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Abstract

Although axonal loss has been observed in demyelinated multiple sclerosis (MS) lesions, there has been a major focus on understanding
mechanisms of demyelination. However, identification of markers for axonal damage and development of new imaging techniques has
enabled detection of subtle changes in axonal pathology and revived interest in the neurodegenerative component of MS. Axonal loss is
generally accepted as the main determinant of permanent clinical disability. However, the role of axonal loss early in disease or during
relapsing—remitting disease is still under investigation, as are the interactions and interdependency between inflammation, demyelination,
neurodegeneration and neuroprotection in the pathogenesis of MS.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Multiple sclerosis (MS) is an inflammatory demyelinating
* Corresponding author. Tel.: +1 801 585 3305; fax: +1 801 585 3311. and neurodegenerative disease of the central nervous system
E-mail address: Robert.Fujinami@hsc.utah.edu (R.S. Fujinami). (CNS). It is the most common demyelinating disease in
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young adults. Although Charcot noted axonal loss in
demyelinated MS lesions over a century ago, the majority
of MS research has focused on the process of demyelination
with significantly less attention paid to the neurodegenera-
tive component (Bjartmar and Trapp, 2001; Charcot, 1868).
There is little doubt that axonal loss is the main determinant
of permanent clinical disability. However, the role of axonal
loss early in the disease course or during relapsing—remitting
(RR) disease is still unclear, as are the interactions and
interdependency of inflammation, demyelination and
neurodegeneration.

2. Inflammation in MS and its animal models

The CNS has long been considered to be an immunopri-
vileged site with few if any lymphocytes present in the
absence of active or ongoing infection. However, accumu-
lating evidence has demonstrated that a small number of T
cells traffic through the CNS surveying for infection or
injury and that T cells activated in the periphery can penetrate
the blood—brain barrier (BBB) and enter the CNS (Hickey
et al., 1991; Wekerle et al., 1987).

Autoreactive T and B cells are normal constituents of the
immune system. It has been demonstrated that some of these
autoreactive cells can be stimulated with myelin components
in healthy individuals, but do not appear to be pathogenic
unless tolerance is broken and cells activated (Diaz-
Villoslada et al., 1999). Induction of autoimmune responses
against myelin components in the CNS is hypothesized to
occur through mechanisms such as molecular mimicry,
bystander activation and epitope spreading (reviewed in
Vanderlugt and Miller, 2002; von Herrath et al., 2003). Once
activated, myelin-specific T cells can cross the BBB where
they proliferate and secrete pro-inflammatory cytokines
which in turn stimulate microglia, macrophages and astro-
cytes, and recruit B cells, ultimately resulting in damage to
myelin, oligodendrocytes and axons (reviewed in Zamvil
and Steinman, 2003).

Experimental autoimmune encephalomyelitis (EAE) is an
animal model for MS that can be induced using CNS
homogenate, myelin proteins or their encephalitogenic
peptides in adjuvant (reviewed in Tsunoda and Fujinami,
1996). Myelin-specific CD4" T cells are considered to be the
initiators of disease in both MS and EAE, but clonal
expansion of CD8" T cells has been detected in both MS and
EAE lesions (Babbé et al., 2000; Jacobsen et al., 2002). In
addition, adoptive transfer of myelin-specific CD8" T cells
can induce an EAE-like disease in recipient animals (Huseby
et al., 2001; Sun et al., 2001). Myelin oligodendrocyte
glycoprotein (MOG)-induced EAE is characterized by many
of the same pathophysiological processes as in MS,
including encephalitogenic T cell and demyelinating anti-
body responses with axonal damage that is quantitatively
and qualitatively similar to that seen in MS (Iglesias et al.,
2001; Linington et al., 1993; Storch et al., 1998; Tsunoda
et al., 2000).

The relative success of immunoregulatory drugs in RR—
MS provides support that the immune system plays a role in
demyelination and axonal loss. However, although there
appears to be a threshold of damage above which immuno-
regulatory drugs are ineffective which would explain why
these agents are not effective for primary progressive (PP)
disease (reviewed in Ziemssen, 2005).

3. Neurodegeneration in MS and its animal models

Neurodegeneration, axonal and/or neural damage, has
been recognized as a component of MS for more than a
century (Charcot, 1868). However, the axon has primarily
been considered an innocent bystander in the disease process
occurring secondary to inflammation and demyelination
rather than as a specific target for immune attack. Early
studies employed silver impregnation of sections and
electron microscopy to detect axonal degeneration in MS
(Suzuki et al., 1969). Recently the use of immunostaining for
markers of axonal damage, such as amyloid precursor pro-
tein (APP) and nonphosphorylated neurofilament (NF), as
well as the development of new imaging techniques, such as
magnetic resonance spectroscopy (MRS) and magnetic
resonance imaging (MRI), have enabled earlier detection
of more subtle changes in axonal pathology (Ferguson et al.,
1997; Matthews et al., 1998; Simon, 1999; Trapp et al.,
1998). In MS axonal loss could occur through the toxicity of
effectors such as glutamate, direct attack by autoreactive
antibodies or cytotoxic T cells or secondary to demyelination
due to exposure of naked axons (Owens, 2003).

Accumulating evidence suggests that axonal loss occurs
early in the course of the disease in MS, EAE and Theiler’s
murine encephalomyelitis virus (TMEV) infection, but
because of compensatory mechanisms within the CNS, it
remains clinically silent until a threshold level of axonal
loss (15—-30% in mice) is achieved and the compensatory
resources exhausted (Confavreux et al., 2000; Wujek et al.,
2002). Axonal injury was demonstrated to herald or trigger
demyelination in TMEV-induced demyelinating disease
(Tsunoda et al., 2003). In a rat model of MOG—EAE,
axonal loss occurred early in the disease course, and
correlated with the number of relapses in animals with RR
disease and with permanent disability in animals with
progressive or long-term RR disease (Papadopoulos et al.,
2006). Studies examining early axonal loss in rats or
mice with EAE have reported either no correlation with
inflammation or axonal damage concurrent with the
appearance of small numbers of parenchymal T cells
(Espejo et al., 2005; Hobom et al., 2004; Wang et al.,
2005).

