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1. INTRODUCTION.

A, Object of thesis.

Detailed studies of the quantitative changes
in nuclear population in degenerating peripheral
nerve have already been published by various authors
(Abercrombie & Johnson, 1946; Thomas, 1948;
Joseph, 1947, 1948, 1950) and certain interesting
conclusions were drawn from their work which is

sumarised in Table I (Joseph, 1950).

TABLE I.
Yerve studied % age Ilaximum - No.of nuclei
(rapbvit) fibres nuclear per c.mm.
6 i increasa Normal Degenerated
Nerve to
medial head
of gastroc-
nemius (Thomas) 80 14x 27,000 450,000
Sciatic nerve
(Abercroumbie
& Johnson) 33 8x 43,000 330,000
Sural nerve
(Thomas ) 25 - 5x 90,000 440,000
Greater
splanchnic )
nerve (Joseph) 4 13x 448,000 470,000
Anterior
mesenteric ‘
nerve (Joseph) nil nil 358,000

The conclusions reached wsre
(1) that nerves of different fibre size showed

different nuclear increases during degeneration;



(2) that the larger the fibres the greater was

the maximum increase in the number of nuclei;

P
[
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that normal nerves consisting of fibres of

large size contained fewer nucleili per c.mn.

than those consisting of fibres of small sizej

(4) that the nerves consisting of large fibres
reached their maximum increase later than
those consisting of small fibres;

(5) that the maximum number of nuclei in all
nerves during degeneration, whatever their
fibre size, was similar.

It was thought that similar studies in
relation to the white matter of the spinal cord
could give information regarding
(1) changes in nuclear pdpulation after different

periods of degensrations

(2) the behaviour of the different cells in the
spinal cord during degeneration;

(3) differences between tne fibres of peripheral

nerves and of tracts in the spinal cord during

degeneration;

the problem of regeneration in the spinal cord.

—~
+
~—

B, Structure of posterior columns of spinal cord.

1ls Nerve fibres;

It is accepted that the medium and large myelinated
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nzarve fibres in the posterior columns contain the
entral processes of some of the neurones in the
posterior root manglia and are mostly broprioceptive
in furction. In addition thsre are many saaller
myelinated and umyelinated fibres which are either
ascending or descending and are'interségmental in
type, that is, their cell bodiss are in the grey
matter of the spinal cord. The axon is surrounded
by a myelin sheath which according to recent work
possesses nodes (Feindel, Allison, & Weddell, 1948;
Allison & Meindel, 1949; Hess & Young, 1952). These
nerve fibres do not possess the distinct sheath
nown as the neurilemma which is found in anyelinated
neripheral nerves. Instead there is a network of
glial fibres, both vertical and horizontal, in which
the myelinated nerve fibres run.
In a typical myelinated peripheral nerve, the
Schwann cell is found betwesn the neuriiemma and
the myelin shsath. A comparable cell, the olisodendro-
cyte, is found next to the myelin sheath of the nerve
fibres of the posterior columns. To what extent they
are similar will be discussed in the next section.
Bach nerve fibre in a typical peripheral nerve
is surrounded by a connechtive tissue sheath called
the endoneurium. There is no comparable sheath

round the nerve fibres of the white matter of the



Transverse section of cervical spinal cord
stained ieigf,rt-Pal showing myelin sheaths

in posterior columns and indicating the size
of the fibres in these columns.
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spinal cord. Hibrous tissue septa are described,
however, passing from the pia mater towsrds the
grey matter, through the white matter.

In view of the diffsrsnt results obtained in
various degensrating peripheral nerves, it is
important to consider the size of the fibres in
the posterior columns. These columns contain a
considerable number of large fibres betwsen 12
and 18y in diameter (see Fig. 1) and resemble
a mixed peripheral nerve, such as the scilatic
nervé of the rabbit which was used in thé experi-

ments of Abercrombie & Johnson (1946).

1L CGells and their prdéesses;
| The cells in the white matter can bs
classified as
" (a) neuroglia (the majority of the cells):
(b) connective tissuej .
(c) blood vessel (endothelial and smooth muscle).
(a) Neuroglia.
In spite of certain recent differences of
opinion which will be referred to later, the
Rio-Hortega classification of the neuroglia is
still generally accepted. This is fully dealt

with by Penfield (1932) and Rio-Hortega (1932) and
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it is a brief version of theilr description wiiich
followé. Penfield (1932) separated the neuroglis
into the nesuroglia proper and the microglia and
dealt with the neuroglia undsr the headings of
astroglia and oligodendroglias. Until 1913, two
elements wers recognised in the central nervous
system, nerve cells (neufones) and other cells
(heuroglia). In that year Cajal differéntiated
in the neuroglia, one group of cells which he
callsd astroglia consisting of astrocyies. He
referred to the cells in the central nervous
system which were nsither neurones nof astrocytes
as the "third element". It was Rio-Hortega who
discovered that this "third element" consisted of
two groups of cells, oligodendroglia, the cells
of which he called oligodendrocytes, and microglia.

‘Astrocytes are subdivided into fibrous and
protoplasmic, depending on whether there ars fibres
in the cell protoplasm. FTibrous astrocytes
are found in ths whits matter of the central
nervous system and protoplasmic occur in ths grey
matter. Both types have expansions passing in all
directions and branching frequently. These =xpansions
are attached to blood vessels. The expansions of ths
fibrous astrocytes tend to be straighter and larser

than tiose of ths protoplasmic astrocytes. Astrocyies
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have numerous intracellulzr structures the detaills
of which help to distinguish them, but they can be
identified becaguse of their large size and the case
with which their cytoplasm stains. They also nave
a larger, paler nucleus than the other neuroglial
cells, _ ]

Held (1903) is quoted by Penfield as being
- the main supporter of the theory that the fibres
produced by the astrocytes form a syncytium distinct
from the éstrocytes themselves; although Huber (1901)
had already written about this. Hardesty (1904)
agreed with this conception of ah extracellulgr net-
work in the central nervous systam, and this theory has
more recently been revived by Andrew & Ashworth (1944
a & B) who described two types of fibres, extracellular
and neuroglial. They claimed that the extracellular
fibres form investing covers for the blood vessels and
are similar to the fibres of collagesnous tissue.
Bairati (1947) described a glial substance in the
white matter of the central nervous system apart from
the astrocyte elements. Iliost workers do not agres
that the neuroglial nstwork is séparata from the cslls
Which produce it;

Penfield (1932) described several typss of

astrocytes found in different parts of the nervous
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system but for the purpose of this work the only
important ones are the Tibrous astrocytes.

Although Rio-Hortgé differ:ntiateé?olixodendro;lia
from microglia, it should be noted thazat Robertson (1e00)
described the same cells much earlier and called them
mesoglia. The oligodendrocyte has a smaller body
and nucleus than the astrocyte. Its prolongations
do not end in relation to blood vessels. They have,
however, expansions extending from the cell body. They
are found closely applied to nerve cells and nerve -
ribres, and thbse associated with nerve fibres are
called interfascicular oligodsndrocytes. These are
the important cells in this study. They form rﬁws
between the nerve fibres and are cloéely ap-lied to ths
myelin sheath round which they form a loosely wcven
network. Rio-Hortega described'four types of
oligodendrocytes according to the differences in
their expansions. The largest of these, which are

" found related to the largest type of nerve Tibre
in the central nervous system, bear a azrked
resemblance to the Schwann cells of periphesral nerves.
‘Whethsr or not oligodendrocytes of this tyns are
homologous with Schwann cells it is difricult to say.
The evidence related to ihis may be considerad here.

They occupy the same position with regard to tie myelin
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sheath and their appeararce suggests a similarity
in structure. Ione of the authors who describe
the nodes in the myelin siieathhs in the central
nervous system suggested that there is one
. oligodendrocyte for each node comparable with
the single 3Schwann cell found associated with
each node in a peripheral nerve.

Functionally both have been associated with
the myelination of nerve fibres. Speidel (1932)
correlated the movements of sheath (Schwann) cells
with myelin sheath formation. More‘recently
Peterson (1950) found that spinal ganglion sheath
cells, which have the same origin as Schwann ceils,
devélop myelin sheaths round axon sprouts in tissus
cultures. The evidence linking up the oligodsndrocytes
with myelination is based to éome extant on diseases
associated with demyelination (Collier & Greenfield,
19243 Greenfield, 19333 Brain & Greenfield, 1950)
in which it is claimed that the oligodendrocyties
disappear before the degsneration of the myelin.
Penfiela (1924) made the statement that oligodendrocytes
are associated with myelin formation because they first
appear in largé numbers at the time of myelinstion,
they are not seen before myelination begins and at

this period their protoplasmic granules ars unusually
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large and numerous. Jlumsden (1950) suggested thet
in demyelivating diseases the oligodendreocyte 1s
destroved and releases an enzyae waich destroys
the myelin. Brain & Greenfield (1950) on tae cther
hand put forward the theory that the abnormal myelin
may affect the oligodendrocytes in these diseases.

