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Abstract Axonal degeneration contributes to the tran-
sient and permanent neurological deficits seen in multi-
ple sclerosis, an inflammatory disease of the central
nervous system. To study the immunological mecha-
nisms causing axonal degeneration, we induced experi-
mental autoimmune encephalomyelitis (EAE) in
wildtype Lewis rats and Lewis rats with a slowly pro-
gressive myelin degeneration due to proteolipid protein
(PLP) overexpression. EAE was triggered either by the
transfer of encephalitogenic T-cells alone or by the co-
transfer of T-cells with demyelinating antibodies.
Inducible nitric oxide synthase (iNOS) expression in
perivascular macrophages was associated with a tran-
sient functional disturbance of axons, reflected by the
focal and reversible accumulation of amyloid precursor
protein. Clinical disease correlated with the numbers of
APP positive axon spheroids. Demyelination was asso-
ciated with a further increase of iNOS expression in
macrophages and with a higher degree of axonal injury.
Our studies suggest that nitric oxide and its metabolites
contribute to axonal pathology and possibly also to
subsequent neurological dysfunction in EAE.
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nucleotide 3¢ phosphodiesterase Æ EAE: Experimental
autoimmune encephalomyelitis Æ GFAP: Glial fibrillary
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NS: Normal serum Æ NT: Nitrotyrosine Æ
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory dis-
ease of the central nervous system (CNS) which leads to
large areas of demyelination [21, 29]. Although axonal
degeneration is recognized as an important cause of
neurological deficit [41], the exact pathogenetic mecha-
nisms underlying axonal injury remain unknown. Early
on, axonal injury has often been interpreted as a sec-
ondary consequence of primary demyelination [9]. As
there is only little evidence for direct immune attack on
axons [16, 27], recent studies focused on the role of free
inflammatory mediators and radicals in the disease
process. These studies were initiated by the findings that
inducible nitric oxide synthase (iNOS), the enzyme
responsible for nitric oxide (NO) production at inflam-
matory sites, is up-regulated by macrophages/microglia
in MS [11, 26, 30] and its animal model, experimental
autoimmune encephalomyelitis (EAE) [17]. NO is able
to cause reversible or irreversible axonal conduction
block and thus interferes with axonal function [18, 34,
37]. In addition, NO leads to the production of perox-
ynitrite (ONOO-), one of the most powerful and harmful
oxidants, which is suspected to induce axonal damage
with characteristics of acute axonopathy [36, 40]. Per-
oxynitrite is readily diffusible, highly reactive, and
damages proteins by rapid nitrosylation of tyrosine
residues [3]. Elevated levels of 3-nitrotyrosine, a ‘‘foot-
print’’ of peroxynitrite attack, have been found in MS
[26] and EAE lesions [10].
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We analyzed the role of iNOS in axonal pathology in
different EAE models. In the first experiments, we in-
duced EAE in Lewis rats by the transfer of MBP-specific
T-cells. Clinical disease in this model is reflected by iNOS
expression in macrophages and transient axonal dys-
function in the absence of demyelination. In a second set
of experiments, we injected MBP-specific T-cells in pro-
teolipid protein (PLP)-overexpressing transgenic Lewis
rats (tg). These animals are characterized by low grade
myelin degeneration and microglia activation [2, 7]
throughout life and allowed to address the contribution
of a myelin degenerative CNS environment to axonal
injury. In this model, the genetic instability of myelin
increased iNOS expression and axonal dysfunction in
EAE. In the last set of experiments, the rats received
MBP-specific T-cells and additional demyelinating
a-MOG antibodies. iNOS expression, axonal damage,
and clinical disease were massively augmented in the
presence of antibody-mediated demyelination.

Materials and methods

Animals

All hemizygous PLP-overexpressing transgenic Lewis
rats and their wildtype littermates used in this study
have already been described elsewhere [1]. In addition,
we used young adult Lewis rats, which were purchased
from Charles River Laboratories (Sulzfeld, Germany).
The animals were kept under standardized conditions.
All procedures and experiments were carried out in
accordance to protocols approved by the local animal
welfare committee.