4. Inflammation and neurodegeneration in MS and its
animal models

Several possibilities exist for the relationship between
inflammation and neurodegeneration: (1) that inflammation
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induces neurodegeneration; (2) that neurodegeneration
causes inflammation; (3) other factors contribute to the
development of inflammation and/or neurodegeneration; (4)
inflammation and neurodegeneration participate in a cycle or
a cascade in which they augment one another; and (5) that
inflammation can protect against neurodegeneration. In the
context of MS and its animal models these hypotheses are
not necessarily mutually exclusive.

4.1. Does inflammation alone induce neurodegeneration?

CD4" myelin-specific T cells are widely accepted as the
initiators of EAE. However, CD4" T cells are not the
dominant T cells found in MS lesions and they have been
shown to have either pathogenic or neuroprotective func-
tions depending on the cytokines and neurotrophins they
produce or induce as well as the stage of the disease course.
Defining the role of the major effector cytokines produced by
CD4" T helper (Th)1 cells, interferon (IFN)-y and tumor
necrosis factor (TNF)-a, is complex in that these cytokines
exert different effects in EAE and MS. IFN-v is protective in
rodent models of EAE. However, one controversial clinical
trial reported administration of IFN-y exacerbated disease in
MS patients (Panitch et al., 1987). Similarly, overexpression
of TNF-a induces demyelination and neurodegeneration and
neutralization of TNF-«a is protective in EAE, yet neutral-
ization of TNF-a exacerbated disease in MS patients
(reviewed in Lassmann and Ransohoff, 2004).

A predominance of CD8" T cells was detected in active
MS lesions by Babbé et al. (2000) and analysis of T cells in
the lesions suggested that expansion of the CD8" T cell
repertoire was more antigen driven than the CD4" T cell
repertoire. Oligoclonally expanded CD8" T cells with a
memory phenotype have also been detected in cerebrospinal
fluid (CSF) of MS patients (Jacobsen et al., 2002). In
addition, CD8" T cells have been observed to be in direct
contact with demyelinated axons in MS lesions, with their
vacuoles containing granzyme B oriented toward the axon
(Neumann et al., 2002). In the TMEV demyelinating disease
model for MS, disease course, demyelination and axonal loss
are dependent on virus-specific cytotoxic CD8" T cells
(Rivera-Quifiones et al., 1998).

Antibodies against neuronal components such as tubulin
and neurofilament have been detected in some patients with
MS (Silber and Sharief, 1999). In addition, antibodies
produced from clonally expanded B cells from the CSF of a
patient with MS and a patient with clinically isolated
syndrome (CIS) suggestive of MS were found to react with
axons in acute MS lesions. These antibodies were found to
react with axons in a variety of patterns in lesions from
patients that had clinically definite MS for an average of
15 years. This suggests that an as of yet unidentified axonal
antigen is capable of driving the clonal expansion of axon
reactive B cells in the CNS of MS patients and that axonal
degeneration is ongoing even in patients with chronic disease
(Zhang et al., 2005).

4.2. Role of CNS cells in neurodegeneration and inflammation

Microglia are considered the resident macrophages of the
CNS, and share similarities with cells of the monocyte
lineage (Ling and Wong, 1993). Microglia become activated
in response to changes in the CNS microenvironment,
especially those that interfere with neuronal function
(reviewed in Kreutzberg, 1996). Upon activation, microglia
can proliferate, upregulate major histocompatibility complex
(MHC) molecules and secrete cytokines, chemokines, nitric
oxide and reactive oxygen species. Activated microglia can
become phagocytic, but it is uncertain whether they can
function as antigen presenting cells (APCs) in vivo (reviewed
in Piehl and Lidman, 2001).

Astrocytes produce extracellular matrix molecules that
are components of the supporting framework in the CNS. In
addition, they maintain ion homeostasis by producing
neurotrophic factors and clearing diffusing neurotransmitters
(Bezzi and Volterra, 2001; Haydon, 2001). Astrocytes can be
activated by inflammatory stimuli to proliferate and migrate
toward sites of injury. The astrocytes can then form a tight
glial scar around the site of injury to insulate against further
damage. Although activated astrocytes express MHC class II
molecules in vitro, they are not able to function as effective
APCs for CD4" T cells due to the lack of expression of
necessary costimulatory molecules (reviewed in Aloisi et al.,
2000; Piehl and Lidman, 2001). A role for astrocytes in
regulating immune responses in the CNS has been suggested
based on their production of transforming growth factor
(TGF)-p and their ability to induce apoptosis of T cells
(Constam et al., 1992; Gold et al., 1996, Matsumoto et al.,
1993). Astrocytes have also been demonstrated to induce a
regulatory phenotype in T cells in vitro. These regulatory T
cells suppressed both mitogen-stimulated proliferation of
lymphocytes and CNS-antigen-stimulated proliferation of
autoreactive lymphocytes in vitro. Intravenous administra-
tion of astrocyte-induced regulatory T cells led to a slight
delay in disease onset, and a significant decrease in in-
flammation and disease severity in rats with spinal cord
homogenate-induced EAE (Trajkovic et al., 2004).

