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Substantial advances have occurred in the understanding of 

some of the central mechanisms underlying the inflammation, demyelination, 
and neurodegeneration that occur in multiple sclerosis since the topic was 

last reviewed in the Journal.1 Accordingly, the available clinical strategies for the 
management of the disease have widened (Table 1).2 However, the treatment options 
for the disease are most effective during the relapsing–remitting phase (relapsing–
remitting multiple sclerosis), which is characterized by clinical exacerbations, in-
flammation, and evidence of plaques within the brain and spinal cord on magnetic 
resonance imaging (MRI). Less understood are factors that promote the transition 
from relapsing–remitting multiple sclerosis to treatment-resistant secondary pro-
gressive multiple sclerosis. Evidence now suggests that neurodegenerative mecha-
nisms within the disease plaques constitute the pathologic substrate for the latter 
disabling phase.3-5 Effector mechanisms that underlie the relapsing inflammatory 
and the progressive neurodegenerative phases of multiple sclerosis appear to be 
distinctly different.

This review focuses on the current knowledge of the pathogenesis of the inflam-
matory and neurodegenerative elements of the multiple sclerosis plaque.

E volu tion of the Multiple Sclerosis  Pl aque

A central mission in multiple sclerosis research has been to determine the sequence 
of events underlying the development of the inflammatory plaque. It is generally held 
that this histopathological hallmark originates from a breach in the integrity of the 
blood–brain barrier in a person who is genetically predisposed to the disease. One 
hypothesis suggests that some forms of systemic infection may cause the up-regula-
tion of adhesion molecules on the endothelium of the brain and spinal cord, allowing 
leukocytes to home to and traverse vessel walls to enter the normally immunologi-
cally privileged central nervous system. If lymphocytes programmed to recognize 
myelin antigen exist within the cell infiltrate, they may trigger a cascade of events 
resulting in the formation of an acute inflammatory, demyelinating lesion.6 These 
lesions typically develop in white matter, where the primary targets are the myelin 
sheath and the myelinating cell, the oligodendrocyte (Fig. 1). However, gray-matter 
lesions, in which the primary target is also myelin, are known to occur.7

Cell s In volv ed in the Patho genesis  of the Multiple 

Sclerosis  Pl aque

T Cells

Studies of animal models demonstrating that autoreactive T cells (CD4+ or CD8+) 
can result in inflammatory demyelination of the central nervous system support the 
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theory that multiple sclerosis is an immune-
 mediated disorder involving one or more antigens 
located in the myelin of the central nervous sys-
tem.8-10 Patients with multiple sclerosis and healthy 
persons appear to have similar numbers of T cells 
in peripheral blood that react to myelin. Never-
theless, these two groups have substantial quali-
tative differences in responses mediated by cir-
culating mononuclear-cell populations (B cells, 
T cells, and macrophages). Myelin-reactive T cells 
from patients with multiple sclerosis exhibit a 
memory or activated phenotype, whereas these 
same antigen-specific cells in healthy persons 
appear to have a naive phenotype.11,12 Marked 
differences in the cytokines secreted and the spe-
cific chemokine receptors expressed suggest that 
myelin-reactive T cells from patients with multiple 
sclerosis are relatively more inflammatory.13,14 
Further, myelin-specific CD8+ T cells appear to be 
more abundant in patients with relapsing multi-
ple sclerosis than in healthy persons or in those 
with secondary progressive disease.13,15

Perhaps the most convincing evidence that 
myelin-reactive T cells lead to inflammatory de-

myelination came from a clinical trial in which 
an altered peptide ligand was used as a putative 
disease-modifying treatment in patients with 
multiple sclerosis.16 In this study, either clinical 
exacerbations or an increase in disease activity, 
as measured by MRI, unexpectedly developed in 
several patients treated with the ligand (a peptide 
developed to stimulate autoreactive T cells and 
render them inactive). These changes coincided 
with marked increases in T cells responding to a 
specific component of myelin basic protein (sig-
nifying immune-cell activation rather than inac-
tivation). In contrast, in another study, a lower 
dose of this peptide ligand actually reduced evi-
dence of disease activity on MRI.17 This treatment 
strategy is currently being studied in a phase 2 
clinical trial.