T-cells and antibodies

Encephalitogenic MBP-specific T-cells used in this study
were established from Lewis rats according to estab-
lished protocols [4]. Depending on the T-cell line used,
between 1·105 and 5·106 MBP-specific T-cells were in-
jected. The production of the a-MOG serum has already
been described [1].

Induction of EAE

1. For the induction of purely T-cell-mediated EAE,
freshly activated MBP-specific T-cells were injected
into young adult Lewis rats.

2. For the induction of T-cell initiated, antibody-medi-
ated EAE, the animals were injected with freshly
activated MBP-specific T-cells on day 0, followed by
the injection of 1.5 ml a-MOG serum or control
serum on day 3 (prior to the onset of clinical disease).

Clinical evaluation of EAE

The rats were weighed daily and scored for neurological
signs as follows: 0.5, partial loss of tail tonus; 1, com-

plete loss of tail tonus; 2, hind limb paresis; 3, hind limb
paralysis; 4, tetra-paresis/paralysis.

Antibodies

The following well-characterized antibodies were used:
Monoclonal (mouse) antibodies: W3/13 (1:50; T-cells,
Harlan Sera-Lab, Leicestershire, UK), ED1 (1:4,000;
activated macropages/microglia, Serotec, Kidlington,
Oxford, UK), a-EMAP II (1:1,000; activated macro-
phages/microglia, Abcam, Cambridge, UK), a-AIF
(1:500; Allograft Inhibitory Factor; activated macro-
phages/microglia, BMA, Augst, Switzerland), a-glial
fibrillary acid protein GFAP (1:300; astrocytes; Neo-
markers, Fremont, CA, USA), a-2¢3¢-cyclic nucleotide 3¢
phosphodiesterase CNP (1:2,000; oligodendrocytes,
myelin; Sternberger Monoclonals Incorporated,
Lutherville, MD, USA), a-amyloid precursor protein
APP (1:1,000; marker for acute axonal injury; Chem-
icon, Temecula, CA, USA), a-non-phosphorylated
neurofilament protein SMI32 (1:1,000; clone SMI32;
Sternberger Monoclonals Incorporated, Lutherville,
MD, USA), a-MHC II (1:250; microglia/macrophages;
DAKO, Glostrup, Denmark); Polyclonal (rabbit) anti-
bodies: a-iNOS (1:500; inducible nitric oxide synthase;
Chemicon, Temecula, CA, USA), a-nitrotyrosine NT
(1:500; Upstate Biotechnology, Lake Placid, NY, USA),
a-GFAP (1:3,000; astrocytes, DAKO, Glostrup, Den-
mark), a-myelin basic protein MBP (1:2,500; myelin,
DAKO, Glostrup, Denmark), a-neurofilament 68 kD
(1:1,000; neurons, axons; Chemicon, Temecula, CA,
USA).

Histology and immunohistochemistry

For histological analysis, the rats were killed with CO2

and transcardially perfused with 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS). The brains
and spinal cords were dissected, postfixed in 4% PFA/
PBS for 24 h and paraffin embedded. Two to four
micrometer thick adjacent serial sections were cut on a
microtome and stained with hematoxylin/eosin, luxol
fast blue, and Bielschowsky’s silver impregnation to
assess inflammation, demyelination, and axonal
pathology, respectively.

