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Recent magnetic resonance (MR) studies of multiple
sclerosis lesions indicate that axonal injury is a major
correlate of permanent clinical deficit. In the present
study we systematically quantified acute axonal in-
jury, defined by immunoreactivity for beta-amyloid-
precursor-protein in dystrophic neurites, in the cen-
tral nervous system of 22 multiple sclerosis patients
and 18 rats with myelin-oligodendrocyte glycoprotein
(MOG)-induced chronic autoimmune encephalomy-
elitis (EAE). The highest incidence of acute axonal
injury was found during active demyelination, which
was associated with axonal damage in periplaque and
in the normal appearing white matter of actively de-
myelinating cases. In addition, low but significant
axonal injury was also observed in inactive demyeli-
nated plaques. In contrast, no significant axonal dam-
age was found in remyelinated shadow plaques. The
patterns of axonal pathology in chronic active EAE
were qualitatively and quantitatively similar to those
found in multiple sclerosis. Our studies confirm pre-
vious observations of axonal destruction in multiple
sclerosis lesions during active demyelination, but
also indicate that ongoing axonal damage in inactive
lesions may significantly contribute to the clinical
progression of the disease. The results further empha-
size that MOG-induced EAE may serve as a suitable
model for testing axon-protective therapies in inflam-
matory demyelinating conditions. (Am J Pathol
2000, 157:267–276)

Multiple sclerosis (MS) is a chronic inflammatory disease
of the central nervous system characterized by wide-
spread inflammation, focal demyelination, and a variable
degree of axonal loss.1 Axonal damage in MS lesions has
recently attracted significant attention, because neuroim-
aging studies suggest that it may be the major patholog-
ical correlate of permanent functional deficit.2–13 The
presence of axonal degeneration in multiple sclerosis has
long been recognized,1,14–26 but only recently have ef-
forts been made toward a quantitative assessment of
axonal injury with particular emphasis on early, actively
demyelinating lesions.27,28

Similarly, the presence of axonal degeneration has been
shown in animal models of the human demyelinating dis-
ease, such as experimental autoimmune encephalomyelitis
(EAE).29–31 Detailed, quantitative results which allow a com-
parison with MS lesions, are so far lacking, however.

In the present study we give a detailed account of
acute axonal injury, as revealed by the axonal immuno-
reactivity for the beta-amyloid-precursor protein (bAPP)
in myelinated and demyelinated areas of the central ner-
vous system of 22 MS patients. Immunocytochemistry for
bAPP has been shown to be an early and sensitive
marker for axonal damage in various disorders of the
central nervous system,32,33 including MS.27 Our data
show that acute axonal injury occurs at a very high inci-
dence during the phase of active demyelination, at a very
early time point of lesion formation. In addition, however,
there is a low incidence of axonal damage in inactive
demyelinated plaques, which may be responsible for
disease progression in the chronic inflammatory inactive
stage of the disease. In contrast, remyelination seems to
protect axons within MS plaques from further degenera-
tion. The acute phase of axonal destruction in actively
demyelinating lesions is closely reflected in chronic au-
toimmune encephalomyelitis in rats. EAE induced by ac-
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tive sensitization with myelin-oligo-dendrocyte glycopro-
tein (MOG) thus may serve as a good model for testing
axon-protective therapeutic strategies in inflammatory
demyelination.

Material and Methods

MS Patients and Controls

The study was performed on autopsy tissue from 20 and
biopsy tissue from 2 MS patients. Biopsy material was
included in this study to determine the reliability of the
immunocytochemical techniques in the autopsy cases. In
addition, 9 control brains were included in this series from
patients (age, 63.56 6 12.4 years; male/female, 5/4) with-
out evidence of neurological disease or neuropathologi-
cal alterations. Clinical background data as well as the
number and characteristics of lesional areas studied in
each patient are summarized in Table 1. All material was
fixed in 4% paraformaldehyde and embedded in paraf-
fin wax.