The cytokine-producing phenotype of myelin-
specific T cells determines the ability of these 
cells to cause inflammation in the central ner-
vous system.13 Organ-specific autoimmune dis-
eases such as multiple sclerosis are thought to 
be mediated by type 1 helper T cells (Th1) that 
produce interferon-γ.9 Abundant data also sug-

Table 1. Treatment Options for Multiple Sclerosis.*

Status Treatment Suggested Mechanism of Action
Uses and Range 

of Effects
Forms of Multiple
 Sclerosis Affected

Approved by the 
Food and Drug 
Administration

Interferon beta Inhibits adhesion
Inhibits synthesis and transport of MMPs
Blocks antigen presen tation

Treatment of relapses
Slows progression
Reduces lesions seen on 

MRI and brain atrophy
Potential cognitive benefit

Relapsing

Glatiramer acetate Increases regulatory T cells
Suppresses inflammatory cytokines
Blocks antigen presen tation

Treatment of relapses
Reduces lesions seen 

on MRI

Relapsing–remitting

Mitoxantrone Reduces Th1 cytokines
Eliminates lymphocytes

Treatment of relapses
Reduces lesions seen 

on MRI
Slows progression

Relapsing–remitting
Secondary progressive
Progressive relapsing

Possible adjunctive 
therapy

Corticosteroids (in-
travenous or oral 
formulations)

Inhibit synthesis and transport of MMPs
Alter cytokine profile
Reduce CNS edema

Treatment and prevention 
of relapses

Relapsing

Azathioprine Inhibits purine synthesis, affecting B 
cells, T cells, and macrophages

Treatment of relapses
Slows progression

Relapsing–remitting
Secondary progressive

Methotrexate Acts as folate antagonist, affecting 
DNA synthesis in immune cells

Slows progression Secondary progressive

Plasma exchange Removes deleterious antibodies Treatment of relapse Relapsing

Intravenous immune 
globulin

Has antiidiotypic effects
Blocks Fc receptors
Alters cytokine profile

Treatment  and prevention 
of relapses

Relapsing

* This table is adapted from Goodin et al.2 MMPs denotes matrix metalloproteinases, MRI magnetic resonance imaging, Th1 type 1 helper 
T cells, and CNS central nervous system. Natalizumab had been approved by the FDA for treatment of multiple sclerosis but was withdrawn 
from the market in February 2005, to allow assessment of the risk of progressive multifocal leukoencephalopathy.
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gest that inflammatory immune responses or 
delayed hypersensitivity responses are primarily 
mediated by inflammatory Th1 cells, which pro-
duce lymphotoxin and interferon-γ, but little 
interleukin-4.18 Alternatively, CD4+ type 2 helper 
T cells (Th2) represent an antiinflammatory popu-
lation of lymphocytes that produce large amounts 

of immunoregulatory cytokines (e.g., interleu-
kin-4 and interleukin-5). Myelin-reactive T cells 
from patients with multiple sclerosis produce cy-
tokines more consistent with a Th1-mediated re-
sponse, whereas myelin-reactive T cells from 
healthy persons are more likely to produce cyto-
kines that characterize a Th2-mediated response.13 
Cytokines such as interleukin-12 and type 1 inter-
ferons such as interferon-β can activate the tran-
scription factor Stat-4 in human T cells, thus caus-
ing the cells to differentiate into pathogenic Th1 
lymphocytes.19 Interferon beta, which has been 
used to treat patients with multiple sclerosis (Table 
1), was thought to cause a shift from a Th1-medi-
ated to a Th2-mediated response.20 However, mi-
croarray studies indicated that a number of genes 
in patients with multiple sclerosis that are up-
regulated by this cytokine are associated with 
differentiation into Th1 rather than Th2 lympho-
cytes, suggesting that such a shift may not be the 
mechanism of action of interferon beta.21

Certain members of the interleukin-12 family 
of proteins probably have a role in the regulation 
of T-cell responses that have potential relevance 
to multiple sclerosis.22 In experimental models of 
inflammatory demyelination, such as experimen-
tal autoimmune encephalomyelitis in mice, the 
likelihood of disease development depends on 
which interleukins are functional. For example, 
experimental autoimmune encephalomyelitis did 
not develop in mice deficient in both interleukin-12 
and interleukin-23, but severe disease developed 
in animals with a deficiency of interleukin-12 
alone. Other studies indicate that interleukin-23 
probably has an essential role in brain inflamma-
tion.23 For instance, interleukin-23–deficient mice 
are resistant to experimental autoimmune en-
cephalomyelitis but have a normal Th1 response.24 
Such studies in mice may be directly relevant to 
patients with multiple sclerosis. Interleukin-23 
causes T cells to produce interleukin-17, which 
some investigators believe is the chief determi-
nant of brain inflammation, rather than inter-
feron-γ. Recent microarray studies of lesions of 
multiple sclerosis from patients demonstrated in-
creased expression of interleukin-17, suggesting 
that it may be an important factor in the devel-
opment of inflammatory demyelination.25 Stud-
ies of experimental autoimmune encephalomy-
elitis in mice have recently shown that the T-bet 
and Stat-4 (necessary for Th1 differentiation) 
transcription factors are important in the differ-
entiation of autoimmune T cells.26-28 Studies in 

A

B

Figure 1. Cross Section of White-Matter Lesions Target-
ing the Myelin Sheath and Oligodendrocytes. 