Immunohistochemistry was carried out as follows:
the sections were deparaffinized in xylene for 1 h and
transferred to 96% ethanol. Endogenous peroxidase was
blocked by incubation in 0.03% hydrogen peroxide for
30 min. The sections were rehydrated through a
descending ethanol series (96, 70, 50%) and rinsed in
distilled water. The slides were heated in 10 mM citrate
buffer, rinsed in 0.1 M PBS for 60 min, and then ex-
posed to 10% fetal calf serum (FCS) in PBS for 20 min
at room temperature to reduce non-specific background.
Then, the slides were washed with PBS 3–4 times and
incubated with primary antibodies (described above) at
4�C overnight. The sections were then washed in PBS
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and exposed to biotinylated secondary antibodies (1:200;
donkey–anti-rabbit; donkey–anti-mouse; Amersham
Pharmacia Biotech, Uppsala, Sweden) in FCS/PBS for
2 h at room temperature followed by avidin–peroxidase
complex (1:100; Sigma, St Louis, MO, USA) for 1 h.
Peroxidase reactivity was visualized with 3,3¢-diam-
inobenzidine-tetra-hydrochloride (DAB; Sigma, St
Louis, MO, USA) containing 0.3% hydrogen peroxide.
Negative controls were performed by omitting the
primary antibody or by using irrelevant isotype-matched
control antibodies. All the sections were counterstained
with Meyer’s hematoxylin, dehydrated, and cover-
slipped.

Double labeling

For the simultaneous detection of APP and iNOS, the
paraffin embedded sections were pre-treated as described
above, followed by incubation with a mixture of mouse
a-APP (1:1,000) and rabbit a-iNOS (1:500) at 4�C
overnight. After washing 3–4 times with PBS, two dif-
ferent detection systems were applied including (1) a-
mouse alkaline phosphatase-conjugated IgG (1:150;
Jackson Immuno Research Laboratories, West Grove,
PA, USA) and (2) biotinylated donkey a-rabbit IgG
(1:200; Amersham Pharmacia Biotech), each for 2 h
followed by incubation with avidin–peroxidase complex
(1:100; Sigma). The slides were incubated in fast blue salt
solution at 37�C for 1–3 h to detect the alkaline phos-
phatase complex, and then washed several times with
PBS. Avidine–peroxidase complex was visualized as
described above for light microscopy.

For the fast blue salt developing solution, 25 mg fast
blue salt (Sigma, St Louis, MO, USA) was dissolved in
615 ll 2 M hypochloric acid (Sigma, St Louis, MO,
USA) and 615 ll NaNO2 (Merck, Darmstadt, Ger-
many) and added to a solution containing 100 ml 0.1 M
tris-hypochloric acid puffer pH 8.5 [12.1 g tris-amino-
methane (Merck, Darmstadt, Germany) in 980 ml dis-
tilled water and 20 ml 2 M hypochloric acid (Merck,
Darmstadt, Germany)], with 12.5 mg Naphtol-AS-MX-
phosphate (Sigma, St Louis, MO, USA), 615 ll di-
methyl-formamide (Sigma, St Louis, MO, USA) and
185 ll levamisole (Sigma, St Louis, MO, USA).

Double fluorescence labeling

For additional analyses, double fluorescence labeling
was performed. In principle, pre-treatment of the slides
and the application of primary and appropriate sec-
ondary antibodies was performed as described above
with minor modifications. Briefly, after incubation with
primary antibodies from different species (mouse, rab-
bit) at 4�C overnight, the slides were washed with PBS
several times and exposed to compatible secondary
antibodies consisting of either biotinylated-sheep-a-
mouse or biotinylated-sheep-a-rabbit (both 1:200;

Amersham Pharmacia Biotech) and either donkey-a-
mouse Cy3 or goat-a-rabbit Cy3 (both 1:100; Jackson
Immuno Research Laboratories, West Grove, PA, USA)
for 1 h at room temperature. Double labeling was fin-
ished by application of Cy2 conjugated streptavidin
(1:75; Jackson Immuno Research Laboratories, West
Grove, PA, USA). Finally, the slides were mounted with
PBS/glycerol (1:9) with 3% DABCO (Sigma, St Louis,
MO, USA). In contrast to the immunocytochemistry
protocol for light microscopy, FCS/PBS was replaced in
all the steps by ‘‘antibody diluent’’ solution (DAKO,
Glostrup, Denmark).