EAE Material

Lewis 1N rats were kindly provided by Prof. H. Hedrich.34

EAE was induced in 18 rats by active sensitization with 20
to 100 micrograms of recombinant MOG as described in
detail before.35 Three healthy rats of the same strain
served as controls. Animals were weighed and examined
daily for clinical signs of EAE. At various time points after
sensitization (days 11–61), animals were sacrificed and
perfused via the aorta with 4% paraformaldehyde. Brains
and spinal cords were dissected and routinely embed-
ded in paraffin wax.

Neuropathology and Immunocytochemistry

Serial sections 2 to 4 mm thick were stained with hema-
toxylin/eosin (HE), Luxol fast blue (LFB)/Periodic acid-
Schiff (PAS), and Bielschowsky silver impregnation to
assess inflammation, demyelination, and axonal pathol-
ogy, respectively. Immunohistochemistry was performed
on adjacent serial sections using an avidin-biotin or an al-
kaline phosphatase/anti-alkaline phosphatase technique.
Primary antibodies were used against the following tar-
gets: Myelin-oligodendrocyte glycoprotein (anti-MOG;
Department of Biochemistry, Cardiff, UK), proteolipid
protein (anti-PLP; Serotec, Oxford, UK), 29-39-cyclic nu-
cleotide phosphodiesterase (anti-CNPase, Affinity Re-
search Products, Ilkeston, UK), myelin basic protein (anti-
MBP, BioGenex, San Ramon, CA), human T cells (anti-
CD3, Serotec), human macrophages (anti-CD68, Dako,
Glostrup, Denmark), human common leukocyte antigen
(anti-CD 45, Pharmingen, San Diego, CA), rat T cells
(anti-CD43-equivalent, clone W3/13; Harlan Sera-Lab,
Loughborough, UK), macrophages/activated microglia in
rats (anti-ED 1; Serotec), early activated human hemato-
poietic macrophages (anti-MRP 14, BMA Biomedicals,
Augst, Switzerland; anti-27E10; BMA Biomedicals), beta-
amyloid precursor protein (anti-APP, Boehringer Mann-
heim, Mannheim, Germany). Control sections were incu-
bated in the absence of primary antibody. In situ
hybridization for PLP mRNA was performed according to
Breitschopf et al.36

Selection of Demyelinated Plaques and
Definition of Lesional Staging

In both MS and EAE, areas of normal white matter,
periplaque white matter, actively demyelinating plaques,

Table 1. Number and Characteristics of Patients Included in
the Study

Patient no. Age/sex Disease duration Disease course

1 47/F 3.5 months acute
2 46/F 12 days acute
3 29/M 1.5 months acute
4 51/F 7 months acute
5 46/M 3 months acute
6 28/F 8 months acute
7 68/F 1.5 months acute
8 45/M 3 weeks acute
9 20/F 4 years RR/acute

10 35/M 1.5 months acute
11 35/F 4 years RR/acute
12 53/M 1 month RR/acute
13 39/F 3 years SP
14 43/F 20 years SP
15 53/F 21 years SP
16 42/F 11 years RR
17 45/F 16 years SP
18 37/F 2 years PP
19 34/F 13 years SP
20 33/F 10 years SP
21 30/M 6 years SP
22 40/F 10 years SP

RR, relapsing-remitting MS; SP, secondary progressive MS; PP,
primary progressive MS.

Table 2. Acute Axonal Injury in Multiple Sclerosis Lesions

Control white
matter Early active Late active

Inactive 1 active
edge Inactive Remyelination

bAPP-positive axons/
0.01 mm2

0.05 6 0.02 41.26 6 5.59 39.85 6 7.72 5.38 6 0.91 0.47 6 0.12 0.07 6 0.01

-fold increase compared
to control WM

825.2 797 107.6 9.4 1.4

P values CO/EA: , 0.0001 CO/LA: , 0.0001 CO/IA 1 A: , 0.0001 CO/IA: ,0.01 CO/RM: n.s.
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inactive demyelinated plaques, and remyelinated shadow
plaques were selected for further analysis of axonal pathol-
ogy. Normal white matter (NWM) was defined as an area
that showed no evidence of demyelination by macroscopic
inspection and histology within the area and the surround-
ing tissue. Periplaque white matter (PP) represented a strip
of tissue of 5 mm adjacent to the border of active or inactive
plaques.