H8rstadius (1950), summing up the evidence
regarding the origin of the Schwamn cells, concluded
that there is general agrsement that they come from
the neural crest, although there is some doubt whetiher
the rest of the spinal cord also makes a contribution
(Detwiler, 1937; Raven, 1937; Jones, 1939; Detwiler
& Kehoe, 1939). Gligodendrocytes have an ectodermal
origin developing from the ectoderm which forus the
neural tube and neural crest.

One would have expscted that studies of the rezctions
of Schwann cells in degenerating peripheral nerve and
0of oligodehdrocytes in degenerating fibre tracts in
the white matter of the central nervous system would
give information showing a possible similarity between
these two cells. Unfortunately the interpretation of
the experiments on the central nervcus system varies so

much that no conclusions can be drawn. Briefly it can

stated that in degenerating myelinated peripheral nerves
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Schwann cells multiply. Thoet they ars phasccytic

is now generally accepnted, zlthourin Jeiss (1944, wio

found tht in in vitro experiments sheath (Schwann]

A

~

cells hecams macrophages which were phsagocytic, melused
to commit himself with regard tc whether Schwann cells
in adult degenerating nerve behave in the sawme way.
Jith regard to the reaction of oligodendrocytes in
degenerating fibre tracts and elsewhere in tie

nervous system there are two completely different
schools of thought. One states categorically that
these cells neither multiply nor phagocytose, and

the other that they do bothe. This will be censidared

in detall in the section devoted to former studies

-
4

2

r
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on the degeneration of the white matter and Iib
tracts in the central nervous systema

Be¢ore leaving the description of astroglia and
oligodendroglia it should be pointed out that some
authors do not accept what may be termed the renfield-
Rio-Hortega classitication. Armdrew & Ashworti (1945)
described two types of oligodendroglia, cells without
processes which they ﬁall adendroglia and cells with
‘processes, They claimed tnat Cajal described this
adendroslia in 1920 and 1923. Bairati (1948 g & b
1950) wanted to recdassify the neuroglia because thzre
are no real stfuctural differences between astrocytes

ard oligodendrocytes. He described three types of

ot

cells in neuroglia; ths st includes protonlasmic

-
+
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astrocytes and types three and four in Rio-Hortega's
classification of oligodendrocytes; the second, types
one and two in Rio-Tlortega's clsssification and the
third, fibrous astrocytes. It is interesting to note
that even Rio-Hortega (1944) stated that oligoderndroucytes
can develop into ar astrccytic type or cell, but added
that this is found only in tumours where there are no
nerve fibres. Bairati in his classification pointed
out that the differences in neuroglial cells are dus
to the interstitial space between "nerve elencnts".
D'Agata (1950) suggested that astroglia, oligodendroglia
and microglia are all one typs of cell with different
‘morphological characters. Ileanwhile he wanted to retain
Rio-Hortega's classification and expressed disapproval
of Bairati's.

As has already besn pointed out it ﬁ g€ Ric-Hertega
in 1921 who distinguished in Cgjal's third element,
two types of cells which had different morphological
appearances and differed functionally and emhryolozically.
He called these cells cdendroglia and microglia. He
stated that microglia is of mesodermal origin ard can
micgrate ard become phagocytic., It is found in both
rrey ard white matter, but more especially in the Jormer.
Rio-Hortega (1932) suasarised his concept of the microglia
in the follcwing way. Ilorphologically it consists of

cells with scanty cytoplasm whnich has a few branched
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processas ending fresly. The nucleus is suall and
dark. The cells lie in tie Frawmewerk of fibres formed
by the astroglia and olizodendrozlia. Tunctionally

he regarded these cells as part of the reticulo-

LAT

-

endothelial system and maintained that they becous
actively phazocytic when necessary, for exemple,
during degeneratibn o nerve cells or necrve fibres.
Consequéntly they become active in disease and hie
claimed that they are the oniy source of such
phazocytic cells. Lastly they arise from the
menincres at a late stage in foetal life, that is,
they are mesodermal in orizin, unlike the =stroslis
and oligodendrogliavwhioh are ectodermal in orizin.
Since more recent work on the orizin of the pia
‘mater claims that it is derived ffom tne ectoderm
forming the neural crest, Rio-Hortega's theory
regarding the origin of the microglia must he
reconsidered. Although Rio-Hortega himself listed
the avthors who agree and disagree with him regerding
the origin of the wicroglia, it appears from the
literatvre that the main disagreement is not regarding
its origin but rather rerarding its function in relaticn
to depeneration in the centrasl nsrvous systie ..
Assoclated with this disagrceent is the preblem of
the Tunctiorns of the astrocytes ard olizoderdroc-tes

in the same circ-mstarces.
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Rio-Feorteza pointed out that the microglie in tne
tracts in the spinal cord is relatively scerce &8s
compared with that in the cerebrum and cerebellum.
In the tracts the cells tend to lie in the dirscticn
of thé ngrve fibres ﬁith prolongations at right
angles to the fibres,

Penfield & Gone (1950) gave a table with helps
to classify the neuroglia. This table is pertly
reproduced in Table II.

'

Clasgificatieon of the interstitial cells of the

central nervous system

Normal forms

Astrocytes {(a) protoplasmic
(grey matter)

(p) fibrous
(white matter)

Neuroglia Oligodendroalia

a) perineurcnal
Satellitas

Ta) perineurcnal

é (b) interfascicular
(white matter)

- Microglia Ubiguitous

(b) Connective tissue cells.

Throughout the spinal cord thera are Tibrcous
tissne septa passing fren tlhie neninges on the svrface

&3

of the cord towards the srey matter. These septa
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corntain fibrocytes and macrophages and
may well corstitute an impertant source of
macrovhares in conditions in Whioh degencration
of the Tibre tracts tules ploce. The most obvious
septum is the posterc-median between tae tWo
posterior columns.

(c) Blood vessels.

In’the walls of blocd vessels are found endo-
thelial and smooth muscle cells. It is possible that
the number of blood vessels may inéreasé during
degeneration and thus they must be considered as
a possible source of any increase in nuclei in a
degenerated area. Blood vessels howsver sre few
in the white matter. |

‘To summarise, the cells found in normal posterior
columns of the spinal cord are
) fibrous astrocytes;

(b) oligodendrocytes;
) microglial cells:

(d) comnective tissue cells - fibrocytes and
NacCropleses;

(e) blood vessel cells - endothelial znd
smooth muscle cells.

C. Changes in the white matter of the centrsl nervcus

system due to its degensrstion.

Dezensrative changes have been produced by wmany

different experimental methods and many worksrs heve
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drawn conclusions from one type of experiment

=S

ard applied them to all Linds of degenerstion without

sufiicient justification. The following are thse

nethods vsedt

(1) Experiments in which the spinal cord has been
cut and the resulting degeneration of fibue
tracts studied at different time intervals
(included in these is the experiment of removing
half the cerebral cortex and studying the changes
in the a’fected pyramidal tract).

(2) Experiments in which some part of the central
nervous system is injured and the reaction of
the surrounding tissues is stndied at'differeﬁt
time intervals. In these sexperiments it is
usually the grey matter vhich is studied althecuzh
sometimes the white matter is observed. Since similar
cells are found in bhoth zrey and white'matter,
for example, oligodendrocytes, it is assuaed by
the authors that these cells react in i.e suz.e
way 1n both types of nervous tissusg. "here is
also some doubt wheth:r the Iirst experimsits,
that is, cutting the soinal cord, are comparable
with the experiments refe.rad to in this sectione.

(3) Stndies of diseases, scmetimes experimentally
produced, including'tumoﬁrs of the central nervous

system. In these conditions the demyelinating
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diseases, in which fibre tracts degenerate and
dissppear, are the obvicus crnes to be considered.
Again one wonders whether the pathology oci these
diseases can be compared with that of degeneration
of fibre tracts cauvused by cutting tiie cord. In
these diseases continuity of the axons 1is mainfainsd
with neurones for o long time, the process of
demyelination is slow and is the cause of the
ultimate disappearance of the axon and the
central nervous System is studied wmany years
after the onset of the disease. |

1. Bxperiments cavsing degeneratign of fibre tracisS.

If a peripheral nerve 1is interrupted, Tinere teakes
place in the peripheral stump a process which is known
as Wallerian degeneration. ZBriefly, this consists
qf a disappearance of the azxons and myelin sheaths
and a multiplication of thé cells in the stump.
Similarly if the fibres of a tract in the spinal
cord are severed from their neurones thsre tales
place a degensration of the sxons and myelir sheaths.
What happens with regerd to the number of the cells
is not fully-known. The only experiment of this
natvre was that of Lassek & Shapiro (1951) who
studied the quantitative chanzes in the neuro-liel
cells of the pyramidal tract Tollowing its degenération
by removal of one half of the opposite cerelrzl coritex.