Neurons are often considered to be passive bystanders in
the inflammatory response. However, neurons can regulate
the expression of MHC class I and II by surrounding glia in
response to electrical activity in the neurons. Neurons can
also produce cytokines such as IFN-y and stimulate
apoptosis of T cells (Fliigel et al., 2000; Neumann et al.,
1997; Olsson et al., 1989, 1994). The role of MHC class I
expression by neurons in inflammatory neurodegeneration is
highly controversial and not well substantiated. However,
expression of MHC class I could target neurons for killing by
cytotoxic CD8" T cells. MHC class 1 knockout mice
chronically infected with TMEV had less axonal loss and
preserved neurological function following extensive demy-
elination (Rivera-Quifiones et al., 1998).

Upregulation of B7.1 and TGF-R1 by neurons has been
associated with recovery from EAE in mice (Issazadeh et al.,
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1998). Neurons have been demonstrated to stimulate pro-
liferation of activated T cells, but not naive T cells, in vitro.
This proliferation was dependent on cell-to-cell contact
through interactions between B7 molecules on neurons and
CD28 on T cells, and was associated with an increase in T
cell receptor (TCR) signaling independent of MHC class 11
expression. Production of TGF-31 by neurons stimulated the
production of additional TGF-R1 by T cells. Direct neuron-
to-T cell contact in the context of high levels of TGF-31 was
shown to stimulate differentiation of disease-causing en-
cephalitogenic T cells into regulatory T cells expressing
TGF-B, CD25 and FoxP3 in vitro. Green fluorescent protein
labeled autoreactive CD4" T cells transferred into recipient
mice also differentiated into regulatory T cells inside the
CNS. Injection of both in vitro- and in vivo-derived regu-
latory T cells into naive mice suppressed the induction of
EAE by adoptive transfer, suggesting that neurons can
modulate the function of autoreactive T cells (Fujinami,
2006; Liu et al., 20006).

4.3. Do other factors cause inflammation and/or
neurodegeneration?

Zinc metallothioneins are nonenzymatic proteins that
have been found to exert both anti-inflammatory and neuro-
protective activity. Zinc metallothioneins have been sug-
gested to have a role in preventing demyelination and
neurodegeneration as well as decreasing inflammation
during EAE and MS. Increased expression of metallothio-
neins I and IT has been detected in microglia, macrophages
and astrocytes in both MS and EAE (Espejo et al., 2001;
Lock et al., 2002; Penkowa and Hidalgo, 2000). Treatment
of rats with zinc metallothionein II prior to or during EAE
significantly decreased the amount of demyelination and
axonal loss compared to controls (Penkowa and Hidalgo,
2003).

Phospho-Akt, Bcl-2 and Bax expression was demonstrated
to correlate with neuronal cell death in the early stages of
MOG-induced EAE. Akt is a member of a family of serine—
threonine kinases that promotes survival by negatively
regulating apoptosis signaling (Kim et al., 2001). The
neuroprotective Akt pathway was down-regulated, and the
ratio of anti-apoptotic Bcl-2 to pro-apoptotic Bax favored the
pro-apoptotic side prior to and for the first 7 days after the onset
of clinical signs. The ratio of Bcl-2 to Bax then shifted toward
the anti-apoptotic side, which correlated with apoptosis of
retinal ganglion cells (RGCs) in the early stages of MOG-
induced EAE in rats. No inflammatory cell infiltration,
antibody deposition or demyelination was detected prior to
clinical manifestation of EAE. Therefore, the authors
concluded that death of RGCs occurs at least in part
independently of inflammation (Hobom et al., 2004). The
involvement of Bcl-2 was also demonstrated through the
induction of MOG—-EAE in transgenic mice over-expressing
Bcl-2 which resulted in a less severe disease course and
reduced axonal damage (Offen et al., 2000).

Influx of extracellular calcium through voltage gated ion
channels was shown to be involved in demyelination and
neurodegeneration in an adoptive transfer model of EAE.
Administration of bepridil and nitrendipine, calcium channel
inhibitors that target L-type channels, simultaneously or
subsequent to transfer of myelin basic protein (MBP)-
specific T cells reduced inflammation and axonal loss,
delayed the onset of disease and resulted in decreased neu-
rological disability. However, administration of these
calcium channel inhibitors after the onset of inflammation
had no effect on disease severity, suggesting that treatment
with calcium channel inhibitors is only efficacious very early
in the course of the disease (Brand-Schieber and Werner,
2004).

Sodium channels have been implicated in activation of
and phagocytosis by macrophages and microglia, inflam-
mation and neurodegeneration. Expression of the sodium
channel Na,16 is upregulated on activated microglia and
macrophages in EAE and MS. Microglia from knock-out
mice deficient in Na, 16 had attenuated phagocytic function
(Craner et al., 2005). Persistent activation of sodium
channels has been demonstrated to trigger axonal injury
(Craner et al., 2004). In addition, treatment of mice and rats
with sodium channel inhibitors reduced inflammation and
prevented axonal degeneration in EAE (Bechtold et al.,
2004; Craner et al., 2005; Lo et al., 2003).