The following categories for demyelinated plaques
were defined:

Early active lesions (EA): These lesions were heavily
infiltrated by T cells and macrophages. Myelin sheaths
were in the process of disintegration and macrophages
contained degradation products, which were stained by
Luxol fast blue and were immunoreactive for all myelin
proteins, including MOG or CNPase.

Late active lesions (LA): In these lesions myelin was
already destroyed and removed from axons. Macro-
phages contained degradation products reactive for ma-
jor myelin proteins, such as PLP, but were negative for
MOG or CNPase.

Inactive lesions with active border (IA 1 A): The inac-
tive center of radially expanding lesions still showed pro-
nounced inflammation and macrophage infiltration. The
macrophages revealed empty vacuoles and showed no
immunoreactivity for myelin proteins.

Inactive lesions (IA): These lesions showed no evi-
dence for ongoing myelin destruction at their borders.
Although some of these lesions too contained T cells and
macrophages, their number was much lower compared
to active ones.

Remyelinated shadow plaques (RM): These lesions
were characterized by myelin pallor, due to abnormally
thin myelin sheaths and a pronounced expression of PLP
mRNA in oligodendrocytes. Similar to inactive lesions,
residual inflammation was present.

Patient Groups

Patients (n 5 22) were divided into groups according to
the following criteria (see Results and Tables 3 and 4).
Those classified as active MS (n 5 17) besides inactive

lesions, had at least one actively demyelinating lesion
present in the CNS; those classified inactive MS (n 5 5)
had only inactive and/or remyelinated lesions and no evi-
dence for ongoing demyelinating activity in the whole CNS.

Patients were considered to have either acute or
chronic MS (Table 4) as follows:

Acute MS (malignant MS; n 5 12) patients exhibited a
rapidly progressing disease course, leading to significant
disability in multiple neurological systems and often to
death.37

Classical or chronic MS (n 5 10) patients exhibited
relapsing-remitting, secondary progressive, primary pro-
gressive disease, with duration ranging from 3 to 21
years.

Quantitative Determination of Acute Axonal
Injury and Inflammation

Camera lucida drawings of demyelinating lesions were
made in order to define precisely the pattern of myelin
destruction for each lesional area. In the selected area,
the demyelinating activity was determined by the pres-
ence or absence of myelin degradation products within
macrophages immunoreactive for MOG, proteolipid pro-
tein (PLP), and CNPase as described above. On adja-
cent serial sections the number of bAPP- and common
leukocyte antigen (CLA)-positive elements stained per
square unit of tissue was counted. A 0.01-mm2 field,
defined by an ocular morphometric grid, taken through-
out the middle of each lesional area was selected. In this
field bAPP-positive fibers were counted under a 1003
objective. In inactive demyelinated lesions, shadow
plaques as well as in periplaque and normal white matter
for each lesional area the average number of bAPP-
positive axons in 10 adjacent fields of 0.01 mm2 were
taken for quantification because of the much lower den-
sity of injured axons.

To assess the extent of inflammation, CLA-positive
elements were counted in a 0.1 mm2 field in the respec-
tive lesions. Total number of MS lesional areas analyzed:
n 5 240; among those: n 5 36 early active (EA), n 5 13

Table 3. Acute Axonal Injury in Normal and Periplaque White Matter of Multiple Sclerosis

Control
white matter

Periplaque
white matter
(active MS)

Normal
white matter
(active MS)

Periplaque
white matter
(inactive MS)

Normal
white matter
(inactive MS)

bAPP-positive axons/0.01 mm2 0.05 6 0.02 1.07 6 0.17 0.27 6 0.09 0.07 6 0.02 0.05 6 0.02
-fold increase compared to

control WM
21.4 5.4 1.4 1

P values CO/PP: ,0.0001 CO/NWM: , 0.01 CO/PP: n.s. CO/NWM: n.s.