In Panel A, light microscopy reveals myelin sheaths 
(dark blue rings) around axons in a cross section of 
myelinated white matter (toluidine blue). Two darker-
staining oligodendrocytes, the cells that make and 
maintain myelin, lie to the right of center (arrow). In 
Panel B, an electron micrograph reveals the myelin 
sheath in cross section to be a spirally wrapped mem-
brane beginning in the lower left as an outer (oligoden-
droglial) “tongue” of cytoplasm and spiraling counter-
clockwise to terminate at an inner tongue inside the 
myelin sheath to the right of the axon. Microtubules 
and neurofilaments can be seen cut in cross section 
within the axoplasm.
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humans are now needed to determine whether 
similar transcriptional programs determine the 
mechanism underlying the pathogenic potential 
of myelin-reactive T cells in multiple sclerosis.

B Cells

It has long been recognized that intrathecal syn-
thesis of immunoglobulins is increased in patients 
with multiple sclerosis, as evidenced by the pres-
ence of oligoclonal bands on agarose-gel electro-
phoresis and an increased IgG index or synthesis 
rate. Many studies have suggested that these an-
tibodies recognize myelin antigens, but only 
recently has it become possible to characterize 
the antibody response on a molecular level in the 
cerebrospinal fluid of patients with multiple scle-
rosis. Perhaps not surprisingly, the demonstration 
in the cerebrospinal fluid of B-cell proliferation 
and increased mutations in B-cell receptors, a pro-
cess called somatic hypermutation, suggest that 
a B-cell response to a specific antigen is occur-
ring in the central nervous system, whereas cor-
responding clones are absent from the peripheral 
circulation.29,30 Examination of these B-cell clones 
also indicated that some B cells had undergone 
a process called receptor revision, or editing, in 
which these cells recognize the body’s misguided 
capability to manufacture autoantibodies and sub-

sequently remove this capacity.31 Investigations 
are now under way to determine which specific 
central nervous system antigens are recognized by 
the autoantibodies generated by clonally expand-
ed B cells in patients with multiple sclerosis. The 
observed overexpression of immunoglobulin genes 
and Fc receptors in lesions of this disease sug-
gests that targeting the B-cell component of the 
immune response (e.g., with rituximab) may rep-
resent an attractive therapeutic strategy (Table 2).

Other Immune Cells

It is likely that still other types of cells play a role 
in the pathogenesis of multiple sclerosis. For ex-
ample, regulatory cells, such as CD4+/CD25+ and 
CD8+ regulatory T cells, appear to be deficient in 
patients with this disease.32,33 Glatiramer acetate, 
a treatment for multiple sclerosis that may in-
crease the numbers of these regulatory cells, may 
provide a means of reconstituting tolerance to 
self-antigens (Table 1).

Dise a se Ini ti ation 

a nd Patho genesis

There is substantial evidence to support the hy-
pothesis that genetics has an important role in a 
person’s susceptibility to multiple sclerosis, prob-

Table 2.  Neuroprotective and Restorative Strategies for Multiple Sclerosis.*  

Strategy Rationale or Mechanism Preliminary Observations

Combinations of approved agents Targets multiple injury mechanisms Evidence of reduced activity on MRI
Reduced relapses

Rituximab Depletes B cells Clinical trials under way

Chemokine-receptor antagonists Reduce entry of lymphocytes into CNS Clinical trials under way

Riluzole Blocks N-methyl-d-aspartate and sodium channels Reduced spinal-cord atrophy
Reduced number of hypointense lesions 

on T
1
-weighted MRI

Phenytoin and flecainide Block sodium channels Neuroprotective in animals
Clinical trials under way

Blockers of neurite outgrowth inhibitor Promote axonal sprouting Studies in animals under way

Blockers of NG2, LINGO-1, Notch, and Jagged Promote oligodendrocyte differentiation Studies in animals under way

Activation of oligodendrite transcription 
 factor 1

Promotes oligodendrocyte differentiation Under development

Stem cells Initiate myelin repair Established efficacy in animal models
Early trials in humans under way

Growth factors Promote neuronal survival Under development

Antiapoptosis factors Promote survival of neurons and oligodendrocytes Studies in animals under way

* CNS denotes central nervous system, NG2 neuron-glia antigen 2, and LINGO-1 leucine-rich–repeat and immunoglobulin-domain–contain-
ing neurite outgrowth inhibitor receptor–interacting protein 1. 
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ably in conjunction with environmental factors. 
Although some investigators argue for a direct 
causal link between various infectious agents and 
this disorder, such agents may merely provide the 
appropriate milieu for the development of an auto-
reactive immune response directed against central 
nervous system myelin. Recent work in experi-
mental autoimmune encephalomyelitis has fo-
cused on pathogens that can stimulate toll-like 
receptors, highly conserved receptors that rec-
ognize pathogen-associated molecular patterns. 
These patterns are important for the initiation of 
disease and the production of interleukins, spe-
cifically interleukin-12 and interleukin-23, which 
lead to the differentiation of T cells into autore-
active effectors.34,35 Infectious agents may also 
have a role in the central mechanism that culmi-
nates in the interaction between T cells and the 
cerebrovascular endothelium by up-regulating ad-
hesion molecules important for immune-cell re-
cruitment into the central nervous system.36