4.4. Do inflammation and neurodegeneration cause and/or
augment one another?

It is typically thought that demyelination precedes axonal
loss; however, evidence from our group and others suggests
that in some instances axonal loss precedes demyelination
(Tsunoda et al., 2003; Tsunoda and Fujinami, 2002). We
have proposed a model for the relationship between inflam-
mation, demyelination and neurodegeneration with regard to
axonal loss in which damage can be initiated either from the
inside—out or the outside—in. In the inside—out model, the
axon is injured by viral infection, direct attack by auto-
reactive T or B cells, and/or glutamate toxicity, etc., which
can lead to the spread of axonal damage through Wallerian
degeneration or disruption of the cross-talk between
oligodendrocytes and axons. Microglia become activated,
and the damage can spread to oligodendrocytes either
through disruption of cross-talk, viral spread or induction of
apoptosis potentially resulting in demyelination. Damaged
myelin, oligodendrocytes and axons are then phagocytosed
and both viral and neural antigens can be presented to T and
B cells triggering an autoimmune response against myelin,
axons or oligodendrocytes inducing demyelination which
can lead to secondary axonal damage. Thus axonal damage
has come full circle and the cycle can begin again. Alter-
natively, in the outside—in model demyelination occurs first
and leads to secondary axonal injury, which can in turn cause
demyelination. Therefore a “vicious cycle” of axonal injury
and demyelination is proposed which can be triggered by
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Table 1
The relationship between inflammation and neurodegeneration in MS

Hypotheses Experimental examples

(1) Inflammation
causes neurodegeneration

Adoptive transfer EAE

(2) Neurodegeneration TMEV
causes inflammation
(3) Inflammation and TMEV

neurodegeneration participate
in a cycle where they augment
one another

(4) Inflammation protects
against neurodegeneration

MOG;s_ss-induced EAE

Adoptive transfer or overexpression of
MBP-specific T cells in nerve crush
injury; natural antibodies in EAE and
TMEV

MS — multiple sclerosis; EAE — experimental autoimmune encephalomy-
elitis; TMEV — Theiler’s murine encephalomyelitis virus; MOG — myelin
oligodendrocyte glycoprotein; MBP — myelin basic protein.

either axonal injury or demyelination depending on the cir-
cumstance (Tsunoda and Fujinami, 2002).

4.5. Can inflammation protect against neurodegeneration?

The term “protective autoimmunity” was originally
coined to describe the protective effect of MBP-specific T
cells on injured RGCs in a rat optical nerve crush model
(Moalem et al., 1999). It was also found that adoptive
transfer of the same MBP-specific T cells into rats with
spinal cord contusion injuries improved the recovery of hind
limb motor activity (Hauben et al., 2000). In addition,
overexpression of an MBP-specific T cell receptor in mice
subjected to optical nerve crush was found to be neuropro-
tective (Yoles et al., 2001). T cells specific for MBP have
been detected in rats with spinal cord injuries and transfer of
these cells into naive rats induced monophasic EAE
(Popovich et al., 1997, 1998). Therefore, the autoimmune
response to MBP as well as other myelin antigens is complex
and caution should be used in designing therapeutic
treatments which induce autoimmunity.

Protective autoimmunity induced by antibodies has also
been reported. Passive transfer of anti-spinal cord homog-
enate serum, anti-MBP serum, MBP-specific antibodies and
an oligodendrocyte reactive natural antibody have been re-
ported to promote remyelination in the TMEV model; how-
ever, the effect on neurodegeneration was not investigated
(Miller et al., 1996; Miller and Rodriguez, 1995; Rodriguez
et al.,, 1987, 1996; Rodriguez and Lennon, 1990). Poly-
reactive natural antibodies purified from intravenous immu-
noglobulins (IVIg) have been demonstrated to decrease the
inflammatory response as well as disease severity in rats with
MBP-induced EAE (Bruley-Rosset et al., 2003). Interest-
ingly, MS patients have been found to have higher levels of
natural autoantibodies in their CSF compared to both healthy
controls and patients with other neurological diseases
(Matsiota et al., 1988). We have produced two MOGg,_1¢6
reactive natural antibodies from an A.SW mouse with

progressive-EAE that also recognize gangliosides GMI,
GM3 and GDI1b by enzyme-linked immunosorbent assay
(ELISA), which suggests that antibodies against myelin may
be capable of exerting a more direct effect in neuroprotection
or neurodegeneration (Peterson et al., in press). The cause of
neurodegeneration is largely unknown. One candidate
molecule that could cause neurodegeneration is antibody.
In a subtype of MS, Devic’s neuromyelitis optica, the
pathology is often described as neurodegenerative rather
than inflammatory, and antibody plays a critical role
(Lucchinetti et al., 2002). Therefore, although particular
myelin antibodies may have a beneficial role in neuroprotec-
tion, it is generally accepted that myelin antibodies are
involved in demyelination and disease pathogenesis in MS.
This should be considered in designing therapies involving
antibodies specific for myelin antigens.

5. Animal model for investigating the relationship
between inflammation and neurodegeneration

Several hypotheses exist to explain the relationship be-
tween inflammation and neurodegeneration in MS. One
theory is that the pathogenesis of MS occurs in two distinct
phases, an initial inflammatory autoimmune phase with a RR
disease course followed by a progressive neurodegenerative
phase in which axonal loss and permanent neurological
disability occur (Steinman, 2001). Another hypothesis is that
the different forms of MS represent different types of
pathology with RR disease classified as an inflammatory
demyelinating disease and PP disease as a neurodegenerative
demyelinating disease.

We have developed an experimental animal model in
which RR— and PP-EAE can be induced in two strains of
mice using a single encephalitogenic peptide from MOG.
SJL/J mice sensitized with MOGg, ;96 developed a RR
disease course with perivascular cuffing and small demye-
linated areas around the cuffs in the brain. Large subpial and
perivenular demyelinating lesions accompanied by menin-
gitis, but not cuffing, were detected in the spinal cord of
SJL/J mice with RR—-EAE. The infiltrates were predomi-
nantly mononuclear cells; however, a few neutrophils were
also detected in the lesions. In contrast, A.SW mice
sensitized with MOGg,_1¢s developed a PP disease course
with large plaque-like demyelinating lesions in both the
brain and spinal cord accompanied by mild meningitis and
very few lymphocytic infiltrates or perivascular cuffs. Large
numbers of neutrophils and macrophages and immunoglob-
ulin deposition were detected in the areas of demyelination
(Tsunoda et al., 2000). Axonal degeneration was detected in
both mouse strains during the chronic stage of disease
(unpublished data). This model could prove useful in
investigating the hypotheses explaining the relationship
between inflammation and neurodegeneration in EAE and
MS, since different patterns of inflammation, demyelination
and axonal loss can be induced using a single encephali-
togenic peptide.
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6. Conclusions and future directions

Several hypotheses exist to explain the relationship be-
tween inflammation and neurodegeneration in MS. Exam-
ples exist in which inflammation causes neurodegeneration,
neurodegeneration causes inflammation, inflammation and
neurodegeneration appear to occur independently of one
another and in which inflammation protects against neuro-
degeneration (Table 1). Further studies need to focus on the
relevance of these hypotheses to MS in general, or with
respect to different disease courses in MS, as well as whether
the hypotheses are mutually exclusive or interdependent.