Table 4. Acute Axonal Injury in Acute versus Chronic Multiple Sclerosis

Active
(early 1 late active)

Inactive 1 active
edge Inactive

Periplaque
white matter

Normal
white matter

bAPP-positive axons/0.01 mm2 Acute MS 47.27 6 6.02 7.6 6 1.43 1.48 6 0.17 1.3 6 0.21 0.41 6 0.14
Chronic MS 26.6 6 4.29 3 6 0.72 0.23 6 0.05 0.19 6 0.04 0.06 6 0.01

P ,0.05 ,0.05 ,0.01 ,0.0001 ,0.001
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late active (LA), n 5 29 inactive center with active border
(IA 1 A), n 5 21 inactive (IA), n 5 26 remyelination (RM),
n 5 36 normal white matter (NWM) of cases with active
lesions (active MS), n 5 41 periplaque white matter (PP)
of cases with active lesions (active MS), n 5 15 normal
white matter (NWM) of cases with only inactive and/or
remyelinating lesions (inactive MS), n 5 23 periplaque
white matter (PP) of cases with only inactive and/or re-
myelinating lesions (inactive MS); n 5 27 white matter of
controls (CO). Because there were no regional or inter-
individual differences in bAPP reactivity in normal white
matter of controls, the same controls were used for all
comparisons.

The total number of EAE lesional areas analyzed: n 5
55; among those, n 5 16 early active (EA), n 5 12 late
active (LA), n 5 11 inactive plus active border (IA 1 A),
n 5 4 remyelination with superimposed demyelinating ac-
tivity (RM-A), n 5 12 white matter of control animals (CO).

Mann-Whitney U test and chi-square test were used for
statistical analysis.

Results

Acute Axonal Injury in MS and EAE

Axonal pathology was qualitatively assessed by
Bielschowsky’s silver impregnation method. This staining
technique revealed many swollen and distorted axons as
well as axonal spheroids in actively demyelinating lesions
of MS and EAE (Figures 1 and 2). In inactive lesions and
in shadow plaques without concomitant active demyeli-
nation silver stained axonal spheroids were found only
occasionally. For the quantitative assessment of acute
axonal injury in MS and EAE, immunohistochemistry for
bAPP protein was performed. bAPP serves as a marker
for disturbance of axonal transport.32,38–40 As described
previously,27 bAPP reactivity was found in some axons of
normal axonal caliber, being most prominent in focal
axonal swellings and in terminal ovoids (Figures 1 and 2).

Incidence of bAPP-Positive Axons in Human Control
Brain Tissue

Brain tissue of nine individuals without macroscopic or
microscopic evidence for CNS disease served as control
tissue. In each individual three distinct areas of 10 3 0.01
mm2 were selected. The areas studied were located on
brain regions where MS plaques are frequently found,
such as the frontal, parietal, temporal, or occipital periven-
tricular white matter or the subcortical white matter. bAPP-
positive axons were observed only exceptionally (0.05
60.02 mean 6 SE) and there were no differences noted

between different brain areas. Therefore the data were
pooled and used as controls for all comparisons.

Incidence of bAPP-Positive Axons in Actively
Demyelinating Lesions of MS

The highest incidence of bAPP-positive axons was
observed in areas of early and late active demyelination.
Although in total bAPP levels in early active lesions were
slightly higher compared to late active lesions, some
early active lesions showed only minor axonal injury (EA:
41.26 6 5.59 range: 1–136 bAPP-positive axons/0.01
mm2, LA: 39.85 6 7.72 range: 13–101 bAPP-positive
axons/0.01 mm2). The difference to late active lesions
was not statistically significant (CO/EA: p , 0.0001; CO/
LA: p , 0.0001, EA/LA: n.s.; Table 2).