Laser scanning confocal microscopy

Fluorescence analysis was performed with a Zeiss LSM-
410 motorized confocal laser scan microscope (Carl
Zeiss, Jena, Germany) equipped with an argon-ion laser
source [488 nm excitation] and two HeNe lasers [543 and
633 nm excitation]. Operating conditions (contrast,
brightness settings) and an appropriate combination of
excitation- and barrier filters (bandpass filters 515–525
and 595–615 nm) were used to eliminate ‘‘bleed-
through’’ from either channel. Fluorescence signals were
collected either simultaneously or sequentially in the
green (Cy2) or red channel (Cy3). In some cases, z-series
from three to ten planes with an axial resolution of
0.25 lm were collected for reconstruction and analyzed
with LSM Image Browser� software from Zeiss. Co-
localization of antigens, for example ED1 (red) and
iNOS (green), appears in yellow.

Quantitative assessment

The numbers of inflammatory cells (iNOS, W3/13,
ED1), APP positive axons/spheroids, and demyelinated
lesion areas were analyzed in at least six representative
complete adjacent spinal cord sections of each animal by
blinded investigators (PW, FAE).

Statistical analysis

For the statistical analysis, non-parametric group tests
and regression analysis were applied. All the tests were
classified as significant if the P-value was <0.05. All
values are expressed as means ± standard error of the
mean.

Results

Clinical disease in acute T-cell-mediated EAE is reflected
by iNOS expression in macrophages and transient
axonal dysfunction in the absence of demyelination

Following the transfer of MBP-specific T-cells, EAE
developed in all the Lewis rats. The disease followed a

541



monophasic acute course with complete remission and
recovery: weight loss and first neurological signs such as
loss of tail tonus appeared 4 days after transfer of MBP-
specific T-cells. The maximum clinical score—nearly all
animals (10/11) showed paretic hind limbs—was reached
on day 5 (average of all animals 1.96±0.45; Fig. 1). On
day 8 after cell transfer, a complete remission of clinical
symptoms was observed in all the animals.

The clinical course was reflected in histological
observations: on day 3 infiltration of W3/13+ T-cells
and ED1+ activated macrophages was exclusively con-
fined to the meninges, with a predilection for the lumbar
spinal cord. No signs for axonal injury or demyelination
were found. On day 6, additional widespread inflam-
matory infiltration was noticed around the parenchymal
veins and venules and in the parenchyma (Fig. 2a). The
perivascular infiltrates consisted predominantly of W3/
13+ T lymphocytes (66.7±14.4 mm�2) and ED1+

macrophages (252.9±17.4 mm�2). Whereas various
microglia and macrophage activation antigens such as
ED1, EMAP-II, and AIF were found up-regulated
throughout the whole spinal cord parenchyma (Fig. 2a;
data for EMAP-II and AIF are not shown), iNOS
expression remained restricted to a small fraction of
macrophages in the perivascular regions only (Fig. 2b;
arrowheads).

In detail, iNOS expression was exclusively found in
macrophages (31.0±1.9 mm�2), and was completely
absent in the endothelial cells, lymphocytes, astrocytes,

