SOIT1E Elt f:l"].lﬁ “il t]:H." 5111'1'"11“[“'{[g ilL]il]i]ﬂt" tiﬁuf_‘, are
ineluded ; they take a deep black eolour in all cases exactly similar to the eolour of
the thoroughly degenerated fibres. (See Plate 45.)

We have had these drawings made in colour, because the photo-micrographs by
whieh the remainder of the paper is illustrated, hardly show the difference of tint in
|1i.~u1th}' and d:-g:—*n:—-]*utt'{] tissies : much here f]f'l]t"”ll!i on the 1|{-*1]t|!| of’ the l_'rrinting;
still, in marked cases the difference is seen even here.

Teased specimens from the nerves hardened by both methods were stained with
logwood and eosin and mounted in FARRANT'S solution.

The sections were cut after illllle{hling in !:;u'nllin, The sections were 10 in
thickness. Both transverse and longitudinal seetions were mounted in series. Some
of these were stained by the Stroebe method, others with logwood and eosin, and
others by the Marchi-Pal method. The great majority of the Hh.‘:‘:[—.'l‘\'ut-inll:‘i, however,
were made on the sections obtained after havdening in Marcar's fluid direct, without
extraneous staining.

We {r}n'iml.*-;‘[y cannot attempt to describe all the micmscupiﬂ specimens we have
made.  The main results of the examination have been stated already on pp. 446, 447.
We have made photo-micrographs of our most typical specimens ; some of these are
here reproduced, and our object will be attained if we devote our deseription of
results mainly to these. They show the different stages in the degenerative process.

Cut A.—Nerves removed 53 hours after the operation. The nerves in either
transverse or longitudinal section, show no departure from the normal With
Marcur's fluid the medullary sheath takes on the greyish-green colour before alluded
to. In transverse section (fig. 15) the tubular character of the fibrils of the axis

E'_‘l.'] IlIH Il.'i.'.:-: ;H H]Jl]"-'ln'll.

Fig. 15.

Transverse section of motor nerve, 53 hours after operation (Cat A). Method—Marcny's fluid direct.
The photograph is printed darkly to show tubular strueture of the fibrils of the axis cylinder. 700
diameters.

* See BCHAFER, ‘Quain's Anatomy.” Tenth edition, 1881, vol. 1, part 2, p. 311
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This photo-micrograph is darkly printed to show this point; the myelin sheaths are
not really so dark as the print would indieate (see coloured plate, fig. A).

Cat B.—Nerves removed 72 hours after the operation.  The accompanying figures
(fige. 16 and 17) represent respectively transverse and longitudinal sections of a motor
nerve, It. 1\'1“ hi"‘ !'["‘I'I“"']l]]ll"l't"!:l. lhq'lt T.]'liﬁ- nerve wias st i.]] i".‘{f‘.itq'l.hjf', -'l'l'll:ll ith I'H"t'l."!l"l'lt.'-hl-_':t"
of phosphorus approximately normal.  In longitudinal seetion no change is ohservable ;
in transverse section the myelin rings are seen to be for the most part erinkled in
outline, but still stain greyish-green; the well-defined tubular character of the
fibrillze of the unstained axial core is no longer visible,

Fig. 16. Fig. 17.
Fig. 16.—Transverse section of nerve, 3 days after operation (Cat B). Same method. 500 diameters.
Fig. 17.—Same nerve in longitudingl section. Same method. 600 diameters.

Cat P.—Nerves removed 92 hours after operation. Fig. 18 represents a longi-
tudinal section of a motor bundle. There is here breaking up of the myelin sheath
into short segments of irregular length ; this sheath is stained a blackish eolour, and
in some cases the whole fibre appears either completely or partially filled with the
same material. The axis eylinder ean be seen here and there broken across and
retracted ; this allows the myelin droplet to fill the tube in these situations. The

Fig. 18.

Longitudinal section of nerve, 92 hours after operation (Cat P). Same method. 700 diameters.
YOL. CXCIV.—B. 3N
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degenerated fatty matter where the change is most intense stains just like the fat
cells of the swrrounding adipose tissue. This is obviously the beginning of the
chemical change, though the loss of phosphorus could not be detected chemieally,
partly because of a eonsiderable admixture with nerve fibres whose sheath still takes
the greyish-green colour of the normal state ; these appear lighter in the print.  All
shades between this and the deep black are also seen. It is also possible that though
the dissociation of the phosphorised constituent of the fat has taken place in the
degenerated fibres, the removal of the phosphoric aeid does not oeeur immediately
after dissociation.