Differences in whether pathogenesis is initiated by axonal
loss or demyelination and in the ratios of inflammation,
demyelination, remyelination and neurodegeneration in
individual patients could explain the different disease
courses observed. Future development of treatments for
MS should focus on strategies for ending/breaking the cycle
of demyelination and neurodegeneration, and it is likely that
successful treatments will include a combination of agents
that prevent further demyelination and axonal loss.

Acknowledgements

We thank Tkuo Tsunoda MD, PhD and Jane E. Libbey,
MS for many helpful discussions. We are grateful to Ms.
Kathleen Borick for the preparation of the manuscript. This
work was supported by NIH grant SRO1NS40350.

References

Aloisi, F., Ria, F., Adorini, L., 2000. Regulation of T-cell responses by CNS
antigen-presenting cells: different roles for microglia and astrocytes.
Immunol. Today 21, 141-147.

Babbé, H., Roers, A., Waisman, A., Lassmann, H., Goebels, N., Hohlfeld,
R., Friese, M., Schroder, R., Deckert, M., Schmidt, S., Ravid, R.,
Rajewsky, K., 2000. Clonal expansions of CD8" T cells dominate the T
cell infiltrate in active multiple sclerosis lesions as shown by
micromanipulation and single cell polymerase chain reaction. J. Exp.
Med. 192, 393-404.

Bechtold, D.A., Kapoor, R., Smith, K.J., 2004. Axonal protection using
flecainide in experimental autoimmune encephalomyelitis. Ann. Neurol.
55, 607-616.

Bezzi, P., Volterra, A., 2001. A neuron—glia signalling network in the active
brain. Curr. Opin. Neurobiol. 11, 387-394.

Bjartmar, C., Trapp, B.D., 2001. Axonal and neuronal degeneration in
multiple sclerosis: mechanisms and functional consequences. Curr.
Opin. Neurol. 14, 271-278.

Brand-Schieber, E., Werner, P., 2004. Calcium channel blockers ameliorate
disease in a mouse model of multiple sclerosis. Exp. Neurol. 189, 5-9.

Bruley-Rosset, M., Mouthon, L., Chanseaud, Y., Dhainaut, F., Lirochon, J.,
Bourel, D., 2003. Polyreactive autoantibodies purified from human
intravenous immunoglobulins prevent the development of experimental
autoimmune diseases. Lab. Invest. 83, 1013—-1023.

Charcot, M., 1868. Histology of sclerotic plaques. Gaz. Hosp. 141,
554-558.

Confavreux, C., Vukusic, S., Moreau, T., Adeleine, P., 2000. Relapses and
progression of disability in multiple sclerosis. N. Engl. J. Med. 343,
1430-1438.

Constam, D.B., Philipp, J., Malipiero, U.V., ten, D.P.,, Schachner, M.,
Fontana, A., 1992. Differential expression of transforming growth

factor-B 1, -2, and -B3 by glioblastoma cells, astrocytes, and microglia.
J. Immunol. 148, 1404—1410.

Craner, M.J., Hains, B.C., Lo, A.C., Black, J.A., Waxman, S.G., 2004. Co-
localization of sodium channel Na, 1.6 and the sodium—calcium exchanger
at sites of axonal injury in the spinal cord in EAE. Brain 127, 294-303.

Craner, M.J., Damarjian, T.G., Liu, S., Hains, B.C., Lo, A.C., Black, J.A.,
Newcombe, J., Cuzner, M.L., Waxman, S.G., 2005. Sodium channels
contribute to microglia/macrophage activation and function in EAE and
MS. Glia 49, 220-229.

Diaz-Villoslada, P., Shih, A., Shao, L., Genain, C.P., Hauser, S.L., 1999.
Autoreactivity to myelin antigens: myelin/oligodendrocyte glycoprotein
is a prevalent autoantigen. J. Neuroimmunol. 99, 36-43.

Espejo, C., Carrasco, J., Hidalgo, J., Penkowa, M., Garcia, A., Saez-Torres,
1., Martinez-Caceres, E.M., 2001. Differential expression of metal-
lothioneins in the CNS of mice with experimental autoimmune
encephalomyelitis. Neuroscience 105, 1055-1065.

Espejo, C., Penkowa, M., Demestre, M., Montalban, X., Martinez-Céceres,
E.M., 2005. Time-course expression of CNS inflammatory, neurode-
generative tissue repair markers and metallothioneins during experi-
mental autoimmune encephalomyelitis. Neuroscience 132, 1135-1149.

Ferguson, B., Matyszak, M.K., Esiri, M.M., Perry, V.H., 1997. Axonal
damage in acute multiple sclerosis lesions. Brain 120, 393—-399.

Fliugel, A., Schwaiger, F.W., Neumann, H., Medana, I., Willem, M., Wekerle,
H., Kreutzberg, G.W., Graeber, M.B., 2000. Neuronal FasL induces cell
death of encephalitogenic T lymphocytes. Brain Pathol. 10, 353-364.