Incidence of bAPP-Positive Axons in Inactive
Demyelinated Plaques of MS

bAPP-positive axons were also abundant in the inac-
tive center of lesions with ongoing demyelinating activity
at their border (CO/IA 1 A, P , 0.0001). Their number,
though, was significantly lower compared to early and to
late active lesions (EA/IA 1 A, p , 0.0001; LA/IA 1 A, P ,
0.0001). In addition, 15 completely inactive lesions of five
patients were analyzed where no area of ongoing demy-
elination was found in the whole CNS. Even in these
chronic inactive lesions a significant number of bAPP-
positive axons was found, when compared to the control
areas (CO/IA, P , 0.01), but it was significantly lower
compared to inactive lesions with an active edge (IA/IA 1
A, P , 0.0001; Table 2).

Incidence of bAPP-Positive Axons in Remyelinated
Shadow Plaques

There was no evidence for active demyelination in all
shadow plaques analyzed, though inflammation of some
T cells, macrophages, and, in particular, activated micro-
glia, was still present and comparable to that in inactive
demyelinated lesions (Figure 1). However, inactive demy-
elinated and remyelinated plaques differed in bAPP reac-
tivity; whereas significant axonal injury was found in inactive
demyelinated lesions, axonal damage was minor in shadow
plaques (CO/RM, n.s.; IA/RM, P , 0.05; Table 2).

Incidence of bAPP-Positive Axons in Periplaque and
Normal White Matter

In comparison to controls, there was also a low, but
significant number of injured axons found in periplaque

Figure 1. Axonal pathology in multiple sclerosis. A–D: Early active MS lesion. Macrophages containing myelin degradation products (A, B), immunoreactive for
all myelin proteins including MOG (A: Luxol fast blue (LFB), B: immunocytochemistry for MOG). C. Bielschowsky silver impregnation for axons reveals
apparently normal axons as well as axonal swellings and spheroids. D: Immunocytochemistry for bAPP shows numerous injured axons and axonal end-bulbs.
E–F: Inactive demyelinated plaque with ongoing demyelinating activity at the border. Injured axons are found at the plaque edge as well as in the demyelinated
plaque center (E: LFB, F: immunocytochemistry for bAPP). G–I: Inactive demyelinated plaque without any evidence for active demyelination, but residual
inflammation reveals a singular axonal spheroid by immunocytochemistry for bAPP (G: LFB, H: CLA, I: bAPP) J–M: Remyelinated shadow plaque as revealed by the
presence of thin myelin pallor (J: LFB). K: Bielschowsky silver impregnation shows the absence of axonal swellings and spheroids. Residual inflammation, in particular
activated microglia is still found (L: CLA), but no evidence for acute axonal injury (M: bAPP). Original magnifications, 3484 (A–D, G–M) and 3123 (E and F).

270 Kornek et al
AJP July 2000, Vol. 157, No. 1



Axonal Pathology in MS and EAE 271
AJP July 2000, Vol. 157, No. 1



272 Kornek et al
AJP July 2000, Vol. 157, No. 1



white matter of actively demyelinating lesions (active MS;
CO/PP, P , 0.0001). In these “active” cases significant
axonal damage was even found in normal white matter,
far distant from established plaques (active MS, CO/
NWM, P , 0.01, Table 3).

In order to determine whether acute axonal injury in the
normal and periplaque white matter was restricted to
cases with active demyelination, we also analyzed axonal
bAPP reactivity in cases with only inactive and/or remy-
elinated lesions (inactive MS; Table 3). In such inactive
cases some increase in the number of bAPP-positive
axons was also found in the periplaque white matter, but
it did not reach statistical significance. bAPP immunore-
activity in normal white matter of inactive MS cases was
comparable to that in control white matter (inactive MS,
CO/PP, n.s.; CO/NWM, n.s., Table 3).