Studies of experimental autoimmune enceph-
alomyelitis in mice demonstrated the importance 
of T-cell expression of a family of cell-surface re-
ceptors (the integrins) that promote adhesion and 
transport mechanisms. Such studies led to the 
development of a therapeutic antagonist of inte-
grin, natalizumab, a monoclonal antibody specifi-
cally against α

4
 integrin.37 This agent significantly 

reduced both clinical relapses and the formation 
of gadolinium-enhancing lesions in patients with 
multiple sclerosis.38 Despite its early promise, the 
development of progressive multifocal leukoen-
cephalopathy in a few patients receiving natali-
zumab in combination with interferon, or with 
azathioprine and infliximab, result ed in its with-
drawal from the market and a halting of all clinical 
trials in February 2005; whether it will return to 
the market is unknown as of January 2006.39-41 
These observations underscore the principle that 
strategies interfering with the recruitment of leu-
kocytes in the pathogenesis of multiple sclerosis 
may also interfere with routine immunosurveil-
lance functions of the central nervous system.

Several additional targets for potential study 
and therapeutic intervention have been identified 
with the use of microarray techniques. For in-
stance, this approach led to the discovery that 
osteopontin was overexpressed in multiple scle-
rosis lesions and subsequently to the finding that 
it has an important role in the progression of ex-
perimental autoimmune encephalomyelitis.42

Pathogenesis of Multiple Sclerosis 
Lesions Revisited

In the light of the current consensus that the 
pathogenesis of the lesions of multiple sclerosis 
is heterogeneous, it is not surprising that no sin-
gle predominant mechanism for this disease has 
emerged. Indeed, with a condition that includes 
fulminant as well as chronic forms with such a 
wide-ranging phenotype, multiple pathogenetic 
mechanisms have been proposed.43 In fact, the 
pattern of the lesions appears to be totally unpre-
dictable; both acute and chronic cases have old 
as well as new lesions, illustrating the dynamic 
nature of the disease process. Regardless of this 
innate variability, the end-point chronic silent le-
sion (without active inflammation) is a constant 
and pathognomonic feature of multiple sclerosis.

Neuropathology

The histologic features of lesions of acute multi-
ple sclerosis (Fig. 2A, 2B, and 2C) include an in-
distinct margin, hypercellularity, intense peri-
vascular infiltration by small lymphocytes (Fig. 
2D and 2E), parenchymal edema, loss of myelin 
and oligodendrocytes, widespread axonal dam-
age (Fig. 2F and 2G), plasma cells, myelin-laden 
macrophages, hypertrophic astrocytes, and little 
or no astroglial scarring. Demyelination in acute 
lesions may be due to an antimyelin antibody–
mediated phenomenon in which normal lamellar 
myelin is transformed into vesicular networks 
(Fig. 2H and 2I), coated with antimyelin oligo-
dendrocyte glycoprotein or antimyelin basic pro-
tein immunoglobulin, and phagocytosed in the 
presence of complement by local macrophages.44 
Remyelination is occasionally seen.

Lesions of chronic active multiple sclerosis 
display a sharp edge; along the edge are perivas-
cular cuffs of infiltrating cells, lipid-laden and 
myelin-laden macrophages, hypertrophic astro-
cytes, and some degenerating axons, and demye-
lination is occurring (Fig. 3A). In contrast to acute 
lesions, demyelination in chronic active lesions is 
associated with the deposition of immunoglobu-
lin and the dissolution of myelin into droplets, 
which undergo phagocytosis once they become 
attached to macrophages.45,46 An increase in the 
number of oligodendrocytes and some remyelin-
ation are not uncommon in chronic lesions. The 
centers of such lesions are hypocellular and con-
tain naked axons embedded in a matrix of scar-
ring (fibrous) astrocytes, lipid-laden macrophages, 
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Figure 2. The Active Lesion of Multiple Sclerosis in Human Tissue (Panels A, B, C, D, F, G, H, and I) and Mouse Tissue (Panel E). 