oligodendrocytes, or neurons (Fig 3a–c). In parallel,
immunoreactivity for nitrotyrosine (Fig. 3d) was found
around perivascular inflamed vessels, indicating in vivo
generation of peroxynitrite, a powerful oxidant formed
by the rapid combination of free oxygen and nitrogen
intermediates [35, 43]. Furthermore, in all the spinal
cord sections examined, perivascular expression of APP
was detected in axons and/or axonal spheroids
(32.4±2.1 mm�2; Fig. 4), indicating acute axonal injury
[20]. The myelin sheaths remained intact (Fig. 3g–h).
Most importantly, we found a strict correlation of iNOS
reactive macrophages with acute axonal injury (Fig. 1,
regression analysis: correlation coefficient 0.97,
r2=94.8%, P<0.00001). Confocal analysis, too, re-
vealed a close proximity of iNOS positive macrophages
to injured axons (Fig. 3b, arrow). Axonal and/or sphe-
roidal APP expression was completely absent in peri-
vascular cuffs consisting of W3/13+ T-cells and ED1+/
iNOS- macrophages only. On day 9–15, the numbers of
all inflammatory cells declined (perivascular T-cells—-
day 9, 10.9±1.6 mm�2 to day 15, 3.0±3.1 mm�2;
perivascular macrophages—day 9, 175.1±9.6 mm�2 to
day 15, 11.5±1.7 mm�2). iNOS expression could no
longer be detected and the numbers of APP positive
axonal spheroids decreased progressively (Fig. 1). At
this point of time, we did not observe any signs for ax-
onal transection (axonal end bulbs), axonal loss (Biels-
chowsky silver-impregnation), or demyelination (data
not shown).

Fig. 1 Clinical disease in acute T-cell-mediated experimental
autoimmune encephalomyelitis is reflected by inducible nitric oxide
synthase (iNOS) expression in macrophages and transient axonal
dysfunction in the absence of demyelination. iNOS+ macrophages
(white bar) were present at the peak of inflammation on day 6
(asterisk, P<0.01). APP+ acutely injured axons (black bars) were
found in highest numbers on day 6 (asterisk, P<0.01), and their

numbers decreased. In the following disease course, complete
remission was reflected by the complete absence of iNOS+

macrophages and rapid decline of axonal APP expression (black
bars) within all lesions. A strong significant relationship was found
between iNOS+ macrophages and APP+ spheroids (correlation
coefficient=0.95; r2=90.24%; P<0.00001)
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To summarize, this experiment revealed a temporal
and spatial correlation of acute axonal injury with iNOS
expressing macrophages/microglia in the absence of
demyelination. The axonal pathology was transient.

Genetic instability of myelin increases iNOS expression
and axonal dysfunction in EAE

In the next experiments, we used PLP-overexpressing
transgenic Lewis rats as recipients for MBP-specific
T-cells. These animals allow study of the consequences
of inflammation for axonal pathology in a degenerative
CNS environment, characterized by myelin/oligoden-
drocyte dystrophy. This is defined by PLP accumulation
within oligodendrocytes, resulting in an endoplasmatic
reticulum stress reaction, some scattered apoptotic cell
death, minor demyelination, and chronic microglia
activation [7].

Comparable to our former experiments, PLP-over-
expressing transgenic Lewis rats (tg) showed first clinical
symptoms on day 4 after T-cell transfer. CNS disease
and EAE course showed a minor increase in transgenic
animals that received T-cells and normal serum (NS)
compared to their wildtype counterparts (clinical score
for tg/NS 2.4±1.3; wt/NS 1.8±0.5), which, however,
did not reach statistical significance.

On day 6, histological analyses revealed widespread
meningeal, perivascular, and parenchymal infiltration of
W3/13+ T-cells and ED1+ macrophages throughout the
spinal cord, with a predilection of lumbar spinal cord
and gray/white matter junctions. The overall numbers of
lymphocytic infiltrates of both the groups were compa-
rable [1], while the numbers of ED1+/iNOS+ macro-
phages increased in the degenerative CNS (Fig. 4). iNOS
expression was strictly confined to cells of the macro-

phages/microglia cell lineage (Fig. 3a). These cells were
predominately located around inflamed vessels, and
were clearly associated with immunoreactivity for ni-
trotyrosine and profound acute axonal injury
(Fig. 3b, d–f). Most dystrophic axons were surrounded
by myelin sheaths (Fig. 3g–h). In sum, this experiment
showed an enhanced susceptibility of the degenerative
CNS to axonal damage provoked by iNOS+ macro-
phages.

iNOS expression, axonal dysfunction, and clinical deficit
are augmented in EAE in the presence
of antibody-mediated demyelination

To study the effect of demyelination on axonal injury
and iNOS expression in EAE, we additionally adminis-
tered demyelinating antibodies in the wildtype and
degenerative CNS.