Incidence of bAPP in Acute versus Chronic MS

Acute MS is characterized by a fulminant onset and
rapid clinical deterioration leading to significant disability
or even death within a short time period.37 In all lesions of
patients who presented with acute MS, the number of
bAPP-positive axons was significantly higher compared
to the respective lesions of chronic MS cases. A signifi-
cant difference was also noted in normal and periplaque
white matter (Table 4).

Relation between Acute Axonal Injury and
Inflammation

Inflammation was assessed by the presence of CLA-
positive cells within and around the MS lesions. As ex-
pected, inflammation was most prominent in MS plaques
with evidence for active demyelination, but still present in
inactive demyelinated and remyelinated lesions (Table
5). Similar to a previous study,27 a significant correlation
between CLA-positive cells and bAPP-positive axons
was found in the lesions of MS (P , 0.0001). When the
different types of lesions were analyzed separately, a
highly significant correlation was found for late active and
inactive lesions, but only a weak correlation was found for
remyelinated lesions and none for early active lesions.
The latter finding may be due to the fact that in some very
early lesions inflammation was pronounced, whereas ax-

onal injury was not yet fully developed (CLA/APP; EA:
n.s.; LA: P , 0.01; IA 1 A: P , 0.01; IA: P , 0.0001; RM:
P , 0.05).

Inactive demyelinated and remyelinated plaques re-
vealed similar values for inflammation (Table 5), but dif-
fered in bAPP reactivity. Whereas significant axonal injury
was found in inactive demyelinated lesions, axonal dam-
age was minor in shadow plaques (Table 2).

Incidence of bAPP in Chronic EAE

Acute axonal injury in chronic active EAE lesions was
qualitatively and quantitatively similar to that in active MS
plaques (Figure 2 and Table 6). Also, axonal damage
occurred most prominently during a short time window
when myelin was in the process of disruption (CO/EA,
P , 0.0001; CO/LA, P , 0.0001). Although bAPP levels
were generally higher in early active lesions, there was no
statistically significant difference to late active lesions
(EA/LA: n.s.).

In contrast to MS, no completely inactive lesions were
present in the sample of EAE material. Such as in multiple
sclerosis lesions the number of bAPP-positive axons in
inactive lesions with an active edge was significantly
increased compared to control white matter, but also
significantly lower compared to early and late active le-
sions (CO/IA 1 A, P , 0.0001; EA/IA 1 A, P , 0.0001;
LA/IA 1 A, P , 0.0001). In addition, most remyelinated
shadow plaques in EAE showed evidence of recurrent
demyelinating activity (Figure 2). This may explain the
high incidence of axonal bAPP reactivity in remyelinated
EAE plaques (CO/RM-A, P , 0.01).

Discussion

The present study confirms some aspects of axonal dam-
age reported in previous quantitative studies. As re-
ported before, a high incidence of axonal damage ap-
parently occurs in actively demyelinating lesions.27,28

There are, however, several aspects of our present study
that shed new light on the patterns of axonal damage in
inflammatory demyelinating lesions.

For the detection of acute axonal injury, immunohisto-
chemistry for bAPP was performed. bAPP is a mem-