Fujinami, R.S., 2006. Neurons tame T cells. Nat. Med. 12, 503-504.

Gold, R., Schmied, M., Tontsch, U., Hartung, H.-P., Wekerle, H., Toyka, K. V.,
Lassmann, H., 1996. Antigen presentation by astrocytes primes rat T
lymphocytes for apoptotic cell death. A model for T-cell apoptosis in vivo.
Brain 119 (Pt 2), 651-659.

Hauben, E., Nevo, U., Yoles, E., Moalem, G., Agranov, E., Mor, F.,
Akselrod, S., Neeman, M., Cohen, L.R., Schwartz, M., 2000.
Autoimmune T cells as potential neuroprotective therapy for spinal
cord injury. Lancet 355, 286-287.

Haydon, P.G., 2001. GLIA: listening and talking to the synapse. Nat. Rev.,
Neurosci. 2, 185-193.

Hickey, W.F., Hsu, B.L., Kimura, H., 1991. T-lymphocyte entry into the
central nervous system. J. Neurosci. Res. 28, 254-260.

Hobom, M., Stroch, M.K., Weissert, R., Maier, K., Radhakrishnan, A.,
Kramer, B., Bahr, M., Diem, R., 2004. Mechanisms and time course of
neuronal degeneration in experimental autoimmune encephalomyelitis.
Brain Pathol. 14, 148—157.

Huseby, E.S., Liggitt, D., Brabb, T., Schnabel, B., Ohlén, C., Goverman, J.,
2001. A pathogenic role for myelin-specific CD8" T cells in a model for
multiple sclerosis. J. Exp. Med. 194, 669-676.

Iglesias, A., Bauer, J., Litzenburger, T., Schubart, A., Linington, C., 2001.
T- and B-cell responses to myelin oligodendrocyte glycoprotein in
experimental autoimmune encephalomyelitis and multiple sclerosis.
Glia 36, 220-234.

Issazadeh, S., Navikas, V., Schaub, M., Sayegh, M., Khoury, S., 1998.
Kinetics of expression of costimulatory molecules and their ligands in
murine relapsing experimental autoimmune encephalomyelitis in vivo.
J. Immunol. 161, 1104—1112.

Jacobsen, M., Cepok, S., Quak, E., Happel, M., Gaber, R., Ziegler, A.,
Schock, S., Oertel, W.H., Sommer, N., Hemmer, B., 2002. Oligoclonal
expansion of memory CD8" T cells in cerebrospinal fluid from multiple
sclerosis patients. Brain 125, 538—550.

Kim, A.H., Khursigara, G., Sun, X., Franke, T.F., Chao, M.V,, 2001. Akt
phosphorylates and negatively regulates apoptosis signal-regulating
kinase 1. Mol. Cell. Biol. 21, 893-901.

Kreutzberg, G.W., 1996. Microglia: a sensor for pathological events in the
CNS. Trends Neurosci. 19, 312-318.

Lassmann, H., Ransohoff, R.M., 2004. The CD4-Thl model for multiple
sclerosis: a crucial re-appraisal. Trends Immunol. 25, 132—137.

Ling, E.A., Wong, W.C., 1993. The origin and nature of ramified and
amoeboid microglia: a historical review and current concepts. Glia 7,
9-18.



L.K. Peterson, R.S. Fujinami / Journal of Neuroimmunology 184 (2007) 37—44 43

Linington, C., Berger, T., Perry, L., Weerth, S., Hinze-Selch, D., Zhang, Y.,
Lu, H.C., Lassmann, H., Wekerle, H., 1993. T cells specific for the
myelin oligodendrocyte glycoprotein mediate an unusual autoimmune
inflammatory response in the central nervous system. Eur. J. Immunol.
23, 1364-1372.

Liu, Y., Teige, 1., Birnir, B., Issazadeh-Navikas, S., 2006. Neuron-mediated
generation of regulatory T cells from encephalitogenic T cells suppresses
EAE. Nat. Med. 12, 518-525.

Lo, A.C., Saab, C.Y., Black, J.A., Waxman, S.G., 2003. Phenytoin protects
spinal cord axons and preserves axonal conduction and neurological
function in a model of neuroinflammation in vivo. J. Neurophysiol. 90,
3566-3571.

Lock, C., Hermans, G., Pedotti, R., Brendolan, A., Schadt, E., Garren, H.,
Langer-Gould, A., Strober, S., Cannella, B., Allard, J., Klonowski, P.,
Austin, A., Lad, N., Kaminski, N., Galli, S.J., Oksenberg, J].R., Raine, C.S.,
Heller, R., Steinman, L., 2002. Gene-microarray analysis of multiple
sclerosis lesions yields new targets validated in autoimmune encephalo-
myelitis. Nat. Med. 8, 500-508.

Lucchinetti, C.F., Mandler, RN., McGavern, D., Bruck, W., Gleich, G.,
Ransohoff, R.M., Trebst, C., Weinshenker, B., Wingerchuk, D., Parisi, J.E.,
Lassmann, H., 2002. A role for humoral mechanisms in the pathogenesis of
Devic’s neuromyelitis optica. Brain 125, 1450—1461.

Matsiota, P., Blancher, A., Doyon, B., Guilbert, B., Clanet, M., Kouvelas, E.D.,
Avrameas, S., 1988. Comparative study of natural autoantibodies in the
serum and cerebrospinal fluid of normal individuals and patients with
multiple sclerosis and other neurological diseases. Ann. Inst. Pasteur.,
Immunol. 139, 99-108.

Matsumoto, Y., Hanawa, H., Tsuchida, M., Abo, T., 1993. In situ inactivation
of infiltrating T cells in the central nervous system with autoimmune
encephalomyelitis. The role of astrocytes. Immunology 79, 381-390.