-

Ther Tound that an increase cccurs after 6 dsys; Tt b
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the increase is very variable at diffzrent times
and averages 274 and that the increase may be.
only anpersnt hecause the allezted area shrvrul.
Most auvthors, although they do not actually ccunt

the cells, refer to their increase in tne cocurse

>

of degeneration althoush Halliburton (1907)

specifically mentioned that the cells do not

increase and maintained that regeneration does

not occur in the spinal cord for this reason.
Qualitative studies of the cell changes on

the other hand havg been made by other workers.

Jakob (1914) experimented on rabbits in which he

sectioned the spinal cord and studied the changes

in the white matfer at different levels after

varying intervals. His qualitative experiments

have been-repeatéd chiefly because of the ccntroversy

regarding the source of the macrophages which zppear

during degseneration. Jakob meintained that the oligo-

dendrocytes eould becdme phagocytic as well as the

microglia. In fact he attributsd a similar role

to the astrocytes. Robartson (1900) suggested

that what he termed mesoglia, now recognised as

thie same as the olisoderndroslia, became phazceytlic

in the degererating white matier. e has beern mentioned

in this section because he has cne of the eariics

references to this problem.
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Jakob described five types of cell which apvesred
in the course of degeneration of fibre tracts, the
myeloclast which bresks down the axon and myelin,
the myelophaze which acts on tie products of the
first stage and the "gitter®" cells, which represent
three stages in the changes in the fat in ths myelo-
phages before the broken down products of the myelin
are transferred to the blood vessels. Accordirg to
Jakob these "gitter" cells arise from all the cells
in the neuroglia, including astrocytes and olizo-
dendrocytes. -

Ths néxt reference to degeneration in the fibre
tracts of the spinal cord was made by Cajal (1928)
who dealt chiefly with the changes in the vicinity
of the wound. ‘He maintained that both the microglis
and the “satellite"‘cells, that is, the oligodendro-
plia, are phagocytic and compared the action of these
latter cells with thst of the Schwann cells in
degenerating peripheral nerves. He stated tinat the
largest tubes depgenerate first and that the neurcvglia
proliferstes in columns. These studies were confined
to the earliest stages of degeneration (a few days)
fcllowing section of the spinal cord in youn: dcos,
cats and rabbits.

Crauer & Alpers (1972) hemisectioned the spiral

cord of rabbits and exemined t.e spinal cords on the
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“rd to the 8th day after section ard also on the
L0th, 12th, 24th, 25th, 52nd, and 78th days. They
claimed that in the 3rd to the Eth days the oliro-
derdrocyvtes next to the degesnereting axis cylivder
degenerate but those further away proliferate. 4t
this early stage the cells of the microglia remain
few but become active. The astirocytes hypertrophy.
From the 5th to the 10th days the oligodendrocytes
and the microglia, in the area where the nerve
fibres are degenerating, =zlso degenerste and tie
microglia outside invades this arssa. During this
stage the astrocytes ercircle the degenérating cells.
From the 12th to the 35th days both the oligedendrocytes
and micropglia phagocytose the degsnerating cells.
From the 5th to the 8th week "gitter" cells are formed
by both the oligodendrocytes and the microglia. They
are found in groups and are swollen with fat. Af
this stage the fat is passed to the astrocytes.
Finally the astrocytes form a cicatrix in the areas
bf degeneration.

Penfield (1932) dealt with many aspects of the
neuroglial changes in white matiter during derensration
but it is important to sort out the different conditicns
in which this takes place. He made little or no

reference to the type of degenerction which is being
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considered in this section, that is the degeueration
which is comparable to the changes wailch taks »lace

in the psripheral stump of a cut nerve. Lhere is

a reference to gliosis, resulting from myeiin degen-
eration such as is found in tabes dorsalis or a

patch of disseminated sclefosis, but these disecases
are hardly comparable with the demyelination of the
posterior columns following section of the cord.
Similarly he did not discuss the reaction of the
oligodendrocytes to what may be termed acute tract
degenerstion in the spinal coxﬂ; . His only reference
to these cells in relation to demyelination was to
point 'out that ths diéappearance of myelin results

in a decrease of oligodendrocytes or the transformaion
of'oligodendrocytes into astrocytes.

Rio-Hortega (1932) emphasised the phagocytic
nature of the microglia and denied thal astrocytes
and olizodendrocytes perform this function. Azain
it should be understood that the various pathological
conditions to which he referred do not include the
type of degeneration which is dealt with in this
thesis.

It can thus be seen thrt cnly Jzakob, Cajal,
Cramer & Alpers, and Lassel & Shspire have considered
the changes which take place in fibre tracts separated

from their cell bodiss for varying periods up to 1C0 days.
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11l. Bxperiments causing destructicn of white matter.

Many workers have studied the early and lste

ef’acts of direct injury to tihne brain, and socmetimes

o+

he spiral cord, and described in detail the cell
charges which take place in and éround the wound.
It is 6bvious from the literature that there are
two schools of thought; those who maintain that in
the early stages phagocytes &are derived from wicreglia
only and those who claim that oligodendrocytes and
perhaps astrocytes can also become phagocytes.
Rio-Hortega & Penfield (1927) described the
effects of a stab wound in rabbits' brains. The
astrocytes near the wound show cléSmato-dehdfosis,
thet is, their proéesses diszppear as a prelininary
to their ultimate destruction. Somewhat further
away from the wound these cells swell and multiply
by amitotic division. TIinally these cellsvare
responsible for the production of the glial scar
in the area of the wound. Z3arly on, in the wound
itself and at its margins, there is a microglial
reaction in which both amoeboid types of cells and
compound sranular corpuscles are sSsen. These cells
~re phagocytic, acting as scavergers of the cCestroyed
cells and fibres.

Penfield & Buckley (1928) cariied out exporiments
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in which they produce puncture wounds of the brain
with 2 hollow and a scolid needle and compared Tne
resinlting scars. Apain 1t was emonssised thant
phagocytosis is carried out py the microglia.

Ferraro & Davidoff (1928) on the other hand,
using cats, found that frauma of the cerebral cortsx.
produces swelling, hypertrophy and the formation of
clusters of oligodendrocytes which form compound
granular corpuscles, that is, phagocytic cells.

ngal (1928) described several kinds of phago-
cytic cells some of which he suggested coms from
neuroglia, for example, the rod like cells =znd the
amoehoid cells described by various authors.

Linell (1929) made no rsference to oligodendro-
cytes in his description of the changes following
cerebral trauma. He showsd that within three days
the microglia forms compound granular corpuscles
reaching a maximum in six days. They phagocytose
the myelin. The astrocytes sihow slight hypertrophy
after three days but their maximal reaction is after
three weeks, when they develop processes at rigint
angles to the injury. After four weeks there is
a felting of the injured arsa which develops the
appearance of a felted mat after two months. Thils

Tinally “orms a scar.



to react to sxperimentzl brein wounds in adult
animals =re lymzhocytes viiich become tacrophi €S,
Hig paper dealt larzely With experiments wiich
showed thet it is the microglia which ingests
lipids, Indian ink and trypan bLlue and his con-
clusionsvsupport the theory that phagocytes are
derived from microglia and not from oliquendroglia.

Hicks (1947) maintained that micfoglia produces
the phagocytes which are most active during the first
week following cerebral injury. They persist for a
long time. ‘About the third week,‘astrocytes proliferats
and then lay down fibrils. In demyelinatins diseases
he suzgested that myelin is ﬁhagocytosed in she Jirst
and second week by microglia, and in the fourth wesk
gliosis takes place by the action of the fibrous astro-
cytes., Kuhlenbeck (1952) stated that compound gran-
ular corpuscles agppear after the fourth day following
injury to the brain. They come from both microzlia
and the blood vessel walls. ’He thought that oligoe-
dendrocytes may also form these cells.s

Summarising this literature 1t may be said that
in g bnﬂn'wound, astrocytes not immediately destroyed
2t the site of the irjury undergo clasmatoderdrosis
as a prelimirary to disanidearing. The astrocytes
near tihe lesion multiply ard form processes which

produce a glial scar. The tissue destroyed b the
) o

IS

vocytosed very cuicily as a prelini -y

Y 3
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to the Tormation of +he scar. Liost authors -gree
that the microzlia performs this function aildsd by
an invasion of similar cells from hlood vessels nearby.
Some sugesst that oligodendrocytes can becowme pharo-

cytic.