In Panel A, lesions are present in the cerebral hemisphere in the frontal (upper) and parieto-occipital (lower) periventricular white mat-
ter. The image on the left shows a proton-density image obtained by MRI, the center image shows a gross specimen from the same lev-
el, and the image on the right shows a section from the same level stained with Luxol fast blue to reveal myelin and the demyelinated 
lesions. The margins of the lesions are rather irregular and indistinct, suggestive of ongoing activity, and some demyelinated areas are 
pale blue, consistent with the presence of remyelination. In Panel B, a section of temporal lobe stained with Luxol fast blue for myelin 
reveals a periventricular plaque extending to a cup-shaped zone of demyelination beneath the sulcus to the lower right. Some areas 
around the margins of the lesion stain pale blue (e.g., adjacent to the affected sulcus), probably indicative of remyelination. V denotes 
ventricle. In Panel C (Luxol fast blue), a section of an acute lesion has an indistinct margin and numerous perivascular infiltrates 
(arrows). In Panel D (toluidine blue), a blood vessel, with red cells in the lumen of an acute lesion, is ringed by small lymphocytes — 
probably T cells; the surrounding parenchyma of the central nervous system has undergone demyelination. In Panel E, an electron 
micrograph from an actively demyelinating lesion in the spinal cord of a mouse with acute experimental autoimmune encephalitis, an 
animal model of multiple sclerosis, shows a small lymphocyte, possibly a T cell, within the blood-vessel lumen (BV), adherent to the 
vascular endothelium, and another cell has almost traversed the endothelium through a gap (arrow), to enter the Virchow–Robin space, 
and another to the right is within the perivascular space. The perivascular cuff of cells is separated from the central nervous system 
parenchyma below (myelinated nerve fibers are seen) by a layer of astroglial cells known as the glia limitations. In Panel F (toluidine blue 
stain), an area within an acute plaque is completely demyelinated and contains numerous transected, damaged axons (arrows) that form 
spheroids. In Panel G, an electron micrograph shows axonal spheroids; each is filled with accumulations of mitochondria, dense bodies, 
and neurofilaments. In Panel H (toluidine blue stain), a longitudinal section of the myelin sheath surrounding an axon at the margin of 
an acute lesion displays vacuolation and vesiculation; macrophages are present next to the degenerating myelin (arrows) and are filled 
with droplets of myelin. In Panel I, an electron micrograph shows an axon (A) within an acute lesion surrounded by a myelin sheath that 
has been transformed into a vesicular network, the result of interactions with antimyelin antibodies.3 
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Figure 3. The Chronic Lesion of Multiple Sclerosis in Humans.

In Panel A, an electron micrograph of a chronic active lesion shows a myelinated fiber undergoing demyelination. 
The arrow shows myelin droplets on the macrophage surface being internalized by the cell. The fiber is invested 
by a microglial cell, which is engaged in the phagocytosis of myelin droplets as they are divested from the myelin 
sheath. The end product of this process is shown in Panel B (toluidine blue stain). An area from a chronic silent gli-
otic lesion is made up of astroglial scar tissue, in which intact demyelinated axons (light profiles) are embedded; 
mitochrondria can be seen within the axons; the smaller nuclei belong to microglial cells, but no oligodendrocytes 
are present. In Panel C, an electron micrograph with a field similar to that in Panel B shows large-diameter demye-
linated axons (A) within the glial scar; an astroglial-cell body is at the upper right. In Panel D (toluidine blue stain), 
a biopsy specimen from a patient with secondary progressive multiple sclerosis shows an area of remyelination 
(shadow plaque) in which the myelin sheaths of many axons are disproportionately thin and oligodendrocytes (OL) 
are overabundant. These cells are probably oligodendroglial precursor cells recently recruited into the lesion. In 
Panel E, an electron micrograph shows remyelination; the myelin sheaths are thin in comparison to the diameters 
of the axons, and two oligodendrocytes are evident (OL). In Panel F (Luxol fast blue and periodic acid–Schiff), 
there is an abrupt transition at the edge of the chronic multiple sclerosis lesion. The myelin internodes (blue) termi-
nate sharply at the demyelinated plaque. Oligodendrocytes are present (arrows) up to the edge of the lesion, but 
not within the lesion. Rod cells (microglia) are lined up along the boundary. A denotes axon, and As astrocyte.
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a few infiltrating leukocytes, and virtually no 
oligodendrocytes. Lesions of chronic silent dis-
ease display sharp edges, astroglial scar tissue 
(Fig. 3B and 3C), a reduced number of demyelin-
ated axons, macrophages, and vessels with thick-
ened (hyalinized) walls around which occasional 
leukocytes are seen; these lesions contain few or 
no oligodendrocytes.43

Cl a ssific ation of Lesions — 

S tages or T y pes?