The onset of the disease was comparable to our for-
mer experiments on day 4. MBP specific T-cell transfer
with additional administration of a-MOG antibodies led
to a slight aggravation of clinical symptoms (wt/a-MOG
2.3±0.5), but provoked a very aggressive disease course
in tg/a-MOG animals (clinical score 3.75±0.25;
P<0.01).

The degree of demyelination was low (Fig. 3i; [1]),
but abundant meningeal, perivascular, and parenchymal
infiltration of W3/13+ T lymphocytes and ED1+ mac-
rophages were found in all the spinal cord sections
examined. While the numbers of W3/13+ T-cells were
comparable in both groups of animals, numbers of
ED1+/iNOS+ macrophages were significantly increased
in tg/a-MOG animals (Fig. 4). As seen in our former
experiments, immunoreactivity for iNOS was exclusively
found in macrophages and/or microglia cells. Perivas-

Fig. 2 iNOS+ (inducible nitric oxide synthase) macrophages are
only a small subset of macrophages in experimentally induced
central nervous system inflammation. a On day 6, extensive
meningeal and perivascular infiltration of immune cells were seen

in the spinal cord (a: ED1). Note that activated ED1+ macrophages
were seen throughout the entire spinal cord (a: ED1), but iNOS+

macrophages were restricted to some perivascular regions only (b:
iNOS, arrowheads). Bars a, b—500 lm
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cular ED1+/iNOS+ macrophages were clearly associ-
ated with APP+ axons/spheroids (Figs. 3k–l, 4).

Taken together, the presence of demyelinating
a-MOG antibodies led to enhanced numbers of iNOS+

cells in the wildtype, and even more so in the degener-
ative CNS parenchyma (Fig. 4).

Correlation between axonal pathology and clinical
disease

In the next step, we combined all the experimental
groups receiving T-cells together with NS or demyelin-
ating a-MOG antibodies, and plotted the numbers of
APP+ axons/spheroids (Fig. 5) or the numbers of

iNOS+ macrophages (Fig. 6) against the EAE score.
Clear correlations between clinical disease and axonal
injury (Fig. 5), and between clinical disease and the
numbers of iNOS+ macrophages (Fig. 6) were found.

Discussion

Recent reports identified axonal degeneration as an
important substrate of neurological deficit in MS [41].
Axonal degeneration is commonly regarded as a sec-
ondary consequence of demyelination. However, our
study shows that axonal injury may occur in brain
inflammation in absence of demyelination. The key
observations of our study are as follows:

Fig. 3 Identification of inducible nitric oxide synthase (iNOS)
mediated axonal damage in experimental autoimmune encephalo-
myelitis (EAE). a–d Confocal lasermicroscopy scans: in all the
experiments iNOS expression was strictly confined to ED1+

macrophages (a: iNOS, green; ED1, red; colocalization appears in
yellow) in close proximity (b: arrows) to acutely injured APP+

axons (b: iNOS, green; APP, red; asterisk lumen of inflamed vessel).
Immunoreactivity for iNOS was completely absent in other cell
types. Here, we show the lack of any reactivity for iNOS (green) in
astrocytes (c: arrows) close to an inflamed vessel (asterisk vessel
lumen) consisting of numerous iNOS+ macrophages (c: iNOS,
green; GFAP, red). Note that the immunoreactivity for nitrotyro-
sine was found in areas of axonal injury (d: APP, green; NT, red;
asterisk lumen of inflamed vessel). e–l MBP-specific T-cell-

