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Axonal damage in acute multiple sclerosis lesions
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Summary

One of the histological hallmarks of early multiple sclerosis  to see at which stage of the disease axonal damage, in
lesions is primary demyelination, with myelin destructionaddition to demyelination, occurs and may thus contribute
and relative sparing of axons. On the other hand, it is widely  to the development of disability in patients. The results show
accepted that axonal loss occurs in, and is responsible fothe expression of amyloid precursor protein in damaged

the permanent disability characterizing the later chronic  axons within acute multiple sclerosis lesions, and in the
progressive stage of the disease. In this study, we have usedtive borders of less acute lesions. This observation may

an antibody against amyloid precursor protein, known to be have implications for the design and timing of therapeutic
a sensitive marker of axonal damage in a number of otheintervention, one of the most important aims of which must
contexts, in immunocytochemical experiments on paraffin be the reduction of permanent disability.

embedded multiple sclerosis lesions of varying ages in order
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Abbreviation: APP = amyloid precursor protein

Introduction

Historically the detection of axonal injury in acute multiple  to represent accumulation of APP due to failure of axonal
sclerosis has been difficult. Multiple sclerosis lesions ardransport.

typified by leucocyte infiltration and demyelination in

characteristic locations. The degree of axonal loss is

commonly assessed by silver stains. A new technique Whicﬂ/laterial and methods

depends on immunoreactivity for amyloid precursor prOte'n.Eighteen cases of multiple sclerosis and five cases of normal
(APP) in axons has been shown to be a sensitive method,

f lin-fixed i bedded " for detect Brain were used in the study. The paraffin blocks for the
ormalin-fixéad. parafhin -embedded seclions, 1or detec Ingstudywere obtained from the collections of post-mortem brain

gggjgegﬁonillclryurly f%gzvm%ezd injury (S?E.ﬂema:‘ﬁla ‘ tissue in the Neuropathology Department at the Radcliffe
, SHEMet a, ). We have use IS metho OInfirmary, Oxford and from the Corsellis Collection at

detect W.hether therg IS axonal_damage associated with tk]funwell Hospital, Essex. All the tissue blocks had been fixed
early lesions of multiple sclerosis.

; ) . . in 10% formalin and embedded in paraffin wax.
APP is normally present in neurons as well as giving rise

to beta-amyloid deposits in the brain in Alzheimer’s disease.

APP is known to be transported by fast axonal transport ]

(Koo et al, 1990) and there is evidence that it is associatedmmunocytochemistry

with the endosomal/lysosomal system (Haassal, 1992;  Sections, 1Qum thick, were cut on a microtome and picked up
Ferreiraet al, 1993). In injured axons, the cytoskeleton on gelatinized slides. Sections were dewaxed and endogenous
breaks down, possibly due to calcium influx (Adaetsal., peroxidase activity was blocked by incubation with 1%l
1991), causing interruption of axoplasmic flow and ethanol for 30 min. The sections were then microwaved in
subsequent accumulation of organelles (Povlishock, 19920.1 M citric acid buffer (pH 6) bringing them to the boil,
Normal levels of axonal APP are not detectable by standarthen cooling them for 5 min and then reboiling them and
immunocytochemistry in formalin-fixed tissue, and its allowing them to cool for 20 min, prior to immunohisto-
detection by this method at sites of axonal injury is thought  chemical staining.
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The binding of the primary antibodies was revealed by an two-tailed Studetetss using Abacus Concepts, StatView
avidin—biotin—peroxidase method as previously describedAbacus Concepts, Berkeley, Calif., USA).
(Lawson et al., 1990), with reagents supplied by Vector
Laboratories (Peterborough, UK). Briefly the method was as
follows. Microwaved sections were rinsed in 0.1 M PBS/Results
Tween (phosphate buffered saline containing 0.1% Tweeiineteen lesions from 18 cases were studied. The results
20) and incubated in 10% foetal calf serum for 30 min. After showed that APP expression is most pronounced in the most
30 min the excess serum was removed and the sections weseute lesions. The APP staining was of two different types.
incubated with primary antibody for 2 h. The primary It stained elements in a round spheroid-like shape with an
antibodies used and their dilutions are listed below. Theapproximate diameter of 40-80m or in a beaded string-

sections were washed in PBS/Tween and incubated with like appearance along the length of an axon. In longitudinal
biotinylated horse anti-mouse 1gG (1:100) for 45 min. After or oblique section, some of the APP-reactive profiles were
rinsing in PBS/Tween, the sections were incubated in avidin—  carrot-shaped or irregular where axons were swollen.