Matthews, P.M., De Stefano, N., Narayanan, S., Francis, G.S., Wolinsky, J.S.,
Antel, J.P., Arnold, D.L., 1998. Putting magnetic resonance spectroscopy
studies in context: axonal damage and disability in multiple sclerosis.
Semin. Neurol. 18, 327-336.

Miller, D.J., Rodriguez, M., 1995. A monoclonal autoantibody that
promotes central nervous system remyelination in a model of multiple
sclerosis is a natural autoantibody encoded by germline immunoglobulin
genes. J. Immunol. 154, 2460-2469.

Miller, D.J., Njenga, M.K., Murray, P.D., Leibowitz, J., Rodriguez, M.,
1996. A monoclonal natural autoantibody that promotes remyelination
suppresses central nervous system inflammation and increases virus
expression after Theiler’s virus-induced demyelination. Int. Immunol. 8,
131-141.

Moalem, G., Leibowitz-Amit, R., Yoles, E., Mor, F., Cohen, I.R., Schwartz,
M., 1999. Autoimmune T cells protect neurons from secondary
degeneration after central nervous system axotomy. Nat. Med. 5, 49-55.

Neumann, H., Schmidt, H., Wilharm, E., Behrens, L., Wekerle, H., 1997.
Interferon -y gene expression in sensory neurons: evidence for autocrine
gene regulation. J. Exp. Med. 186, 2023-2031.

Neumann, H., Medana, I.M., Bauer, J., Lassmann, H., 2002. Cytotoxic T
lymphocytes in autoimmune and degenerative CNS diseases. Trends
Neurosci. 25, 313-319.

Offen, D., Kaye, J.F., Bernard, O., Merims, D., Coire, C.I., Panet, H.,
Melamed, E., Ben-Nun, A., 2000. Mice overexpressing Bcl-2 in their
neurons are resistant to myelin oligodendrocyte glycoprotein (MOG)-
induced experimental autoimmune encephalomyelitis (EAE). J. Mol.
Neurosci. 15, 167-176.

Olsson, T., Kristensson, K., Ljungdahl, A., Maehlen, J., Holmdahl, R.,
Klareskog, L., 1989. y-Interferon-like immunoreactivity in axotomized
rat motor neurons. J. Neurosci. 9, 3870-3875.

Olsson, T., Kelic, S., Edlund, C., Bakhiet, M., Hojeberg, B., Van der Meide,
PH., Ljungdahl, A., Kristensson, K., 1994. Neuronal interferon-y
immunoreactive molecule: bioactivities and purification. Eur. J.
Immunol. 24, 308-314.

Owens, T., 2003. The enigma of multiple sclerosis: inflammation and
neurodegeneration cause heterogeneous dysfunction and damage. Curr.
Opin. Neurol. 16, 259-265.

Panitch, H.S., Hirsch, R.L., Schindler, J., Johnson, K.P., 1987. Treatment of
multiple sclerosis with gamma interferon: exacerbations associated with
activation of the immune system. Neurology 37, 1097—1102.

Papadopoulos, D., Pham-Dinh, D., Reynolds, R., 2006. Axon loss is
responsible for chronic neurological deficit following inflammatory
demyelination in the rat. Exp. Neurol. 197, 373-385.

Penkowa, M., Hidalgo, J., 2000. Metallothionein I+II expression and their
role in experimental autoimmune encephalomyelitis. Glia 32, 247-263.

Penkowa, M., Hidalgo, J., 2003. Treatment with metallothionein prevents
demyelination and axonal damage and increases oligodendrocyte
precursors and tissue repair during experimental autoimmune enceph-
alomyelitis. J. Neurosci. Res. 72, 574-586.

Peterson, L.K., Tsunoda, I., Masaki, T., Fujinami, R.S., in press.
Polyreactive myelin oligodendrocyte glycoprotein antibodies: implica-
tions for systemic autoimmunity in progressive experimental autoim-
mune encephalomyelitis. J. Neuroimmunol.

Piehl, F., Lidman, O., 2001. Neuroinflammation in the rat-CNS cells and
their role in the regulation of immune reactions. Immunol. Rev. 184,
212-225.

Popovich, P.G., Wei, P., Stokes, B.T., 1997. Cellular inflammatory response
after spinal cord injury in Sprague-Dawley and Lewis rats. J. Comp.
Neurol. 377, 443-464.

Popovich, P.G., Whitacre, C.C., Stokes, B.T., 1998. Is spinal cord injury an
autoimmune disease? Neuroscientist 4, 71-76.

Rivera-Quifiones, C., McGaver, D., Schmelzer, J.D., Hunter, S.F., Low, P.A.,
Rodriguez, M., 1998. Absence of neurological deficits following extensive
demyelination in a class I-deficient murine model of multiple sclerosis. Nat.
Med. 4, 187-193.

Rodriguez, M., Lennon, V.A., 1990. Immunoglobulins promote remyelina-
tion in the central nervous system. Ann. Neurol. 27, 12—17.

Rodriguez, M., Lennon, V.A., Benveniste, E.N., Merrill, J.E., 1987.
Remyelination by oligodendrocytes stimulated by antiserum to spinal
cord. J. Neuropathol. Exp. Neurol. 46, 84-95.

Rodriguez, M., Miller, D.J., Lennon, V.A., 1996. Immunoglobulins reactive
with myelin basic protein promote CNS remyelination. Neurology 46,
538-545.

Silber, E., Sharief, M.K., 1999. Axonal degeneration in the pathogenesis of
multiple sclerosis. J. Neurol. Sci. 170, 11-18.

Simon, J.H., 1999. From enhancing lesions to brain atrophy in relapsing MS.
J. Neuroimmunol. 98, 7—15.