The nerves in this animal were not exeitable.

On referring to the table of analyses (Table I1L) it will be noted that the inerease of
water was in this ease a very marked feature. The explanation of this is well seen in
the transverse section (B in coloured plate), the separation of fibres from one another
by fluid, and the inereased size of the lymph channels and spaces are very well
.‘i][““']].

wt C.—Nerves removed 4 days 3 hours after operation. The changes are very
similar to those just deseribed ; the breaking up of the medullary sheath is somewhat
more pronounced in certain fibres, whereas in others it is not (see ll]ttgitll[“!till section,
fig. 19).

Cats & and D.—Nerves removed 5 and 6 days respectively after operation. The
nerves are but little different from those of Cat €.  Comparative results in different
animals with different resisting power are obviously difficult to make, but ift anything
the seetions examined show less degenerative change in Cat D (6 days) than in Cat E
(5 days).

Cat R-—Nerves removed 8 days after operation. Here there is a very marked
inerease in the degenerative change. The transverse and longitudinal seetions (figs. 20
and 21) show hardly a fibre which in some part of its course does not take on
tIIE" I]]ik{'.k Hti;'l.{ll. irh[f‘ I"'I]Iil]'gﬁ'ln{f'llt of t]'lt" I}']]]‘Ellﬂltiﬂ {!}Iilll]ll‘!‘].‘i i.‘i El]ﬂ-l]' I'IIHI'I'EE'['I.
On referring to Table V. it will be seen that at this stage oceurred the first
great fall in the percentage of phosphorus. It had sunk to half the normal.
Further evidence that not only dissociation of the lecithin'® molecule inte its
constituent parts, but also removal of the products of such echange had begun to oeenr,
is derived from the fact that at this date most choline was found in the blood (see
tracing, fig. 9).

Up to this point inerease in the nuclei of the neurilemma had been looked for
without success. It was now seen very well (see fig, 22).

It rather looks as though this inerease in the nuelei was the result of’ the irritation
of the presence of degenerative products.

Cat N.—Nerves removed 10 days after the operation. The degenerative change is
still better marked. The accompanying photo-micrograph (fig. 23) speaks for itself.
A transverse section of this nerve is shown in fig. C, coloured plate.
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The percentage of phosphorus has here sunk to 0032, or about a quarter of the
normal.

Cut Q. —Nerves removed 13 th}f:-; after the ﬂll[;‘l'.'lt—;ul!l. No noteworthy {:|t:|,ugs_- has
occurred in the microscopic appeavances, The percentage of phosphorus has sunk
to 0-27.

Cat O.—Nerves removed 27 days after the operation. Here there is still consider-
able evidence of the Marchi reaction ; the black staining of the degenerated myelin is
precisely the same as that of the cells of adipose tissue which also appear in the
photo-mierograph (fig. 24).

The products of degeneration have, however, been either wholly or in part removed
by absorption, for practically no phosphorus could be obtained on analysis, and the
bload was by this date almost free from choline (see tracing, fig. 13). But a new
point is here also seen, for the fat is also beginning to be absorbed, and the part
played in its removal by the phagoeytie action of certain cells is illustrated in fig. 25.
Whether the cells which are seen there erowded with the fat ]]Hl‘titlt.‘.‘i are in part
phagoeytes, we are unable positively to state, but we are inelined, from a careful
study of our specimens, to take the view that they are mainly neurilemmal in
origin.

Cat Il —Nerves removed 44 days after the operation. Here the process of
absorption is all but complete. The whole nerve bundle has shrunken, and little but
the sheaths, either empty or filled with undifferentiated material, is to be seen. A
tew black staining fat droplets are still visible, and in some bundles are even fewer
than in the one represented in the photo-micrograph (see fig. 26).

Some of the enlarged cells of the primitive sheath still contain fat granules (varying
from 1 to 07 g in diameter), but the majority are free from these, and present the
elongated appearance shown in g, 27. The ]msﬁihilit}' that they may form an
important factor in regeneration will be diseussed later. At this date additional
evidence of the completeness of the removal of the degenerated products is derived
trom the chemieal examination of the nerves, which contained no phosphorus what-
ever,

The figures here given (26 and 27) are from a motor branch of the nerve; the
sensory branches have practically the same appearances, but in transverse sections
stained with Vax Giessex’s fluid many very minute tubes ean be seen with central
axis eylinders.