Figure 2. Axonal pathology in chronic experimental autoimmune encephalomyelitis. a–c: Spinal cord atrophy in an animal sacrificed on day 48 post-
immunization. a: Bielschowsky silver impregnation for axons showing reduction of axonal density on one side of the spinal cord in comparison to the opposite
side, where damage to myelin is only minor. b: LFB myelin stain reveals demyelination of the atrophic side of the spinal cord A. c: Massive macrophage infiltration
within the demyelinated area. (ED1) d: Axonal swellings and spheroids in an actively demyelinating EAE lesion (Bielschowsky). e–j: Acute axonal injury in lesions
of different stages of myelin degradation as revealed by immunocytochemistry for bAPP. e and f: Same area of active demyelination as shown in d infiltrated by
macrophages containing myelin debris (e, LFB) and numerous axonal swellings and spheroids immunoreactive for bAPP (f, bAPP). g and h: Demyelinated plaque
with residual activity at the border (g, LFB) showing only one bAPP-positive axonal spheroid beside some glial reactivity for bAPP (h, bAPP). i and j: Shadow
plaque with thin myelin pallor indicating remyelination, infiltrated by myelin degrading macrophages (i, LFB) and many bAPP-reactive axons (j, bAPP). Original
magnifications, 340 (a), 331 (b and c), 3389 (d–j).

Table 5. Inflammation in Multiple Sclerosis Lesions

Early active Late active
Inactive 1

active edge Inactive Remyelination

CLA-positive cells/mm2 1582.86 6 117.79 1097 6 166.33 740 6 171.68 380.5 6 44.81 274.29 6 53.02
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brane-spanning glycoprotein and a normal constituent of
neuronal cells.32,38 It is transported by fast axonal trans-
port. Normal levels of bAPP in axons are not detectable
by standard immunohistochemistry in formalin-fixed tis-
sue. Its accumulation at sites of injury is probably due to
the disturbance of axonal transport.32,38 Therefore, bAPP
has been suggested to be the immunoctyochemical
marker of choice for the detection of injured axons.39 As
has been demonstrated in fatal head injury, bAPP stains
damaged axons within 2 hours after injury32 and remains
detectable in axons and bulbs for 10 to 14 days.40 With a
survival time longer than 2 weeks, bAPP reactivity disap-
pears from the injured axons as well as from bulbs.40

bAPP, therefore, may serve as a marker for early axonal
damage, while more advanced stages of axonal degen-
eration may not be detected by this method.

By correlating acute axonal injury with the presence of
myelin degradation products in our study, we can more
precisely define the time window during which axonal
damage occurs in MS lesions. Because myelin proteins
are rapidly degraded when taken up by macrophages,
the high incidence of axonal APP reactivity in lesional
areas, which contain macrophages with degradation
products immunoreactive for MOG, CNPase, and PLP,
suggests that the most pronounced acute axonal injury
occurs immediately within this short time window of
plaque formation, eg, during early and late active demy-
elination.41,42 According to the time course of myelin
degradation by macrophages in vitro and in vivo in EAE,43

(Lassmann H, unpublished data), our data suggest that
the time window of active demyelination lasts for approx-
imately 1 to 2 weeks after initiation of the demyelinating
process. This observation may be important for the de-
sign of axon-protective therapeutic strategies in MS. In
some early active lesions only minor axonal injury was
found. This may be due to the fact that very early, incipient
lesions, where myelin disruption and possibly also axonal
damage were incomplete, were included in the study. On
the other hand, an interindividual variability in terms of tissue
destruction may account for this phenomenon.

As reported before,28 axonal injury in MS is not only
restricted to demyelinated lesions, but also affects the
periplaque area as well as the normal white matter, far
distant from established demyelinated plaques. This dif-
fuse axonal injury may be reflected in abnormalities of
N-acetyl aspartate levels in the NWM in magnetic reso-
nance spectroscopy.6–8 Since significant acute axonal
injury in the periplaque and normal white matter in our
study was only found in cases with ongoing active de-
myelination, and since the changes were more pro-

nounced in the periplaque, compared to the normal white
matter, it is likely that these alterations occur secondary
to axonal destruction in actively demyelinating plaques.
To what extent the inflammatory process, which is much
more widely distributed in the CNS compared to demy-
elination,44 contributes to axonal injury in the so-called
normal white matter remains to be determined.