The current classification schemes for the lesions 
of multiple sclerosis are under study, principally 
stimulated by a series of insightful categorizations 
by Lucchinetti and colleagues.47-49 The most quot-
ed categorization from these investigators grouped 
active lesions into four types, I through IV, on the 
basis of the pathogenesis of the lesions.47 All four 
types of lesions are characterized by T-cell and 
macrophage-dominated inflammation. Type I is 
characterized by demyelination and macrophage-
related products (e.g., tumor necrosis factor α). 
Type II is characterized by the presence of immu-
noglobulin and complement. Type III lacks im-
munoglobulin and complement, yet it shows early 
loss of myelin-associated glycoprotein and no re-
myelination; the demyelination in type III has been 
attributed to oligodendrocyte dysfunction. Type IV 
is distinguished by apoptosis of oligodendrocytes 
through DNA fragmentation. Although this ap-
proach has merit, concern has been expressed re-
garding the details of the cases on which it is 
based and whether the central nervous system–
biopsy specimens examined came from patients 
with typical multiple sclerosis. Furthermore, Bar-
nett and Prineas50 have recently demonstrated that 
lesions from a given patient can, in fact, contain 
features of more than one category of lesions. 
This important observation underscores the fact 
that the development of a cogent and accurate 
lesion-classification scheme remains a work in 
progress.48,49

A xona l Dysf unc tion 

a nd Ch a nnel opath y

The oligodendrocyte–myelin–axon unit represents 
a unique structural and functional specialization 
within the central nervous system. Myelin not 
only increases the cross-sectional diameter of the 
nerve axon (Fig. 1A), which increases conduction 

velocity, but also contributes protectively and tro-
phically to the health of the axon.51 Disruption of 
these relationships appears at the earliest stages 
of multiple sclerosis.3-5

Axonal injury in multiple sclerosis appears to 
be partly explained by demyelination and the 
proliferation of abnormal expression of sodium 
channels localized within the membrane (Fig. 4).52 
In an attempt to reestablish normal conduction, 
there is an increased entry of sodium, slowing of 
nerve conduction, and potentially, even conduc-
tion block. These processes appear to be followed 
by reversal of the sodium–calcium exchanger (i.e., 
sodium efflux and calcium influx), which can 
trigger intracellular cascades of calcium-medi-
ated injury, ultimately leading to neuronal degen-
eration (Fig. 4). This hypothesis has been sup-
ported by recent evidence that sodium-channel 
blockers such as f lecainide and phenytoin pre-
serve axons in mice with experimental auto-
immune encephalomyelitis, thereby preserving 
physiologic function, as compared with that in 
untreated animals (Table 2).53,54

It has been known since the time of Charcot 
that axonal injury is a pathological feature of the 
multiple sclerosis plaque. This important charac-
teristic of the composition of the lesion has been 
long deemphasized, since the main pathological 
features appeared to be related to myelin. An 
analysis by Trapp et al.3 rekindled interest in the 
topic.4 Pathological changes in axons, detectable 
early in the process on the basis of the accumu-
lation of amyloid-precursor protein,55 appear to 
be due to inflammation and are important in the 
evolution of the lesion (Fig. 2F and 2G); they are 
most conspicuous during the acute and progres-
sive stages. Cumulative loss of axons, as a result 
of inflammatory demyelination and ultimately, 
transection, correlates with irreversible disability. 
The number of axons continues to dwindle 
throughout the course of the disease, and some 
old lesions display an axonal loss of more than 
80 percent.56

Factors that have been associated with axonal 
damage include cytokines, nitric oxide, proteases, 
superoxides, CD8+ T cells, and glutamate excito-
toxicity.57 Furthermore, such damage may even 
extend to nerve cells, mediated by microglia 
through cholesterol-breakdown products.58 In 
addition, MRI studies have correlated axonal 
loss with a reduction of N-acetyl aspartate (a 
substrate within axons) and hypointensity (gray 
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or black holes) on T
1
-weighted images.59,60 The 

extent to which pathological changes in axons may 
be therapeutically reversible remains undefined.

Excitatory Amino Acid Receptors 
and Neurodegeneration

Although glutamate-mediated entry of calcium 
into neurons is important for learning and mem-
ory, perpetuation or exaggeration of this process 
— termed “glutamate excitotoxicity” — can have 
deleterious consequences.57 Three distinct class-
es of inotropic receptors regulate ion f low — 
N-methyl-d-aspartate, α-amino-3-hydroxy-5-meth-
yl-4-isoxazole propionic acid, and kainate receptors. 
In oligodendrocytes, α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptors and kainate 
receptors can trigger calcium influx and cell death. 
Recently, riluzole, a glutamate antagonist and 
sodium-channel blocker, has been suggested to 
promote stabilization of cross-sectional atrophy 
of the spinal cord and reduce the number of hy-
pointense lesions on T

1
-weighted MRI in patients 

with multiple sclerosis, perhaps constituting a 
neuroprotective effect (Table 2).61