Cat F.—Nerves removed 106 days after the operation. We take this as an instance
of a case where regeneration of structure and retwrn of funetion had oceurred. At
this date chemical examination revealed the return uppl'u,\;inmtiz-l}' to the normal
condition, the percentage of water has fallen, and that of phosphorus has now risen to
093, The accompanying photo-micrographs were all taken from a sensory lranch,
for here regeneration had advanced further than in the motor fibres,

4 ¥ 2
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Longitudinal section of nerve, 99 hours after operation (Cat C). Same method. 600 diameters.

Fig. 20. Fig. 21.
Fig. 20.—Transverse section of nerve, 8 days after operation (Cat R). MULLER's then FLEMMING'S
solution. 700 diameters.
Fig. 21.—Same nerve in longitudinal section. Same method. 450 diameters,

Fig. 29.
Single fibre from nerve of same animal, to show multiplication of nuclei of the primitive sheath.
Teased specimen ; after hardening in MULLERS fluid it was washed, stained with logwood, and mounted in
FARRAXNT'S solution. 870 diameters.
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Fig. 23,

Longitudinal section of nerve, 10 days after operation (Cat N} Method—>MarcHis fluid divect,
GO0 dinmeters.

Fig. 24. Fig. 25.
l"‘ig, 2".—'1(!“51.[“1";“.'!.[ section of nerve, 27 1|:111|':,' after operation (Cat 0).  Same methad. 300
diameters.

Fig. 25.—Longitudinal section of nerve from samé eat.  Method —Marcur's fluid direct, then logwaood.
450 diameters,

Fig. 26, Fig. 27.

Fig. 26.—Transverse section of nerve, 44 days after operation (Cat H). Method—MaRcEF'S fluid
direct. 200 diameters,

Fig. 27.—Nerve from same cat. Teased preparation, stained with logwood and mounted in FARRANT.
400 diameters.
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The new fibres are small but myelinated. Figs 28 and 29 show them in longitudinal
and transverse section respectively. The myelin takes on the greenish-grey colour of
normal fibres, but the small size of the fibres (1 to 5 p in diameter) will be appreciated
by comparing the figures with those in fig. 15, the amount of magnification
(700 diameters) being the same in both cases. Fig. 30 is from a section stained by
Stroeses method to show the axis ﬂylim]{erﬁ, Here the outer sheath is seen to be
frequently thickened on one side ; this is no doubt due to the seetion having gone
il]!1]||g]1 il ]]llﬂ]f‘".‘i of an illt[“l'll{l'lla'll ﬂEI] l]'r 1‘-]1& 'II'.‘?“I'“E‘III“HL

The isolated nerve fibres in teased preparations (figs. 31 and 32) present some
puzzling features. The new axis eylinder is well seen in fig. 32, but it will be noticed
that its contour is UNeven, Soie l::i,l'tﬁ |]i;.-iug {]iﬁtinut]}' thicker than others, In ﬁg_ a1
it almost appears as though the elongated spindle-shaped nuclei of the primitive
sheath (previously seen in an earlier stage in fig. 27) were joining up to form the
basis of the new axis eylinder. We do not by any means ecommit ourselves to the
view that this is what really oceurs. Such a view would upset previous work,
showing that the axis eylinder is essentially the branch of a nerve cell growing distal-
wards, and it would require much more evidence to prove the contrary than our
preparations afford.  The manner of regeneration is, after all, only a side issue of the
main purpose of our present work, which has been to correlate the histological with
the chemical features of the degeneration process. At some future time we may
return to this other equally important problem.

We will be content with s-m_!_.‘ing that we think our II]'H'KLI‘.‘It;HIlR prove that the
manifest activity of the neurilemmal cells is related in some degree (perhaps
nutritional if not formative) to the process of regeneration ; we may also recollect
t]'li‘l.t ill H;tlliltiﬂllﬁ ‘I."u"i'll:"]'[:l (1A IIE'll]'iII.l:"]!]]IIiI E"KiHTH, I"I.‘LL,TI‘TLP'I'JIT.EHH ll“["‘.‘i not OCELr, !'IH““_"]}'.
in the central nervous system.