D]

111 . Diseases associlated with degeneration of fibre tracts

The first group to be considered are those which
a“fect the posterior columns of the spinal cord, naiuely
tabes dorsalis, subacute combined depsneration of the
cord and Friedreich's ataxia. In tabes dorsalis only
the posterior columns are involved. In the other
two the latsral columns are also involved. Urfortun-
ately the spinal cords of patients suffering from thsese
conditicns are usually seern after the demyeliration
has heen progressing for years, and the literature does
not make reference to the patholosical changes found
in the esarly stages.

Blackwood, Dodds & Sommervillé‘(1949) mentioned
the gliosis in each of thsse conditions, pointing out
the differences between them. In referring to subacute
combined degeneration of the cord they stated thot the
myelin sheaths show preat swelling and subsequent desen-
eration torsether with de weneration of the axons. The
ayelin is absorbed by phazccytes and larze clear spaces
arz left. Zor some unknown reason thnere is very Little
renarative gliosis in this disease, unlike tahes dorsulis

15 dense sliosis.

i

ard friedreich's ataxis in wr.iciy th

(i
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Hassin's (1948) description of the fibre tracts

(L

in subacute combinsd degencration suggested thet th
degeneration is rapid and conseguently the csll
changes in the tracts are very marked. He described
myeloph@ves and different typss of "gltter“ czlls
{Tolion's nesme for phasocytes or compound granular
corpuscles) taking part in the phagocytosis of the
degererating uayelin. Biggart (1949) compared the
absence of glial proliferation in this dissase with
the absence of proliferction of Schwann cells in
periph-ral neuritis asscciated with vitamin By
deficiency. This however suggests that the 0ﬂlls
forming glia,'the astrocytes, are crmparsble with
the Schwann cells, and this is unlikely.

There are many otder diseases in Tnlch fibrs
tracts are affected, for sxanpls, disseminatsd sclerosis,
optic neuromyelitis, diffuse cerebral sclercsis (this
disease has several other rames according to Wilson,
1947) and it was hoped that description of the
rathology of these diseases could be correlatsd with
the changes found in the posterior columns which

egenerated after cutting the cord. Hassin (1948)

)

gave details of the cell charges in some of

cornditions bhut his most important contrituticn wes

C

the suzgestion that the phagocytes vary in their
origin according to thie type of disease, in vascular
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disturbances the phagocytes are microglial, in
"secondary depensration" they are neuroglial,
and in "degenerative softening® they arise from
holth sources.

1V. Summary of section C.

In all conditions involving degensration of- the
axons'and myelin shéaths of nerve fibres in the central
nervous system,'two processes to a greater or less
extent take place (a) phagocytosis of degenerated
material (b) formation of a glial scar. During
phazocytosis the cells are called compound granular
corpuscles or "gitter" cells ("roa" cells are a
variation of these cells).

What is the source of these cells? One school
maintains that only microglia can produce phagocytes
and the other that oligodendroglia can also do this.
Une gets the impression from the literature that some
of the differences of opinion arise because the
various workers were studying different conditions.
Is a brain wound comparable with the degeneration of
fivre tracts after cutting the corde Is fibre ftract
’degeneration after cutting the cord comparable vith
the demyelinating dissasés? Are all the disecases
in which fibre tract degenerstion occurs comparable
with one another? Is degen:ration following
vascular changses comparsble with a toxic chanse ¥

Are a2c1te vascular chanrnces compsranl

(D}

Wit cnvoinic
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vascular chanpges? Waen the guesticns zre put in
this way one realises th:t Rio-Fortera (1939
may have hesn too emphatic akout the utter
inpossibility of any cell other thanlone derived
from microglia causing phagocytosis and that
Andrew (1941) for example may be right in claiming
that in certain specific circumstances perinevronal
oligodendrodytes may destroy neurones.

There is no controversy about thé fornation
of the glial scar. This is brought about by the
fibrous astrocytes. They multiply émd send out
processes which form a fslting-which replaces

the destroyed nerve fibres.
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. STAMVATIT AT, A CET s DT
2o WHATHETAL AYD iTHODOL.

A. daterial.

[n
Lil13

Advlt rabbits of waixed stock were used.
rahbit was anaethetised with intraverous nembutesl
(25mge. oer kgo) and ether was administered, as
reguired, by inhalation. A vertical midline incision
was made in the back centred over the most prominent
vertebral‘spine. This was estimated to be in ths
region of the last cervical and first thoracic
vertebrae. The vertebral wmuscles were separated
from the spinous processes and laminae for a dis-
tance of about 2.5 cm. The spinous process and
laminas of the most prominent vertebra wsre reunoved
and the cord with its meninges exposed. The merninges
were cuvt traversely and the cerebrospinal flvid
allowed to escape. The widline of the cord was
easily identified by a vertically running bloud
vessel and a transverse ircision was made with a
Graafeﬁknife on one or other side of the midline
through what was estimated to be one posterior cclumn.
This incision was usvally about 2.5 mm. wide and
2 mm. deep. The lips of the wound separated Tor
abcut 1oDH mid. The uwuscles were breought to etusr
over the defect in the vertebrase ard the incicsion
in the slkin closed.

TTnder anaesthesia a biopsy waes perfcrmed on

the rebbhits 10, 20, 5L, ape 1.0 derys after the
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Fig. 2.

Diagram showing site of operation and way in
which the spinal cord was divided and fixed.



cperation. 4 cm. of the spiral cord, so thad

thisre were 2.5 cm. above tuae site of the lesion,

TET'E takén ouﬁ and the meninges carsfully removed

with scissors. The cord was divided into 4 vleces

each 1 cm. long. The most rostral piece (A) was

fixed in Bouine. Ih at least two of each éroup of
rabbits 1 cm. of the spinal cord immediately caudal

to the first piece (B) was fixed in formal saline.

In the othsrs it was used for tissue culture. 1 cm.

of the spinal bord containing the site of the lesion (C)
was taken either for tissuve culture or fixzed in Bouin
and 1 cm. caudal to this (D) was fixed in Bouin

(see Tig. 2). A considerable number of normal cervical
spiral cords were obtained and divided into four pieces
(A, B, C, and D) sach 1 cm. long. These corresponded
to the pieces taken from tie operated animals and

were fixed or used for tissue culture in the same way.

B. Histolofy.

Segient A was embedded in parefin wax and trans-
verse sections were cut at bHp from each ernd. At least
one segment A fro& each group of animals was sectioned
lohgitudinally at 7pe. One slide 6f transverse secticns
was étained with haematoxylin ard eosin and used for
counting nuclei and one by Bodian's technicve for azon
staining. One slide of longitudinal sections was

stained with haematoxylin and eosin. The Bodian
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stained sections were used for confirming the
dereneratior of the aiicns.

Serment B was used for the demonitration of
myelin by Weigert-Pal's method. Transversevsections
at 10w were cut and then longitudihal sections at
10p. These wsre used to demonstrate‘the degeneration

of the myelin of some part of the posterior columns.

C. Counting of nuclei.

A squared gri% was placed in the microscopic
eyepiece and the % 6bjective used. The number of
nuclei seen in a field was counted. .In the normal
gpingl cords at least 10 fields were faken and the
mean number of nuclei per field calculated, since
in the poéteripr columns differznt afeas contain
different puubers of nuclei. In the degenerated
spinal cords the nuclei in as many fields as pocssible
in both the normal and degsnerzted areas were counted
‘and the mean number of nuclei per field was Ffound.

This was done at two levels of each spinal cord.

De. Arsa of posterior columns and length of nuclei.

The area of the posterior columns was measured
by means of the grid and a 1" objective. The unit
used was the single square in the grid. This was

done becguse the nunber of nuclei per field can be
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Transverse section of cervical spinal cord,
stained haematoxylin and eosin, showing
typical large pale nucleus of two astrocytes.
The nucleus of one has a well marked nucleolus
and the other has a considerable amount of

cytoplasm.
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changed by swelling or contraction of the posterior
columns, without any actual change 1n the nuumber of
nuclei. The lsngth of the nuclei, as was shown by
Abercrombie (1946), also influences their numbsr in
a transverse section. Using longitndinal sections
stained with haematozylin and eosin samples of the
length of the nuclei in the normal and degenerated
areas were taken and .compared. |

B. Differential counting of nuclei.

In the sections stained with hasmatoxylin and
eosin two types of cells ware esasily distinguished,
large cells with a larwve pale nucleus and a nucleolus
(these cells frequently had well stéined cytoplasm)
and smaller cells with a smaller, more darkly staining
nucleus, no nucleolus and vractically no stained cyto-
plasm (see Fig. 3). These two types of cells were
differentiated in all sections and counted. The
percentage of each type of cell in both the normal
and demenerated arens was calculated.