Grow th Fac t or s

Axonal injury, transection, and the death of neu-
ronal cells may be modifiable with the applica-
tion of particular growth factors. Similarly, neu-
ronal survival may be improved by the use of 
antiapoptotic elements, such as the BCL2 gene. In 
contrast, the neurite outgrowth inhibitor (Nogo) 
receptor mediates inhibition of axon sprouting, a 
process probably important during central ner-
vous system development, when critical approxi-
mation occurs between axon terminals and the 
downstream dendritic trees of the receiving neu-
ron at the synapse.62 A number of Nogo-receptor 
agonists produced by oligodendrocytes, includ-
ing Nogo, oligodendrocyte–myelin glycoprotein, 
and myelin-associated glycoprotein, can lead to 
arrest of axonal growth. Alternatively, Nogo-
receptor blockade may promote axonal regenera-
tion, which perhaps will be a future therapeutic 
strategy for multiple sclerosis.62

The Enigm a of R em y el ination

Dismissed originally as improbable, remyelination 
is now considered a consistent feature of the le-
sions of multiple sclerosis (Fig. 3D and 3E).43 It is 

conspicuous in lesions that develop early in the dis-
ease process63 and in satellite areas of large lesions, 
so-called shadow plaques. Remyelination is proba-
bly transient, since it is a minor feature in older le-
sions and has been attributed to recruitment of 
oligodendrocyte-precursor cells,64,65 which may 
reexpress developmental genes and produce new 
myelin in demyelinated areas. Among these genes, 
the gene for myelin basic protein (MBP) exon II, an 
early, transient gene expressed during myelinogen-
esis, has been demonstrated at the remyelinating 
edge.66 In addition, studies of oligodendrocyte-lin-
eage genes have shown that oligodendrocyte tran-
scription factor 1 (Olig1) is reactivated during re-
myelination in patients with multiple sclerosis.67 
Shuttling of Olig1 from the nucleus to the cyto-
plasm of oligodendrocytes recapitulates the de-
velopmental sequence of normal myelination, al-
though this factor appears to function primarily in 
the process of myelin regeneration.

What, then, signals oligodendrocytes to travel 
to areas of damage? Molecules associated with 

Figure 4 (facing page). The Multiple Sclerosis Plaque.

Within a postcapillary venule, various adhesion mole-
cules interact with mononuclear cells (T cells, B cells, 
and macrophages) at the endothelial surface. Matrix 
metalloproteinases (MMPs) digest basement-membrane 
type IV collagen and fibronectin, which facilitate the 
migration of these proteins into the central nervous 
system. B cells entering the area elaborate immuno-
globulins. T cells are capable of releasing a series of 
inflammatory and antiinflammatory cytokines and che-
mokines. Interleukin-12 and interleukin-23 are released 
from microglia and can provoke T cells to release inter-
feron-γ (IFN-γ) and interleukin-17, respectively. Macro-
phages engulf myelin internodes, exposing axonal sur-
faces and releasing injury effector agents such as nitric 
oxide (NO), oxygen free radicals (O2), and glutamate. 
Calcium entry can provoke a series of deleterious pro-
cesses, resulting in further damage to the axon and, 
eventually, transection and neurodegeneration. At the 
edge of the plaque, microglia are aligned at the perim-
eter. At this fine line between the multiple sclerosis 
plaque and the surrounding normal tissue are rows of 
recruited oligodendrocyte-precursor cells (OPCs) that 
are capable of entering the plaque zone and potentially 
mediating repair processes. In the lower right portion 
of the figure, an astrocyte with a CXC chemokine ligand 
(CXCL) is interacting with an OPC with a CXC chemo-
kine receptor (CXCR). Other oligodendrite-precursor 
cells are converted into oligodendrocytes. Nogo denotes 
neurite outgrowth inhibitor, LINGO-1 leucine-rich–repeat 
and immunoglobulin-domain–containing Nogo recep-
tor–interacting protein 4, MCP monocyte chemoattrac-
tant protein, and CCR2 chemokine receptor 2.
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recruitment and, possibly, remyelination in this 
disease include CXC and CC chemokine recep-
tors, which were recently described on oligoden-
drocytes in close association with hypertrophic 
astrocytes that express high levels of a respective 
ligand (e.g., chemokine ligand 1; CXCL1).68 Thus, 
chemokine and chemokine-receptor pathways, 

such as CXCL1 and CXCR2, may be responsible for 
the accumulation of oligodendrocytes around the 
margins of active lesions (Fig. 4). Whereas the re-
cruitment of oligodendrocyte-precursor cells to 
areas of tissue injury appears to be normal in mul-
tiple sclerosis, differentiation into adult myelin-
producing oligodendrocytes is another matter.
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A number of growth-inhibiting substances are 
contained within the gliotic scar of the multiple 
sclerosis plaque and perpetuate developmental 
arrest, precluding axonal outgrowth and myelin 
repair. A recently characterized negative modu-
lator of oligodendrocyte myelination is leucine-
rich–repeat and immunoglobulin-domain–con-
taining Nogo receptor–interacting protein 1, which 
can be manipulated to promote myelin repair in 
animal models of inflammatory demyelination 
and may represent a viable treatment strategy for 
patients with multiple sclerosis.69

Another central nervous system pathway im-
plicated in remyelination is the Jagged–Notch 
signaling pathway. Jagged is expressed on axons 
and astrocytes, whereas Notch, the counterrecep-
tor for Jagged, is expressed principally on oligo-
dendrocytes around active lesions.70 The interac-
tion between these two molecules signals a block 
in oligodendrocyte differentiation. This pathway 
is, however, reversible and can be down-regulat-
ed, suggesting that therapeutic strategies focused 
on tissue repair may target this important regu-
latory circuitry.