Recent work of axonal changes after trauma suggests
that some axonal damage may be repaired.45 This may
also be reflected in the normalization of NAA levels within
MS lesions and NAWM six months after the acute phase
of lesion formation in early MS.46 Therefore, reactive ax-
onal changes as seen by immunocytochemistry for bAPP
may be reversible unless they have not led to the forma-
tion of fully developed terminal ovoids. Intervention at an
early time point of plaque formation, therefore, might not
only reduce acute axonal injury, but also reduce the
number of injured axons that undergo definite degener-
ation.

Besides acute axonal injury during active demyelina-
tion, we also found significant low-burning axonal dam-
age even in plaques, completely devoid of active myelin
destruction in cases where no active lesion was detected
(Table 2 and Figure 1). This finding may explain, at least
in part, clinical progression in cases where no MRI-activ-
ity can be detected.47 The mechanisms of axonal degen-
eration, however, remain speculative. It has to be noted
that ongoing axonal destruction in inactive MS lesions
occurs on the background of a residual inflammatory
process, reflected by infiltration of the lesions by some T
cells, macrophages, and activated microglia. Thus, the
inflammatory process may play an important role in the
ongoing axonal destruction. Alternatively, ongoing axonal
destruction may be due to a lack of trophic support
provided by myelin and oligodendrocytes.

In remyelinated lesions inflammation was still found,
but acute axonal injury was significantly less pronounced
in remyelinated shadow plaques compared to that in
inactive demyelinated lesions. This observation further
supports the view that myelination exerts a protective
effect against axonal damage.48 This could be due to the
protective effect of the myelin sheath against the inflam-
matory environment, as has been shown for nitric ox-
ide.49 On the other hand, trophic supply by oligodendro-
cytes may protect axons against gradual degeneration.
Such a mechanism of axonal damage has been sug-
gested in experimental models deficient for myelin pro-
teins such as myelin-associated glycoprotein (MAG2/2
animals)50 or proteolipid protein (PLP-DM202/2 mice).51

Table 6. Acute Axonal Injury in EAE Lesions

Control white
matter Early active Late active

Inactive 1 active
edge

Remyelination
1 active

demyelination

bAPP-positive axons/0.01 mm2 0.2 6 0.07 87.38 6 16.59 67.08 6 16.15 7 6 2.09 30.25 6 15.59
b-fold increase compared to

control WM
436.9 335.4 35 151.25

P values CO/EA:
,0.0001

CO/LA:
,0.0001

CO/IA 1 A:
,0.0001

CO/RM-A:
,0.01
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In conclusion, our data suggest that extensive axonal
damage occurs during plaque formation in a very short
time window after onset of demyelination. During active
demyelination, significant axonal injury is also found in
the periplaque and normal white matter. Second, there is
ongoing low-burning axonal destruction in inactive demy-
elinated lesions. This process, in contrast to acute axonal
injury in active lesions, may be continued for prolonged
time periods and may explain the observed profound
reduction of axonal density in established MS
plaques.20,52,53 Finally, our results show that axonal pa-
thology in inflammatory demyelinating lesions of chronic
MOG-induced autoimmune encephalomyelitis closely re-
flects that found in MS. This particular model of MOG-
induced EAE in Lewis N rats was selected because it is
pathologically characterized by focal, very large plaques
of demyelination.35 In contrast to MS, however, the de-
velopment of lesions in this model is condensed to a time
period of 1 to 2 months. Thus, most of the lesions studied
here still present demyelinating activity at least at their
borders to the adjacent periplaque white matter. Further-
more, in contrast to most shadow plaques in MS, remy-
elinating lesions in this model generally show signs of
recurrent active demyelination. Thus, this model closely
reflects axonal pathology in actively demyelinating MS
cases, but does not, so far, allow study of the slow axonal
degeneration in chronic MS cases. Despite these differ-
ences in disease activity, MOG-induced EAE may serve
as an ideal model for testing the effectiveness of axon-
protective therapeutic strategies for chronic inflammatory
demyelinating diseases.
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