Although both connective tissue and blood vessel
cells contribute to the number orf nuclel counted,
careful examination of the sections showed that blood
vessels were seldom seen in the normal and degenerated
areas of, the posterior columns and tacre was little
evidence that connective tissve cells occurred in

sipgnificant numbers. It was therefore assused that
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the nuclel counted belonged almost entirely to

neuroglial or wicroglisl cells.



3. RESULTS.

Ao Yumber of nuclel per field in normal posterior columns.

Tade 111 shows the number of nuclei per Tield
at 2 levels in 15 animals and the total asrea of the

posterior columns at each level.

TABLE 111.
Rabbit Foe.of nuclei Area of’posterior
number Level per field columns {ir arbit-
' ary units).
1029 1 25.00 25
2 28.00 - 20
1054 1 20.50 21
2 24.00 20
1062 ] 22458 22
' 2 27.80 28
1069 . 1 20473 25
' 2 16.91 21
1453 1 20 . 40 22
2 25,20 20
1456 1 28433 22
2 26 « 33 20
1457 1 24.63 21
' 2 25. 30 24
1498 1 30470 20
2 23463 21
1502 1 18,20 27
2 13450 33
1560 1 16.00 22
2 16.67 26
1598 1 21.75 27
2 15.43 33
1651 1 24,14 22
2 21.91 24



Fige 4e

Diagram of cervical spinal cord showing
degenerated area (shaded); 1, 2, 3 are
degererated fields; note that fields 2,
3 include a small normal area.



1670 1 25.33 23
2 25,75 24
1723 iR 21 .83 23
2 17.17 32
1761 1 19.60 24
2 25490 23
Total 15 Total 30 Mlean 22.47 llean 23483
rabbits levels S.De 4,73 SsDe 367

It can be seen from Tgble 111 that the number of
nuclei per field does not vary to any extent with
the level of the spinal cord. Furthermore thsre
is very little difference between rabbits.

B. Humber of nuclei per field after 10 dayd degeneration.

The area of degeneration inlthe posterior columns
varied considerably. It was usuzlly to one side of the-
midline and did not extend over the whole of one
posterior column. It was rot sharply marked off from
the surrounding normal area although it was easy to
see where the degenerated areca changed to the normal
area. The Bodian stained section was used to check
the area of degeneration. Frequently however, a field,
which was regarded as degenerated, contained a swmall
area of normal fibres (see Fig. 4). This applies to
all the cords after the different periods of degeneration.

Table 1V shows the number of nuclei per field

at two levels in the normal and degenerated arsas of the
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Fjg, 5.

Transverse section of cervical

stained haematoxylin and eosin,
changes after 10

spinal cord,

showing nuclear
days’ degeneration.
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posterior columns of 9 rabbits after 10 days!
degeneration ard also the total area of the postericr

columns at each lsvel.

TABLE 1V.

] . : Area of posterior
Rabbit Fuclei per field columns (in arbit-
number Level Yormal Degenerated rary units)
1382 1 33420 46438 20

2 33.14 51.80 19
1473 1 24.00 554 50 28

‘ 2 25. 50 65425 19

1497 1 27.17 60.20 19
2 28,17 61.50 17

1574 1 13.80 33,50 28
2 20,33 43.00 25

1575 1 17.00 28433 32
2 12.17 25433 30

1620 1 11.38 29.33 27
2 22.00 36433 .16

1729 1 11.20 25433 38
2 14.75 25.75 36

1730 1 12.20 23,75 40
2 13.00 29.25 33

1732 1 20.67 35.25 29
: 2 18.50 38.00 27

Total 9 Total 18 Isan 20.50 Ilean 38.06 liean 26.94
Iabbi’ts leVS]_S S.D‘ 7004: Sa:Do 14-45 SOD‘ '7.60

Afrter 10 days' degensration if one compares the
number éf nuclei per field in the degensrated sres with
the nuuber in the normal'area, it can be concluded that
there is an increass. This increase 1s of the order
of.l.8 times the normai,number (see Tig. H) although

it varies ir difTsrent rabhits (from 1.5 to 2.7 tiass
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the normal ).

There is another way of asszescing this difference.
The mean number of nuclei per {ield in the normal =areas
is 20.50 and in the degenerated arsas is 38.06. By
using the t test, these means are coumparsd and their
di“ference is found to be highly significant (p<{0.001).

C. Number of nucleil per field after 20 days' dezcneration.

Table V shows the number of nuclei per field
at two levels in the normal and degenerated areas of
the posterior columns of 10 rabbits after 20 days!
degeneration and also the total area of the posterior

columns at sach level.

TABLE V.
Area of Posterior
Rabbit Tueclei per field columns {(in arbit-
_number Level Normal Dsgenerated rary units)

1052 1 23,00 . 53.50 24
2 22.80 55.00 24
1053 1 19411 49.00 24
2 22.80 69.20 27
1074 1 2714 109.50 19
2 25.50 110450 20
1075 1 23.00 82460 24
2 35.00 136.00 17
1383 ‘1 19.17 52450 23
~ 2 24,29 57«25 21
1384 1 24.33 85H.73 23
2 23.80 76.17 22
1392 1 23480 60 .40 » 20
2 24, 57 55.00 19
1435 1 20.00 56,00 20
2 2h. U 61 .0 20
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Ljg. .

Transverse section of cervical spinal cord,
stained haematoxylin and eosin, showing nuclear
changes after 20 daysi: degeneration.
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1436 1 16.00 50 . 66 25
2 14.86 58 4 66 21
1471 1 1933 51 .25 22
2 18.00 48,00 24

Total 10 Total 20 Liean 22.75 lcan 68.40 iean 21.95
I'abbi‘ts levels SoD. 4.50 S.Do 29.17 SoDo 2.38

It can be sesn from Taﬁle V thet after 20 days'
degeneration there 1is an increase in tie number of
ruclei in the degenerated area as conpared with the
number of nuclei in the normal areas of the posterior
columns, This increase is of the order of 3 times
the norsal (see\Fig. 6) varying from 2.5 to 4.5 times
the normal. By using the t test, the mean nuwaber
of nuclei per field in the normal areas (22.75) can
be compared with the mean in the degenerated aress
(68.40). The difference between these means is
highly sisnificant (p<<b.001). |

D. Tumber of nuclei per fisld aiter 50 days' degeneration.

Table V1 shows ths number of nuclei per fisld at two
levels in the normal and degeneratéd areas of the
posterior columns of five rabbits after 50 days'
degeneration and also the total area of tae posterior

columns at each lsvel.
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Fig. 7.

Transverse section of cervical

stained haematoxylin and eosin,
changes after

spinal cord.,

showing nuclear
50 days’ degeneration.
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TABLE V1.

) Area of posterior
Rabbit To. of nucleil per field colwuns (in arbit-
number Level Normal Degenerated rary units)

1483 1 14.60 33480 22
2 18.6¢0 41 .00 29

1484 1 21417 65.00 24
2 16.67 64.75 24

1485 1 20.20 69.80 . 31
2 15.37 79460 31

1501 1 17 .80 45.00 20
2 14.20 31.75 30

1556 1 18.60 78.67 23
2 24420 98.67 24

Total 5 Totel 10 LUean 18.14 liean 60.80 1liean 26.80
rahits ]37813 SQD. :5.()8 S.Do 19;25 S.Da 5058

It can be seen from Table V1 that after 50 days'
degeneration there is an increase in the nuaber of
nuclei in the degencrated arsas as cowparsd with

M

the number in the normel areas. This increase is
of thé order of 3.5 times the rormal (see Tiz. 7)
varying from 2.3 to 5.3 times the normal.

If the means of the normal and degensratsd
areases are compared by using the t test (18.14 and
60.80 respectively) the difference is found to be

highly significant (p<0.001).

3. Number of nuclei per Field after 100 days' descner=tion.

Teble V11 shows the number of nuclei per field
at two levels in the normal a2l degenerated aress ol
the postericr columns of 4 rabbits after 1.0 davs!
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Transverse section of cervical spinal cord,
stained haematoxylin and eosin, showing nuclear
changes after 100 days’ degeneration.
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‘columns at sach level.

TABLE V11.