biotin complex for 45 min. The horseradish peroxidase was
visualized with 33'-diaminobenzidine solution containing
0.25% H0,. Negative controls omitting the primary antibody Acute lesions
were used for each case. All sections were counterstaineflix acute lesions from five cases of multiple sclerosis were
with haematoxylin and eosin, dehydrated and coverslipped. studied. Figure 1A and B shows a typical example of
Primary antibodies and their dilutions used in this studiesan acute multiple sclerosis lesion stained for APP and
were: CD3 (Anti-T cells, 1:100; Dako), PGM1 (Anti-CD68, macrophages, respectively. There was a good correlation
1:200; Dako), LN27 (Anti-APP, 1:50; Zymed), 22C11 (Anti- between the number of macrophages and the extent of axonal
APP, 1:100; Boehringer). damage (Fig. 2A). The acute lesions contained the most
numerous APR axons and macrophages (Fig. 3). The
average density of APP elements in acute lesions was
o ) ] ) similar to that at the border of active chronic lesions, but it
Classification of multiple sclerosis lesions was significantly higherR < 0.001) than in the centre of
In addition to immunohistochemical staining, multiple active chronic and in chronic multiple sclerosis lesions.
sclerosis lesions were stained with Luxol Fast Blue to reveal Acute lesions that contained Luxol Fast Blue inclusions
the extent of myelin loss, and Palmgren’s silver stain forin macrophages, indicating ongoing demyelination, contained
axons. The multiple sclerosis lesions were divided into thregnore APP+ axons than acute lesions that lacked these
Categories: acute, active chronic and chronic. Acute |eSi0nﬁqc|usi0ns_ It was not possib|e to determine the percentage
were those with numerous T cells (CB3cells) and of axons that were stained but within each lesion there were
macrophages (CD68 cells) throughout. They were further hundreds of positively stained axons. The staining was seen
subdivided into those lesions with Luxol Fast Blue inC'USiOﬂSthroughout the lesion, but hard|y at all in Surrounding white
in macrophages and those without. In active chronic lesionsmatter. Additional silver staining on the adjacent sections
the centre contained few macrophages and T cells but theghowed the presence of many axons in acute lesions some
were more of these cells at the border between demyelinatest which had abnormal profiles.
and normally myelinated tracts. Chronic lesions were those
with few or no macrophages and T cells in the centre or
periphery of the lesion. Active chronic lesions
Six active chronic multiple sclerosis lesions from six
different cases of multiple sclerosis were studied. APP axonal

o IVsis of . .. staining was found closely related to the areas of these
Quantitative analysis of APP immunoreactivity lesions that contained active macrophages stained with PGM1

macrophage numbers in multiple sclerosis antibody and was not found elsewhere (Fig. 1C and D). As
lesions shown in Fig. 2B, APP staining was found predominantly at

Both APP positive (APR) elements and macrophages were the border of these lesions and correlated well with the
counted under x100 objective. In each section, macrophagesnumber of macrophages in these areas. However, there was
and APP+ elements were counted across the entire lesion in significantly less stahing)(002) in the centre of these

a 0.1 mm wide strip taken through the middle of the lesionlesions (Fig. 3A). Although there was a variable number of