We can also see that the appearances to which we have just called attention are
m]:mhhr of another iulﬂ']:rvtuﬁnn; for the e]nngutiug and appavently eontiguous
nuclei, as seen in fig. 31, may be situated outside the axis eylinder altogether, and
conceal it underneath or within them. The transverse section (fig. 30) would support
this idea. Again in fig. 32, where the central strand is evidently the axis eylinder,
the varicose eondition observed may be a natural condition of the axis eylinder, and
accords with the deseription of earlier writers who have drawn attention to enlarge-
ments on the course of an axis eylinder, and to varicosities of its constituent fibrillze,

3, —GENERAL CoNCLUSIONS,

Our previous work had shown us that in degenerative diseases of the central
nervous system, evidence of the breakdown of the nervous tissue can be obtained
by the discovery of certain produets in the cerebro-spinal fluid and blood of the
patients.  Of these produets, choline, which ean be readily identified by chemical and
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physiological tests, was the one to which we particularly directed our attention. We
now show that choline is also discoverable in various diseases of the central and
peripheral nervous system, other than the one (General Paralysis) which was the
special subject of our earlier investigation. Our evidence on this branch of the
question 15 deseribed in the first part of the present paper. We had also diveeted
our attention to the miero-chemical reaction of Marcur, which is the |1[$§l:1]1rgi(::|1 Lest
most often resorted to for the detection of degenerated nerve-fibres. We had noted
that the same black colour is given by ordinary fat, and it seemed possible that the
explanation of the Marchi reaction was that in the disintegration of lecithin, which
results in the liberation of choline, there is also a liberation of the phosphorised
portion of the molecule; this would leave the fatty portion of the molecule, which
would give the Marchi reaction. Preliminary experiments on human spinal eords,
one side of which showed degeneration, supported this view, for the amount of
phosphorised fat was mueh diminished on the degenerated side.

Still, n order to place the matter on a satistactory basis, it appearved essential to
undertake experiments on animals ; for in these, the steps of the proeess can be more
accurately studied, and the histological and chemical echanges considered side by side
and correlated.  The details of the experiments on eats to work out this idea ave
given in the second part of this paper, and the results have fully confirmed our
expeetations,  Wallerian degeneration was produced in a series of eighteen eats by
section of hoth sciatic nerves; the animals were killed at intervals of from 1 to 106
days after the operation.

The nerves remained excitable up to the Jrd day; these nerves were practically
healthy both to the mieroscope and in chemical composition; the amount of water
and of phosphorus were the chemical data which were worked out.

Beyond the 3rd day, early signs of {IEg{-_'HErzlt ion set in ; the amount of phosphorus
in the nerves slightly dropped, and the amount of choline in the blood slightly
mereased.

On the 8th day the Marchi reaction became strongly marked. This date is
coineident with the first great l.h'u]} in the amount of l}l]n.‘;.l_‘rl]_ol‘uﬁ in the nerves, and
with the appearance of a large quantity of choline in the blood.

The Marchi reaction remained at its acme up to the 13th day, and the amount of
phosphorus became less and less.  The amount of choline became somewhat less in
the blood ; it therefore appears that of the disintegration produets of lecithin, the
choline is earliest removed, the phosphorus probably in the form of phosphorie aeid
next, leaving the fatty material to give the Marchi veaction, and to be absorbed last.

By the 27th day all the phosphorus had nearly, and by the 29th day entirely,
:1isa|,1>pe4u~ed. The removal of the fat had also f:frml'nt:m",ﬂl, and we have drawn
attention to the phagoeytic action of certain cells (in addition to lencoeytes), probably
the multiplied neurilemmal cells in this process of fat removal.

At the 44th day the removal of the fat was all but complete, and little remained
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Fig. 29.

Fig. 28.
Fig. 28.—Longitudinal section of sensory nerve, 106 days after operation (Cat F).  Method —Marcar's
fluid direct. 700 diameters.
Fig. 20.—Transverse section of the same.  Same method, 700 diameters,

Fig. 30

Transverse section of the same, stained by STROEEE'S method. 700 diameters.