) Area of posterior
Rabbit I'os of nucleil per fisld columns (in 21rbit -~
numbe r Level Tommal Degenerated rary units)

1443 1 11.86 72.50 28
2 13.36 884 50 25
1444 1 20.50 53433 25
2 15,00 = 63.00 26
1452 1 15.38 72,67 26
2 15.13 54,00 23
1463 1 18.63 8l.75 22
2 14.86 63.00 27

Total 4 Total 8 lean 15.59 llean 68.59 Illean 25.25
ratbits levels SeD.. 2.62 S.D., 12,12 3.D. 1.87

It can be seen from Table V11l that after 100 days'
degenseration there is an increase in t.ae nuamber of
nuclei in thé degenerated areas as cowmpared with
the number in the rormal areas. <This increass is
of the ordsr of five times the normal (ses Tig. 8)
varying from 2.6 to 6.5 times the normal.

If by using the t test thre uwean (15.59) of the
normal areas is compared with the mean (68.59) of
the degenerated areas, the difference between tlie means
is found to be highly significant (p<:b.001).

Fe Area of posterior columns of all spinal cords studied.

Tabhle V111 shiows the mzans and standard deviations
of the total areas of tiie posterior columns of the
spinal cords in hoth thie norizl snimale gid alter

difTarent periods of degerers

C e [Ep— P . PRI N S PR R T .- L
wizas nave been JIVEI LT N2 Lalt col iuny of Uavles 1737
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TABLS V111l.

Area of posterior cclumns
o : ‘in arbitrsry units)
reriod of Standard

dezeneration Ilean ceviation i§$255 .
nil - 22.83 3467 30
10 days 26,94 7460 18
20 days 21.95 2438 20
50 days 26 .80 3458 10
100 days 25,25 1.87 8

The means of the areas cof the posterior coluans after 10,

g

from one another. By means of the t test, it can be
shown that the mean of ths areas of the normal rabhits

is probably signficantly different from the other means

(p lies between 0.05 and 0.01l) and that the mean of the
arcas of the 20 day rabbits is signficantly different from
the means of the other arsas (p = 0.0l). These differences
may he due to shrinkage hut it seems unlikely tnat the
columns swell up after 10 days' degenerstion, sarink after
20 days', swell again after 50 days'! and remain in that
state after 100 days'. Slightly different levels of the
cord could account for these differences. Hven if shrini~
age and swelling were the cause, the difTsrences would rnct
materially affect the results. In any case, couparisons in
the nuclear counts hove been wade between the normal and
demsnerated arsas within each cord or group of cords in

estimating the incresse of nuclei.

50 and 100 days' dezeneration are not significantly different
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Ge Length of nuclei in normal and degensrated areas.

Tablé 1X shows the mean lsngth of 150 nuclsi in
hoth the normal and degensrated areas of the different
sroups of rabbits.

TABLE 1X.

llean length of
nucleus (inp )

Period of :

degeneration . Normal Degenerated
nil . 6479 -
10 days 6.10 6460
20 days 734 64753
50 days 7.18 6.57
100 days ‘ 7«30 6467

The small differences hetween the mean lengths of

the nuclei in the normal and degenerafed areas can

be ignored when comparing the number of nuclei in

the transverse sections of the different rabbits, since

Abercrombie & Johnson (1946) showed that the correction

factor for nuclear counts due to differences in nuclsar
A a ;

length in ssctions of equal thickness is b when a is

the mean length of the nucleus in undegenerated nerves

and b the mean length of the nucleus in degenersted

nerves.

He Iumber of nuelel in normal cords compared wita number

in normsl areas of desensrated cordsS.

=)

Teble I siows the nuuber of nuclel per field in

the posterior columns of normal cords ~nd in tie norusl

+
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arcas of these columns aiter different periods of
depgensration,
TAPLE K.

Tumber of nuclsl per field

(normal) :
Period of 1 Standard Fuaber
degeneration Mean deviation of levels
nil ’ 22,47 473 30
10 days - 20.50 7 .04 18
20 days 22,75 4450 20
50 days 18.14 3.08 10
100 days 15,59 2,62 8

There is no significant differsence betwsen the number
of nuclei in normal posterior columns and the number
in normal areas after 10 and 20 days'! degensration.

By using the t test, it can be shown that after 50

and 100 days' degeneration, the number of nucleil psr
fisld in the normal areas of these cords is significantly
different from the number in norwal posterior columns.
If the normal cords nars compared with the 50 day cords,
p is found to be<;‘).002 and > 0.,00l. If the norual
cords are compared with the 100 day cords p is<<fb.001.
Thus it can be concluded that the ruclel in the normal

areas of the posterior columns of 5C ard 100 day cords

0]

decrease in number as ccupared with the mmbrer Jound in
“normal cords. The poecitle explaration of this will Te

discussed later.
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Graph tc show mean nuclear populations per
Tield after different periods' of degensration

expressed as percentage of that of undegenerated
posterior columns.
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I. Yumber of nvclei in normsl =reas compared with number

in decencerated aress after different periods of

degencration.

Table £l shows the means and standard deviations
of the number of nucleili per field in the normal and
degenerated areas of the postericr columns after

different periods of degeneration.

TABLE X1,
Period Number of nuclei per field Bstimated
of Tormal De generated increase
degener-~ 3tandard Standard after
ation dean deviation iean deviation degeneration
Nil 22,47 4,73 - - -
20 days 28.75 4.50 68.40 29417 3x
50 days 18.14 3.08 60.80 19.23 3e4x
10 days 1559 2.62  68.59 12.12 4.5x

It can be seen thaﬁ up to 100 days, the number of
huclei is increasing, although the rate of ircrease
slows down considerably {see Fig.?). 1In view of the
sipnificant decrease in the number of nuclei in the
normal areas of the HO and 100 day rabbits, the increase
in nuclei after 20 days may be more apparant than real.
There is certainly no evidence of a decrease. This can
he contrested twith periphersl nerves in which a meaxiuum

increase of nuclei teles place within 30 days (or much

6]

sooner ir nerves with a small Tibre spectrum) and

recce in the nuwaber of nucleil
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Graph to show mesan total populstion of
niclei of narves at different times of
degeneration expressed as percentage of
that of vndesererated rzrve (from
Abercronie O Johnson, 1946).
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Joseph, 1950;. Fig. L0
sraph presented by Abercrowmhie & Jonnson in their

naper on the rnuclear population chianges in the scilatic
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nerve of the rabbit.

Je Di*ferential counting of nucleie

The nuclei in the posterior columns of the normal
cords and in the normal and degenerated areas of the
cords in the experimentel animals were différentiated
as described on p. 31. Those which are large and
pale are assumed to belong to astroeytes and the others
to belong either to oligodendrocytes or microglial
cells, The number of astrocytss was assessed as a
percentage of the total cells courted in each section
and Tabie X1l gives the mean percentage of thess cells

.in both the normal and degenerated areas of the cords.

TABLE X11.
Days of Astirocytes % of total nuclei
degeneration " Normal area  Degenerated area
Wil 21 | -
10 20 19
20 17 12
50 | 17 16
100 17 _ 27

It can be seen that the number of astivcytes in the

normal sreas is fairly constant. In the degenerated
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areas it appears that all the cells have multiplied
equally after 10 days, then the astrocytes lag tehirnd
so that after 20 days they Torm a smaller percentage
of the total, then after 50 days they catch up on the
other cells and finally after 100 days, they show
a'greaﬁer increase than previcusly. The possible

significance of these changes will be considered later.



It is proposed to deal ith the discussicn undsr

the headincs suggested on p. 2.

Ao Changes in nuclear ponulation after differert periods

of_degeneration.

There can be no doubt fhat the nuclei of the
posterior columns increzase in number during degeneration
of their fibres. The results show that this increase
goes on fairly sloWLy at first, that is for a period
of lb days, and then more rapidly befween 10 and 20
dayé. Apparently the increase is slowsd after tnat
that is, between 20 and 5C, and 50 and 100 days.

It is interesting to note the differerce tetween
these results and those of Lassek & Shapiro (1951).
They removed most of the cerebral cortex of the left
hemisphere including area 4 in cats and studied the
quantitative response of the glial cells in the
degenerated pyramidal tract in the mednlla. They
found a varied increase at different times, aVeraging
27%, they never found an increase of the order described
in this thesis and even suggested that the increase may
be an illusion due to shrinkage of the cord. Only

4

ons animal wass studied after each period of degenerution
vhich varied from 1 day to 365 days. The differences
hetwean their results and those found in tue present
investigation may be due to differences between tue

medulla and spinal cord nz:urcslia, to thelir ~se of



_,4’7—
only one animal after sach period of degeneration

and to the differences between cats and rabbits

with regard to neuvroglial reswvonse. Turtihermnore

it is possible that the whole of the pyramidal tract
did not degensrate as a result of the operative
procedure carried out. Ilo attempt appears to have
been made toc check the sxtent of the degeneration
following the operation.