The numbers of APP elements and macrophages counted  ARRons in the active border zones, in general they were

in areas of 0.01 mf were plotted. Data were plotted present in as great a density as in acute lesions, albeit in a
separately for each lesion. In addition, mean values of APP more restricted location. Silver staining showed that some
and macrophage counts were calculated for each lesion. laxons were still present in the centre of these active chronic
active chronic lesions the border and the centre of the lesion  lesions but the density was reduced when compared with th
were analysed separately. APP data were evaluated with rormally myelinated adjacent tissue.
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Fig. 1 APP immunoreactivity in multiple sclerosis lesionA. éndB) Acute multiple sclerosis lesion; staining with LN27 monoclonal
antibody (anti-APP)A) shows many APR axons (arrows) inside the lesion and staining with PGM1 monoclonal antibody on the
adjacent sectionB) shows the extent of macrophage (arrows) infiltration in this lesiGrarfd D) Active chronic lesion; a low power
micrograph shows many APPaxons (arrows) at the border of a multiple sclerosis les@nand foamy macrophages associated with
the active multiple sclerosis border are showrDin(E andF) Chronic multiple sclerosis lesion; the extent of APP stainiBygnd the
number of macrophage§&) in this lesion is very small. Scale bars represenybl A, B, D, E andF are of the same magnification.
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Fig. 2 Graphs to illustrate the profile of axonal injury (APP, stippled areas) and the number of
macrophages (black areas) in a typical acute multiple sclerosis leS)ogtive chronic multiple
sclerosis lesionR) and chronic multiple sclerosis lesio)

Chronic lesions the literature on axonal damage in multiple sclerosis is
Seven lesions from six different cases of multiple sclerosigonfusing. To some extent this reflects technical limitation
were studied. These lesions were typified by low levels ofof silver stains on embedded material, which are inadequate
staining for PGM1 (Fig. 1F) and CD3. There was also almosfor demonstrating all surviving axons, and the difficulty in
no staining with anti-APP antibody (Fig. 1E). Figure 2C positively identifying degenerating axons in plaques.
shows a typical profile of a chronic lesion, there were a fewHowever, there are two relevant observations that have been
areas at the margins of some chronic lesions which containg@ade on many occasions in the older literature on multiple
small numbers of PGMt foamy macrophages and within sclerosis (Charcot, 1877; Dawson, 1916; Buzzard and
these areas there was a low level of axonal APP stainingareenfield, 1921; Greenfield and King, 1936; Putnam, 1936;
Silver stains showed that these chronic lesions had a markeddams and Kubik, 1952; Peters, 1968; Shintaku, al.,
reduced content of stainable nerve fibres. 1988). The first is that some abnormal axons can be identified
in both acute and chronic lesions and the second is that
Wallerian degeneration in multiple sclerosis is largely
Discussion confined to long-standing cases. A further implication that
The results from this study show that APP, when used as follows is that some of the damage seen in acute lesions is
marker of early axonal damage in multiple sclerosis lesionspossibly reversible (Peters, 1968). The time course over
is expressed in areas of acute inflammation and demyelinationhich axon damage develops in long-standing multiple
and not in the more chronic areas of the lesions. The histologgclerosis is not at all clear, e.g. whether it accrues steadily

of multiple sclerosis has been studied for over 100 years but ~ over years or whether it occurs episodically and in relation
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A - APP of axons if damage to them results from processes associated
with relapse than if damage is independent of these processes.
The present study used a novel and sensitive method of
detecting axon damage that relies on the accumulation of
immunoreactive APP, a protein normally transported by fast
axonal transport, in damaged axons. In a recent study of
axonal damage following human head injury, the method
was shown to be much more sensitive than silver staining
- for detecting damaged axons and it was concluded that silver
m]
O