mediated EAE in proteolipid protein-overexpressing transgenic
Lewis rats in the absence (e–h), or presence of a-MOG antibodies
(i–l). e–g Stainings of consecutive tissue sections with ED1 (e) and
APP blue and iNOS brown (f: double labeling; no counterstain with
hematoxylin) and CNP (g) reveal that acute axonal injury is strictly
associated with ED1+/iNOS+ macrophages. Myelin sheaths
remained intact (g: CNP; h: confocal analysis—APP, green;
MBP, red). In the presence of a-MOG antibodies, sparse subpial
and perivascular demyelination (arrows; i: luxol fast blue) and C9
complement deposition (j: red) was seen. In consecutive sections,
ED1+ macrophages (k) and iNOS+ macrophages (brown) associ-
ated with APP+ spheroids (blue) were seen (l: double labeling; no
counterstain with hematoxylin). Bars—a, b 30 lm; c 25 lm; d
50 lm; e–g 100 lm; h 10 lm; i–l 150 lm
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1. In purely T-cell-mediated EAE, the peak of clinical
disease was synchronous with iNOS expression in
macrophages and nitrotyrosine deposition in the ab-
sence of demyelination. This was associated with
axonal dysfunction, reflected by transient disturbance
of axonal transport.

2. When demyelination was additionally present in
EAE, clinical disease was augmented and associated

with a significant increase in iNOS expression in
macrophages and with an increase in axonal injury.

3. Acute axonal damage and macrophages positive for
iNOS were found in essentially the same areas within
the spinal cord lesions. In the remaining spinal cord
areas, where no acute axonal damage was found,
macrophages and/or microglia did not express iNOS.

In chronic models of EAE in both the rat and mouse,
extensive myelin loss is evident, in particular in the
animals’ spinal cord [21–23]. Consequently, the neuro-
logical symptoms and the clinical disease seen in these
EAE models are generally explained by demyelination,
followed eventually by degeneration and loss of axons.
Recovery in chronic EAE models correlates with re-
myelination [6, 28] and restoration of axonal function
[19].

In acute EAE, functional neurological deficit and
clinical disease cannot be explained easily by demyelin-
ation. In these animals, extremely severe clinical deficit
may be present in the absence of visible demyelination in
the CNS. Although it has been argued that demyelina-
tion in the peripheral nerve roots may account for
clinical deficit in acute EAE [8, 31, 32], this is not the
case in animals sensitized with MOG [25]. In addition,
extensive demyelination can be seen in the root entry
and exit zones in the absence of clinical disease, fol-
lowing intrathecal injection of anti-MOG antibodies
[42].

Our study offers an additive explanation for clinical
disease in acute EAE, the direct induction of acute (and
reversible) axonal injury by macrophage toxins, such as
NO radicals. Recent studies suggest that various soluble

Fig. 4 Correlation between the numbers of iNOS+ (inducible nitric
oxide synthase) macrophages and acutely injured APP+ axons/
spheroids within the lesions of different experimental autoimmune
encephalomyelitis models on day 6. Strong correlation between
iNOS+ macrophages and acutely injured APP+ axons (correlation
coefficient=0.75; r2=55.6%; P<0.0002). Black circles wt/normal
serum (NS); white circles wt/a-MOG; black triangles proteolipid
protein-overexpressing transgenic Lewis rats (tg)/NS; white trian-
gles tg/a-MOG
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Fig. 5 Clinical disease was reflected by the presence of APP+

acutely injured axons within the lesions in different experimental
autoimmune encephalomyelitis models on day 6 (correlation
coefficient=0.64; r2=40.7%; P<0.002). Black circles wt/normal
serum (NS); white circles wt/a-MOG; black triangles tg/NS; white
triangles tg/a-MOG
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Fig. 6 Clinical disease was reflected by the presence and numbers
of iNOS+ (inducible nitric oxide synthase) macrophages within the
lesions of different experimental autoimmune encephalomyelitis
models on day 6 (correlation coefficient=0.76; r2=58.2%;
P<0.00001). Line regression curve; dashed lines 95% confidence
intervals; dotted lines prediction intervals; black circles wildtype
Lewis rats (wt) that received MBP-specific T-cells only; white circles
wt/normal serum (NS); black triangles xs/a-MOG; white triangles
tg/NS; black squares tg/a-MOG
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factors such as free radicals or NO [5, 39, 40] produced
by inflammatory cells may cause reversible axonal dys-
function or even permanent axonal degeneration.