The relationship between the multiplication of
the cells in the perinheral stump of the degenerated
nerve and regeneration was discussed by Joseph (1948)
and it was pointed out in that paper that "it is
unlikely that the mroaliferation of the Schwann calls
in degenerating nerve fibres plays as important a
role in regensration as earlisr writers suggcssth,
That multiplication of c¢ells occurs in degenerating
fibre tracts of the spinal cord in which regeneration
apvarsntly does not occur appears to be confirumatory
evidenoe.of the fact that regeneration is rot related
to the broliferation 0f cells in the nervous system.

Other workers heve not tried to assess the
quantitative changses of the nuclel during degeneration
o7 spinal cord tracts, although it is obvious from

their work thst many of them noticed an increase.
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Gajal (1928) refais to the @roliferation of the
neuroslia in columns alfter 10 deys' degeneration
and an examination of the SPina; cords after the

present study

sane pariod of depensration in thas
confirms this. It is of some interest, as will
he shown later; that this columnar arrangement of
he proliferating nuclei is no longer sesen in the
20 days' degeneragtion spscimens. The 50 and 100
day specimens similarly do rnot show a columnar
arrangement of the multiplying cells (see Fig. 13a,
b, ¢, d, &).

Ba The bshaviour of the different cells in the spinal

cord tracts during degeneration.

It has been shown in the results that the
degeneration of the posterior columns is accompanied
by an increase in both»the astrocytes and the rest of
the cells,  The ability to differentiacte the cells
~is hased on the propertiss of the nuclei of the different
types of cells. It must be admitted that the classif-
ication of the neuroglial and microglial cells usually
dépendg on special staining techniques and these have
.not been carried out. On the other hand a carsful
study of the literature indicates that astrocytes,
oligodendrocytes and wmicroglial cells can citen he

distinguished by their nucleil even after degenerstion.
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Astrooytes have large pale nucleil with a well marke
nucleolus, oligodendrocytes have swmaller nucleil which
appear granular or reticular and microglial cells have
small, darkly staining nuclei. In addition, the large
pale nuclei are often distinguished from the others
’bebauée they usually show cytoplasm round them. The
rest of the nuclei have not been subdivided, althodgh
among them there appsar to be very few small, darkly
staining nuclei, that is there are apparently very
few microglial cells. Bxagmination of the 10 day
degenerated specimens indicates that there ars mors
of these nuclei than are found at other stages of
degsneration. However the exact differentiation of
nuclei which are not large and pale was not carried
out because frequently it was difficult to distinguish
one from the other with certainty. It should be pointed
out that other authors who studied degeneration of
spinal tracts following division of the spinal cord
appear to be certain that the oligodendrocytes multiply
early on (Jakob, 1914; Cajal, 1928; OCramer & Alpers,
1'952). This is in agreement with the results in this
experiment.

The fipures showing the percentage of the two
aroups of cells sug~est that during the period betwesn
10 and 20 days'! degsneration, the oligodendrocytes and

the microglial cells multiply at a zreater rate than
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Fig. 11 (a).

Transverse section of cervical spinal cord,

stained Teigflrt-Fal, showing myelin present
after 20 days’ degeneration.



Degenerated

Longitn.dinal
stained. wirf
after 20 days

dege nerat ion



100

Fig. 12 (a).

Transverse section of cervical spinal cord,
stained Weigert-Pal, sliomng myelin present
after 50 days* degeneration.



Longitudinal section of cervical spinal cord
stained \|7eigert-Pal, showing myelin present
after 50 days’ degeneration.
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the astrocytesvand that subsequently the
astrocytes multiply more rapidly. This can te
related to two processes which are going on.. After

division of the postericr columns, the

)]

Naly
L

ibres distel
to the lesion degensrats. The first process consists
of the breaking up of the myelin sheath and axon and
their phagocytosis. This process takes much longer

in the ceniral nervous system than in peripheral
nerves although ons cannot offer any very zood reason
for this differences Sections stained by the Weigert-
Pal method confirm this. Thers is a considerable |
amount of myelin present after 20 days' degeneraticn,
much more than one would expect when cémparsd with a
peripheral nerve (see Fig. lla & b). Bven after

50 days' degeneration there is still some myelin (see
Fige 12a & b)s This phagocytosis is associated

with the cell chénges outlined above, namely the
greater multiplication of the oligodendrocytes and
microglial dell§.

The second process takes place at a later stage
and is indicated by the relative increase of the astro-
cytes at 50 days as compared with 20 days and their
51111 rsrester increasse after lCO dayse It is during
this pariod that the degensrated area becomes a lisl

scar. In addition the astrocrics scsm to be more
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the degenerated area. :iany of the zstrocytes at
this stage of degencration talke on tne appearance
of whalt have been called Iissl'es plump astrocytes
(sBmastote Zellen). They have Tecen described by
Penfield (1932) as having a larce, oval nucleus with
faintly staining nuclear chromatin and being actively
fibre forminge. fe quotes Spielmeyer (1922) who
pointed out that plump astrocytes are éncountered viiere
nervous tissue has gone through sxtreme but circum-
scribed degeneration.

The significant decrease in the number of nuclei
found in the normal areas of the 50 and 100 day spinal
éords (see Table X) may be related to this process of
gliosis. There may be a migration of astrocytes towards
the dqgeneiated area resulting in fewer cells in the
normal area.

Although there is no controversy regarding the
cells which form a glial scar - there is complete
acrsement by all workers that astrocytes multiply
to pefform this function - the problem'of which cells
act as phagocytes earlier on has still to be solved.
It should be made clear th t Rio-Hortega, as far as
can be ascertained, has never investigated taoe rlisl
changes following interruption ol fi-re tracts in the

Spinal cord. In 1932, he listed sever different
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pathological states in which microglial cells act

as phagocytes but none of these cenditions is truly
comparable with deseneration of fibre tracts due to
their separation from their cell bodies. It must
be admitted that his evidence would sugsest that only
: microglia is capable of phagocytosis and that the
oligodendrocytes never participate in this process.

On the other hand, all other werkers who have studied
degeneration of fibre tracts have bheen satisfied that
oligodendrocytes nmultiply and act as phagocytes. The
present work would support this view and it should be
"added that typical compound grarular corpuscles

(gitter" cells), which are fairly easilyAdistinguishahle
and are derived»from,mioroglia, are rarely sesn

after any of the periods of degeneration studied.

Their small number after 10 and 20 days' degeneration
is, in fact, rather surprising.b

A further possibility has to be considered. If it
is assumed th&t the astrocytes, oligoederdrocytes and
microglial cells can be distinguished from each other
in the white columns of the normal spinal cord, may
they not change their morpholozical characters during
degensration so that it becomes difficult to sort out

cell? Tine more recent opinions

y

the different types o
of some of the Italian workers (Bairati, 1948 2 & b,

1950; DtAgata, 1950) would support this view. They
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claim that the neuroglia and microplia are really
the same cells with different morpholosical propertics
due to the effects produced by tine surrounding tissues.
If these effects disappear during degeneration the
distinct structural characters of the cells may be
lost. Turthermors, it is common for differentiated
cells to lose scme of their characteristic features when
they becoms active, for example, fibrocytes, when active
in a wound, change their appearances. Consequently
although the cells in the degenerated arecas are assuned
to be mostly astrocytes and oligodendrocytes the latter
may include microglial cells whose nuclei have changed
in their sﬁaining propertiss.

The early multiplication of the astrocytes is
more difficult to account for, and it may be that
Jakob is correct in maintaining thet they are phago-
cytic. It is conceivable that they multiply early on
due to the stimulus of some chemical zgent released
by the degencrating fibres. This will he considered
in sreater detail in the next section.

C, Differences hetwecen the fibres of peripheral nerves

and of tracts in the spinal cord during degeneration.

The most striking diifference hetween the nuclear
population changes in degenerating peripheral nerve and
fibre tracts in tue spinal cord is that the peripheral

rerves show a maximum nuclear zopulation after o varyir:z
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period, which is never more than 3¢ days. Tiais
varies with the Titre svectrum of the rerve stndied.
in the other hand the nuclel in the posterior columns
70 on increasing up to XOdays. In the peripheral
nerves, the larger the fibres the sreater was the
increase and fhe longer was the time taken to reach
that increase, but the.maximum was reached within
30 days even in the nerve with the larzest fibres.
Section of the normal posterior columns stained by
the Wéig&rt;?al method show that from the voint of
view of fibre size these columns are best compared
with a mixed nerve like the sciatic nerve of the
rabbit, studied by Abercrombie & Johnson (1946).