15+

staining greatly underestimated the frequency of axonal
damage after head injury (Gentleman al,, 1995). In our
study of multiple sclerosis the method revealed an unexpected
wealth of damaged axons throughout acute plaques and at
0 : : g B the margins of active chronic plaques.The close localiza-
Acute Border Centre Chronic tion in relation to the areas containing inflammation, active
demyelination and macrophages was striking and suggests
that axonal damage, like demyelination in multiple sclerosis
is closely associated with inflammation. The difficulty in
interpreting the significance of the axonal APP immuno-
reactivity is that it is not certain whether it is compatible
with reversibility of damage. The swollen ends of the axons
Macrophages are, however, characteristic of end bulbs following axon
25 - transection. Other studies of axonal damage in human material
o o detected with this method have been made chiefly in condi-
tions well recognized to be associated with irreversible axonal
o damage such as severe head trauma (Shetrifl, 1994;
i —_ Gentlemanet al, 1995) and cerebral infarction (Cochran
15 o et al, 1991; Ohgamet al., 1992), but even in these situations
E it might be possible for some axons to be reversibly damaged
alongside others that are irreversibly damaged.
Some experimental studies in animals of axonal APP
immunoreactivity have cast some light on the time course of
_E_ development of this feature following brain or spinal cord
m
1
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injury. Following contusional injury to rat brain such immuno-
reactivity was intense at 1-3 days and was detectable, but
0 T T T less intense, at 21 days after lesioning (Leve¢ml., 1995).
Acute Border Centre Chronic After rat spinal cord compression it was present for 4 hto 9
I—ActiveChronic—l days following which the experiment was terminated (Li
et al, 1995). In human disease, apart from head injury in
Fig. 3 Scatter plots showing mean density of APRxons ) which it is an early marker of injury, it is harder to relate
and macrophages| in all lesions studied. Each square . ._expression of axonal APP immunoreactivity to the age of
represents one Ie5|_on. Note _that t_here is al_most no APP reactlwtylesionS but in adult white matter vascular lesions it was
in the centre of active chronic lesions and in chronic lesions. The > )
average number of injured axons (bar) in acute lesions is similar found in mild or early lesions but was absent from the centre
to that at the border of active chronic lesions. Likewise the of older or more severe lesions (Suenagfaal, 1994).
average number of macrophages is similar in these two areas. [ jkewise, in periventricular leukomalacia in infants it was
thought to label the early stages of lesion development (Arai
et al, 1995). The time period over which a damaged axon
to episodes of demyelination. There seems at the preseappears APR will, of course, influence the apparent amount
time to be some importance in distinguishing between the of axonal damage. i ARihing is a short-lived event,
possibilities and in attempting to understand the pathogenesis will result in an underestimate of the amount of axonal
of axonal damage, since it is widely agreed that it is likely =~ damage. This has obvious parallels with estimates of cell
to determine the severity of the permanent neurologicatieath from the relatively short time in which a cell appears
deficits that develop in multiple sclerosis (Barnes al., apoptotic.
1991; McDonaldet al, 1992; Filippi et al, 1994). Thus, While acknowledging the uncertainty about the reversi-
interventions that affect the number of relapses of multiple bility of axonal damage detected by APP immunoreactivity,
sclerosis suffered may have more influence on the survivat seems at least possible that some of the axons so labelled in
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acute and active chronic multiple sclerosis may be irreversiblyadams JH, Graham DI, Gennarelli TA, Maxwell WL. Diffuse
damaged and provide the underlying substrate for longaxonal injury in non-missile head injury [editorial]. [Review]. J
standing axonal depletion. If the alternative possibility, thatNeurol Neurosurg Psychiatry 1991; 54: 481-3.

axonal damage develops gradually and progressively duringrai Y, Deguchi K, Mizuguchi M, Takashima S. Expression of beta-
the course of the disease,were correct (McDoretidal,  amyloid precursor protein in axons of periventricular leukomalacia
1992), our study might have been expected to show APBrains. Pediatr Neurol 1995; 13: 161-3.

immunoreactive axons in chronic plaques. In fact we did NOL.imes D. Munro PM. Youl BD. Prineas JW. McDonald WI. The
find this and the little APP immunoreactivity associated W'thlongstanding multiple sclerosis lesion. A quantitative MRI and

chronic plaques was entirely confined to marginal areas withectron microscopic study. Brain 1991; 114: 1271-80.
a mild, focal, macrophage reaction. Thus, we interpret our

findings as favouring episodic axonal damage closely linkeduz2a'd EF and Greenfield JG. Pathology of the nervous system.
to inflammation and relapse in multiple sclerosis, albeit withLondon' Constable, 1921: 288.