Fig. 31. Fig, 32.
Fig. 51.—Teased preparation of the same.  Stained with logwood ; mounted in FARRANT. 600 diameters.
The apparent excrescences in the fibre are air bubbles accidentally entangled in the FArranT's solution.
Fig. 52.—Teased prepavation of the same. Stained with logwood ; mounted in FARRANT. 600 diameters.
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except shrunken empty nerve tubules. But examination of the nerves 60 days after
upt-'l'ﬂl.i{rn shows that this date is variable with the vital reaction of different animals ;
H.t HI'I_}' rate iI'I_ L‘,‘l]]nl]a,l"iﬁﬁu '||'I.'it-|] thl_‘,‘ CCI'I.'_,I'I’L] TErVolls 3}'5’,1_"[11 ”:H,: 11111.1.‘! i:‘i LIk ["iL]'il'\' one,

Regeneration appears to begin about the same date. This is about the 60th day in
nerves which had united spontaneously, though somewhat earlier in cases where the
loose ends of the nerves had been sutured tngeih{-}r,

By the 100th to 106th day regeneration was well marked, especially in sensory
ﬁhpes, and the nerves were onee more excitable, H}f this date the fibres were seen to
be fine and medullated ; they took stains normally. Their chemieal condition had
practically returned to the normal also. The first sign of the return of the
phosphorus was seen with the commencement of myelinisation on the 60th, but it
was well marked on the 106th day. We found the percentage of phosphorus in
normal nerves to be 1°16. In the regenerated nerves it was 0°93. Whether all the
phosphorus in the regenerated fibres was in the medullary sheath, or partly in the
r:m:;p:u-ath'el}r large axis eylinder, we cannot say.

With regard to the amount of water in the nerves, the tables of analyses we
present, show that the amount of water inereases with the degeneration, and
continues hig]l while ﬂhmrptlnn is nmul'z'ing, It sinks to the normal when regenera-
tion has set in. The following tabular summary gives our main results :—

l 1
Cats' seintic nerves, ‘
! N e =
oy | [
D:gniit:f}e! 'Pﬁl‘ccilmgu Condition of Llood. . Condition of nerves,
| Water. | Solids. | °f Phoe 4 |
i plml‘m; n |
| | zolids.
_T_____ | L — i e : |
| Normal . .| 65-1 B4-4 1-1 Minimal tracez of choline | [ Nerves irritable and histo-
[1-3 . . .| 6G&:5 35-5 0-9 present logically healthy,
6 . . .| 693 | 307 0-9 Choline more abundant . | Irvitability lost; degenera-
I tion beginning.
e v iwielHI08 3 | elie f 00 [ Degeneration well shown
TOEs . o B e 29-3 | 0-3 Choline abundant . . . { : b :
| Mar .
TR | 287 | 0-2 by Marchi reaction.
25_07 72:1 | 27°9 | traces ; | [ Marchi l‘c-u.ﬁlim_l still seen,
q v |\ : Choline much less . . . | but absorption of de-
PR S R T | :
| | generated fat has set in.
44, 72°6 [ 4 | 00 Choline almost disappeared | Absorption of fat practieally
complete.
100-106. .| 66-2 J3-8 | 0-9 [ i - » | Return of function ; nerves
1 'I | regenerated.

We have paid some attention to the multiplication of the cells of the primitive
sheath. This first becomes a marked phenomenon on the 8th day, and is possibly the
result of irritation by the degenerated products. The phagoeytic action of these cells
at a later stage has been already mentioned. Later still, the cells become spindle-
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3|];1|n=|1 and united end to end ; it appears to us that these ecells are in their =1ctivit}r
related nutritionally to the regeneration process. We have discussed the question
whether or not they may take any part in the actual formation of the new axis
eylinder, but at present we have insufficient evidence to show that they do so.

Another question, which has not been alluded to in the foregoing pages, but which
has inevitably been considered by us, is the mode of origin of the medullary sheath.
The aetivity of the neurilemmal cells is a point in favour of the origin of the
medullary sheath from them. On the other hand, the association of the complete
return of function with the appearance of the medullary sheath, would rather be
in favour of the other theory, that it originates from the axis eylinder. This is
supported by the fact that in the ecentral nervous system the primitive sheath is
absent.

The axis eylinder and its sheaths must necessarily, for descriptive purposes, be
considered separately. There is little doubt in our own minds that, ﬁmctimm"}r, all
three parts of a nerve fibre must be considered to act as an organic whole, with
intimate inter-relations of a nutritional or metabolic nature.

These, after all, are but side issues from our main point, which has been the
elucidation of the relations between the histological and chemical characters of the
degeneration process.

DescriprioNn or CoLoureDp Prate.  (Plate 45.)

A. Transverse section of nerve, 2 days after operation (Cat A). Direct Marchi
method., 425 diameters,

B. Transverse section of nerve, 92 hours after ﬂIl[:.‘l'.'b.titltl {f};lt I’} Divect Marehi
method. 425 diameters.

C. Transverse section of nerve, 10 days after operation (Cat N). Direct Marchi
method. 425 diameters.
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