They estimated that the maximum nuclear increase

occurs after about 25 days'! degeneration, after

which the nuclear population falls reapidly at first

and then more slowly. At 50 dagys it has fallsn
considerably but at 100 days the additional decreasse

is not zreat (see Fig. 10). Thesse authors suggest

that the increase in cells is due to "a chemical stimulus
coming by diffusion from the autolysing nerve fibres".

" They offer no explanation for the subsequent deqrease

in nuclei.

Joseph (1947, 1948) emphasisesd that the size of
the herve fibres may be an important factor in determining

the nuclear population increase. In nsrves with larqsr

: arence of (0@ wyelin siecntin aid allon

Tibres th

]
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during degereration leaves a large space which is
7illed by dividing cells. The nerves with smaller
fibres have smaller spaces to ill and so reach their
maiimum increase earlier and the increase is smallers
Abercrombie & Johnson (1946) point out that the
subsequent decrease in nuclei is associated with
shrinkage of the tubes in the degenerated nerve torether
with a shrinkage of the whole nerve. They do not state
that this shrinkage causes the decrease in the nuclei
but it 1is suggested here that that may be the case.

In‘aegenerating peripheral nerves, at least in
the early stages{ phagocytosis of the degenerating'
myelin sheath and axon takes place ard the early
multiplication of the cells must e related to some
extent to this procesé. iacrophages frbm the endo-
-neuriuvm may be the main cells which remove the debris
within the neurilemma and for this purpose these celis
must enter the neurilemmal tube. Blocd vessels in the
nerve may bte another source of these macrophages.
Cajel (1928) stated that the multiplying Schwann cells
inside the neurilemma contain fat droplets and called
" this process "fatty infiltration" rather than phagocytosis
Whiéh, he maintaired, is carried out ty macrophages
entering the tube after about 7 days. 4dAbercrombie &
Johnson (1946) do not discuss this problem.

When comparing degeneration in peripheral nerves
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with that in the posterior coluuns of the spiral cord
there is a similarity in that ths myelin sheath and
axon disappear in both cases. There is a difference
however in that this process is much slower and takes
correspondingly longer in the spinal cord. This differ-
ence may to some extent account for what appears to be
a slower increase in the nuclear population of the
>degenerating posterior columns. On the other hand
the nuclear increase in the posterior columns even
after 100 days does not reach anywhere near the
levél of the increase after 25 days in what may be
comparable peripheral nerves (4.5 times as compared
with 8.4 times).

It is suggested that the main diffsrences in
nuclear population changes during degeneration are
due to the differences in structurs between peripheral
nerve Tibres and fibres in the spinal posterior columns.
The important differernce is the presence of a neuri-
lemmal sheath and endoneurium in the former. Because
of these structures, and it is difficuvlt to determine
which plays the more important part, fhe peripheral
‘nerve after the break-up of the myelin sheath and
axon consisté of a large mumber of Talrly ri~id tubkes
containirg at first multiplyin~s cells. These tubes
as they are falrly rapidly emptied of their debris
are Filled more and more witii cells until ceil division

stops either hecause the chemilcal JTactor stimulzting
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ffig. 13 (a).

Longitudinal section of cervical spinal cord,
stained haematoxylin and eosin, showing normal

cord with neuroglial cells in columns and longitud.inal
tubal structure of fibres.
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Fig. 15 (b).

Longitudinal section of cervical spinal cord,
stained haemato:xylin and eosin, showing after
10 daysT degeneration, neuroglial cells’still

in columns and still some evidence of longitudinal
tubal structure of fibres.



2ir« 13 (c).

éongitudinal section of cervical spinal cord,
tained ha.ematoxylin and eosin, showing” after
S0 daysldegeneration neuroglial cells no longer

in columns and loss of longitudinal tubal structure
of fibres-



7ig» 13 (d.)»

Longitudinal section of cervical si)inal cord,
stained haematoxylin and eosin, showing after

50 days’ degeneration neuroglial cells no longer

in columns and loss of longitudinal tubal structures
in fibres.



Fig. 15 (9).

Longitudinal section of cervical
stained haematoxylin and eosin, showing after
100 days* degemneration;neuroglial cells'no longer

in columns and loss of longitudinal tubal structures
in fibres.

spinal cord,



~57
cell division oéases to have this effect or because
thare is no more room Tor rurther cells or because
of hoth factors. Subseqguertly the tubes shrink and
the cell population falls. In the spinal posterior
columns the tubes, or rather the tubal structures,
collapse and there ars few tubal spaces Waiting to
be filled by multiplying cells. There is however
an early multiplication of nuclei for phagocytosis.
SUbsequently the cells multiply to produce a glial
scar. In support of this suggestion two histological
findings are reported. In a section of a normal
spinal cord stained for reticulin a posterior rootlet
cut in. tranverse section showed very clsarly reticulin
surrounding the fibres, whereas the Tibre tracts of
the spinal cord showed no evidence of reticulin in
a similar site thus confirming the worl of Laidlow
(1930). Secondly longitudinal sections or the degen-
erated spinal cords after 20, 50 and 100 days' degen-
eration show that the tubal nature orf the posterior
columns is lost in the degenerated areas and the
multiplying nuclei are no longer in columns. In
addition the nuclei are rcund, unlilke those in degen-
erating peribheral nerve in which they are marledly

elonrated, this elonmation bein; dvue to the comwvaratively

N

rigid tube in which the cells lie (see Fig. 13a, b, c,

).
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Does this investigation help to elucidate the

problam as to whether the oligodendrocyte and the

9]

Schwann cell are the same cell but in a diff-rant
sitngtion? Both cells multiply éarly on during
~degeneration and both cells show fat inclugions

in their cell body derived from the myelin sheatih.
One’may'accept Cajal's sugrestion that this is not
phagocytosis. The continuing increase of the
nuclei in the degenerating posterior columns is
apparently due to the astrocytes and it may be
assumed that the oligodendrocytésvstop multiplying
in the spinal cord as do the Schwann cells in peri-
?heral nerves. it may be said therefore that the
olisodendrocvtes respond in a way comparable with
the Schwann cell response.

D. The problem of resencration in the spinal cord.

One of the most important prerequisites for
regeneration in peripheral nerves is the existencs
of the tubes in the peripherszl stump. From what
has heen already said in the discussion it can be
seen that this prerscuisite is missing in the spinal
cord. The absence of thess tubes probably plays a
very important part in preventing complete regenseration
of fibre tracts in the spinal cord. Windle & Chambers
(1950) by means of pyrogens prevented the Tformation

of a glial scar at tine site of sectlon ol the spinal
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cord in cats and dogs and as>a rasult new
arons grew across the site of the lesion. They
did not obtain any fuctional repeneration, hovwever,
and that mey have besn due to the abserce of tubsal
structureé along which the fibres could grow. One
may speculate on whether functional regereration
would be achieved with the continued use of pyrogens
which may prevent giial scarring of the degenerated
vtracts.

It is suggested that this investigation leads
one to believe that complete repeneration in the
spinal cord is prevented to some extent by the
collapse of the tubes and the formation of the

\

glial scar due to the dctivity of the astrocytes

in the degensrated area.
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5. SULLIARY .
1. Changes in the nuclear population in the
posterior columns of the spinal cord of the
rahbit have beer studied after 10, 20, 50 and
100 days' degeneration.
2o It has heen found that there is a progressive
increase in ﬂhe nuclei up to 100 days. After 10
days the increase is about 1.8 times the normal,
after 20 days 3 times, after 50 days 3,4 times and
after 100 days 4.5 times.
3¢ There are some signficant channses in the arsa of
the posterior columns. It is suggested that these
changes are not important in considering the results.
‘There is no sipgnficant change in the 1eng£h of the
nuclei after all periocds of degeneration studied.
4., The astrocytes have beer differenticsted from the
other cells (oligodendrocytes and microglial cells)
by, reason of the appesarance of their nucleil in
haematoxylin and eosin stained sections. The astro-
cytes were found to increase early on equally with
the other cells. Betwean 10 and 20 days they increase
to a less extent. Subsequently they catch up with
and increase to a Tresier exbent than thne otler cells.

1
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It is sugzested that the increase in ¢

and microglial cells is for phagocytosis of the degen-



-61 -
erating myelin sheaths ard axons of the fibre
tracts and the subsequent increase of the astro-
cvtes 1s for the formation of a 2lial scar.
6. Comparison is made between the nuclear population
changes in degensrating peripheral nerves and in the
posterior columns of the spinal cord. liost of these
diiferences are probably due to the difference in
structure of the nerve fibres, the main one being
the presence of a fairly rigid tube in the peripheral
nerve due to the neurilemma and endonsurium. The
conseqguent coilapse of the tubes in the posterior
columns is also responsible for preventing functional

ragenceration of fibre tracts in the spinal cord.
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