A Role for Ol ig odendro c y te 

A pop t osis?

Whether apoptosis is involved in the demise of 
oligodendrocytes in patients with multiple scle-
rosis remains a subject of vigorous debate. Apo pto-
sis is triggered by signaling through members of 
the family of tumor necrosis factor receptors (al-
though stimulation through ATP also occurs), 
which leads to the downstream activation of cas-
pase, culminating in apoptotic DNA fragmenta-
tion, and has been implicated as a pathogenetic 
mechanism in multiple sclerosis.51,71 However, 
although evidence of oligodendrocyte apoptosis 
has been observed in lymphocytes and microglia, 
it has not been definitive. The discrepancies may 
be related to the examination of paraffin-embed-
ded tissue long after it was obtained at autopsy, 
rather than the examination of fresh-frozen mate-
rial soon after it was obtained during an autopsy.

The Pl aque Ed ge — A Fine Line

One striking feature of the lesion of chronic multi-
ple sclerosis occurs at the margin where normal-
appearing white matter meets the demyelinated 
plaque (Fig. 3F). This sharply defined zone, where 

oligodendrocytes and intact myelinated internodes 
abut totally demyelinated, gliotic, and oligoden-
drocyte-depleted parenchyma, remains an enigma 
and understanding it remains a formidable chal-
lenge. Whereas a neuroscientist might wonder what 
is preventing inward progression of repair mech-
anisms, the pathologist might wonder why out-
ward progression of lesions stopped where it did. 
Characterizing the regulatory balances at this 
physical boundary poses questions of potential 
therapeutic importance.

R a diogr a phic Me asur es of the 

Lesion’s Pathol ogic a l Ch a r ac ter 

An important hypothesis that has been confirmed 
through the use of MRI has been that multiple 
sclerosis is primarily a subclinical process early 
in its course, characterized by frequent changes 
in the architecture of the brain and spinal-cord 
tissue, and punctuated by the evolution of infre-
quent clinical attacks. Occult disease activity, as 
detected by conventional MRI, is 5 to 10 times as 
frequent as clinical activity, as defined by clinical 
exacerbations. Lesions occur in both neuroana-
tomically eloquent sites (commonly associated 
with a clinical syndrome) and noneloquent sites 
(not necessarily associated with a correspond-
ing clinical syndrome).

Eloquent sites are those occurring within the 
optic nerve, brain stem, cerebellum, or spinal 
cord and are frequently associated with well-rec-
ognized syndromes, such as optic neuritis, eye-
movement abnormalities (e.g., diplopia, vertigo, 
and nystagmus), changes in balance, and sensory 
and motor deficits.72 In contrast, noneloquent 
sites are confined to other white-matter territo-
ries, including the cerebral periventricular zones 
(Fig. 2A), and often are not clinically evident. This 
observation has been corroborated by evidence of 
disseminated lesions consistent with the presence 
of preexisting multiple sclerosis within the cen-
tral nervous system, which have been found in 
up to 80 percent of patients at presentation.73

Advanced MRI techniques such as magnetic 
resonance spectroscopy, measurements of brain 
and spinal-cord atrophy, magnetization transfer, 
and diffusion tensor imaging have been used to 
reveal more fully damage to myelin, axons, and 
other elements of tissue architecture within the 
central nervous system of patients with multiple 
sclerosis. Normal-appearing areas of the brain, 
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as assessed by conventional MRI, demonstrate 
highly discrete abnormalities when these newer 
analytical techniques are applied.74 Longitudinal 
studies confirm that the disease is radiographi-
cally active even during periods of apparent clini-
cal stability.74

Prospec t s for Ch a r ac ter izing 

the E volu tion a nd Progr ession 

of Multiple Sclerosis 

Substantial insights have been gained with respect 
to the roles of inflammation, adhesion-molecule 
biology, ion-channel alterations, terminal-injury 
effector mechanisms, and the process of neuro-
degeneration in the evolution and progression of 
the multiple sclerosis plaque. Recent investiga-
tions have revealed compelling evidence support-
ing the potential for neuroprotective and repair 
processes within the central nervous system. Con-
tinued progress in these areas may allow us to 

modify tissue injury in response to inflamma-
tion. Such a capability would no doubt be germane 
to increasing our understanding of immune-
mediated diseases in general and multiple sclero-
sis in particular.
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