Steinman, L., 2001. Multiple sclerosis: a two-stage disease. Nat. Immunol.
2, 762-764.

Storch, M.K., Stefferl, A., Brehm, U., Weissert, R., Wallstrom, E.,
Kerschensteiner, M., Olsson, T., Linington, C., Lassmann, H., 1998.
Autoimmunity to myelin oligodendrocyte glycoprotein in rats mimics
the spectrum of multiple sclerosis pathology. Brain Pathol. 8, 681-694.

Sun, D., Whitaker, J.N., Huang, Z., Liu, D., Coleclough, C., Wekerle, H.,
Raine, C.S., 2001. Myelin antigen-specific CD8" T cells are encepha-
litogenic and produce severe disease in C57BL/6 mice. J. Immunol. 166,
7579-7587.

Suzuki, K., Andrews, J.M., Waltz, .M., Terry, R.D., 1969. Ultrastructural
studies of multiple sclerosis. Lab. Invest. 20, 444-454.

Trajkovic, V., Vuckovic, O., Stosic-Grujicic, S., Miljkovic, D., Popadic, D.,
Markovic, M., Bumbasirevic, V., Backovic, A., Cvetkovic, 1., Harhaji,
L., Ramic, Z., Mostarica, S.M., 2004. Astrocyte-induced regulatory T
cells mitigate CNS autoimmunity. Glia 47, 168—179.

Trapp, B.D., Peterson, J., Ransohoff, R.M., Rudick, R., Mork, S., Bo, L.,
1998. Axonal transection in the lesions of multiple sclerosis. N. Engl. J.
Med. 338, 278-285.

Tsunoda, I., Fujinami, R.S., 1996. Two models for multiple sclerosis:
experimental allergic encephalomyelitis and Theiler’s murine enceph-
alomyelitis virus. J. Neuropathol. Exp. Neurol. 55, 673-686.

Tsunoda, I., Fujinami, R.S., 2002. Inside—out versus outside—in models for
virus induced demyelination: axonal damage trigger demyelination.
Springer Semin. Immunopathol. 24, 105-125.

Tsunoda, I., Kuang, L.-Q., Theil, D.J., Fujinami, R.S., 2000. Antibody
association with a novel model for primary progressive multiple



44 L.K. Peterson, R.S. Fujinami / Journal of Neuroimmunology 184 (2007) 37—44

sclerosis: induction of relapsing—remitting and progressive forms of
EAE in H2® mouse strains. Brain Pathol. 10, 402-418.

Tsunoda, I., Kuang, L.-Q., Libbey, J.E., Fujinami, R.S., 2003. Axonal injury
heralds virus-induced demyelination. Am. J. Pathol. 162, 1259-1269.

Vanderlugt, C.L., Miller, S.D., 2002. Epitope spreading in immune-
mediated diseases: implications for immunotherapy. Nat. Rev. Immunol.
2, 85-95.

von Herrath, M.G., Fujinami, R.S., Whitton, J.L., 2003. Microorganisms
and autoimmunity: making the barren field fertile? Nat. Rev. Microbiol.
1, 151-157.

Wang, D., Ayers, M.M., Catmull, D.V., Hazelwood, L.J., Bernard, C.C.,
Orian, J.M., 2005. Astrocyte-associated axonal damage in pre-onset
stages of experimental autoimmune encephalomyelitis. Glia 51,
235-240.

Wekerle, H., Sun, D., Oropeza-Wekerle, R.L., Meyermann, R., 1987.
Immune reactivity in the nervous system: modulation of T-lymphocyte
activation by glial cells. J. Exp. Biol. 132, 43-57.

Wujek, J.R., Bjartmar, C., Richer, E., Ransohoff, R.M., Yu, M., Tuohy, V.K.,
Trapp, B.D., 2002. Axon loss in the spinal cord determines permanent

neurological disability in an animal model of multiple sclerosis.
J. Neuropathol. Exp. Neurol. 61, 23-32.

Yoles, E., Hauben, E., Palgi, O., Agranov, E., Gothilf, A., Cohen, A.,
Kuchroo, V., Cohen, I.R., Weiner, H., Schwartz, M., 2001. Protective
autoimmunity is a physiological response to CNS trauma. J. Neurosci.
21, 3740-3748.

Zamvil, S.S., Steinman, L., 2003. Diverse targets for intervention during
inflammatory and neurodegenerative phases of multiple sclerosis.
Neuron 38, 685-688.

Zhang, Y., Da, R.R., Guo, W., Ren, H.M., Hilgenberg, L.G., Sobel, R.A.,
Tourtellotte, W.W., Smith, M.A., Olek, M., Gupta, S., Robertson, R.T.,
Nagra, R., Van Den, N.S., Qin, Y., 2005. Axon reactive B cells clonally
expanded in the cerebrospinal fluid of patients with multiple sclerosis.
J. Clin. Immunol. 25, 254-264.

Ziemssen, T., 2005. Modulating processes within the central nervous system
is central to therapeutic control of multiple sclerosis. J. Neurol. 252
(Suppl 5), 38—45.



	Inflammation, demyelination, neurodegeneration and neuroprotection in the pathogenesis of multi.....
	Introduction
	Inflammation in MS and its animal models
	Neurodegeneration in MS and its animal models
	Inflammation and neurodegeneration in MS and its animal models
	Does inflammation alone induce neurodegeneration?
	Role of CNS cells in neurodegeneration and inflammation
	Do other factors cause inflammation and/or neurodegeneration?
	Do inflammation and neurodegeneration cause and/or augment one another?
	Can inflammation protect against neurodegeneration?

	Animal model for investigating the relationship between inflammation and neurodegeneration
	Conclusions and future directions
	Acknowledgements
	References