In our acute monophasic rat EAE model, we found a
strict temporal and spatial correlation of acute axonal
injury to ED1+/iNOS+ macrophages and to immuno-
reactivity for nitrotyrosine, a footprint for in vivo per-
oxynitrite formation. Interestingly, the widespread
expression of other macrophage activation antigens such
as ED1, EMAP-II and AIF was not associated with
axonal injury. This suggests that iNOS-induced NO
production may play a central role in the induction of
axonal injury. There are several possibilities to explain
the role of NO for axonal dysfunction/degeneration: NO
was shown to inhibit mitochondrial respiration and may
thus cause axonal energy failure [44]. It may also lead to
an increase of intra-axonal sodium levels, which may be
followed by an increased calcium influx into the axons.
This may directly interfere with axonal transport or may
activate proteases, which dissolve the axonal cytoskele-
ton and hence block axonal transport [38, 39].

Following the induction of EAE in PLP-overex-
pressing transgenic Lewis rats, we found increased
numbers of (iNOS+) macrophages and increased axonal
pathology in the CNS of these animals. One explanation
for this could be that the altered gene dosage of PLP in
the transgenic animals might have increased the sus-
ceptibility of the axons for later degeneration in the
absence of inflammation or demyelination, as seen in
patients and in mice lacking PLP [14, 15]. However, such
an explanation does not fit our observations in the PLP-
overexpressing transgenic rats: first, PLP overexpression
in these rats leads to myelin degeneration and microglia
activation [2, 7], but not to spontaneous axonal degen-
eration. And secondly, inflammation in the CNS of these
animals causes an enhanced axonal degeneration, which
is strongly associated with increased numbers of iNOS+

macrophages. These cells are either recruited from the
activated microglia cells present in the transgenic CNS
[1] or from the peripheral macrophage pool in response
to chemoattractants produced by the activated glial cells
[13]. Hence, in transgenic animals, the pre-activation of
microglia and/or better recruitment of macrophages
leads to higher numbers of cells expressing iNOS, higher
levels of NO, and more axonal damage. Following the
co-transfer of a-MOG antibodies and T-cells, axonal
degeneration was further enhanced. In this setting, the
binding of the antibodies to the myelin sheaths and the
activation of complement at this site might further
activate macrophages by complement or Fc-receptor-
mediated mechanisms [24, 33], possibly resulting in
higher numbers of iNOS+ macrophages in the perivas-
cular cuffs. It was recently described that even low grade
demyelination, with only subtle release of myelin
breakdown products, leads to a self-amplification loop
of macrophage phagocytosis and activation [12]. This
could lead to enhanced iNOS expression, to higher tissue
concentrations of NO and peroxynitrite, and hence to
augmented acute axonal injury. Moreover, lack of

myelin sheaths might render axons more susceptible to
free-radical-mediated damage [34].

In conclusion, our data established a possible key role
for iNOS in various models of experimentally trans-
ferred CNS inflammation. This view is supported by the
strict temporal and spatial correlation of iNOS+ mac-
rophages and APP+ acutely injured axons. The highly
significant association between iNOS and nitrotyrosine
expression with clinical disease in experimentally trans-
ferred CNS inflammation suggests that a functional
disturbance of axonal conduction, as seen following the
exposure of axons with NO in vitro [34], may also be
relevant in vivo. Unfortunately, there are no treatment
strategies available that efficiently target the expression
of iNOS in the CNS.

Our data further suggest that in an inflammatory
condition like that in MS, demyelination is not a pre-
requisite for axonal injury. Such a mechanism may be
important in the pathogenesis of diffuse damage of the
normal appearing white matter in MS patients.
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