some reservations. In the light of our findings it may beCharcot M. Lectures on the diseases of the nervous system. Transl.
worth re-examining the evidence that has led to multipleby G. Sigerson. London: New Sydenham Society, 1877.

sclerosis being thought of as an essentially demyelinatingochran E, Bacci B, Chen Y, Patton A, Gambetti P, Autilio-Gambetti
disease until relatively late in its course; in particular,| Amyloid precursor protein and ubiquitin immunoreactivity in
further more definitive studies of axon reactions should bejystrophic axons is not unique to Alzheimer’s disease. Am J Pathol
undertaken. 1991; 139: 485-9.

Tlhel Onl?’ pr(?VIO;JShTQ'tEdy of APP ImerJ]nOLeaétlvr:ty N bawson Jw. The histology of disseminated sclerosis. Part I
multiple sclerosis of which we are aware Is that by Genrmannyigyoogical study. Edin Med J 1916; NS17: 311-344.
et al. (Gehrmanret al., 1995). This study differed somewhat . .
from the present one, both methodologically and in its focud-erreira A Caceres A, Kos_lk KS. Intran(_auronal compartments of
and findings; it was based on examination of frozen sectiont'® @myloid precursor protein. J Neurosci 1993; 13: 3112-23.
and focused principally on expression of APP in inflammatoryFilippi M, Barker GJ, Horsfield MA, Sacares PR, MacManus DG,
cells and neuroglia cells. In frozen sections APP was detectethompson AJ, et al. Benign and secondary progressive multiple
in normal brain to a low extent in blood vessel walls, sclerosis: a preliminary quantitative MRI study. J Neurol 1994; 241.:
oligodendrocytes, resident microglial cells and neurons. 1r?46-51.

activ_ely demyelinating plaques, its expression was increasefenhrmann J, Banati RB, Cuzner ML, Kreutzberg GW, Newcombe
and it was detected in T lymphocytes, foamy macrophagesy. Amyloid precursor protein (APP) expression in multiple sclerosis
activated microglia and reactive astrocytes. In chronic lesionSesions. Glia 1995; 15: 141-51.

mention is made of a dense network of APP-positive

t i dd linated but th Gentleman SM, Nash MJ, Sweeting CJ, Graham DI, Roberts GW.
astrocylic processes and demyetinated axons, but the aXOFFfta-amyloid precursor protein (beta APP) as a marker for axonal

pattern is not described in any detail. Clearly the pattern oy after head injury. Neurosci Lett 1993: 160: 139-44.
APP expression was very different from that described .
in formalin-fixed paraffin embedded sections in this andGentleman SM, Roberts GW, Gennarelli TA, Maxwell WL, Adams

other studies JH, Kerr S, et al. Axonal injury: a universal consequence of fatal

The main focus for treatment of multiple sclerosis mustclosed head injury? Acta Neuropathol (Berl) 1995; 89: 537-43.
be the reduction of permanent disability. It is accepted thaGreenfield JG, King LS. Observations on the histopathology of the
permanent disability results from cumulative axon loss. Ifcerebral lesions in disseminated sclerosis. Brain 1936; 59, 445-58.

this axon loss is occurring very early in the disease anqyaass c, koo EH, Mellon A, Hung AY, Selkoe DJ. Targeting of
?ﬁeCthe_treatment IS avallable., t.he timing of therapeuticeel-surface beta-amyloid precursor protein to lysosomes: alternative
intervention should reflect the timing of the start of axonalprocessing into amyloid-bearing fragments. Nature 1992; 357:
damage. This would mean treatment starting early, not beingoo-3.

based on t_he severity of t_he clinical state of the disease bl&00 EH, Sisodia SS, Archer DR, Martin L], Weidemann A,
on preventing the cumulative assaults which result eventuall)éeyreu,[helr K et al

. . - Precursor of amyloid protein in Alzheimer
in permanent disability.

disease undergoes fast anterograde axonal transport. Proc Natl Acad
Sci USA 1990; 87: 1561-5.
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